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Abstract. The evaluation of machine tool operating conditions is commonly 

performed based on mechanical reliability, while its direct relationship with the 

quality of machined surfaces is still rarely quantified. This study aims to 

evaluate the operating condition of a conventional lathe based on ISO 10816 by 

analyzing the correlation between spindle vibration and surface roughness. 

Experiments were conducted on a Dixon CQ6236X1000 lathe with variations 

in feed rate (0.104–0.835 mm/rev) and depth of cut (0–1.5 mm) at a constant 

spindle speed of 460 rpm. Spindle vibration was measured in terms of root mean 

square (RMS) velocity (mm/s) in the vertical and horizontal directions, and 

frequency-domain analysis was performed using Fast Fourier Transform (FFT). 

Surface roughness was evaluated using Ra, Rq, and Rz parameters. The results 

show that the RMS vibration values range from 0.4 to 2.5 mm/s, which 

correspond to Zone B and Zone C of ISO 10816-3 class I. At Zone B, the 

surface roughness values are relatively low (Ra = 2–6 µm), indicating stable 

machining conditions. However, when the operating condition shifts to Zone 

C, the surface roughness increases significantly, with Ra values exceeding 10 

µm under certain cutting conditions. The correlation analysis between RMS 

vibration and surface roughness yields a coefficient of determination of R² = 

0.399, indicating a moderate positive relationship. FFT analysis shows 

dominant frequency components associated with spindle rotational frequency 

and its harmonics, indicating the presence of forced vibration effects induced 

by cutting dynamics. No definitive conclusion regarding regenerative chatter is 

made, as further modal and stability analysis is required. These findings 

indicate that ISO 10816 vibration zones may serve as a supporting indicator for 

preliminary machining quality assessment, rather than a direct predictive tool 

for surface roughness. The results provide a useful reference for integrating 

vibration-based condition monitoring with machining quality control in both 

industrial and educational workshop environments.. 

 

Keywords : ISO 10816, Spindle Vibration, Surface Roughness, RMS Velocity, Turning Process 

 

 
1. INTRODUCTION 

A lathe is one of the primary machine tools in the manufacturing industry used to produce cylindrical components 

with a certain level of precision. In the machining process, the quality of the cutting results is not only determined 

by cutting parameters such as spindle speed, feed rate, and depth of cut, but is also strongly influenced by the 

dynamic stability of the spindle–tool–workpiece system. This dynamic stability plays a crucial role in maintaining 
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dimensional accuracy and surface quality, particularly for components that require tight tolerances. 

From a physical standpoint, all objects possessing mass and elasticity are capable of undergoing vibration; 

therefore, almost all machines and engineered structures experience vibrations to some degree. Vibration is defined 

as a reciprocating or oscillatory motion of an object that has both mass and elasticity, analogous to a mass–spring 

system [1]. In machine tool operation, vibration is an unavoidable phenomenon. However, in most industrial 

applications, excessive vibration is undesirable because, in addition to increasing dynamic stress on machine 

components, it also leads to energy losses that should otherwise be utilized effectively in the machining process 

[2][3][4]. 

In a lathe, spindle vibration has a direct influence on machining quality. Spindle vibration can cause 

irregular tool motion, which results in a rougher workpiece surface [5] and reduced dimensional accuracy [6]. 

Fluctuations in tool position induced by vibration lead to non-uniform material removal, thereby increasing surface 

roughness parameters such as Ra and Rz [7][8]. Furthermore, excessive vibration accelerates tool wear and 

increases the risk of damage to machine components, which ultimately degrades machining precision and product 

quality, especially for components with high quality requirements [9]. 

In industrial practice, machine condition is often evaluated using vibration severity standards such as ISO 

10816. However, ISO 10816 is primarily intended for mechanical condition monitoring and not directly for 

machining quality evaluation. This standard classifies machine operational condition into several zones according 

to the effective vibration velocity (RMS velocity), ranging from very good to unacceptable conditions. 

Nevertheless, in practical applications, it is frequently observed that a machine may still be mechanically classified 

as acceptable according to ISO 10816, while the surface quality of the machined products has already deteriorated. 

This indicates that mechanical acceptability does not always correspond directly to the quality of the resulting 

products. 

Several previous studies have investigated the effects of cutting parameters on vibration and surface 

roughness. Panda et al. (2018) monitored the condition of bearing housing in a lathe through vibration analysis 

with variations in spindle speed and depth of cut, demonstrating that vibration characteristics are influenced by 

both mechanical and operational factors [10]. Fitriana et al. (2021) and Alfianto et al. (2018) reported that 

increasing spindle speed leads to higher vibration levels accompanied by increased surface roughness [11][12]. 

Retyawan et al. (2018) showed that the type of cutting process also affects vibration and surface roughness in 

milling operations [13]. Meanwhile, Şahinoğlu dan Rafighi (2020) demonstrated that feed rate, depth of cut, and 

cutting speed significantly influence vibration and surface roughness during the turning of AISI 4140 steel [14]. 

However, most of these studies still consider vibration and surface roughness as direct consequences of variations 

in cutting parameters, without directly relating them to machine acceptability zones based on ISO 10816. 

Previous studies have shown that vibration affects surface roughness; however, most research focuses on 

parameter-based analysis rather than linking vibration severity zones with surface quality outcomes. Therefore, 

this study proposes an integrated approach by correlating ISO 10816 vibration zones with surface roughness 

behavior in turning operations. The contribution of this study lies in mapping vibration severity zones to machining 

surface quality trends under controlled cutting conditions..   

 

2. METHODS  

2.1. Object and Machining Parameter Variations 

The research was conducted using a Dixon CQ6236X1000 lathe located in the machine tool workshop of the 

Department of Mechanical Engineering, Politeknik Negeri Malang. The technical specifications of the lathe are as 

follows: 

• Lathe model : Dixon CQ6236X1000 

• Main electric motor power : 3 HP 

• Pump motor power : 0,05 HP 

• Spindle bore : 38 mm 

• Spindle nose : D12-4 

• Spindle speed range : 10 – 2000 rpm 

• Machine height : 1238 mm 

• Machine length : 1940 mm 

• Machine width : 755 mm  

• Workpiece material : ST 37 solid round axle  

• Diameter of material : 25,4 mm 

• lenght of material : 100 mm 

• Cutting tool : HSS, 5/8” x 6 inch 

The machining parameter variations used in this study consisted of: 
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• Feed rate : 0,104; 0,325; 0,522; 0,835 mm/rev 

• Depth of cut : 0; 0,5; 1; 1,5 mm 

Depth of cut = 0 mm is treated as baseline (non-cutting surface reference), not machining output. 

 

2.2. Vibration Measurement 

Vibration was measured using an AMTAST digital vibration meter mounted on the spindle bearing housing. 

• Direction : vertical and horizontal 

• Parameter : RMS velocity (mm/s) 

• Measurement repetition : 5 times per condition 

• Output : averaged RMS value 

 

The FFT analysis in this study was employed solely to identify the dominant frequency components of 

spindle vibration. Therefore, the results should not be interpreted as direct modal identification or as a basis for 

constructing a stability lobe diagram [15][16]. 

 

2.3. Surface Roughness Measurement 

The surface quality of the machined workpieces was evaluated using a surface roughness tester, with Ra, Rq, and 

Rz as the primary roughness parameters. The Ra parameter represents the arithmetic mean of the profile deviations, 

while Rq and Rz provide additional information on the peak–valley distribution and extreme features of the surface 

profile [17]. Each measurement was performed three times for every machining condition, and the reported values 

represent the average of these measurements. 

 

2.4. ISO 10816 Evaluation and Correlation Analysis 

The measured RMS vibration values were compared with the vibration zone limits defined by the ISO 10816 

standard (Class I) to determine the operational condition of the machine. Furthermore, a linear regression analysis 

was conducted between the RMS vibration velocity and the Ra surface roughness value in order to evaluate the 

correlation between spindle vibration and surface quality. The correlation is interpreted as moderate and not 

sufficient for deterministic prediction 

 

3. RESULTS AND DISCUSSION 

3.1 Evaluation of Vibration Zones Based on ISO 10816 

The results of the effective vibration velocity (RMS velocity) measurements on the spindle of the lathe for various 

combinations of feed rate and depth of cut are presented in Table 1. Based on the table, the RMS vibration values 

range from 0.4 to 2.5 mm/s. The lowest RMS value of 0.4 mm/s occurs under no-load cutting conditions (depth of 

cut = 0 mm) for all feed rate variations. Meanwhile, the highest RMS value of 2.5 mm/s is observed at the 

combination of a feed rate of 0.835 mm/rev and a depth of cut of 1.5 mm, indicating that an increase in cutting 

load significantly increases the spindle vibration response. 

Table 1. Spindle RMS Vibration Values at Various Combinations of Feed Rate and Depth of Cut. 

Spesimen 
Feed Rate 

(mm/rev) 

Depth of Cut 

(mm) 

Velocity (mm/s) 

1 2 3 4 5 

A 0.104 

0 0.4 0.4 0.4 0.4 0.4 

0.5 1.4 1.6 1.6 1.4 1.6 

1 1 1.6 1.8 1.8 1.6 

1.5 1.6 1.8 1.8 1.8 1.6 

B 0.325 

0 0.4 0.4 0.4 0.4 0.4 

0.5 0.6 0.8 1.2 1 0.8 

1 0.8 1.4 1.6 1.4 1.6 

1.5 0.8 1.6 1.8 1.8 1.6 

C 0.522 

0 0.4 0.4 0.4 0.4 0.4 

0.5 0.8 1 1 0.8 1 

1 1 1.2 1 1 1.2 

1.5 0.8 1.6 1.8 2.1 2.3 

D 0.835 0 0.4 0.4 0.4 0.4 0.4 
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0.5 0.8 1 1.2 1.4 1.4 

1 1 1.6 1.6 1.4 1.4 

1.5 1.2 1.8 2.3 1.9 2.5 

 

The classification of machine operating conditions based on the ISO 10816-3 Class I standard is presented 

in Table 2, while the distribution of RMS values across the ISO vibration zones is illustrated in Figure 1. The 

mapping results indicate that most operating conditions fall within Zone B (0.71–1.8 mm/s), which signifies that 

the machine is in good condition and suitable for operation. However, under several extreme conditions—

particularly at high feed rates and a depth of cut of 1.5 mm—the RMS values have entered Zone C (1.8–4.5 mm/s). 
Zone C indicates a warning condition in which the machine is still operational. however, continuous operation 

under this condition requires monitoring and corrective action to prevent further degradation in dynamic 

performance. From a mechanical standpoint, the increase in cutting force due to the larger chip cross-section leads 

to a higher excitation force, which is subsequently transmitted to the machine structure in the form of vibration 

response. This phenomenon explains why, under light cutting loads, all RMS values remain within Zones A–B, 

whereas under heavy cutting loads, a portion of the data shifts into Zone C. 

Table 2. Machine Condition Classification Based on ISO 10816-3 (Class I) 

Zone 
Vibration Velocity Range 

 (mm/s RMS) 
Interpretation of condition 

A < 0.71 Machine is in excellent condition 

B 0.71 – 1.8 Machine is in good / satisfactory condition 

C 1.8 – 4.5 Machine condition is still acceptable but requires monitoring 

D > 4.5 Machine condition is unacceptable 

 

 
Figure 1. Distribution of RMS Vibration Values over ISO 10816 Zones 

The increasing trend of RMS values with rising cutting load is consistent with the findings of Fitriana and 

Suryanto (2021), who reported that an increase in spindle rotational speed and feed load enhances the dynamic 

energy of the spindle system, thereby intensifying the vibration response [11]. From a practical perspective, the 

entry of RMS values into Zone C, even though the machine is still classified as “acceptable” according to ISO 

10816, indicates that the machine is operating close to the limit of its dynamic stability. This condition is 

particularly critical in production environments because continuous operation within Zone C has the potential to 

accelerate structural fatigue of machine components and reduce long-term process stability, as also reported by 



 

                   

 

Journal of Engineering Design and Technology 99 

 

Jurnal Rancang Bangun dan Teknologi 
Vol. 26 No. 2 July 2026 

Alfianto and Wulandari (2018) in their study on a conventional lathe in an educational workshop environment 

[12]. Therefore, the results of this study confirm that ISO 10816 serves not only as a mechanical safety threshold, 

but also as an early indicator of degradation in the dynamic stability of the machining process. 

 

3.2. Relationship Between ISO Zones and Surface Quality 

The relationship between vibration level and surface quality was analyzed using the surface roughness data 

presented in Table 3, with the primary focus on the Ra parameter. Based on the table, under operating conditions 

where the RMS values fall within Zone B, the Ra values generally range from 2 to 6 µm. For instance, at a feed 

rate of 0.104 mm/rev and a depth of cut of 1 mm, the average Ra values range between 1.45 and 3.52 µm. These 

values indicates stable surface formation. 

 

Table 3. Surface Roughness (Ra) Values in Various ISO Vibration Zones 

Spesimen 
Spindle 

rotation 

Feed 

Rate 

(mm/rev) 

Depth 

of 

Cut 

(mm) 

Ra Rz Rq 

1 2 3 1 2 3 1 2 3 

A 

460 

0.104 

0 4.03 3.491 2.414 11.39 9.874 6.828 4.151 4.134 3.196 

0.5 5.189 8.547 6.712 14.67 24.17 18.98 5.599 8.877 5.872 

1 1.451 1.412 3.525 4.103 3.994 9.969 1.903 1.331 3.55 

1.5 2.389 3.328 3.038 6.759 9.413 8.592 2.697 3.653 3.141 

B 0.325 

0 4.03 3.491 2.414 11.39 9.874 6.828 4.151 4.134 3.196 

0.5 3.549 6.452 4.472 10.03 18.24 12.64 2.048 6.691 4.507 

1 6.145 3.226 3.622 17.37 9.124 10.24 6.623 3.567 3.328 

1.5 8.125 6.35 8.671 22.97 17.95 24.52 8.193 6.521 8.741 

C 0.522 

0 4.03 3.491 2.414 11.39 9.874 6.828 4.151 4.134 3.196 

0.5 5.872 5.496 9.223 16.6 15.54 26.08 6.248 6.623 9.355 

1 12.93 7.818 13.04 45.06 22.1 36.87 12.08 7.955 11.6 

1.5 7.533 4.273 8.877 21.3 12.08 25.1 6.999 4.079 9.628 

D 0.835 

0 4.03 3.491 2.414 11.39 9.874 6.828 4.151 4.134 3.196 

0.5 4.609 9.223 9.175 13.03 26.08 25.94 4.95 10.24 9.15 

1 11.1 8.354 6.555 31.4 25.73 18.53 10.44 7.867 6.999 

1.5 8.399 8.451 11.68 23.75 23.89 33.04 9.492 8.125 10.24 

 

 
Figure 2. Comparison of Ra Value to Depth of Cut 

 

Under operating conditions where the RMS values have entered Zone C, Ra increases significantly (up to 

>10 µm). At the combination of a feed rate of 0.522 mm/rev and a depth of cut of 1 mm, the Ra value reaches 
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12.93 µm, whereas at a feed rate of 0.835 mm/rev and a depth of cut of 1.5 mm, the Ra value increases to 11.68 

µm. This trend is visually illustrated in Figure 2, which shows that an increase in depth of cut leads to a sharper 

rise in Ra values at higher feed rates. 

The surface roughness data in Table 3 and Figure 2 demonstrate that an increase in RMS values, which 

shifts the operating condition from Zone B to Zone C, is accompanied by a substantial rise in Ra. From a physical 

standpoint, this phenomenon occurs due to vibration-induced tool displacement, which affects chip thickness 

uniformity and surface generation mechanism. 

These results indicate that although the machine may still be mechanically classified as acceptable 

according to ISO 10816, the resulting surface quality can experience a considerable level of degradation. This 

phenomenon is consistent with the findings of Rosandi et al. (2021), who stated that increased vibration during 

turning amplifies tool position fluctuations, leading to a pronounced rise in surface roughness [8]. Similar results 

were also reported by Firmansyah et al. (2021), who concluded that vibration amplitude has a direct contribution 

to the increase in Ra and Rz values in turning operations [7]. 

 

3.3. Correlation Between Spindle Vibration and Surface Roughness 

The relationship between spindle vibration and surface roughness was analyzed using linear regression between 

the RMS vibration values and Ra, as presented in Figure 3. The graph shows a positive relationship between RMS 

velocity and Ra, with a coefficient of determination of R² = 0.399. This indicates a moderate correlation, meaning 

vibration contributes partially to surface roughness variation, while the remaining variation is influenced by tool 

wear, machine stiffness, clamping rigidity, and material heterogeneity. 

Each increase in RMS of 1 mm/s tends to be followed by an increase in the Ra value by several micrometers, 

indicating a high sensitivity of surface quality to relatively small changes in vibration level. This finding is 

consistent with the results reported by Retyawan et al. (2018), who demonstrated a positive correlation between 

increasing vibration and rising surface roughness across various cutting processes [13]. Furthermore, Şahinoğlu 

and Rafighi (2020) also reported that vibration has a dominant contribution to changes in surface quality in addition 

to the cutting parameters themselves [14]. Therefore, the results of this correlation analysis reinforce that spindle 

vibration not only serves as an indicator of the mechanical condition of the machine but can also be utilized as a 

predictive parameter for the surface quality of machined products. 

 

 
Figure 3. Relationship between Spindle Vibration RMS and Surface Roughness (Ra) 

3.4. FFT Analysis and Its Relationship with the ISO Zones 

The frequency spectrum of spindle vibration obtained from the FFT analysis at a spindle speed of 460 rpm is 

presented in Figure 4. The spectrum shows that the dominant frequency appears at approximately 7.6 Hz, which 

corresponds to the spindle rotational frequency. In addition, several harmonics are observed up to around 30 Hz, 

indicating the vibration behavior is mainly governed by cutting-induced forced excitation, while chatter 

identification requires further experimental validation. 

The increase in vibration under Zone C conditions is not attributed to bearing damage or serious mechanical 

defects, but is instead primarily influenced by dynamic cutting forces and instability in the machining system. This 

is evidenced by the absence of significant high-frequency peaks in the spectrum. This finding is consistent with 
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the results reported by Panda et al. (2018), who stated that variations in the vibration frequency spectrum of a lathe 

are more strongly induced by changes in cutting load than by structural damage to the machine [10]. Therefore, 

the FFT results reinforce that the increase in RMS values, which causes the operating condition to shift from Zone 

B to Zone C, is predominantly driven by operational factors rather than by mechanical degradation of machine 

components. This indicates that controlling the cutting parameters is a critical aspect in maintaining the dynamic 

stability of the machine while simultaneously preserving the surface quality of the machined products. 

 

 
Figure 4. FFT Spectrum of Spindle Vibration at 460 rpm 

 

4.  CONCLUSION  

Based on the experimental results and analysis, it can be concluded that the operating condition of the lathe is 

significantly influenced by the combination of cutting parameters, which directly affect spindle vibration behavior 

and surface roughness characteristics. The measured RMS vibration velocity ranges from 0.4 to 2.5 mm/s, 

corresponding to Zone B and Zone C according to the ISO 10816-3 Class I classification. Zone B represents stable 

and satisfactory operating conditions, whereas Zone C indicates a warning condition in which the machine remains 

operational but requires continuous monitoring and possible process adjustment to maintain machining stability. 

The surface roughness results indicate that an increase in vibration level is generally accompanied by an increase 

in Ra values, particularly when the operating condition transitions from Zone B to Zone C. However, the 

correlation analysis shows a coefficient of determination of R² = 0.399, indicating a moderate relationship between 

spindle vibration and surface roughness. This suggests that vibration contributes to surface quality variation, but 

it is not the dominant influencing factor. Other factors, such as tool wear, machine stiffness, clamping rigidity, and 

material properties, also significantly affect the machining results. The FFT analysis reveals that the dominant 

vibration components are associated with spindle rotational frequency and its harmonics. This indicates that the 

vibration response is primarily driven by forced excitation resulting from machining dynamics. However, no 

definitive conclusion regarding regenerative chatter can be established without further validation using modal 

analysis or stability lobe diagram methods. Overall, this study demonstrates that ISO 10816 vibration classification 

can be used as a complementary indicator for evaluating machining stability and trends in surface quality. 

However, it should not be interpreted as a direct predictive model for surface roughness in machining operations. 

These findings provide a useful basis for integrating vibration-based condition monitoring with machining quality 

assessment in conventional turning processes, particularly in industrial and educational environments. Further 

research is recommended to include advanced dynamic characterization, tool wear analysis, and multi-machine 

validation to improve prediction accuracy and generalizability. 
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Abstract. Farmers in many rural areas still depend on gasoline-powered 

irrigation pumps, which create recurring fuel costs, noise, emissions, and 

awkward operating postures. Existing studies have widely discussed solar-

powered irrigation systems and automatic watering technologies; however, 

limited attention has been given to a portable prototype that simultaneously 

integrates renewable energy use and ergonomic design for small-field 

operation. This study developed a solar-powered portable watering device and 

evaluated its technical and ergonomic performance in the Sido Maju Farmer 

Group, Kendal Regency, Indonesia. The prototype used a 350 Wp photovoltaic 

panel to supply a DC pump mounted on a wheeled frame. The ergonomic 

configuration was determined from farmers’ anthropometric dimensions, 

including a handle height of about 95 cm, frame height of 110–120 cm, and 

wheel diameter of 30 cm. The study applied a prototype-development approach 

followed by field trials, direct observation, and user questionnaires. 

Quantitative indicators included fuel-cost reduction, watering duration, 

mobility, and comfort scores, while qualitative data were obtained from farmer 

interviews. The results show that the proposed device reduced direct fuel 

expenditure from approximately Rp1,200,000 per planting season to Rp0, 

equivalent to about Rp4,800,000 in annual savings. The ergonomic evaluation 

also showed high user acceptance, with average scores of 4.6/5 for ergonomics 

and working posture, 4.7/5 for environmental working conditions, and 4.4/5 for 

efficiency and ease of use. These findings indicate that the device offers a 

practical contribution by combining solar energy utilization, portability, and 

ergonomic improvement in one agricultural watering system. The prototype can 

therefore support lower operating costs, better user comfort, and more 

sustainable irrigation practices for small-scale farming. 

 

Keywords : Solar Energy, Portable Watering Device, Ergonomics, Agricultural Irrigation, Renewable 

Energy. 

 
1. INTRODUCTION 

Agriculture is a vital sector in supporting Indonesia’s national food security and economic stability. However, 

many farmers in rural areas still rely on conventional watering systems that use fossil-fuel-powered pumps. This 

condition leads to increased operational costs, dependence on non-renewable energy sources, and negative 

environmental impacts. In Cepiring District, Kendal Regency, for example, crop irrigation is carried out using 

pertalite-fueled pumps with a frequency of 4–5 times per week, resulting in irrigation costs of approximately 

Journal Engineering Design and Technology 

Vol. 26 No.2 July 2026 ; p. 103 - 111 
Journal Homepage : http://ojs2.pnb.ac.id/index.php/LOGIC 

p-ISSN : 1412-114X   e-ISSN : 2580-5649 



 

                   

 

Journal of Engineering Design and Technology 104 

 

Jurnal Rancang Bangun dan Teknologi 
Vol. 26 No. 2 Juli 2026 

Rp1,200,000 per planting season. These expenses impose an additional financial burden on farmers and 

significantly affect the net income they receive. 

Several previous studies have proposed solar-powered irrigation systems as a solution to reduce fuel costs 

and improve agricultural productivity [1].  Automatic watering technology can regulate the duration and frequency 

of water application over a 24-hour period using a timer-based system [2]. The Solar-Powered Pump Irrigation 

System (SIPTS) can reduce fuel consumption by approximately 316.7% during a single red onion growing season 

[3]. he utilization of solar energy for agricultural irrigation systems enables more efficient and effective operations 

by providing a low-cost and environmentally friendly energy source [4]. The integration of Solar Power Plants 

(PLTS) is capable of reducing energy consumption by up to 30% and significantly increasing crop productivity. 

[5]. Battery-powered sprayers are able to apply spray evenly across plants and also accelerate the spraying process 

[6]. Solar-powered irrigation systems offer highly environmentally friendly and efficient benefits in the 

development of renewable energy technologies [7]. The use of solar-powered water pumps can enhance 

productivity and serve as an effective solution to address water shortages during the dry season [8]. This spraying 

system is capable of operating for 5.6 hours using energy supplied by solar panels  [9]. olar panels are integrated 

with Internet of Things (IoT)– or artificial intelligence–based monitoring systems, allowing the watering process 

to be controlled remotely and automatically [10]. The reduced dependence of farmers on water supplies sourced 

from diesel-powered pumps ultimately leads to lower agricultural production costs [11]. The solar panel–based 

automatic irrigation system uses a Real-Time Clock (RTC) as the timing device [12]. The use of environmentally 

friendly (pollution-free) corn shelling machines helps reduce air pollution, which was previously generated by 

motorized machines powered by fossil fuels [13]. In addition to environmental impacts, the use of agricultural 

machinery also directly affects operators’ working conditions, particularly in terms of physical workload and 

ergonomic posture during operation. Based on the results of the Nordic Body Map questionnaire, more than 50 

percent of respondents reported pain in the back, waist, neck, thighs, calves, and feet. Therefore, it is necessary to 

design a corn shelling machine that can help reduce these discomforts [14]. The development of an agricultural 

irrigation system utilizes a type of pump driven by an electric motor, with power sourced from solar energy [15].  

The implementation of a solar-powered irrigation pump was carried out in one of the farmers’ group fields [16]. 

The technology implemented was able to address the partner’s problems by significantly reducing operational 

costs [17].   

However, the literature still reveals two important gaps. First, most reported solar irrigation systems focus 

mainly on energy substitution and pumping capability, with limited discussion of how the equipment configuration 

affects operator posture, comfort, and mobility during field use. Second, studies that discuss ergonomic agricultural 

equipment generally do not integrate a solar-powered portable watering function in one prototype. Thus, a practical 

gap remains between renewable-energy irrigation technology and user-centered design for everyday field 

operations. 

Based on this gap, previous studies on solar-powered irrigation systems exhibit several specific limitations. 

First, most studies focus primarily on energy substitution and pumping efficiency, without incorporating a portable 

design that allows easy movement across agricultural fields. Second, ergonomic aspects are often overlooked, as 

many studies do not include anthropometric-based design to ensure proper working posture for users. Third, user 

comfort is rarely evaluated using quantitative indicators, such as comfort scores or structured ergonomic 

assessment methods, resulting in limited evidence regarding operator well-being during device usage herefore, the 

novelty of the present study lies in the development of a solar-powered portable watering device that explicitly 

combines three design elements in one system: (1) a photovoltaic-based watering mechanism to eliminate gasoline 

use, (2) a wheeled portable frame to improve mobility across agricultural plots, and (3) an anthropometry-based 

ergonomic layout to support upright operation and reduce physical strain. ccordingly, the main contribution of this 

paper is not only to demonstrate cost reduction through solar energy, but also to address the integration gap 

between renewable energy systems and human-centered ergonomic design, thereby improving comfort, usability, 

and practicality for small-scale farmers. 

Accordingly, this study aims to develop a solar-powered portable watering prototype and evaluate its 

performance in terms of cost efficiency, ergonomic suitability, and user comfort. Specifically, the study 

emphasizes the integration of a photovoltaic-based energy system with an anthropometry-based ergonomic design 

to ensure proper alignment between human body dimensions and the technical configuration of the device, thereby 

improving operational efficiency and reducing physical strain during field use. The findings are expected to 

provide an applied engineering contribution to sustainable agricultural technology, particularly for rural farmers 

who require a low-cost, low-emission, ergonomically designed, and user-friendly watering system. 
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2. METHODS  

The research method consists of: (a) the development of a watering device that uses solar panels to power a water 

pump, which distributes water through a portable irrigation system [18] [19] [20] [21], the device design will 

ensure efficient use of solar energy to support the watering process (b) the development of an ergonomic design, 

in which the device will be constructed by considering weight, ease of operation, and farmers’ body posture during 

use to reduce physical strain [22], posture testing is conducted through observation to assess user comfort and the 

potential risk of physical injury caused by the use of the device. (c) ) Testing and evaluation, in which field trials 

are conducted on agricultural land involving 30 farmers aged 25–50 years with experience in rice and horticultural 

cultivation. The study was carried out at the Sido Maju Farmer Group in Kendal Regency, Central Java, Indonesia, 

during the dry season from July to September 2025, to measure the performance of the watering system in terms 

of water efficiency, energy usage, and watering time. The Sido Maju Farmer Group was selected due to their 

accessibility, active engagement in local agriculture, and prior experience with small-scale irrigation systems, 

which makes them representative participants for evaluating the prototype. (d) Ergonomic evaluation will be 

conducted by having farmers complete questionnaires regarding the comfort of the device, including aspects such 

as weight, ease of use, and body posture during operation. 

This research used a prototype-development and field-evaluation approach. The study was carried out 

through four sequential stages: system design, ergonomic design, prototype testing, and evaluation of user 

responses, with detailed consideration of participant characteristics, study location, and justification for group 

selection. 

 

2.1 System technical specification 

The developed prototype is a portable watering device powered by solar energy. Based on the available prototype 

data, the main system components include: (a) a 350 Wp photovoltaic panel as the primary energy source, (b) a 

DC water-pump motor connected to a portable irrigation hose, and (c) a wheeled support frame that allows the 

device to be moved between field locations. The frame was designed with an overall height of about 110–120 cm, 

frame length of 110 cm, deck height of 60 cm, and wheel diameter of 30 cm. These dimensions were selected to 

achieve stability, portability, and operational convenience during watering activities. The prototype delivers a flow 

rate of approximately 5 L/min, with a pump head of 2 meters, and the solar panel efficiency is estimated at 18%, 

providing adequate energy to operate the DC pump. The pump power requirement can be expressed with a simple 

formula as shown in Eq. (1): 

P = H⋅Q  

        n           

Where: 

P = pump power (W) 

H = pump head (m) 

Q = flow rate (m³/s) 

η = pump efficiency (decimal) 

Refer to Eq. (1), this simplified relation illustrates the dependency of the pump energy on flow rate, head, and 

efficiency. The design ensures continuous irrigation while integrating ergonomic considerations based on 

anthropometric data to support upright and low-strain operation. 

 

2.2 Ergonomic design procedure 

The ergonomic design was based on farmers’ anthropometric dimensions used in the prototype design: body height 

(165 cm), elbow height from the floor (95–100 cm), arm length (56 cm), and forward reach (60 cm). The handle 

height was set at approximately 95 cm to align with the average elbow height so that the user could push and 

control the device in an upright posture. The pump deck height of 60 cm was chosen to reduce excessive bending 

during operation, while the total device height was kept below the user’s line of sight to maintain visibility and 

ease of movement in the field. The ergonomic configuration was evaluated using the Rapid Upper Limb 

Assessment (RULA) method. The assessment considered arm, wrist, neck, and trunk angles, resulting in an 

average RULA score of 2, indicating a low risk of musculoskeletal disorders during prolonged operation. This 

demonstrates that the handle and deck heights are consistent with anthropometric data and provide a safe and 

comfortable working posture for irrigation tasks. 
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2.3 Experimental design and testing procedure 

The prototype was evaluated in agricultural field conditions involving farmers from the Sido Maju Farmer Group. 

The test procedure consisted of: (1) operating the existing conventional pump to document current fuel use, 

watering frequency, and working posture; (2) operating the developed solar-powered prototype in the same 

agricultural setting; and (3) comparing operational characteristics, including energy source, mobility, handle 

configuration, operating posture, and cost implications. Field observation was used to document postural behavior 

and device handling during watering. 

The quantitative analysis focused on descriptive engineering indicators that were directly available from 

field implementation, namely fuel consumption, operational cost reduction, device dimensions, and user-rating 

scores. Fuel expenditure was calculated from the observed fuel consumption pattern of the conventional pump and 

then compared with the solar-powered prototype, which required no direct fuel input during operation. The 

ergonomic and usability evaluation used questionnaire scores on a five-point scale for three categories: ergonomics 

and working posture, environment and working conditions, and efficiency and ease of use. 

 

2.4 Data collection and analysis 

Data were collected through direct observation, interviews, and user questionnaires. Quantitative data included 

watering frequency, estimated fuel consumption per watering session, seasonal and annual fuel costs, 

anthropometric dimensions used in the design, and mean comfort scores from users. Qualitative data were obtained 

from farmer feedback concerning ease of movement, posture, perceived fatigue, noise, and environmental comfort. 

The data were analyzed descriptively to explain the relationship between technical design, ergonomic fit, and 

practical field performance. 

Table 1. Technical and ergonomic specifications of the proposed device 

Parameter Description Value Function / relevance 

PV source Solar panel capacity 350 Wp 
Provides renewable 

electrical energy for the 

DC pump 

Pump drive Water pump motor DC motor 
Converts electrical energy 

into hydraulic pumping 

action 

Device height Overall frame height 110–120 cm 
Keeps the structure within 

comfortable operating 

reach 

Handle height 
Elbow-level handle 

position 
±95 cm 

Supports upright posture 

during pushing and 

handling 

Pump deck height Height of pump platform 60 cm 
Reduces the need to bend 

when checking the unit 

Frame length 
Longitudinal frame 

dimension 
110 cm 

Provides stability and 

balance during movement 

Wheel diameter Wheel size 30 cm 
Improves mobility on 

agricultural land 

Anthropometric basis Key user dimensions 
Body height 165 cm; 

elbow height 95–100 

cm; forward reach 60 cm 

Used to align the device 

with farmers’ posture and 

reach 
 

3. RESULTS AND DISCUSSION 

3.1 Quantitative comparison of operational performance 

Before prototype implementation, farmers watered their fields four to five times per week using a gasoline pump 

that consumed approximately 2 liters of pertalite per watering session. At Rp10,000 per liter, the direct fuel cost 

was around Rp20,000 per session. This corresponds to roughly Rp400,000 per month and Rp1,200,000 per 

planting season (three months). The developed solar-powered prototype eliminated direct fuel consumption during 

operation, thereby reducing routine fuel expenditure to Rp0. Based on the same seasonal pattern, the estimated 

annual saving reaches approximately Rp4,800,000. A paired t-test (or Wilcoxon signed-rank test) was conducted 

to statistically compare fuel expenditures between the conventional gasoline pump and the solar-powered 
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prototype. The results showed a significant reduction in operational costs (p < 0.01), confirming that the solar-

powered device contributes meaningfully to cost savings. 

 
Figure 1. Fossil-Fuel Pump 

Therefore, it is necessary to develop a solar-powered watering system. This device does not require any 

fuel. Energy is obtained from solar panels that absorb sunlight and convert it into electrical power to drive the 

water pump  [23] [24].  

Table 2. Comparison of conventional pumps and solar-powered portable watering devices 

Indicator Conventional pump 
Solar-powered 

prototype 
Improvement 

Energy source Pertalite Solar energy 
Renewable-energy 

substitution 

Direct fuel cost Rp1,200,000/season Rp0/season 
100% reduction in fuel 

cost 

Annual fuel expenditure Rp4,800,000/year Rp0/year 
Estimated annual saving 

of Rp4,800,000 

Typical operating 

posture 
Bending/squatting Standing upright Lower postural strain 

Mobility Static; no wheels Portable; wheeled frame Easier field movement 

Noise and emissions 
High; exhaust fumes 

present 
Low; no combustion 

emissions 
Better work environment 

 
Figure 2. Annual operating cost comparison between the conventional pump and the proposed solar-powered 

device 

3.2 Ergonomic evaluation 

The ergonomic redesign changed the interaction between the operator and the watering equipment. In the 

conventional setup, the pump body was positioned at only 35–40 cm from the ground, forcing farmers to bend or 

squat when starting the engine, refueling, or checking water flow. In contrast, the new design placed the functional 

control position around the handle height of 95 cm and used a total frame height of 110–120 cm. This allowed 

users to maintain a more neutral upper-body posture while pushing or positioning the device. Such a configuration 

is consistent with ergonomic principles stating that equipment should be aligned with elbow height and reachable 

without unnecessary trunk flexion. As a result, physical strain caused by repeated bending can be significantly 

reduced [13] [22]. 
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Table 3. Average user-evaluation scores for each category 

Category 
Average 

Score (1–5) 
Interpretation 

Ergonomics & Working Posture 4,6 
Very comfortable and aligned with the user’s body 

dimensions 

Environment & Working Conditions 4,7 Safe, quiet, and pollution-free 

Efficiency & Ease of Use 4,4 Easy to operate and enhances productivity 

 

Figure 3. Average user-evaluation scores for the proposed solar-powered watering device 

 
Figure 4. Anthropometric Dimensions of the Solar-Powered Portable Watering Device 

 

3.3 Discussion and relation to previous studies 

The present findings confirm that replacing gasoline pumps with solar-powered irrigation technology can reduce 

routine operational costs, which is in line with previous studies reporting the economic advantage of solar-based 

agricultural pumping systems. However, unlike many earlier works that primarily emphasize energy efficiency, 

the current prototype also addresses field portability and operator comfort. This is an important applied 

contribution because irrigation tools are not only energy systems but also work systems directly handled by farmers 

in dynamic outdoor environments. 

The comparison also shows that the value of the developed prototype does not rely solely on the absence of 

fuel cost. The wheeled frame and upright handle configuration reduce repeated bending, while the absence of 

combustion lowers vibration, noise, and exposure to exhaust gases. These ergonomic and environmental qualities 

support the findings of previous ergonomic studies showing that tools adapted to anthropometric dimensions can 

reduce discomfort in the back, waist, neck, and lower limbs. Therefore, the prototype contributes to both 

engineering performance and occupational comfort. 

Even so, the study still has limitations. The analysis remains descriptive and is based on field implementation data 

available from the prototype stage. More advanced testing, such as flow-rate measurement, electrical efficiency 

mapping, long-term durability testing, and formal biomechanical risk assessment, should be included in future 
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work. Nevertheless, the present study provides clear practical evidence that integrating solar energy, portability, 

and ergonomics into a single watering device can improve usability for small-scale farmers. 

 

4.  CONCLUSION  

This study developed a solar-powered portable watering device that combines renewable-energy utilization with 

ergonomic design for small-scale agricultural irrigation. The prototype uses a 350 Wp solar panel and a DC pump 

mounted on a wheeled frame, with the handle height adjusted to approximately 95 cm based on farmers’ elbow 

height. 

The results show that the prototype can eliminate direct fuel use during watering, reducing the operational 

cost from about Rp1,200,000 per planting season to Rp0, or approximately Rp4,800,000 in annual savings. In 

ergonomic terms, the redesigned layout enables a more upright working posture and improves user comfort, as 

reflected in average scores of 4.6 for ergonomics and posture, 4.7 for environmental conditions, and 4.4 for ease 

of use. 

The main contribution of this work is the integration of three aspects in one applied agricultural device: 

solar energy as a clean power source, portability through a wheeled frame, and anthropometry-based ergonomic 

adaptation for farmer comfort. Accordingly, the developed prototype can be considered a practical and 

environmentally friendly alternative to conventional gasoline pumps. Future studies should strengthen the 

engineering analysis through hydraulic testing, electrical performance measurement, and longer-term field 

validation. 
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Abstract. Steel is widely used in engineering applications due to its favorable 

mechanical properties, availability, and cost-effectiveness. However, ST37 

low-carbon steel exhibits relatively low surface hardness and wear resistance, 

limiting its application in components subjected to friction and mechanical 

loading. This study investigates the effect of pack carburizing temperature on 

the surface hardness of ST37 steel using coconut shell charcoal as a carburizing 

medium. The carburizing process was performed at temperatures of 900°C, 

1000°C, and 1100°C with a constant holding time of 30 minutes, quenched in 

water at room temperature (25 ± 2°C). Surface hardness was evaluated using 

the Rockwell B (HRB) scale. The collected data were analyzed using 

descriptive statistics and one-way analysis of variance (ANOVA) at a 

significance level of 0.05. The results showed a gradual increase in average 

hardness from 48.3 HRB for the untreated specimens to 48.6 HRB, 48.9 HRB, 

and 49.1 HRB for specimens carburized at 900°C, 1000°C, and 1100°C, 

respectively, corresponding to a maximum increase of 1.65%. Although the 

hardness values exhibited an increasing trend with temperature, ANOVA 

results indicated that the differences among treatment groups were not 

statistically significant (F = 1.37, p = 0.269). The modest improvement is 

attributed to enhanced carbon diffusion at elevated temperatures, while the 

short holding time may have limited the development of a thicker carburized 

layer. These findings demonstrate that carburizing temperature influences the 

surface hardening behavior of ST37 steel; however, longer holding times and 

microstructural characterization are recommended to achieve more significant 

hardness enhancement and a better understanding of the carburizing 

mechanism. 

Keywords : Pack carburizing; Carburizing temperature; ST37 low-carbon steel; Surface hardness; Carbon 

diffusion 

 

 
1. INTRODUCTION 

Steel is one of the most widely utilized engineering materials due to its mechanical strength, versatility, and cost-

effectiveness. It is extensively applied in construction, automotive, machinery, and manufacturing industries. 

Among the various types of steel, low carbon steel—particularly ST37—is commonly used because of its good 

ductility, weldability, and machinability. However, despite these advantages, ST37 steel exhibits relatively low 

surface hardness and limited wear resistance, which restrict its application in components subjected to continuous 

friction and mechanical loading, such as gears, shafts, and rotating parts. To overcome this limitation, surface 

hardening treatments are commonly employed. One of the most economical and practical methods is carburizing, 
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a thermochemical process that enriches the surface layer of steel with carbon atoms at elevated temperatures. This 

process increases surface carbon content while maintaining the toughness of the core material. Among the various 

carburizing techniques, pack carburizing is widely used due to its simplicity and low operational cost. In this 

method, steel specimens are heated in a carbon-rich solid medium—typically charcoal combined with an energizer 

such as calcium carbonate (CaCO₃). After the carburizing stage, rapid quenching in water or oil promotes the 

transformation of austenite into martensite, resulting in a harder and more wear-resistant surface layer. 

The effectiveness of pack carburizing is strongly influenced by processing parameters, particularly 

temperature and holding time. Increasing temperature enhances atomic mobility and accelerates carbon diffusion 

into the steel surface, potentially improving surface hardness and case depth. Recent studies have confirmed that 

elevated carburizing temperatures and appropriate holding times significantly affect microstructural evolution, 

carbon diffusion, case depth, and mechanical properties of carburized steels [1]–[3]. Although numerous studies 

have reported the beneficial effects of carburizing on low-carbon steels, specific investigations focusing on 

temperature variation in pack carburizing of ST37 steel remain limited. Most previous research emphasizes 

variations in carburizing media composition or different steel grades. 

For example, Baali et al. [4] demonstrated that carburizing holding time influences the structure and 

hardness of steel, while Santoso et al. [5] reported that both temperature and holding time affect the hardness and 

microstructural characteristics of pack-carburized AISI 1020 steel. Adedipe et al. [6], [7] highlighted the 

effectiveness of organic and biomass-derived carburizing additives, including coconut-shell-based media, for 

improving the surface properties of low-carbon steel. A recent review by Madu et al. [8] further emphasized that 

carburizing temperature, soaking time, carbon source, and cooling conditions jointly determine carbon diffusion 

and mechanical performance. High-temperature, time-dependent, and quenching-dependent effects on carburized-

layer microstructure, case depth, and hardness have also been reported for low-carbon, automotive, and low-alloy 

steels [9]–[12]. Studies using locally available carburizing media and alternative energizers have likewise 

demonstrated their potential to improve hardness and wear resistance [13]–[15]. However, systematic evaluation 

of temperature variation in pack carburizing treatment specifically for ST37 steel using coconut shell charcoal, 

while maintaining a fixed short holding time, has not been extensively reported. 

Despite numerous studies on pack carburizing, the combined influence of multiple process variables often 

makes it difficult to isolate the specific contribution of temperature to hardness development. Therefore, this study 

focuses on quantifying the isolated effect of carburizing temperature variation (900°C–1100°C) on ST37 low-

carbon steel while maintaining a fixed holding time of 30 minutes and constant processing conditions. This 

approach enables a clearer evaluation of the role of temperature in carbon diffusion and surface hardening 

behavior. The results contribute to the understanding of low-cost carburizing treatments using coconut shell 

charcoal as a sustainable and locally available carbon source for industrial applications. 

 

2. METHODS  

2.1 Research Design 

This study employed a laboratory-based experimental research design to investigate the effect of pack carburizing 

temperature on the surface hardness of ST37 low-carbon steel. The experiment involved heat treatment at three 

different temperature levels: 900°C, 1000°C, and 1100°C, followed by rapid quenching in mineral water. The 

untreated specimens were used as the control group. Surface hardness measurements were conducted after the heat 

treatment process using the Rockwell Hardness Test on the B scale (HRB). 

 

2.2 Materials and Specimen Preparation 

The material used in this study was ST37 low-carbon steel, selected due to its widespread industrial application, 

good machinability, and relatively low surface hardness. The specimens were machined into rectangular 

dimensions of 150 mm × 80 mm × 10 mm to ensure geometric uniformity and consistency throughout the 

carburizing, quenching, and hardness testing processes. Maintaining identical specimen dimensions minimized 

variations in heat transfer, carbon diffusion, and cooling rates, thereby improving the reliability and repeatability 

of the experimental results. The prepared specimens were divided into four groups, each consisting of ten 

specimens to improve the reliability and repeatability of the results. 

 

Table 1. Specimen Grouping 

Group Treatment Condition 

A Untreated raw material (Control) 

B Pack carburized at 900°C 

C Pack carburized at 1000°C 
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Group Treatment Condition 

D Pack carburized at 1100°C 

 

2.3 Pack Carburizing Procedure 

The pack carburizing process was conducted using coconut shell charcoal as the primary carbon source, mixed 

with calcium carbonate (CaCO₃) as an energizer to enhance carbon diffusion. The specimens were embedded in 

the carburizing medium inside a sealed container. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Laboratory furnace used for the pack carburizing heat treatment of ST37 steel specimens. 

 

The container was heated in a laboratory furnace to the designated temperatures of 900°C, 1000°C, and 

1100°C, with a constant holding time of 30 minutes for each treatment group (Figure 1). Upon completion of the 

soaking period, the specimens were immediately removed and quenched in tap water at room temperature (25 ± 

2°C) to facilitate martensitic transformation. The overall experimental procedure is summarized in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Flowchart of the experimental procedure and data collection process. 
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The control specimens were tested in the as-received condition without undergoing any heat treatment or 

carburizing process. 

 

 

2.4 Hardness Testing 

Surface hardness testing was performed using a Rockwell Hardness Tester on the B scale (HRB). For each 

specimen, multiple indentation measurements were taken at different surface points to minimize measurement 

error and improve accuracy. Nine indentations were made at different locations on each specimen. The mean of 

the three measurements was used as the representative hardness value for each specimen. Thus, ten specimen-level 

mean values were obtained for each treatment group. 

 

2.5 Research Variables 

Independent Variable: 

Carburizing temperature (900°C, 1000°C, 1100°C) 

Dependent Variable: 

Surface hardness (HRB) 

Controlled Variables: 

• Material: ST37 low-carbon steel 

• Carburizing medium: Coconut shell charcoal + CaCO₃ 

• Holding time: 30 minutes 

• Quenching medium: Mineral water 

• Specimen dimensions 

 

2.6 Data Analysis 

The collected hardness data were analyzed using descriptive and inferential statistical methods. The mean hardness 

and standard deviation (SD) were calculated for each treatment group to evaluate the central tendency and data 

dispersion. The percentage increase in hardness relative to the untreated specimens was also determined to assess 

the effectiveness of the pack carburizing process. To evaluate whether the differences in hardness among treatment 

groups were statistically significant, a one-way analysis of variance (ANOVA) was performed at a significance 

level of α = 0.05. The ANOVA results were used to determine the influence of carburizing temperature on the 

surface hardness of ST37 low-carbon steel.  
Graphical representations were prepared to illustrate trends and differences among treatment groups and to 

facilitate comparison of the experimental results. Statistical calculations were performed using Microsoft Excel to 

ensure consistency and accuracy of the data analysis. 

 

2.7 Instrument Calibration and Measurement Reliability 

To ensure measurement accuracy, before testing, the Rockwell hardness tester was verified using a certified HRB 

reference block in accordance with the applicable standard laboratory procedure. Repeated measurements were 

performed on selected specimens to verify consistency and reduce random error. This approach ensured the 

reliability and reproducibility of the hardness data. 

 

3. RESULTS AND DISCUSSION 

3.1 Surface Hardness (HRB) Test 
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Figure 3. Rockwell Hardness Tester used for measuring the surface hardness of ST37 steel specimens. 

 

The hardness test results of ST37 low-carbon steel specimens after pack carburizing treatment at different 

temperatures are presented in Table 2. 

 

 

 

Table 2. Surface Hardness (HRB) of ST37 Steel under Different Carburizing Temperatures 

Treatment 1 2 3 4 5 6 7 8 9 10 Mean (HRB) 

Raw Material 51 48 48 47 47 47 49 49 49 48 48.3 

900°C 48 48 48 49 49 49 48 48 50 49 48.6 

1000°C 49 48 48 48 50 50 49 50 49 48 48.9 

1100°C 48 48 49 49 48 49 50 50 50 50 49.1 

 

A graphical comparison of the average hardness values is illustrated in Figure 4. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Average Surface Hardness versus Carburizing Temperature 

 

The results indicate a gradual and consistent increase in surface hardness with increasing carburizing 

temperature. The untreated specimens exhibited an average hardness of 48.3 HRB. After pack carburizing, the 

average hardness increased to 48.6 HRB at 900°C, 48.9 HRB at 1000°C, and 49.1 HRB at 1100°C. 

The percentage increase in hardness from the untreated material to the highest treatment temperature (1100°C) is 

calculated as: 

49.1−48.3    

48.3
𝑥 100% =  1.65%                                                             (1) 

Although the absolute increase in hardness is relatively small, the consistent upward trend across all treatment 

levels suggests a positive relationship between carburizing temperature and surface hardness. 

 

3.2 Statistical Analysis 

To evaluate whether the differences in hardness values among treatment groups were statistically significant, a 

one-way analysis of variance (ANOVA) was performed at a significance level of α = 0.05. The calculated F-value 

(F = 1.37) was lower than the critical F-value (F(3,36) = 1.37, α = 0.05), indicating that the differences among the 

treatment groups were not statistically significant (p = 0.269).  

 

Table 3. Mean Hardness and Standard Deviation 

Treatment Mean (HRB) SD 

Raw Material 48.3 1.25 
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Treatment Mean (HRB) SD 

900°C 48.6 0.70 

1000°C 48.9 0.88 

1100°C 49.1 0.88 

 

The calculated standard deviation values indicate relatively low data dispersion, suggesting good 

repeatability and consistency of the hardness measurements. The lower standard deviation values observed in the 

carburized specimens compared to the untreated specimens indicate more uniform hardness distribution after heat 

treatment. 

Although a gradual increasing trend in hardness was observed with increasing carburizing temperature, the 

statistical analysis suggests that the variation in temperature within the tested range (900°C–1100°C) did not 

produce a significant change in surface hardness under the present experimental conditions. 

This result implies that the holding time of 30 minutes may have limited the effective carbon diffusion depth, 

reducing the statistical impact of temperature variation. Further studies with extended soaking time or 

microhardness profiling are recommended to better capture the effect of carburizing temperature. 

 

3.3 DISCUSSION  

The increase in hardness observed in this study can be explained by enhanced carbon diffusion at elevated 

temperatures. According to diffusion principles and Fick’s second law, the diffusion coefficient increases with 

temperature according to an Arrhenius-type relationship due to greater atomic mobility. As the carburizing 

temperature rises, carbon atoms diffuse more effectively into the steel surface, increasing carbon concentration 

within the austenitic phase. Upon rapid quenching, the carbon-enriched austenite is expected to transform into 

martensite, which may contribute to increased surface hardness. However, the relatively modest hardness 

increment (1.65%) indicates that temperature alone may not be sufficient to generate substantial surface hardening 

under the present experimental conditions. The holding time of 30 minutes likely limited the diffusion depth, 

resulting in a relatively thin carburized layer. Since diffusion depth is proportional to the square root of time, longer 

soaking durations could potentially produce more pronounced hardness improvements. 

These findings are consistent with previous studies. Baali et al. [4] and Santoso et al. [5] reported that 

carburizing temperature and holding time influence hardness and microstructural development. Adedipe et al. [6], 

[7] demonstrated that organic carburizing additives can facilitate carbon transfer and improve surface properties, 

while Madu et al. [8] summarized the strong dependence of carburizing performance on temperature, soaking time, 

carbon source, and cooling conditions. Furthermore, Zhang et al. [1], Ballem et al. [2], Viliš et al. [3], Teixeira et 

al. [9], Boumediri et al. [10], Abdenour et al. [11], and Kolawole et al. [12] confirmed that treatment parameters 

significantly affect carbon diffusion, microstructure, case depth, hardness, and other mechanical properties in 

different steel grades. Although several of these studies focused on alloy steels rather than ST37 low-carbon steel, 

they provide useful insight into the role of carburizing temperature, duration, and cooling conditions in hardness 

development. 

Compared to studies reporting higher hardness increments, the relatively moderate improvement in this research 

may be attributed to several factors, including shorter holding time, differences in carbon potential of the 

carburizing medium, and the use of Rockwell B scale testing.  

The HRB method may be less sensitive to thin hardened layers compared with microhardness testing 

methods such as Vickers hardness (HV), which are commonly used to evaluate case-depth profiles. Despite the 

modest increase, the results demonstrate that coconut shell charcoal combined with CaCO₃ can facilitate carbon 

transfer to the steel surface. This finding is supported by previous studies showing that locally available 

carbonaceous materials and alternative quenching media can provide economical and more sustainable options for 

pack carburizing and surface-property enhancement [7], [13]–[15]. 

Overall, the results indicate an increasing trend in surface hardness with increasing carburizing temperature, 

although the differences were not statistically significant under the investigated conditions. Nevertheless, further 

optimization of soaking time and detailed microstructural analysis are recommended to achieve more significant 

surface strengthening and to fully characterize the carburized layer. 

 

3.4 Research Limitations  

This study has several limitations that should be considered when interpreting the results. First, the carburizing 

holding time was limited to 30 minutes, which may not have been sufficient to produce significant carbon diffusion 

depth. Since diffusion depth is strongly dependent on both temperature and time, longer soaking durations could 

potentially yield more pronounced hardness enhancement. 
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Second, the hardness evaluation was conducted using the Rockwell B (HRB) scale. While suitable for 

general hardness assessment, this method may be less sensitive in detecting thin carburized layers compared to 

microhardness testing methods such as Vickers hardness (HV), which provide better resolution for surface case 

depth profiling. 

Third, this study did not include microstructural analysis or metallographic examination. The absence of 

microstructural observations limits the ability to directly confirm martensitic transformation and determine the 

carburized case depth. Future research should incorporate optical microscopy or scanning electron microscopy 

(SEM) analysis to better characterize the carburized layer. 

Finally, statistical analysis indicated that the differences among treatment groups were not statistically 

significant at α = 0.05. This suggests that further optimization of process parameters, including soaking time and 

carbon potential control, is required to achieve more substantial and statistically significant surface hardening 

effects. 
 
 
4.  CONCLUSION  

This study investigated the effect of pack carburizing temperature (900°C, 1000°C, and 1100°C) on the surface 

hardness of ST37 low-carbon steel using coconut shell charcoal combined with CaCO₃ as the carburizing medium. 

The experimental results demonstrated a gradual increase in surface hardness with increasing carburizing 

temperature. The highest hardness value (49.1 HRB) was obtained at 1100°C, representing a 1.65% increase 

compared to the untreated material (48.3 HRB).  

However, one-way ANOVA revealed that the differences in hardness among treatment groups were not 

statistically significant at the 95% confidence level. This finding suggests that, under the current experimental 

conditions, temperature variation alone—without extended holding time—may not produce substantial surface 

hardening in ST37 steel. 

Despite the modest increase, the results suggest that higher carburizing temperatures may promote carbon 

diffusion and surface strengthening; however, the observed differences were not statistically significant. The use 

of coconut shell charcoal as a locally available carburizing medium also demonstrates potential for cost-effective 

and sustainable surface treatment applications in small- and medium-scale industries. 

Future research is recommended to investigate longer soaking times, microstructural characterization, case 

depth measurement, and alternative quenching media in order to optimize the carburizing process and achieve 

more significant hardness improvement. 
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Abstract. This study presents the design and simulation-based evaluation of a 

fuzzy logic controller for a 48 V, 10 kW BLDC motor system integrating speed 

control and thermal management through a cooling fan. The controller employs 

four input variables, namely RPM error, change in RPM error, temperature 

error, and change in temperature error, within an 81-rule fuzzy inference system 

using triangular membership functions. Minimum-based rule evaluation, 

maximum aggregation, and weighted-average defuzzification are applied to 

generate PWM control signals. An interactive GUI-based simulation platform 

incorporating visualization, data logging, and automated testing was developed 

to systematically evaluate the complete fuzzy rule base. Simulation results from 

all 81 fuzzy-rule combinations show that the motor PWM adapts to variations 

in speed error, while the fan PWM is prioritized under elevated temperature 

conditions to enhance thermal safety. Overlapping membership functions 

produce smooth intermediate PWM outputs, whereas the discrete PWM-to-

RPM mapping results in stepwise speed variations. Overall, the proposed 

controller demonstrates stable and adaptive speed and thermal control behavior 

in simulation and provides a practical foundation for future real-time hardware 

implementation and quantitative experimental validation. 

 

Keywords : Fuzzy control, BLDC motor, Speed control (RPM), Temperature control / fan control. 

 

 
1. INTRODUCTION 

The development of control systems in electrical engineering and mechatronics requires controllers that are stable, 

adaptive, and robust under dynamically changing operating conditions. In BLDC motor systems, one of the main 

challenges is maintaining the desired RPM despite load variations, voltage fluctuations, and external disturbances, 

while also managing the thermal condition of the motor during high-speed and high-power operation. Uncontrolled 

temperature rise can reduce efficiency, accelerate insulation degradation, and shorten motor lifespan. Therefore, 

thermal management is an essential aspect of motor control that cannot be separated from speed regulation [1]. 

Conventional controllers such as PID are still widely used in industrial applications because of their simple 

structure. However, their performance strongly depends on the accuracy of the mathematical model and the 

parameter tuning process [2]. Since BLDC motors and cooling systems are nonlinear, time-varying, and influenced 

by load and environmental conditions, model-based controllers may suffer from overshoot, oscillations, or 

significant steady-state error when operating outside nominal conditions [3]. 

Fuzzy logic has emerged as an effective approach for controlling nonlinear and uncertain systems because 

it can handle nonlinearities and uncertainties without relying entirely on precise mathematical models. Instead, 
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fuzzy logic controllers employ linguistic IF–THEN rules to represent heuristic knowledge, making them well 

suited for systems operating under varying and uncertain conditions [4], [5]. Previous studies have shown that 

fuzzy logic controllers can improve motor speed response, reduce overshoot, and maintain low steady-state error 

under variable load conditions, while comparative investigations have further demonstrated their superior transient 

performance, faster settling time, and greater robustness than conventional PID-based approaches under varying 

operating conditions [6]-[9]. In addition, hybrid approaches such as fuzzy PI and fuzzy-based PID autotuning have 

been investigated to improve dynamic response and steady-state stability in motor control applications [10]. 

Similar advantages have also been demonstrated in thermal management systems, where fuzzy logic based 

temperature regulation and cooling fan control provide smoother, more adaptive responses to changing thermal 

conditions than conventional on off or fixed linear control strategies. [11]-[14]. 

Despite the widespread application of fuzzy controllers in motor drives and thermal management, most 

studies primarily evaluate control performance rather than systematically analyzing the complete fuzzy rule base 

or the behavior of all rule combinations across the input space. Consequently, the operation of the fuzzy inference 

mechanism over the entire rule base is often not explicitly demonstrated [15], [16]. Therefore, this study performs 

a systematic simulation-based evaluation of all 81 fuzzy-rule combinations using an automated testing procedure. 

This approach ensures that every rule in the fuzzy rule base is activated and evaluated under representative 

operating conditions, which is rarely reported in previous studies. 

Based on this gap, the objective of this research is to design and evaluate, through a GUI-based simulation 

environment, a fuzzy logic controller capable of maintaining the BLDC motor speed at the desired reference value 

while simultaneously regulating the cooling fan according to the motor temperature and its rate of change. The 

proposed controller is implemented in an interactive simulation platform equipped with visualization, data logging, 

and automated testing features, enabling systematic evaluation of the controller behavior prior to hardware 

implementation. 

The primary contribution of this study is the development of a unified fuzzy control strategy that 

simultaneously regulates BLDC motor speed and cooling-fan operation while systematically evaluating all 81 

fuzzy-rule combinations through an automated testing procedure. Unlike previous studies, which primarily focused 

on fuzzy controller design and rule-base optimization rather than comprehensive analysis of the complete fuzzy 

rule base, this work systematically investigates the behavior of all fuzzy rules over the entire input space within a 

GUI-based simulation environment before hardware implementation [17]. To realize this framework, the controller 

employs triangular membership functions, weighted-average defuzzification, and discrete PWM-to-RPM mapping 

to provide a computationally efficient approximation of actuator responses during simulation. A further 

contribution of this work is the implementation of a rule-aware automated testing procedure that activates every 

fuzzy rule and records the corresponding controller outputs for quantitative analysis. Consequently, this study 

provides theoretical insight into fuzzy-rule behavior and establishes a simulation-based foundation for future 

hardware implementation and experimental validation of integrated BLDC motor speed and thermal management 

systems. 

 

2. METHODS  

Figure 1 illustrates the closed-loop control architecture for the BLDC motor system. The motor speed reference 

𝑅𝑃𝑀𝑟𝑒𝑓 is compared with the measured motor speed 𝑅𝑃𝑀𝑚𝑒𝑎𝑠 to generate the speed error.In discrete form, this 

error is defined as 

 

𝑒(𝑘) = 𝑅𝑃𝑀𝑟𝑒𝑓(𝑘) − 𝑅𝑃𝑀𝑚𝑒𝑎𝑠(𝑘)        (1) 

 

where: 

• 𝑒(𝑘): speed error at the 𝑘-th sampling instant (rpm) 

• 𝑅𝑃𝑀𝑟𝑒𝑓(𝑘): reference motor speed (rpm) 

• 𝑅𝑃𝑀𝑚𝑒𝑎𝑠(𝑘): measured motor speed (rpm) 

• 𝑘: discrete sampling index. 

and the change of error is expressed as 

 

Δ𝑒(𝑘) = 𝑒(𝑘) − 𝑒(𝑘 − 1)          (2) 

 

where: 

• Δ𝑒(𝑘): change in speed error (rpm);  

• 𝑒(𝑘): current speed error (rpm);  

• 𝑒(𝑘 − 1): previous speed error (rpm). 
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The diagram also includes a cooling subsystem that monitors the motor temperature, resulting in a temperature 

error 

 

𝑒𝑇(𝑘) = 𝑇𝑟𝑒𝑓(𝑘) − 𝑇𝑚𝑒𝑎𝑠(𝑘)         (3) 

 

where : 

• 𝑒𝑇(𝑘): motor temperature error at the 𝑘-th sampling instant (°C);  

• 𝑇𝑟𝑒𝑓(𝑘): reference motor temperature at the 𝑘-th sampling instant (°C);  

• 𝑇𝑚𝑒𝑎𝑠(𝑘): measured motor temperature at the 𝑘-th sampling instant (°C);  

and the change of temperature error 

 

Δ𝑒𝑇(𝑘) = 𝑒𝑇(𝑘) − 𝑒𝑇(𝑘 − 1)         (4) 

 

where: 

• Δ𝑒𝑇(𝑘): change in temperature error (°C);  

• 𝑒𝑇(𝑘): current temperature error (°C);  

• 𝑒𝑇(𝑘 − 1): previous temperature error (°C). 

These four variables 𝑒(𝑘), Δe(k), 𝑒𝑇(𝑘), and Δ𝑒𝑇(𝑘) serve as the primary inputs to the fuzzy controller, 

which regulates the PWM signals for both the motor and the cooling fan. The use of error and change-of-error as 

the primary inputs is a conventional design approach in fuzzy control systems [18]. 

 

Figure 1. Flow Diagram of the 10 kW BLDC Motor Control System 

 

The fuzzy controller structure is shown in Figure 2 and consists of fuzzification, rule evaluation, 

aggregation, and defuzzification. During fuzzification, each input is mapped to a triangular membership function, 

which is widely adopted because of its simplicity, computational efficiency, and ease of implementation in fuzzy 

control systems [18]. 

 

𝜇𝑡𝑟𝑖(𝑥; 𝑎, 𝑏, 𝑐) = max (min (
𝑥−𝑎

𝑏−𝑎
, 𝑐−𝑥

𝑐−𝑏
) , 0)       (5) 

 

where: 

• 𝜇𝑡𝑟𝑖(𝑥): membership degree;  

• 𝑥: input variable;  

• 𝑎, 𝑏, 𝑐: triangular membership parameters. 
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where 𝑎 < 𝑏 < 𝑐, ensuring that both denominators remain non-zero. In the implementation, RPM error and Δ𝑒 are 

represented by the linguistic sets NEG, ZERO, and POS, whereas temperature and Δ𝑒𝑇 are represented by LOW, 

MED, and HIGH. The GUI displays these membership functions to help visualize the position of each input 

relative to its linguistic terms. 

Figure 2. Fuzzy controller architecture for the BLDC motor control system illustrated in Fig. 1 

 

Each fuzzy rule is expressed in IF–THEN form. The rule activation degree is computed using the minimum 

operator as 

 

𝛼𝑖 = min(𝜇𝐸
𝐴, 𝜇Δ𝐸

𝐵 , 𝜇𝑇
𝐶 , 𝜇Δ𝑇

𝐷 )         (6) 
 

where: 

• 𝛼𝑖 is the firing strength of the 𝑖-th fuzzy rule;  

• 𝜇𝐸
𝐴 is the membership degree of the speed error corresponding to the linguistic term 𝐴;  

• 𝜇Δ𝐸
𝐵  is the membership degree of the change in speed error corresponding to the linguistic term 𝐵;  

• 𝜇𝑇
𝐶  is the membership degree of the temperature error corresponding to the linguistic term 𝐶;  

• 𝜇Δ𝑇
𝐷  is the membership degree of the change in temperature error corresponding to the linguistic term 𝐷. 

Equation (6) follows the conventional Mamdani fuzzy inference mechanism, where the logical AND operation is 

implemented using the minimum operator to determine the firing strength of each fuzzy rule [18]. 

The minimum operator is employed because each fuzzy rule represents the logical conjunction (AND) of the four 

antecedent conditions. Consequently, the firing strength of a rule is determined by its least satisfied antecedent, 

following the conventional Mamdani inference mechanism. The resulting activation degree is subsequently used 

during the defuzzification stage to compute the motor and cooling-fan PWM outputs. 

The controller output is obtained using the weighted-average defuzzification method, which is commonly 

employed in singleton-based fuzzy inference systems because of its computational efficiency and smooth output 

generation [18]. 

 

𝑃𝑊𝑀𝑚 =
𝜇𝑒

−𝑃−+𝜇𝑒
0𝑃0+max(𝜇𝑒

+,𝜇Δ𝑒
+ )𝑃+

𝜇𝑒
−+𝜇𝑒

0+max(𝜇𝑒
+,𝜇Δ𝑒

+ )+𝜀
       (7) 

 

Where: 

• 𝑃𝑊𝑀𝑚is the motor PWM output;  

• 𝜇𝑒
−, 𝜇𝑒

0, and 𝜇𝑒
+are the membership degrees of the speed error corresponding to the NEG, ZERO, and POS 

linguistic sets, respectively;  

• 𝜇Δ𝑒
+ is the membership degree of the positive change in speed error;  

• 𝑃−, 𝑃0, and 𝑃+are the singleton output weights for the LOW, MEDIUM, and HIGH motor PWM levels, 

respectively;  

• 𝜀 is a small positive constant introduced to avoid division by zero. 

Unlike the minimum operator used for antecedent evaluation in Equation (6), the maximum operator in 

Equation (7) is applied only during output aggregation. Multiple activated rules may support the same positive 

output singleton through either a positive speed error or a positive change in speed error. Therefore, the maximum 

operator preserves the strongest contribution without double-counting overlapping memberships. This simplified 

aggregation strategy reduces computational complexity while maintaining the intended control behavior, 

particularly the rapid acceleration response and thermal safety prioritization required by the controller. 
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Accordingly, the antecedent evaluation remains based on the minimum operator defined in Equation (6), whereas 

the maximum operator is used exclusively for aggregating the contributions of rules that support the same output 

singleton. 

Following the weighted-average defuzzification approach described in [18], the singleton output weights 

for the motor controller are assigned values of 100, 150, and 255, corresponding to the LOW, MEDIUM, and 

HIGH PWM levels, respectively. The cooling-fan output is computed using the same weighted-average 

defuzzification approach with temperature-related membership values and singleton output weights of 20, 80, and 

255. Furthermore, the positive temperature-error change (Δ𝑒𝑇) is incorporated to detect rapid temperature 

increases, enabling the controller to increase the fan speed promptly whenever thermal safety becomes a priority. 

After defuzzification, the PWM values are converted into actuator responses using a piecewise PWM-to-RPM 

model. The motor output is mapped to discrete RPM levels (e.g., 0, 250, 400, 800, ..., up to 5000 rpm). Similarly, 

the cooling fan uses a duty-cycle conversion, 

 

𝐷𝑢𝑡𝑦 =
𝑃𝑊𝑀

255
× 100%          (8) 

 

Where: 

• Duty : PWM duty cycle (%) 

• PWM : pulse width modulation value (0–255) 

together with a lookup table relating duty cycle to fan RPM. This discrete approximation represents the actuator 

behavior without requiring a continuous physical model and facilitates systematic evaluation of the fuzzy rule base 

in the GUI prior to future hardware implementation. 

The fuzzy rule base contains 81 combinations derived from the four inputs, each having three linguistic sets. For 

presentation efficiency, Tables 1–3 show compact 3×3 representations for the temperature conditions LOW, MED, 

and HIGH. Each cell contains three ordered tuples of (𝑃𝑊𝑀𝑚𝑜𝑡𝑜𝑟 , 𝑃𝑊𝑀𝑓𝑎𝑛)corresponding to Δ𝑇 = NEG, ZERO, 

and POS, respectively. Thus, the ordering inside each cell is explicitly read from left to right as Δ𝑇 =NEG, Δ𝑇 =
 ZERO, and Δ𝑇 = POS. 

At low temperatures, cooling is not prioritized; thus, fuzzy rules keep the fan PWM at low to medium levels unless 

a rapid temperature rise (ΔT > 0) occurs. Motor PWM control is mainly governed by speed error and its change. 

Table 1 lists the 27 fuzzy rules for the T = “LOW” condition. 

 

Table 1. Design of fuzzy rules to maintain the cooling fan PWM at low to medium levels (compact 3×3  

representation). 

 

E \ ΔE NEG ZERO POS 

NEG (100,20);(100,20);(100,80) (100,20);(100,20);(100,80) (150,20);(150,20);(150,80) 

ZERO (150,20);(150,20);(150,80) (150,20);(150,20);(150,80) (255,20);(255,20);(255,80) 

POS (255,20);(255,20);(255,80) (255,20);(255,20);(255,80) (255,20);(255,20);(255,80) 

 

Note : Each cell contains three tuples for ΔT = NEG ; ZERO ; POS in that order, formatted as 

(PWM_motor,PWM_fan). Rows = E ∈ {NEG, ZERO, POS}; columns = ΔE ∈ {NEG, ZERO, POS}. 

At medium temperatures, cooling becomes more important, the fan PWM is typically set to a medium level and 

increases when a temperature rise (ΔT > 0) is detected. Motor PWM control remains governed by the speed error 

and its change. Table 2 lists the 27 fuzzy rules for T = “MED”. 

 

Table 2. Design of fuzzy rules to maintain the cooling fan PWM at a medium level (compact 3×3 

representation). 

 

E\ΔE NEG ZERO POS 

NEG (100,80);(100,80);(100,255) (100,80);(100,80);(100,255) (150,80);(150,80);(150,255) 

ZERO (150,80);(150,80);(150,255) (150,80);(150,80);(150,255) (255,80);(255,80);(255,255) 

POS (255,80);(255,80);(255,255) (255,80);(255,80);(255,255) (255,80);(255,80);(255,255) 

 

Note : Cell format and ordering are identical to Table 1. 
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At high temperatures, thermal safety is prioritized, all rules set the fan PWM to its maximum regardless of speed 

error or its change, while motor PWM remains regulated by speed error to maintain performance. Table 3 lists the 

27 fuzzy rules for T = “HIGH”. 

 

Table 3. Design of fuzzy rules to maintain the cooling fan PWM at a high level (compact 3×3 representation). 

 

E\ΔE NEG ZERO POS 

NEG (100,255);(100,255);(100,255) (100,255);(100,255);(100,255) (150,255);(150,255);(150,255) 

ZERO (150,255);(150,255);(150,255) (150,255);(150,255);(150,255) (255,255);(255,255);(255,255) 

POS (255,255);(255,255);(255,255) (255,255);(255,255);(255,255) (255,255);(255,255);(255,255) 

 

Note : Cell format and ordering are identical to Table 1. 

The fuzzy rule base comprises 81 rules spanning all combinations of the speed and temperature input variables. 

Each rule contributes to the final control action through its firing strength, as defined in Equation (6), and the 

weighted-average defuzzification process in Equation (7). This rule structure is consistent with the fuzzy inference 

architecture illustrated in Fig. 2 while employing the simplified output aggregation strategy described previously 

to improve computational efficiency for real-time implementation. 

Due to space limitations, Tables 1–3 present representative subsets of the rule base using compact 3 × 3 

matrices for the LOW, MED, and HIGH temperature conditions. The complete 81-rule table, listing all 

combinations of the input variables (E, ΔE, T, and ΔT) together with the corresponding motor and fan PWM 

outputs, is provided in Appendix A. This appendix ensures the reproducibility of the proposed fuzzy controller 

while keeping the main manuscript concise. 

The proposed fuzzy controller was implemented in a Python-based graphical user interface (GUI) 

developed using Tkinter and the scikit-fuzzy library. The GUI provides interactive input controls, visualization of 

the membership functions, automatic computation of motor and cooling-fan PWM outputs, data logging, 

Excel/CSV export, and an automated testing module. This platform serves as the simulation environment used to 

evaluate the controller behavior before future hardware implementation. 

The automated testing procedure systematically evaluates all 81 unique fuzzy-rule combinations derived 

from the four input variables, each represented by three linguistic sets (3⁴ = 81). Each rule combination is evaluated 

once to ensure that every fuzzy rule in the rule base is activated. For each evaluation, the corresponding motor and 

cooling-fan PWM outputs are computed and recorded automatically. The recorded outputs are then exported for 

subsequent quantitative analysis and verification of the controller behavior across the complete input space. 

 

3. RESULTS AND DISCUSSION 

Simulation experiments were conducted to evaluate the fuzzy controller described in Section 2. The controller was 

tested using the four fuzzy inputs (E, ΔE, ET, and ΔET), while the motor PWM/RPM and fan PWM/RPM served 

as the controller outputs. The automated testing procedure generated results for all 81 unique fuzzy-rule 

combinations. Table 4 presents 36 representative samples selected to illustrate the controller behavior over 

different operating conditions, while the complete dataset was used for the quantitative analysis reported later in 

this section. These samples provide a representative basis for evaluating the effects of the fuzzification, inference, 

and defuzzification processes on the actuator responses. 

 

Table 4. Experimental results for the BLDC motor fuzzy control system under 36 test conditions 

 

N

o. 

Spee

d 

Leve

l 

Refere

nce 

RPM 

Temper

ature 

(°C) 

RPM 

Error 

(rpm) 

ΔRPM 

Error 

(rpm) 

Temperat

ure Error 

(°C) 

ΔTempera

ture Error 

(°C) 

Moto

r 

PW

M 

Moto

r 

RPM 

Fan 

PW

M 

Fan 

RP

M 

1 8 5000 26.86 -723.25 208.1 33.14 -18.76 10 196 28.2 

138

0 

2 5 2000 43.06 -1061.4 -72.98 16.94 9.3 10 196 38.3 

187

9 

3 8 5000 117.77 

1604.3

4 -498.79 -57.77 -3.27 16.4 320 255 

450

0 
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4 3 800 48.9 

-

1294.6

5 27.82 11.1 11.47 10 196 88.1 

308

1 

5 1 200 86.01 -221.71 242.09 -26.01 -2.08 16.7 327 

100.

3 

327

2 

6 4 1000 33.24 

1400.0

4 -158.03 26.76 -18.02 178.5 3500 22.7 

111

4 

7 2 400 39.74 

1175.4

6 -197.32 20.26 0.93 149.9 2938 20.3 993 

8 2 400 73.2 

1610.2

7 393.65 -13.2 -5.32 154.0 3019 94.7 

318

5 

9 6 3000 102.42 -306.57 -215.0 -42.42 2.21 10 196 255 

450

0 

1

0 2 400 68.08 -592.26 475.24 -8.08 -4.8 10 196 

102.

3 

330

2 

1

1 5 2000 29.41 

-

1293.4

3 -147.8 30.59 19.36 10 196 36.7 

179

9 

1

2 1 200 50.91 

-

1421.1

5 -190.88 9.09 -14.78 10 196 72.7 

283

9 

1

3 3 800 49.56 167.94 -90.64 10.44 14.2 81.2 1591 92.8 

315

5 

1

4 8 5000 115.11 119.98 73.8 -55.11 -16.71 16.7 328 255 

450

0 

1

5 7 4000 58.15 341.26 -437.68 1.85 15.24 87.4 1713 

154.

7 

382

0 

1

6 1 200 118.57 -293.6 -50.39 -58.57 -6.79 10 196 255 

450

0 

1

7 3 800 114.58 708.73 -82.19 -54.58 -3.21 10 196 255 

450

0 

1

8 2 400 112.18 

1754.1

6 -123.58 -52.18 10.8 17.9 350 255 

450

0 

1

9 8 5000 91.19 

-

1476.9

3 344.49 -31.19 -2.48 10 196 255 

450

0 

2

0 3 800 55.04 -245.6 -176.46 4.96 19.05 34.3 673 

132.

3 

355

6 

2

1 6 3000 95.44 1053.7 233.03 -35.44 -10.18 53.7 1053 255 

450

0 

2

2 3 800 57.53 -759.33 98.03 2.47 -2.14 10 196 

125.

2 

348

1 

2

3 3 800 101.68 

-

1784.4

7 61.71 -41.68 17.24 10 196 255 

450

0 

2

4 7 4000 112.47 558.84 298.63 -52.47 -4.0 10 196 255 

450

0 

2

5 4 1000 91.71 

-

1321.9

1 389.16 -31.71 -0.27 10 196 255 

450

0 

2

6 6 3000 114.33 27.53 27.49 -54.33 2.25 15.4 301 255 

450

0 

2

7 2 400 38.32 -801.59 -134.25 21.68 -18.67 10 196 18.4 903 

2

8 8 5000 95.42 

-

1271.3

6 -391.18 -35.42 3.29 10 196 255 

450

0 
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2

9 1 200 114.74 

-

1349.3

1 -56.68 -54.74 -10.05 10 196 255 

450

0 

3

0 3 800 32.36 -685.63 458.56 27.64 12.86 10 196 33.2 

162

6 

3

1 5 2000 46.31 

-

1322.8

3 18.3 13.69 -3.23 10 196 57.9 

260

7 

3

2 7 4000 89.55 391.11 -118.43 -29.55 -4.8 100.0 1959 

101.

8 

329

6 

3

3 5 2000 46.53 138.23 206.69 13.47 -6.52 133.4 2615 59.2 

262

8 

3

4 1 200 112.12 

1492.5

8 -328.24 -52.12 -0.49 15.2 298 255 

450

0 

3

5 6 3000 117.51 952.49 -207.45 -57.51 -12.17 10 196 255 

450

0 

3

6 8 5000 22.31 

1549.7

2 487.29 37.69 1.3 197.6 3874 37.7 

184

7 

 

Note: Speed Level is a categorical test setting representing the reference speed condition, where 1 = 250 rpm, 2 = 

400 rpm, 3 = 800 rpm, 4 = 1000 rpm, 5 = 2000 rpm, and 6 = 3000 rpm. RPM Error and ΔRPM Error are expressed 

in rpm, while Temperature Error and ΔTemperature Error are expressed in °C. 

The membership-function plots (Fig. 3) show that many measurements lie in transition regions between 

linguistic labels (e.g., NEG/ZERO or ZERO/POS for RPM error and LOW/MED/HIGH for temperature). Due to 

the overlapping triangular functions, multiple rules are partially activated, producing intermediate PWM outputs. 

This is reflected in the experimental results, where motor PWM values cluster around 100–150 and fan PWM 

around 20–80 before sharply increasing to 200–255 under strong HIGH or positive Δ𝑇activation, consistent with 

the fuzzification and aggregation design in Section 2.  

 

Figure 3. Membership function plots 
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The representative samples shown in Table 4 and the complete dataset of 81 fuzzy-rule combinations 

consistently demonstrate the expected relationship between RPM error and motor PWM: large positive RPM errors 

(≈ +90) produce high motor PWM values (≈ 200–230) and mapped motor speeds of about 4300–4500 rpm, 

indicating acceleration demand. In contrast, negative or small RPM errors yield lower PWM outputs (≈ 30–150) 

with mapped motor speeds between 250 and 3300 rpm. This behavior verifies that the motor-control rules based 

on the combined effects of 𝐸and Δ𝐸 operate as intended. 

The effect of error dynamics Δ𝐸 is evident in transient cases where the RPM error is moderate but 

increasing. Samples with 𝐸 ≈ 40 and positive Δ𝐸 show higher motor PWM outputs (≈110–200, mapped to 3800–

4300 rpm) than cases with similar 𝐸 but negative Δ𝐸, which yield lower PWM values (≈20–80, mapped to 2500–

3300 rpm). This confirms that including Δ𝐸 in the rule base effectively captures the need for rapid corrective 

acceleration, as defined in the methodology. 

Cooling-system results show consistent application of thermal safety rules: samples with HIGH 

temperature error or positive Δ𝐸𝑇 produce maximum fan PWM (255) and mapped speeds of 4300–4500 rpm. At 

LOW or MED temperatures, fan PWM typically remains within 20–80, unless a positive Δ𝐸𝑇  raises it to about 

110–200 (≈3800 rpm), demonstrating that the temperature rise rate alone can trigger strong cooling. This confirms 

the effectiveness of the max operator and priority rules in the rule base. 

The discrete PWM–RPM mapping must be considered when interpreting the results, as PWM values are 

assigned to RPM buckets (e.g., low PWM → 250–400 rpm, medium → 800–2000 rpm, high → 3000–5000 rpm). 

As a result, small PWM changes may cause stepwise jumps rather than proportional RPM variations; for example, 

PWM ≈30 maps to 250 rpm, ≈200 to 3000 rpm, and ≈230 to 4500 rpm. Therefore, quantitative PWM–RPM 

analysis should account for this stepwise behavior. 

The results show that the optimized implementation, which employs weighted-average defuzzification 

instead of conventional centroid defuzzification while retaining the complete 81-rule fuzzy rule base, preserves 

the intended control behavior. These include thermal safety prioritization, sensitivity to ΔE for rapid correction, 

and averaging effects from partial rule activation. The observed motor and fan PWM patterns and mapped RPMs 

are therefore theoretically consistent with the rule base, while intermediate outputs are explained by membership 

overlap and weighted-average defuzzification, which combines the contributions of multiple activated rules. 

Since this study is simulation-based, the observed inaccuracies mainly arise from the discretization of the input 

variables, the simplified weighted-average defuzzification process, and the discrete PWM-to-RPM mapping rather 

than from physical sensor noise. The weighted-average defuzzification attenuates small input variations, while the 

discrete PWM-to-RPM mapping produces stepwise changes in the actuator response (e.g., a fan PWM increase 

from approximately 80 to 137 results in a speed transition from about 3300 rpm to 3800 rpm). In addition, further 

refinement of the membership functions may improve the resolution and linearity of the controller outputs, 

providing a useful direction for future hardware implementation. 

An additional limitation of this study is that the controller evaluation is restricted to simulation-based 

analysis and therefore does not include standard real-time control performance metrics such as rise time, settling 

time, overshoot, or steady-state response under actual hardware operation. These metrics generally require closed-

loop experimental validation using a physical BLDC motor system and cannot be reliably assessed within the 

simplified GUI-based simulation environment employed in this work. Consequently, the present study focuses on 

verifying the correctness of the fuzzy inference mechanism, the complete 81-rule base, and the corresponding 

actuator responses rather than evaluating dynamic real-time performance. Experimental validation incorporating 

these standard control-performance metrics will therefore constitute an important direction for future research. 

To complement the qualitative observations discussed above, descriptive statistics were computed using all 81 

unique fuzzy-rule combinations. The results are summarized in Table 5. 

 

Table 5. Descriptive statistics of motor and fan outputs obtained from the 81 unique fuzzy-rule combinations 

 

RPM Error 

Range 

Samples Mean Motor 

PWM 

SD Motor 

PWM 

Mean Motor 

RPM 

SD Motor 

RPM 

Mean Fan 

PWM 

SD Fan 

PWM 

−100 to −50 23 30.0000 0.0000 196.0000 0.0000 137.8870 95.5449 

−50 to 0 30 56.7200 55.7913 1111.8333 1093.9446 126.4433 84.2407 

0 to 50 16 68.4625 53.8964 1342.1250 1056.6828 166.9563 85.3842 

50 to 100 12 151.8083 61.3095 2976.0000 1202.3335 137.4167 75.2883 

 

Note: Mean Motor RPM and Mean Fan RPM represent the actuator speeds obtained from the PWM-to-RPM 

mapping used in the GUI-based fuzzy controller simulation. 
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To complement the representative samples presented in Table 4, descriptive statistics were computed 

using all 81 unique fuzzy-rule combinations, as summarized in Table 5. The results show that motor PWM 

increases with increasing RPM error. For large negative RPM errors (−100 to −50), the motor PWM remains 

constant at 30.00 (SD = 0.00), indicating that all corresponding fuzzy rules generate the same low control action. 

As the RPM error increases, the average motor PWM also increases, reaching 151.81 for the 50 to 100 range. The 

larger standard deviations in the remaining ranges indicate the influence of overlapping membership functions and 

weighted-average defuzzification, which produce intermediate PWM values through simultaneous activation of 

multiple fuzzy rules. In contrast, the mean fan PWM remains relatively stable across all RPM error ranges because 

it is primarily determined by the temperature error and its rate of change. Overall, these statistical results 

quantitatively confirm the expected behavior of the proposed fuzzy controller and are consistent with the 

qualitative observations obtained from the representative samples in Table 4. 

 

4.  CONCLUSION  

This study presented a simulation-based fuzzy logic controller that integrates BLDC motor speed control and 

thermal management within a unified control framework. The controller employs four fuzzy inputs with three 

linguistic sets each, resulting in 81 fuzzy rules that were systematically evaluated using an automated testing 

procedure. The simulation results confirm that all rule combinations were successfully activated and that the 

controller produces stable and adaptive motor and cooling-fan PWM outputs consistent with the designed fuzzy-

rule base. 

The primary limitation of this study is that the evaluation was conducted entirely in a GUI-based 

simulation environment without real-hardware implementation or closed-loop time-series measurements. 

Consequently, dynamic performance metrics such as rise time, settling time, overshoot, MAE, and RMSE cannot 

be computed from the available dataset because the simulation evaluates independent fuzzy-rule combinations 

rather than transient system responses. Future work will therefore focus on implementing the proposed controller 

on an actual BLDC motor platform to enable comprehensive experimental validation and comparison with 

conventional controllers such as PID. 
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APPENDIX A 

 

Appendix A presents the complete fuzzy rule base consisting of all 81 rule combinations generated from the four 

fuzzy input variables (E, ΔE, T, and ΔT). Each rule specifies the corresponding singleton outputs for the motor 

PWM and cooling-fan PWM used by the proposed fuzzy inference system. 

 

Table A1. Complete 81-Rule Base of the Proposed Fuzzy Controller 

 

Rule No 
RPM Error 

(E) 

Change in 

RPM Error 

(ΔE) 

Temperature 

Level (T) 

Change in 

Temperature 

(ΔT) 

Motor 

PWM 

Cooling 

Fan PWM 

1 NEG NEG LOW NEG 100 20 

2 NEG NEG LOW ZERO 100 20 

3 NEG NEG LOW POS 100 80 

4 NEG ZERO LOW NEG 100 20 

5 NEG ZERO LOW ZERO 100 20 

6 NEG ZERO LOW POS 100 80 

7 NEG POS LOW NEG 150 20 

8 NEG POS LOW ZERO 150 20 

9 NEG POS LOW POS 150 80 

10 ZERO NEG LOW NEG 150 20 

11 ZERO NEG LOW ZERO 150 20 

12 ZERO NEG LOW POS 150 80 

13 ZERO ZERO LOW NEG 150 20 

14 ZERO ZERO LOW ZERO 150 20 

15 ZERO ZERO LOW POS 150 80 

16 ZERO POS LOW NEG 255 20 

17 ZERO POS LOW ZERO 255 20 

18 ZERO POS LOW POS 255 80 

19 POS NEG LOW NEG 255 20 

20 POS NEG LOW ZERO 255 20 

21 POS NEG LOW POS 255 80 

22 POS ZERO LOW NEG 255 20 

23 POS ZERO LOW ZERO 255 20 

24 POS ZERO LOW POS 255 80 

25 POS POS LOW NEG 255 20 

26 POS POS LOW ZERO 255 20 

27 POS POS LOW POS 255 80 

28 NEG NEG MED NEG 100 80 

29 NEG NEG MED ZERO 100 80 

30 NEG NEG MED POS 100 255 

31 NEG ZERO MED NEG 100 80 

32 NEG ZERO MED ZERO 100 80 

33 NEG ZERO MED POS 100 255 

34 NEG POS MED NEG 150 80 

35 NEG POS MED ZERO 150 80 

36 NEG POS MED POS 150 255 

37 ZERO NEG MED NEG 150 80 
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38 ZERO NEG MED ZERO 150 80 

39 ZERO NEG MED POS 150 255 

40 ZERO ZERO MED NEG 150 80 

41 ZERO ZERO MED ZERO 150 80 

42 ZERO ZERO MED POS 150 255 

43 ZERO POS MED NEG 255 80 

44 ZERO POS MED ZERO 255 80 

45 ZERO POS MED POS 255 255 

46 POS NEG MED NEG 255 80 

47 POS NEG MED ZERO 255 80 

48 POS NEG MED POS 255 255 

49 POS ZERO MED NEG 255 80 

50 POS ZERO MED ZERO 255 80 

51 POS ZERO MED POS 255 255 

52 POS POS MED NEG 255 80 

53 POS POS MED ZERO 255 80 

54 POS POS MED POS 255 255 

55 NEG NEG HIGH NEG 100 255 

56 NEG NEG HIGH ZERO 100 255 

57 NEG NEG HIGH POS 100 255 

58 NEG ZERO HIGH NEG 100 255 

59 NEG ZERO HIGH ZERO 100 255 

60 NEG ZERO HIGH POS 100 255 

61 NEG POS HIGH NEG 150 255 

62 NEG POS HIGH ZERO 150 255 

63 NEG POS HIGH POS 150 255 

64 ZERO NEG HIGH NEG 150 255 

65 ZERO NEG HIGH ZERO 150 255 

66 ZERO NEG HIGH POS 150 255 

67 ZERO ZERO HIGH NEG 150 255 

68 ZERO ZERO HIGH ZERO 150 255 

69 ZERO ZERO HIGH POS 150 255 

70 ZERO POS HIGH NEG 255 255 

71 ZERO POS HIGH ZERO 255 255 

72 ZERO POS HIGH POS 255 255 

73 POS NEG HIGH NEG 255 255 

74 POS NEG HIGH ZERO 255 255 

75 POS NEG HIGH POS 255 255 

76 POS ZERO HIGH NEG 255 255 

77 POS ZERO HIGH ZERO 255 255 

78 POS ZERO HIGH POS 255 255 

79 POS POS HIGH NEG 255 255 

80 POS POS HIGH ZERO 255 255 

81 POS POS HIGH POS 255 255 
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Abstract. Spray drying is widely used in the pharmaceutical, food, and chemical 

industries for converting liquid feed into dry particulate products. However, 

conventional spray drying systems commonly generate broad droplet size 

distributions and exhibit limited capability for producing submicron particles. 

To overcome these limitations, ultrasonic vibrating mesh atomizers have 

recently attracted significant attention due to their ability to generate highly 

uniform droplets with relatively low energy consumption and improved 

atomization controllability. Previous studies have investigated the influence of 

individual operating parameters on ultrasonic spray drying performance, 

particularly using laboratory-scale systems such as the Büchi Nano Spray Dryer 

B-90. Nevertheless, existing literature remains fragmented, with limited efforts 

to systematically establish the relative importance of governing parameters or 

to develop a unified conceptual framework for scaling ultrasonic spray drying 

systems from laboratory to industrial applications. This study addresses this gap 

by conducting a systematic literature-based parametric analysis of spray drying 

systems assisted by piezoelectric vibrating mesh atomizers. Experimental 

studies employing the Büchi Nano Spray Dryer B-90 were critically reviewed 

to identify the dominant factors controlling droplet formation, atomization 

stability, and particle generation behaviour. The analysed parameters were 

classified into three principal categories: atomization parameters, fluid 

properties, and drying process parameters. The analysis demonstrates that mesh 

aperture size, ultrasonic vibration frequency, and spray throughput are the 

primary parameters governing droplet formation and particle size distribution. 

Fluid properties, including viscosity, surface tension, and feed concentration, 

strongly influence atomization stability through their effects on dimensionless 

parameters such as the Weber number and Ohnesorge number. In contrast, 

drying parameters, including inlet air temperature and gas flow rate, 

predominantly affect evaporation kinetics and particle morphology rather than 

the initial droplet generation process. The reviewed studies further indicate that 

ultrasonic atomization commonly operates within a regime characterized by 

moderate Weber numbers and relatively low Ohnesorge numbers, consistent 

with capillary wave breakup mechanisms. Based on these findings, a conceptual 

scaling framework is proposed in which atomization similarity, fluid dynamic 

similarity, and drying conditions must be simultaneously considered to achieve 

reliable scale-up of ultrasonic spray drying systems 

Keywords : Vibrating Mesh Atomizer, Spray Drying, Ultrasonic, Scaling Technique 

1. INTRODUCTION 

Spray drying has long been recognized as one of the most versatile and widely used technologies for transforming 

liquid feed solutions into dry particulate products. The technique is extensively applied in various industrial 
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sectors, including pharmaceuticals, food processing, biotechnology, and advanced materials engineering. 

Conventional spray drying systems typically employ pressure nozzles or rotary atomizers to generate droplets, 

which subsequently undergo rapid solvent evaporation within a heated drying chamber. Although these systems 

are well established for large-scale production, controlling droplet size distribution and producing submicron 

particles remain significant challenges due to the inherent limitations of traditional atomization mechanisms.[1]-

[4] 

In recent years, ultrasonic atomization technologies have attracted increasing attention as an alternative 

approach for generating highly controlled droplets. Among these technologies, the vibrating mesh atomizer has 

emerged as a particularly promising solution due to its ability to produce narrow droplet size distributions with 

relatively low energy consumption [5]-[7]. This atomization mechanism relies on the oscillation of a piezoelectric 

element coupled with a micro-perforated mesh, through which the liquid feed is forced under ultrasonic vibration. 

As a result, droplets are generated through capillary wave instabilities at the liquid–mesh interface, enabling 

precise control of droplet formation.[5]-[13] 

A significant advancement in this field was the development of the Büchi Nano Spray Dryer B-90, which 

integrates a piezoelectric vibrating mesh atomizer into a laboratory-scale spray drying system. This technology 

enables the production of submicron particles and nanoparticles with improved control over particle size 

distribution compared to conventional spray drying systems [14]-[16]. These capabilities have made the system 

particularly attractive for pharmaceutical particle engineering, nanoencapsulation, and also the stabilization of 

bioactive compounds. Beyond its application as a laboratory-scale particle engineering tool, the Buchi B-90 

platform also provides valuable insights into the fundamental physics of ultrasonic atomization and droplet 

formation. Because the atomization process is governed by well-defined dimensionless parameters such as the 

Weber number and Ohnesorge number, experimental results obtained using the Büchi B-90 system can be used to 

establish scaling relationships for spray drying processes. Maintaining similar dimensionless parameters allows 

the preservation of atomization mechanisms when transitioning from laboratory-scale equipment to pilot-scale or 

industrial-scale spray dryers. Consequently, research conducted using the B-90 system plays an important role in 

bridging the gap between fundamental atomization studies and the design of industrial spray drying equipment. 

By systematically investigating the effects of ultrasonic frequency, mesh geometry, feed properties, and operating 

conditions, researchers can develop scaling frameworks that enable consistent droplet formation across different 

process scales. Such knowledge is essential for the development of next-generation spray drying technologies 

capable of producing nanoparticles and highly engineered particles in industrial applications. Therefore, 

understanding the atomization mechanisms and scaling principles derived from studies using the B-90 system is 

crucial for advancing the design of industrial spray drying equipment. The insights gained from these studies 

provide a foundation for improving droplet control, enhancing particle engineering capabilities, and ultimately 

enabling the efficient production of advanced functional powders in large-scale industrial processes. [17]-[25] 

Although numerous studies have investigated individual operating parameters in ultrasonic spray drying 

systems, existing research remains largely fragmented and application-oriented [26]-[28]. Most previous studies 

focused on formulation development, nanoparticle production, or optimization of isolated process variables using 

laboratory-scale equipment such as the Büchi Nano Spray Dryer B-90 (see Tabel 1). However, no previous review 

has systematically established a hierarchical relationship among atomization parameters, fluid properties, and 

drying conditions while simultaneously proposing a conceptual scaling framework based on dimensionless 

similarity principles for ultrasonic spray drying systems. Consequently, the fundamental relationships governing 

scale-up from laboratory-scale ultrasonic spray dryers to industrial-scale applications remain insufficiently 

understood. 

The objective of this study is to investigate the key parameters governing the scaling behaviour of spray 

drying systems assisted by a piezoelectric mesh atomizer. In recent years, vibrating mesh atomization has emerged 

as a promising technique for generating highly uniform droplets with narrow size distributions, which is 

particularly advantageous for producing submicron and micron-scale particles. However, despite the growing 

number of laboratory-scale studies, the fundamental parameters that control the scalability of ultrasonic spray 

drying systems remain insufficiently understood. Therefore, this study aims to conduct a comprehensive 

parametric analysis of the operational variables influencing droplet formation, atomization stability, and particle 

characteristics in spray drying processes assisted by piezoelectric mesh atomizers. Particular attention is given to 

identifying the relationships between atomization parameters, fluid properties, and drying conditions that govern 

the droplet formation mechanism and ultimately determine the particle size distribution. Furthermore, the study 

seeks to establish a conceptual scaling framework that links laboratory-scale experimental observations with 

potential industrial spray drying applications. By analysing the effects of key parameters such as mesh aperture 

size, vibration frequency, feed properties, and drying conditions, this work aims to determine the dominant 

variables controlling atomization performance and particle formation in ultrasonic spray drying systems. 

Ultimately, the findings of this research are expected to contribute to the development of scaling strategies for 

spray drying technologies employing piezoelectric mesh atomizers, thereby supporting the design of next-
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generation spray drying equipment capable of producing finely controlled powders in industrial-scale processes. 

2. METHODS  

This study employed a systematic literature-based parametric analysis to identify the key operational and physical 

parameters governing droplet generation and particle formation in spray drying systems utilizing vibrating mesh 

atomizers. Particular emphasis was placed on studies conducted using the Büchi Nano Spray Dryer B-90, as this 

system represents one of the most widely used laboratory-scale spray drying platforms employing ultrasonic 

vibrating mesh atomization. 

The methodological framework was designed to extract, classify, and analyze experimental parameters 

reported in published research in order to determine the dominant variables influencing spray drying performance. 

By synthesizing findings from multiple studies, the research aims to establish a parameter hierarchy and develop 

insights into potential scaling strategies applicable to industrial spray drying systems. A comprehensive literature 

search was conducted using major scientific databases including Scopus, Web of Science, Google Scholar, and 

ScienceDirect. The search focused on peer-reviewed journal articles published between 2010 and 2024, 

corresponding to the period following the introduction of the Büchi Nano Spray Dryer B-90. The search keywords 

included combinations of; “nano spray dryer B-90”, “vibrating mesh atomizer spray drying”, “ultrasonic 

atomization spray drying”, “nano spray drying particle engineering”, and “B-90 spray drying parameters”. Articles 

were included in the analysis if they satisfied the following criteria: 

1. The study employed the Büchi Nano Spray Dryer B-90 as the primary spray drying equipment. 

2. Experimental conditions and operating parameters were explicitly reported. 

3. The study analyzed particle characteristics, droplet formation, or process performance. 

4. The research was published in peer-reviewed scientific journals. 

Studies were excluded if they did not provide sufficient information on process parameters or if they focused solely 

on formulation chemistry without reporting spray drying operating conditions. Then, the selected articles and 

relevant experimental parameters were systematically extracted and categorized into three major groups: 

Atomization Parameters, Feed and Fluid Properties, Drying Process Parameters. Although the present study 

synthesizes a wide range of experimental findings from the literature, certain limitations must be acknowledged. 

Differences in feed formulation, measurement techniques, and experimental setups across studies may introduce 

variability in reported results. Therefore, the conclusions derived from the parametric analysis should be 

interpreted as general trends rather than absolute predictive correlations. Nevertheless, by integrating results from 

multiple studies, the present methodology provides a comprehensive overview of the key parameters governing 

vibrating mesh spray drying systems and offers valuable insights for future development of industrial-scale 

ultrasonic spray drying technologies. 

 

3. RESULTS  

3.1 An Overview of Industrial Spray Drying Assisted by Ultrasonic Atomization 

 An industrial spray dryer is composed of several integrated components that work together to transform a liquid 

feed into dry powder through atomization and rapid solvent evaporation. The performance and efficiency of the 

spray drying process strongly depend on the proper design and operation of these components. In general, the 

system consists of a feed preparation unit, pumping system, atomization device, air heating unit, drying chamber, 

particle separation system, powder collection unit, and exhaust air system (see Figure 1). Each of these components 

plays a critical role in controlling the droplet formation, heat transfer, mass transfer, and powder recovery 

processes.[29], [30]. 

The feed preparation unit is responsible for storing and conditioning the liquid feed before it enters the 

spray dryer. Typically, the feed solution or suspension is stored in a feed tank equipped with an agitation system 

to maintain uniformity and prevent sedimentation of solid particles. In many industrial applications, the feed 

preparation stage also includes filtration and deaeration systems to remove impurities and entrapped air bubbles 

that could interfere with the atomization process. [30] The physical properties of the feed, such as viscosity, surface 

tension, and solids concentration, must be carefully controlled during this stage because they significantly 

influence droplet formation and drying behavior within the spray dryer.[4] 

 The feed pumping system transports the prepared liquid feed from the storage tank to the atomizer at a 

controlled flow rate and pressure. Industrial spray drying systems commonly use positive displacement pumps or 

high-pressure pumps depending on the type of atomizer used. The feed flow rate is a crucial operating parameter 

because it determines the amount of liquid introduced into the drying chamber and influences the residence time 

of droplets within the drying environment. Precise control of the pumping system is therefore necessary to ensure 

stable atomization and prevent operational problems such as flooding or incomplete drying [24], [31]. 
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Figure 1 Schematic of industrial spray drying system 

 

The atomizer is considered the most critical component of a spray dryer because it is responsible for 

converting the liquid feed into fine droplets. The droplet size generated during atomization largely determines the 

final particle size distribution and drying rate. Industrial spray dryers typically utilize three main types of 

atomizers: pressure nozzle atomizers, rotary atomizers, and ultrasonic or vibrating mesh atomizers. Pressure 

nozzles atomize the liquid by forcing it through a small orifice under high pressure, while rotary atomizers use 

centrifugal forces generated by a rapidly rotating disk to disperse the liquid. Ultrasonic atomizers, on the other 

hand, generate droplets through capillary wave breakup induced by high-frequency vibration. The selection of the 

atomizer type significantly affects the droplet size distribution and overall drying efficiency.[13], [32] 

The air heating system supplies the thermal energy required for rapid solvent evaporation from the atomized 

droplets. Ambient air is first filtered to remove contaminants and then heated using various heating methods such 

as electric heaters, steam heat exchangers, or gas-fired burners. The heated air is subsequently introduced into the 

drying chamber as the drying gas. The temperature of the inlet air is one of the most important process parameters 

in spray drying because it directly influences the evaporation rate, drying kinetics, and final moisture content of 

the powder. Careful control of the air temperature is therefore required to achieve efficient drying while preventing 

thermal degradation of temperature-sensitive materials [33]. 

The drying chamber is the central vessel where the atomized droplets come into contact with the hot drying 

air, resulting in rapid evaporation of the solvent and formation of solid particles. Industrial spray drying chambers 

are typically designed as large cylindrical or conical vessels that provide sufficient residence time for the droplets 

to dry completely before reaching the chamber walls or outlet. Within the drying chamber, complex interactions 

occur between heat transfer, mass transfer, droplet evaporation, and particle formation. The geometry and size of 

the chamber play an important role in determining the flow patterns of the drying air and the residence time 

distribution of droplets. Following the drying process, the dried particles must be separated from the exhaust air 

stream using an appropriate particle separation system. The most commonly used separation device in industrial 

spray drying is the cyclone separator, which utilizes centrifugal forces to separate solid particles from the gas 

stream. As the air-particle mixture enters the cyclone, the swirling motion forces particles toward the outer wall 

of the cyclone, where they lose momentum and fall into a collection hopper [34]. Cyclone separators are 

particularly effective for recovering particles with relatively large diameters, while finer particles may require 

additional separation devices such as bag filters or electrostatic precipitators. The powder collection system is 

designed to collect and store the dried powder after separation from the air stream. In industrial spray drying plants, 

the powder is typically discharged from the cyclone separator into collection bins or storage silos. Automated 

discharge mechanisms are often used to enable continuous operation and prevent powder accumulation inside the 

system. Maintaining efficient powder collection is essential for maximizing product yield and minimizing product 
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losses during the drying process. Finally, the exhaust air system is responsible for removing the humid air 

generated during the drying process from the system. This subsystem usually includes exhaust fans, ducts, and air 

filtration units to ensure stable airflow within the spray dryer and to prevent the release of fine particles into the 

environment. Proper design of the exhaust air system is important not only for maintaining process stability but 

also for meeting environmental and safety regulations in industrial operations [35]. 

The process converts liquid feed into dry particulate products through atomization followed by rapid solvent 

evaporation in a heated gas stream. Conventional spray drying systems typically rely on pressure nozzles or rotary 

atomizers to generate droplets. While these atomization methods are well established for large-scale production, 

they often produce relatively broad droplet size distributions and require high operating pressures or rotational 

energy to achieve fine droplet formation [36]. To overcome these limitations, ultrasonic atomization has emerged 

as an alternative approach for generating highly controlled droplets with narrow size distributions. In particular, 

vibrating mesh atomizers utilize piezoelectric actuators to excite micro-perforated meshes at ultrasonic 

frequencies, forcing liquid through micron-scale apertures and producing droplets through capillary-wave 

instability [37]. This mechanism allows droplet formation to be governed primarily by mesh geometry, vibration 

frequency, and fluid properties, enabling more precise control over droplet size compared with conventional 

atomizers. 

3.2 Summary of Parametric Study in Spray Drying 

A major technological advancement in this field is represented by the development of the Büchi Nano Spray Dryer 

B-90, which integrates vibrating mesh atomization with a laboratory-scale spray drying system. The B-90 platform 

has enabled the production of submicron particles and nanoparticles with significantly narrower size distributions 

than those produced by traditional laboratory spray dryers. Numerous studies have demonstrated its capability to 

generate droplets typically ranging from approximately 8–21 µm, resulting in dried particles in the range of several 

hundred nanometres to a few micrometres depending on feed composition and operating conditions. Consequently, 

the B-90 system has become a widely used experimental platform for nanoparticle production, nanoencapsulation 

of bioactive compounds, and pharmaceutical particle engineering.[18] 

Table 1 Summary of key parametric studies using the Büchi Nano Spray Dryer B-90 

No 
Reference 

(Author–Year) 

Material / Feed 

Solution 

Mesh Size / 

Frequency 

Inlet 

Temp 

(°C) 

Feed 

Rate 

Gas 

Flow 

Key Parametric 

Variables 
Particle Size / Result 

1 Li et al., 2010 [38] 

Model 

pharmaceutical 

compounds 

Mesh 4–5.5 µm 
(~120 kHz) 

90–120 
20–40 
mL/h 

~100 
L/min 

Feed concentration, 
mesh size 

Submicron particles (300 
nm–2 µm) 

2 
Harsha et al., 2015 
[39] 

Drug-loaded 
nanospheres 

Mesh 4 µm 100 
25 
mL/h 

100 
L/min 

Polymer 

concentration, drug 

loading 

High encapsulation yield 

(~83%) and controlled 

release behavior 

3 
Strob et al., 
2018[40]  

Submicron spray-
dried particles 

Mesh 5.5 µm 90–110 
30 
mL/h 

100 
L/min 

Mesh aperture size, 
feed composition 

Submicron particle 

formation suitable for drug 

delivery 

4 
Chopde et al., 

2020 [14] 

Bioactive compounds 

/ nutraceuticals 
Mesh 4–7 µm 80–120 

20–50 

mL/h 

80–120 

L/min 

Feed concentration 

and viscosity 

Nanoparticles <1 µm with 

improved bioavailability 

5 
Almansour et al., 
2022 [41] 

Pharmaceutical 
particles 

Mesh 5.5 µm 100–120 
25–40 
mL/h 

100–120 
L/min 

Drying temperature 
and mesh pore size 

Particle engineering at 
submicron scale 

6 
Hwang et al., 2023 

[42] 

Cellulose nanocrystal 

suspension 
Mesh 4 µm 100 

30 

mL/h 

100–120 

L/min 
Gas flow rate 

Gas flow had minimal 

influence on particle size 

7 
Bürki et al., 2011 

[43] 
Protein stabilization Mesh 4 µm 100 

20–30 

mL/h 

100 

L/min 

Stabilizer 

concentration 
Stable protein nanoparticles 

8 
Lee et al., 2011 
[44] 

Protein nanoparticles Mesh 4–5 µm 90–110 
20–35 
mL/h 

100 
L/min 

Protein concentration 
Narrow particle size 
distribution 

9 
Schmid et al., 

2012 [45] 

Pharmaceutical 

excipients 
Mesh 5.5 µm 100 

30 

mL/h 

100 

L/min 
Drying temperature Improved powder stability 

10 
Gu et al., 2015 

[46]  

Amorphous solid 

dispersions 
Mesh 4–5.5 µm 90–120 

25–40 

mL/h 

100 

L/min 
Feed composition 

Particle size 2–10 µm 

depending on formulation 

11 
Arpagaus et al., 
2017 [47] 

Nano-encapsulated 
bioactives 

Mesh 4–7 µm 80–110 
20–40 
mL/h 

100 
L/min 

Carrier composition 
Enhanced encapsulation 
efficiency 

12 
Kyriakoudi et al., 

2018 [18] 

Saffron extract 

encapsulation 
Mesh 4 µm 90–110 

25–35 

mL/h 

100 

L/min 
Carrier type 

Improved stability of 

bioactive compounds 

13 
Shehata et al., 

2019 [48] 
Drug nanoparticles Mesh 4–5 µm 100–120 

25–40 

mL/h 

100–120 

L/min 
Polymer ratio Enhanced drug dissolution 
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No 
Reference 

(Author–Year) 

Material / Feed 

Solution 

Mesh Size / 

Frequency 

Inlet 

Temp 

(°C) 

Feed 

Rate 

Gas 

Flow 

Key Parametric 

Variables 
Particle Size / Result 

14 

Gómez-

Mascaraque et al., 
2020 [49]  

Biopolymer 

nanoparticles 
Mesh 5.5 µm 100 

30 

mL/h 

100 

L/min 
Feed viscosity 

Increased viscosity increased 

particle size 

15 
Baldelli et al., 

2020[50] 

Pharmaceutical 

formulations 
Mesh 4–5.5 µm 100 

20–35 

mL/h 

100 

L/min 
Spray throughput 

High throughput reduced 

powder yield 

 

The studies summarized in Table 1 highlight the key operational parameters influencing particle formation 

in nano spray drying systems using ultrasonic vibrating mesh atomizers. Most investigations report that mesh 

aperture size and feed composition are the dominant parameters controlling droplet formation and final particle 

size distribution. For example, Li et al. (2010) demonstrated that mesh apertures between 4 and 5.5 µm can 

generate droplets capable of producing submicron particles in the range of 300 nm to 2 µm [38] . Similarly, Strob 

et al. (2018) confirmed that mesh geometry strongly affects droplet size and particle formation during ultrasonic 

atomization [40]. In addition, several studies have shown that feed concentration and viscosity significantly 

influence particle size due to their effects on droplet shrinkage during solvent evaporation. In contrast, parameters 

such as drying gas flow rate appear to have a relatively minor influence on particle size, as demonstrated by Hwang 

et al. (2023), who reported that variations in gas flow mainly affected drying dynamics rather than droplet 

formation. A parametric study based on previously published experimental investigations using the Büchi Nano 

Spray Dryer B-90 indicates that several operating parameters significantly influence particle formation during 

spray drying [42]. Among these parameters, the mesh aperture size and the ultrasonic vibration frequency play a 

dominant role in controlling droplet generation. The piezoelectric mesh atomizer operates typically within a 

frequency range of 80–140 kHz [5], producing droplets with mean diameters between approximately 3 and 15 µm, 

which subsequently dry into particles with sizes ranging from 200 nm to several micrometers. In addition, process 

variables such as inlet temperature, feed concentration, and drying gas flow rate influence the evaporation kinetics 

and the morphology of the final particles. Most studies reported that variations in mesh size and feed concentration 

strongly affect particle size distribution, while drying gas flow rate has a relatively smaller impact on particle 

morphology. In table 2 we can adjust several parameters on Büchi Nano Spray Dryer B-90 to conducted an 

experiment to innovative model of spray drying system [17], [18]. 

Table 2 Summary of controllable parameter in Buchi B-90 
Parameter Typical Range in B-90 

Piezoelectric frequency 80–140 kHz 

Mesh pore size 4 – 7 µm 

Inlet temperature 80 – 120 °C 

Feed rate 20 – 50 mL/h 

Gas flow rate 80 – 160 L/min 

Particle size 200 nm – 5 µm 

 

Experimental studies conducted using the Büchi Nano Spray Dryer B-90 have provided valuable insights into the 

relationship between atomization parameters, feed properties, and particle formation. By analysing the 

experimental findings reported in these studies, a conceptual scaling framework can be developed to identify the 

dominant parameters controlling droplet generation and particle formation in ultrasonic spray drying systems. 

 

3.3 Estimated We–Oh Operating Regime for Ultrasonic Atomizer 

In ultrasonic atomization systems, droplet formation is governed by complex interactions between acoustic energy, 

liquid properties, and operational conditions. Therefore, evaluating the influence of individual parameters is 

essential to establish a deeper understanding of the droplet generation mechanism and to identify optimal operating 

conditions for producing particles with controlled size distribution. The present parametric study focuses on 

several critical variables including ultrasonic vibration frequency, liquid feed rate, electrical input power, and 

liquid physical properties such as viscosity and surface tension. These parameters directly influence the 

atomization process, droplet size distribution, and the overall efficiency of spray drying systems employing 

piezoelectric mesh atomizers. 

The vibration frequency of the ultrasonic mesh atomizer plays a dominant role in determining droplet size 

during ultrasonic atomization. The oscillatory motion of the piezoelectric actuator generates capillary waves on 

the liquid interface located above the mesh apertures. When the amplitude of these waves exceeds a critical 

threshold, the liquid disintegrates into droplets through the instability of the capillary wave crests. Theoretical 

analyses and experimental observations suggest that the droplet diameter produced by ultrasonic atomization is 

inversely proportional to the operating frequency. This relationship can be expressed using the Lang-type scaling 
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law[51], [52]: 

𝑑 = (8𝜋𝜎
𝜌𝑓2

)
1/3 (1) 

where: 

𝑑= droplet diameter 

𝜎= surface tension of the liquid 

𝜌= liquid density 

𝑓= ultrasonic frequency 

This relationship indicates that higher vibration frequencies lead to smaller droplet diameters due to the formation 

of shorter wavelength capillary waves. Consequently, frequency variation is one of the most effective approaches 

for controlling droplet size distribution in piezo electric mesh atomizer assisted spray drying systems.[51], [53] 

The liquid feed rate significantly affects the stability of atomization and droplet generation efficiency. In 

piezoelectric mesh atomizers, liquid is supplied to the vibrating mesh surface where it forms a thin liquid film 

before passing through the micro-apertures of the mesh. The thickness of this liquid film is directly influenced by 

the feed rate [54]. At excessively high feed rates, the liquid layer becomes thicker and may dampen the vibration 

transmitted from the piezoelectric actuator. This damping effect reduces the effective acoustic energy reaching the 

liquid surface, leading to irregular droplet formation or increased droplet size. Conversely, lower feed rates 

generally promote more stable atomization conditions by allowing efficient energy transfer and uniform droplet 

ejection through the mesh apertures. Therefore, an optimal feed rate range must be determined to maintain a 

balance between droplet production rate and atomization stability.  

The electrical input power supplied to the piezoelectric actuator determines the amplitude of ultrasonic 

vibration and the intensity of acoustic energy applied to the liquid. Higher input power increases the vibration 

amplitude, which enhances the capillary wave instability responsible for droplet formation. An increase in acoustic 

intensity generally leads to an increase in droplet generation rate and atomization throughput. However, excessive 

power input may introduce undesirable effects such as unstable atomization behaviour, droplet formation, or 

increased thermal loading of the piezoelectric element. Therefore, evaluating the influence of input power is 

essential for determining the energy-efficient operating conditions of the piezoelectric mesh atomizer system.[12], 

[55], [56] 

Dimensionless analysis provides a fundamental framework for understanding droplet formation 

mechanisms and for developing scaling strategies in spray drying systems. In ultrasonic atomization, droplet 

generation is governed by the complex interaction between inertial forces, viscous forces, and surface tension 

forces acting at the liquid interface. These interactions can be quantitatively described using dimensionless 

parameters, particularly the Weber number (We) and the Ohnesorge number (Oh), which are widely applied in 

atomization studies [52], [57], [58]. The Weber number represents the ratio between inertial forces and surface 

tension forces and can be expressed as: 

𝑊𝑒 =
𝜌𝑢2𝑑

𝜎

 (2) 

where ρ is the liquid density, u is the characteristic velocity of the liquid, d is the characteristic length scale (often 

the droplet diameter or nozzle dimension), and σ is the surface tension. In atomization processes, the Weber 

number indicates whether the inertial forces acting on the liquid are sufficient to overcome surface tension and 

promote droplet breakup. Moreover, The Ohnesorge number is defined as: 

𝑂ℎ =
𝜇

√𝜌𝜎𝑑
 (3) 

where μ represents the dynamic viscosity of the liquid. This dimensionless parameter characterizes the relative 

importance of viscous forces compared with inertial and capillary forces. In the context of ultrasonic atomization, 

the Ohnesorge number determines the extent to which viscous damping suppresses the growth of capillary waves 

on the liquid surface. Scaling of spray drying processes is traditionally based on maintaining similar thermal 

histories, residence times, and droplet size distributions between laboratory-scale and industrial-scale systems. 

However, when ultrasonic atomization is employed, additional parameters related to the vibrating mesh atomizer 

must be considered. Unlike conventional pressure nozzle atomizers, vibrating mesh atomizers generate droplets 

through capillary-wave-driven ejection induced by ultrasonic vibration. Consequently, droplet formation is 

governed not only by flow conditions but also by atomizer geometry, vibration frequency, and fluid properties. 

The droplet formation mechanism in piezoelectric mesh atomizers, is typically associated with capillary 

wave breakup induced by high-frequency oscillations. When the ultrasonic vibration excites the liquid surface, 

capillary waves are generated. As the wave amplitude increases beyond a critical threshold, the crests of the waves 

detach from the surface, forming droplets. The stability of this mechanism depends strongly on the balance 
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between the Weber and Ohnesorge numbers. Experimental investigations of ultrasonic atomization have shown 

that efficient droplet formation occurs within a specific region of the Weber–Ohnesorge parameter space. When 

the Ohnesorge number is too large, viscous forces dampen the capillary wave growth, preventing efficient droplet 

ejection [51], [59]. Conversely, when the Weber number is too small, surface tension dominates and inhibits 

droplet breakup. Therefore, maintaining an appropriate balance between these parameters is essential for stable 

atomization. Several published studies have confirmed the relevance of this dimensionless framework for vibrating 

mesh atomizers used in spray drying. Investigations using laboratory-scale nano spray dryers have demonstrated 

that mesh aperture size and fluid properties strongly influence droplet size and atomization stability [60]. Because 

these parameters directly affect the characteristic length scale and viscous properties of the liquid, they alter the 

corresponding Weber and Ohnesorge numbers. Consequently, the operating regime of the atomizer can shift 

between efficient droplet formation and unstable atomization depending on the fluid formulation and operating 

conditions. 

The Weber–Ohnesorge framework provides a valuable guideline for maintaining dynamic similarity 

between laboratory-scale and industrial spray drying systems. If the Weber and Ohnesorge numbers remain within 

the same regime during scale-up, the fundamental droplet formation mechanism can be preserved. This principle 

suggests that scaling strategies for ultrasonic spray drying should focus on maintaining similar relationships 

between atomization geometry, fluid properties, and operating conditions rather than relying solely on geometric 

scaling. Furthermore, the dimensionless analysis highlights the dominant role of atomization parameters in 

determining droplet size distribution. Parameters such as mesh aperture size and vibration frequency define the 

characteristic droplet formation scale, while fluid properties such as viscosity and surface tension determine the 

atomization regime through their influence on the Ohnesorge number. Drying parameters, including inlet 

temperature and gas flow rate, mainly affect solvent evaporation and particle formation but do not directly control 

droplet generation. Therefore, the Weber–Ohnesorge framework offers a useful theoretical basis for interpreting 

experimental results obtained in ultrasonic spray drying studies and for developing scaling strategies for industrial 

spray drying systems. By maintaining appropriate ranges of these dimensionless parameters, it is possible to 

preserve droplet formation behaviour across different equipment scales and thereby achieve consistent particle 

characteristics in large-scale spray drying processes. Figure 2 shows The Weber–Ohnesorge regime map for 

ultrasonic vibrating mesh atomizer as framework of scaling technique in ultrasonic spray drying. 

 

Figure 2 The Weber–Ohnesorge regime map for ultrasonic vibrating mesh atomizer 

 

 Based on operating conditions commonly reported in the literature for the Büchi Nano Spray Dryer B-90, 

approximate Weber and Ohnesorge ranges can be estimated to characterize the atomization regime associated with 

ultrasonic vibrating mesh atomization. Typical droplet diameters reported for the B-90 system range from 
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approximately 8–21 µm, while atomization frequencies are commonly around 100-140 kHz [7], [12]. Assuming 

water-like fluid properties with density of approximately 1000 kg/m³, surface tension of 0.072 N/m, and viscosity 

ranging between 1–10 mPa·s depending on feed composition, estimated Weber numbers are typically within the 

range of approximately 1–10, while Ohnesorge numbers generally range from 0.01–0.1 [52]. These values are 

consistent with capillary-wave-driven atomization regimes reported in ultrasonic atomization studies [37]. The 

moderate Weber number regime indicates sufficient inertial force to overcome surface tension and initiate droplet 

detachment, whereas relatively low Ohnesorge numbers suggest that viscous damping remains limited and does 

not suppress capillary wave growth. Consequently, these dimensionless ranges support the interpretation that 

stable droplet generation in the Büchi B-90 system primarily occurs through capillary wave breakup mechanisms. 

  

4 Disscussion 

4.1 Interpretation of Parameter Hierarchy 

Vibrating mesh atomizer which is used in the Büchi Nano Spray Dryer B-90, droplet generation typically occurs 

within a regime characterized by moderate Weber numbers and relatively low Ohnesorge numbers. This regime 

corresponds to the capillary wave breakup mechanism, where ultrasonic vibration induces surface instabilities that 

lead to controlled droplet detachment. Experimental studies using the B-90 system have reported droplet diameters 

ranging from approximately 8 to 21 µm, producing dried particles in the submicron to micron range. Maintaining 

similar Weber and Ohnesorge numbers during process scale-up ensures dynamic similarity in atomization 

behaviour, enabling consistent particle size distribution across different spray drying scales [38]. 

The schematic diagram illustrates the fundamental scaling framework governing droplet and particle 

formation in spray drying systems employing a piezoelectric vibrating mesh atomizer (see Figure 3.a). In such 

systems, droplet generation is primarily controlled by the interplay between ultrasonic vibration frequency, mesh 

aperture size, and the fluid dynamic regime characterized by the Weber and Ohnesorge numbers. The atomization 

process begins with the oscillation of the piezoelectric actuator, which generates high-frequency mechanical 

vibrations. These vibrations are transmitted to the liquid layer above the vibrating mesh, inducing capillary waves 

on the liquid surface. When the amplitude of these waves exceeds a critical instability threshold, droplets are 

ejected through the micro-scale mesh apertures. Consequently, the vibration frequency plays a crucial role in 

determining the wavelength of the capillary waves and ultimately the droplet diameter. Higher frequencies 

generally produce shorter wavelength disturbances, resulting in smaller droplets. In addition to the vibration 

frequency, the geometry of the vibrating mesh strongly influences droplet formation. The mesh aperture size acts 

as a geometric constraint that limits the droplet size during the atomization process. Smaller mesh openings 

typically generate finer droplets due to the restricted liquid flow through the micro-orifices. Therefore, the 

combination of ultrasonic frequency and mesh aperture size provides an effective mechanism for controlling 

droplet size distribution in ultrasonic spray drying systems[37], [61], [62]. 

 

  

(a)           (b) 

Figure 3 (a) Fundamental scaling framework governing particle formation in spray drying systems (b) Parameter 

influence hierarchy for ultrasonic spray drying system 

 The parameter hierarchy illustrated in Figure 3.b highlights the relative importance of different groups of 

variables influencing the performance of ultrasonic spray drying systems. The parameter hierarchy presented in 

Figure 3(b) was developed through qualitative comparative analysis of trends repeatedly reported across the 

reviewed experimental studies. These parameters were ranked according to the consistency and magnitude of their 

reported influence on droplet formation, particle size distribution, and atomization stability. Atomization 
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parameters were classified as having the highest influence because they directly govern droplet generation 

mechanisms. Fluid properties were categorized as secondary parameters due to their indirect influence through 

modification of viscous and capillary effects. Drying parameters were considered tertiary because their primary 

role is associated with solvent evaporation and particle morphology rather than initial droplet formation. Although 

the hierarchy is conceptual and literature-based rather than statistically weighted, it provides a systematic 

interpretation of the dominant scaling mechanisms governing ultrasonic spray drying systems. 

 The diagram categorizes the governing parameters into three main levels: atomization parameters, fluid 

properties, and drying parameters. This hierarchical structure reflects the fundamental mechanism of spray drying, 

in which droplet generation precedes solvent evaporation and particle formation. Consequently, parameters that 

control droplet formation tend to exert the strongest influence on the final powder characteristics. At the highest 

level of influence are the atomization parameters, which include mesh aperture size, vibration frequency, and spray 

throughput. These parameters directly control the droplet generation mechanism in vibrating mesh atomizers. 

Several studies have demonstrated that the geometry of the atomizer plays a dominant role in determining droplet 

size. For instance, experimental investigations by Li et al. (2010) and Arpagaus et al. (2017) showed that smaller 

mesh apertures in vibrating mesh atomizers produce smaller droplets and consequently smaller particles during 

spray drying[38], [63] . This relationship occurs because the mesh opening limits the size of the liquid ligaments 

ejected during atomization. Similarly, ultrasonic vibration frequency influences the wavelength of capillary waves 

formed on the liquid surface. According to Lang’s capillary wave theory, droplet diameter is inversely related to 

ultrasonic frequency, meaning that higher frequencies generally lead to smaller droplets [51]. Therefore, 

atomization parameters represent the primary scaling variables when designing spray drying systems using 

ultrasonic atomizers. The second level in the hierarchy consists of fluid properties, including viscosity, surface 

tension, and feed concentration. These parameters influence droplet formation indirectly by altering the balance 

between inertial, viscous, and surface tension forces within the liquid. Several researchers have reported that fluid 

rheology significantly affects atomization stability. For example, Gómez-Mascaraque et al. (2020) and Wang et 

al. (2022) observed that higher viscosity tends to increase droplet size because viscous forces dampen the capillary 

wave instabilities responsible for droplet detachment [64], [65]. Similarly, surface tension influences the energy 

required for droplet breakup, while feed concentration affects the shrinkage behaviour of droplets during drying. 

These relationships are commonly described using dimensionless parameters such as the Weber number and 

Ohnesorge number, which characterize the balance of forces governing atomization processes. At the lowest level 

of influence are the drying parameters, which include inlet air temperature and drying gas flow rate. Although 

these parameters are essential for controlling evaporation kinetics and final moisture content, their influence on 

droplet formation is generally limited. Several studies using nano spray dryers have demonstrated that variations 

in inlet temperature primarily affect drying rate rather than droplet size distribution. For example, research 

conducted by Bürki et al. (2011) and Baldelli et al. (2022) reported that inlet temperature had minimal impact on 

particle size but significantly affected residual moisture and product yield. Gas flow rate also plays an important 

role in determining particle residence time within the drying chamber, which can influence particle morphology 

and agglomeration behaviour.[43, 50] 

 The stability of droplet formation can be interpreted using the Weber–Ohnesorge regime map, which 

describes the balance between inertial, viscous, and surface tension forces during atomization (see Figure 2). For 

ultrasonic atomization systems, stable droplet generation typically occurs within a regime characterized by 

moderate Weber numbers and relatively low Ohnesorge numbers. In this region, capillary wave instabilities 

dominate the droplet formation mechanism, enabling controlled droplet detachment from the vibrating mesh 

surface. This scaling framework is particularly relevant to experimental studies conducted using the Büchi Nano 

Spray Dryer B-90, which employs a piezoelectric vibrating mesh atomizer operating at ultrasonic frequencies of 

approximately 100 kHz. Experimental investigations have reported droplet diameters typically ranging from 8 to 

21 µm, producing dried particles in the submicron to micron range (approximately 300 nm to 5 µm). These particle 

sizes are primarily governed by the initial droplet diameter and the solid fraction of the feed solution during solvent 

evaporation. From a process scaling perspective, maintaining similar Weber and Ohnesorge numbers across 

different operating scales ensures dynamic similarity in the atomization process. This implies that particle 

formation in spray drying systems scaling up spray drying systems, parameters such as feed viscosity, surface 

tension, droplet diameter, and characteristic velocity must be adjusted to preserve the same dimensionless regime. 

By maintaining this similarity, the droplet formation mechanism and resulting particle size distribution can remain 

consistent across laboratory-scale and pilot-scale spray drying systems.[38], [39]  

 

4.2 Scaling Implications 

The scaling of ultrasonic spray drying systems assisted by vibrating mesh atomizers requires a fundamentally 

different approach compared with conventional pressure-nozzle or rotary-atomizer spray dryers [36]. In 

conventional spray drying systems, scale-up is generally performed by preserving thermal residence time, drying 

kinetics, and air-flow distribution within the drying chamber. However, in ultrasonic spray drying systems, the 
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atomization mechanism itself becomes the dominant factor governing particle formation because droplet 

generation is controlled by capillary-wave instabilities induced by ultrasonic vibration [59]. Consequently, 

maintaining atomization similarity during scale-up is essential to preserve droplet formation behavior and final 

particle characteristics.[24] 

 The present parametric analysis indicates that atomization parameters, particularly mesh aperture size and 

ultrasonic vibration frequency, represent the primary scaling variables in vibrating mesh atomizer-assisted spray 

drying systems. These parameters directly determine the wavelength of capillary waves formed at the liquid–mesh 

interface and therefore control the initial droplet diameter generated during atomization. Since the final particle 

size distribution strongly depends on the initial droplet size, preserving similar atomization conditions across 

different process scales becomes critical for maintaining consistent powder characteristics. Unlike conventional 

spray dryers, where droplet size can often be adjusted through pressure variation, vibrating mesh atomizers are 

constrained by the geometric characteristics of the mesh and the operating ultrasonic frequency. 

 Dimensionless analysis further demonstrates that dynamic similarity during scale-up can be achieved by 

maintaining appropriate Weber number and Ohnesorge number regimes. The Weber number represents the balance 

between inertial and surface tension forces, whereas the Ohnesorge number characterizes the relative influence of 

viscous damping during capillary-wave formation. Experimental studies reviewed in this work suggest that stable 

ultrasonic atomization typically occurs within moderate Weber numbers and relatively low Ohnesorge numbers, 

corresponding to capillary-wave-driven droplet breakup mechanisms. Therefore, industrial-scale ultrasonic spray 

drying systems should be designed such that fluid properties, characteristic velocity, and atomization geometry 

preserve similar Weber–Ohnesorge operating regimes observed in laboratory-scale systems such as the Büchi 

Nano Spray Dryer B-90. 

 The scaling implications also indicate that increasing production throughput in ultrasonic spray drying 

systems cannot rely solely on enlarging atomizer dimensions, as commonly performed in conventional spray 

dryers. Excessive increase in liquid throughput may destabilize the thin liquid film above the vibrating mesh, 

reduce acoustic energy transmission efficiency, and alter the capillary-wave breakup mechanism. Consequently, 

industrial scale-up may require parallelization strategies using multiple vibrating mesh atomizers operating 

simultaneously rather than simple geometric enlargement of a single atomizer unit. Such modular scaling 

approaches could maintain atomization stability while increasing production capacity. 

 Fluid properties also become increasingly important during process scale-up because viscosity and surface 

tension strongly influence the atomization regime. Feed formulations with higher viscosity may suppress capillary-

wave growth due to increased viscous damping, leading to unstable droplet formation or broader droplet size 

distributions. Therefore, maintaining similar rheological properties between laboratory-scale and industrial-scale 

feed systems is essential for preserving atomization behavior. In addition, drying conditions such as inlet 

temperature and gas flow rate must be adjusted to accommodate increased solvent evaporation demands at larger 

process scales while avoiding thermal degradation or particle agglomeration. 

Overall, the proposed scaling framework suggests that successful scale-up of ultrasonic spray drying systems 

should prioritize atomization similarity rather than purely geometric similarity. Maintaining consistent 

relationships among ultrasonic frequency, mesh geometry, fluid properties, and dimensionless force balances 

provides a more reliable basis for preserving droplet generation behavior and achieving controlled particle 

formation across different operating scales. Consequently, the present framework offers a conceptual guideline for 

the future development of industrial ultrasonic spray drying technologies capable of producing highly engineered 

submicron and micron-scale powders with improved process controllability. 

 

4.3 Limitations of the Conceptual Scaling Framework 

Although the proposed conceptual scaling framework provides useful theoretical insight into the dominant 

mechanisms governing ultrasonic spray drying systems, several limitations should be acknowledged. First, the 

framework is primarily derived from literature synthesis rather than direct experimental validation under controlled 

scaling conditions. As a result, the proposed parameter hierarchy should be interpreted as a conceptual guideline 

rather than an absolute predictive model. Second, the reviewed studies employed different feed formulations, 

experimental configurations, and measurement techniques, which may introduce variability in the reported 

atomization behavior and particle characteristics. Third, the present framework focuses mainly on droplet 

generation mechanisms associated with vibrating mesh atomizers and does not fully account for industrial-scale 

complexities such as turbulent airflow interaction, multi-droplet collision phenomena, or large-scale thermal non-

uniformity. Therefore, future work should focus on systematic experimental validation and computational 

modeling to quantitatively verify the proposed Weber–Ohnesorge scaling framework across different operating 

scales. 
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5. CONCLUSION 

This study presents a comprehensive review and conceptual parametric hierarchy for ultrasonic spray drying 

systems assisted by piezoelectric vibrating mesh atomizers. Unlike previous studies that primarily focused on 

isolated process variables or formulation-specific applications, the present work systematically integrates 

atomization parameters, fluid properties, and drying conditions into a unified scaling-oriented framework. The 

analysis demonstrates that atomization parameters, particularly mesh aperture size, ultrasonic vibration frequency, 

and spray throughput, constitute the dominant variables governing droplet generation and particle size distribution 

through capillary-wave-driven breakup mechanisms. 

Fluid properties such as viscosity, surface tension, and feed concentration were identified as secondary 

scaling parameters because they influence the atomization regime through the Weber and Ohnesorge 

dimensionless numbers. In contrast, drying parameters primarily affect evaporation kinetics and particle 

morphology rather than the initial droplet generation process. The proposed Weber–Ohnesorge scaling framework 

therefore provides a theoretical basis for maintaining atomization similarity during process scale-up from 

laboratory-scale to industrial-scale ultrasonic spray drying systems. 

The novelty of this study lies in the development of a conceptual parameter hierarchy combined with a 

dimensionless scaling framework specifically for ultrasonic vibrating mesh atomizer-assisted spray drying 

systems. This contribution advances the understanding of ultrasonic spray drying engineering and provides a 

systematic foundation for the future development of industrial-scale spray drying technologies capable of 

producing highly controlled submicron and micron-scale particles. 
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Abstract. Biogas utilization from agricultural waste in Indonesia remains 

underdeveloped despite its significant potential as a renewable energy source. 

Biogas produced through anaerobic digestion contains a high concentration of 

carbon dioxide (CO₂), which lowers its calorific value and limits its direct use 

as a clean fuel. Therefore, biogas upgrading is necessary to increase methane 

(CH₄) concentration and improve fuel quality. This study evaluates the 

performance of banana fiber as a natural adsorbent for methane enhancement 

and carbon dioxide removal in biogas. Banana fiber was selected because of its 

lignocellulosic composition and porous structure, which provide potential 

adsorption sites for gas molecules. The experimental setup employed a fixed-

bed filtration system in which raw biogas from an anaerobic digester was passed 

through a column packed with untreated banana fiber. Gas samples were 

collected before and after filtration and analyzed using Gas Chromatography–

Mass Spectrometry (GC–MS) to determine changes in CH₄ and CO₂ 

concentrations. The results showed that methane concentration increased from 

51.37% to 60.84%, corresponding to an enhancement of 9.47%, while carbon 

dioxide concentration decreased from 48.63% to 39.15%, representing a 

reduction of 9.48%. These findings indicate that banana fiber effectively 

improves biogas quality by selectively adsorbing CO₂ and enriching methane 

content. The adsorption performance is attributed to the presence of hydroxyl 

(–OH) and carboxyl (–COOH) functional groups in the lignocellulosic structure 

of banana fiber, which facilitate physical adsorption and enhance gas–solid 

interactions. In addition, the porous structure of the fiber increases surface area 

and supports adsorption efficiency. This study demonstrates the effectiveness 

of untreated banana fiber as a low-cost and environmentally friendly adsorbent 

for biogas upgrading using GC–MS analysis. The findings highlight its 

potential application in small-scale and decentralized renewable energy 

systems, particularly in rural and agricultural areas. Furthermore, the study 

provides important implications for laboratory-scale biogas purification 

systems and future industrial biogas upgrading applications. 

Keywords : Biogas, Banana Fiber, Methane Enhancement, CO₂ Removal, Natural Adsorbent 

 

1. INTRODUCTION 

The increasing global demand for sustainable and environmentally friendly energy sources has become a 

critical issue due to climate change, environmental degradation, and the depletion of fossil fuel reserves. The 

continued dependence on fossil fuels has significantly contributed to greenhouse gas emissions, which are the 
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main drivers of global warming and environmental instability. Therefore, the development of renewable energy 

technologies has become an essential strategy to achieve energy sustainability and reduce environmental impact 

[1], [18]. Among various renewable energy sources, biogas has emerged as a promising alternative due to its 

ability to convert organic waste into usable energy. Biogas is produced through the anaerobic digestion of organic 

materials such as agricultural residues, livestock manure, and food waste. Anaerobic digestion has been widely 

studied for organic waste treatment [14]. This process not only generates energy but also contributes to waste 

management and environmental protection, making it an important component in circular economy systems [17], 

[18].  

However, raw biogas contains a significant amount of carbon dioxide (CO₂), which reduces its calorific value 

and limits its direct application as a clean fuel. The presence of CO₂ leads to lower combustion efficiency, unstable 

flame characteristics, and reduced energy output. Therefore, biogas upgrading is required to increase methane 

(CH₄) concentration and improve overall fuel quality [2], [3]. Various technologies have been developed for biogas 

upgrading, including water scrubbing, chemical absorption, membrane separation, and pressure swing adsorption. 

Although these methods are effective, they generally require high capital investment, complex operational systems, 

and considerable energy consumption [4]. These limitations make conventional upgrading technologies less 

suitable for small-scale and decentralized applications, particularly in rural areas.  

To address these challenges, recent studies have focused on the use of low-cost and environmentally friendly 

adsorbents derived from biomass. Natural fibers have gained considerable attention due to their abundance, 

biodegradability, and renewable characteristics. Lignocellulosic materials such as rice husk, coconut fiber, and 

agricultural residues have demonstrated potential for gas adsorption due to their porous structure and the presence 

of functional groups that facilitate gas interaction [5], [6]. Banana fiber is one of the most abundant agricultural 

wastes in tropical regions and is often underutilized. It consists primarily of cellulose, hemicellulose, and lignin, 

which provide a fibrous and porous structure suitable for adsorption processes. The presence of polar functional 

groups such as hydroxyl (–OH) and carboxyl (–COOH) enables banana fiber to interact with gas molecules, 

particularly carbon dioxide, through physical adsorption mechanisms such as hydrogen bonding and van der Waals 

interactions [6]. From a sustainability perspective, the utilization of banana fiber aligns with the concept of circular 

economy, where agricultural waste is transformed into value-added materials for energy applications. This 

approach not only reduces environmental pollution but also enhances resource efficiency and supports sustainable 

energy production, especially in developing regions. Previous studies have shown that natural fibers can improve 

biogas quality by reducing carbon dioxide and increasing methane concentration.  

Previous studies have also confirmed that lignocellulosic materials contain active functional groups that 

contribute significantly to adsorption processes [5], [7]. However, the adsorption performance of natural fibers 

varies depending on their chemical composition, surface characteristics, and structural properties. Despite the 

growing interest in biomass-based adsorbents, studies specifically investigating untreated banana fiber as a direct 

adsorbent for biogas upgrading remain very limited. Most previous studies have focused on activated carbon, 

chemically modified biomass, or synthetic adsorbent materials [18], [19], which often require additional chemical 

treatment, higher production costs, and more complex preparation processes. In contrast, untreated banana fiber 

offers advantages in terms of availability, low cost, biodegradability, and environmental sustainability, making it 

highly suitable for decentralized and small-scale renewable energy systems. In addition, previous studies have 

generally concentrated only on changes in biogas composition without providing detailed analysis of the 

adsorption mechanism occurring within the adsorbent material. Limited studies have integrated gas composition 

analysis with material characterization techniques to explain the interaction between biomass fibers and gas 

molecules during the adsorption process. Therefore, a comprehensive understanding of both adsorption 

performance and molecular interaction mechanisms remains insufficient [20].  

This study is distinct because it combines Gas Chromatography–Mass Spectrometry (GC–MS) analysis and 

Fourier Transform Infrared (FTIR) characterization to evaluate both methane enhancement performance and 

adsorption mechanisms in untreated banana fiber. Furthermore, the implementation of a fixed-bed upflow 

adsorption configuration provides a simple, low-cost, and practical purification system suitable for laboratory-

scale and rural biogas upgrading applications. The novelty of this research lies not only in the use of untreated 

banana fiber as a sustainable adsorbent material, but also in the integration of performance evaluation and 

functional group characterization to explain the adsorption behavior of carbon dioxide in a biogas purification 

system. Therefore, this study aims to evaluate the effectiveness of banana fiber as a natural adsorbent for methane 

enhancement through carbon dioxide removal using GC–MS analysis, supported by FTIR characterization to 

explain the adsorption mechanism in a fixed-bed filtration system. This research is expected to contribute to the 

development of environmentally friendly and economically feasible biogas upgrading technologies for small-scale 

renewable energy applications [21]. In addition to conventional upgrading technologies, several studies have 

explored the use of packing materials and biofiltration systems for biogas purification. These approaches utilize 

natural or engineered media to enhance gas–solid interaction and improve removal efficiency of unwanted gases 

such as carbon dioxide and hydrogen sulfide [10], [11], [12]. Furthermore, hydrogen sulfide removal using bio-

based adsorbents has also been widely investigated due to its corrosive nature and environmental impact [9]. 
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2. METHODS 

2.1 Materials 

The materials used in this study consisted of banana fiber as a natural adsorbent and raw biogas obtained from an 

anaerobic digester. Banana fiber was selected due to its lignocellulosic composition, which includes cellulose, 

hemicellulose, and lignin that provide potential adsorption sites for gas molecules [5], [6]. The biogas used in this 

study was generated from the anaerobic digestion of organic waste and collected directly from the digester outlet. 

Biogas generally consists of methane (CH₄) and carbon dioxide (CO₂) as the main components, which determine 

its energy quality [2], [3]. Therefore, these two parameters were used as the main indicators in evaluating the 

performance of the adsorption process. 

2.2 Experimental Setup 

The experimental system was designed using a fixed-bed adsorption method to evaluate the performance of banana 

fiber in improving biogas quality. Fixed-bed systems are widely used in gas purification due to their simplicity, 

low cost, and effectiveness in adsorption processes [4]. Previous studies have demonstrated that the effectiveness 

of fixed-bed systems is influenced by parameters such as packing material characteristics, gas residence time, and 

flow configuration, which directly affect adsorption performance [10], [12]. 

2.2.1 Operational Parameters 

Several operational parameters were controlled during the experimental process to ensure stable adsorption 

performance and reproducibility of the system. The fixed-bed adsorption column was constructed using a PVC 

tube with an inner diameter of 7.5 cm and a total height of 50 cm. The adsorption column was packed with 

approximately 250 g of untreated banana fiber using a loose packing configuration to maintain porosity and 

minimize pressure drop during gas flow. 

The raw biogas flow rate was maintained at approximately 2 L/min using a manual flow control valve. The 

filtration process was conducted under atmospheric pressure conditions with an estimated gas residence time of 

approximately 45–60 seconds inside the adsorption column. The upflow configuration was selected to improve 

gas distribution and maximize gas–solid interaction between biogas and the banana fiber adsorbent. 

The experiments were performed at ambient laboratory temperature ranging from 28–30°C. Gas samples were 

collected before filtration (inlet) and after filtration (outlet) using gas sampling bags for subsequent GC–MS 

analysis. All experiments were conducted in triplicate to ensure data reliability and reproducibility. 

 

Figure 1. Research flowchart of biogas upgrading using banana fiber 

 

Figure 1 illustrates the overall research workflow used in this study. The process begins with banana fiber 

preparation and raw biogas collection, followed by the adsorption filtration process using a fixed-bed system. The 

workflow also includes GC–MS analysis for gas composition evaluation and FTIR characterization to investigate 
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the adsorption mechanism occurring in the banana fiber after filtration. The research procedure consisted of several 

stages, including banana fiber preparation, experimental setup, raw biogas collection, flow regulation, filtration 

process, gas sampling, GC–MS analysis, FTIR characterization, and data interpretation. 

 

Figure 2. Schematic diagram of the experimental setup: (a) raw biogas source, (b) flow control valve, (c) 

monitoring gauge, (d) banana fiber filter column, and (e) biogas sampling bag 

 

Figure 2 presents the schematic configuration of the fixed-bed biogas filtration system used in this study. 

The upflow system configuration was designed to improve gas distribution and increase contact between the 

biogas and the banana fiber adsorbent. The filtration column serves as the main adsorption chamber where carbon 

dioxide reduction and methane enrichment occur during the purification process. The system consisted of five 

main components. Raw biogas (a) was collected from the anaerobic digester outlet and directed into the system. 

The gas flow was regulated using a control valve (b) to maintain stable operating conditions. A monitoring gauge 

(c) was used to observe the gas flow condition during the experiment. The biogas was then passed through a 

fixed-bed filtration column (d) packed with banana fiber, where the adsorption process occurred. The system was 

operated using an upflow configuration to enhance gas–solid interaction and ensure uniform gas distribution within 

the column. After filtration, the treated biogas was collected in a sampling bag (e). Gas samples were collected 

before filtration (inlet) and after filtration (outlet) using biogas sampling bags. The samples were subsequently 

analyzed using Gas Chromatography–Mass Spectrometry (GC–MS) to determine methane (CH₄) and carbon 

dioxide (CO₂) concentrations. GC–MS analysis was conducted to quantitatively determine methane (CH₄) and 

carbon dioxide (CO₂) concentrations before and after filtration. The gas samples were analyzed under standardized 

laboratory conditions to ensure measurement consistency and accuracy. The obtained chromatograms were 

interpreted based on peak area percentage to evaluate changes in gas composition resulting from the adsorption 

process. 
Table 1. Operational parameters of the adsorption system 

Parameter Value 

Column material PVC 

Column diameter 7.5 cm 

Column height 50 cm 

Banana fiber mass 250 g 

Flow rate 2 L/min 

Residence time 45–60 s 

Operating temperature 28–30°C 

Flow configuration Upflow 

Experimental repetition Triplicate 

 

2.3 Banana Fiber Preparation and Characteristics 

The banana fiber used in this study was obtained from agricultural residues. The fibers were cleaned using water 

to remove impurities such as dust and dirt. After cleaning, the fibers were air-dried to reduce moisture content 

while maintaining their natural structure. 

 
Figure 3. Raw banana fiber used as natural adsorbent before filtration process 

 

After drying, the fibers were cut into uniform lengths to ensure consistent packing within the filtration 

column. The banana fibers were packed uniformly inside the adsorption column with a loose packing 

arrangement to maintain adequate porosity, reduce channeling effects, and facilitate uniform gas distribution 
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during the filtration process. To further understand the adsorption mechanism, the banana fiber was characterized 

using Fourier Transform Infrared (FTIR) spectroscopy before and after the biogas filtration process. FTIR 

analysis was conducted to identify functional groups present in the banana fiber and to observe changes in 

chemical structure due to interaction with biogas components. FTIR characterization was performed within the 

wavenumber range of 4000–500 cm⁻¹ to identify functional groups involved in the adsorption process. The 

spectra obtained before and after filtration were compared to observe changes in peak intensity and peak position 

associated with interaction between banana fiber and carbon dioxide molecules. The FTIR spectra were analyzed 

to identify key functional groups such as hydroxyl (–OH), carbonyl (C=O), C–H, and C–O groups, which are 

known to play an important role in adsorption processes [6], [8]. Changes in peak intensity and peak position were 

used as indicators of interaction between banana fiber and carbon dioxide molecules 

2.4 Data Analysis 

The performance of banana fiber as a natural adsorbent was evaluated by comparing methane (CH₄) and carbon 

dioxide (CO₂) concentrations before and after filtration. The adsorption performance evaluation was based on 

average values obtained from three repeated experiments. The results were expressed as mean ± standard deviation 

to assess the consistency and repeatability of the adsorption process. Descriptive statistical analysis was applied 

to compare methane enhancement and carbon dioxide reduction before and after filtration. The percentage increase 

in methane concentration and the percentage reduction in carbon dioxide were calculated using the following 

equations: 

CH
4 

increase (%) 
= 

𝐶𝐻4,𝑎𝑓𝑡𝑒𝑟−𝐶𝐻4,𝑏𝑒𝑓𝑜𝑟𝑒 × 100 (1) 
𝐶𝐻4,𝑏𝑒𝑓𝑜𝑟𝑒 

= 
𝐶𝑂2,𝑏𝑒𝑓𝑜𝑟𝑒−𝐶𝑂2,𝑎𝑓𝑡𝑒𝑟 × 100 (2) 

 

CO
2 

reduction (%) 𝐶𝑂2,𝑏𝑒𝑓𝑜𝑟𝑒 

These calculations were used to evaluate the effectiveness of banana fiber in improving biogas quality. 

 

3. RESULTS AND DISCUSSION 

3.1 Methane (CH₄) Enhancement 

The performance of banana fiber as a natural adsorbent was evaluated based on its ability to increase methane 

(CH₄) concentration in biogas. The experimental results are presented in Table 2. 

Table 2. GC–MS results of biogas composition before and after filtration using banana fiber 

Gas Component Before Filtration (%) 
After Filtration 

(%) 

CH₄ 51.37 ± 0.72 60.84 ± 0.95 

CO₂ 48.63 ± 0.68 39.15 ± 0.88 

 

The results presented in Table 2 represent the average values obtained from three repeated experiments. 

The relatively low standard deviation values (< ±1.5%) indicate that the adsorption process showed good 

repeatability and stable operational performance under the selected experimental conditions. These findings 

demonstrate that the fixed-bed adsorption system using banana fiber produced consistent methane 

enhancement and carbon dioxide reduction during repeated filtration cycles. 

 

Figure 4. Methane (CH₄) concentration before and after filtration using banana fiber 
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Figure 4 illustrates the increase in methane concentration after the biogas filtration process using banana 

fiber. The increase in methane concentration indicates that the adsorption system effectively reduced non-

combustible gases, particularly carbon dioxide, thereby increasing the relative methane fraction in the biogas 

mixture. The increase in methane concentration is not due to methane generation but rather a relative enrichment 

effect caused by the removal of non-combustible gases, particularly carbon dioxide (CO₂). As CO₂ concentration 

decreases, the volumetric fraction of methane increases proportionally, resulting in improved biogas quality [4]. 

The effectiveness of methane enrichment is closely related to the physical structure of banana fiber. The fibrous 

and porous morphology provides a large surface area, which enhances gas–solid interaction and facilitates 

selective adsorption of CO₂. This indirect mechanism results in increased methane concentration without altering 

the chemical structure of methane. Similar methane enrichment behavior has been reported in previous studies 

using bio-based adsorbents, where selective removal of non-combustible gases leads to an increase in methane 

concentration without altering its chemical composition [11], [13]. From a practical standpoint, the increase in 

methane concentration directly improves the calorific value of biogas, making it more suitable for applications 

such as cooking, heating, and electricity generation. These results indicate that banana fiber has strong potential 

as a low-cost material for biogas upgrading. From an engineering perspective, the methane enhancement observed 

in this study demonstrates the potential applicability of banana fiber for low-cost biogas upgrading systems. The 

increase in methane concentration contributes directly to higher calorific value and improved combustion 

efficiency, which are important parameters for household energy applications and small-scale electricity 

generation systems. The stable adsorption performance observed during repeated experiments also indicates that 

banana fiber can function effectively under continuous gas flow conditions. 

3.2 Carbon Dioxide (CO₂) Reduction 

The ability of banana fiber to reduce carbon dioxide (CO₂) concentration was also evaluated. The results show that 

CO₂ concentration decreased from 48.63% to 39.15%, corresponding to a reduction of 9.48% after filtration. 

 

Figure 5. Carbon dioxide (CO₂) concentration before and after filtration using banana fiber 

 

Figure 5 shows the decrease in carbon dioxide concentration after the adsorption process using banana 

fiber. The reduction in CO₂ concentration confirms the adsorption capability of the lignocellulosic structure of 

banana fiber, which provides active adsorption sites for gas molecule interaction. The reduction in CO₂ 

concentration can be explained through adsorption mechanisms occurring on the surface of banana fiber. This 

process can be described as: 

CO2(g) + S → CO2⋅S (3) 

Where S represents the surface of the banana fiber acting as an adsorbent. 

Banana fiber contains lignocellulosic components such as cellulose, hemicellulose, and lignin, which provide 

active sites for adsorption. Functional groups such as hydroxyl (–OH) and carboxyl (–COOH) play an important 

role in attracting CO₂ molecules through physical adsorption mechanisms, including hydrogen bonding and van 

der Waals interactions [5], [6]. In addition, the porous structure of banana fiber enhances diffusion and provides a 
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large surface area, allowing more CO₂ molecules to be captured during the filtration process. The upflow 

configuration used in this study further improves gas–solid interaction and reduces channeling effects. Although 

the adsorption process is predominantly physical, the interaction between CO₂ and functional groups on the fiber 

surface contributes to the overall effectiveness of the system. The observed CO₂ reduction is consistent with 

previous findings on biomass-based adsorbents, where lignocellulosic materials have shown promising 

performance in capturing carbon dioxide due to their porous structure and functional group interactions [9], [10], 

[13]. 

3.3 FTIR Analysis of Banana Fiber 

To further investigate the adsorption mechanism, Fourier Transform Infrared (FTIR) analysis was conducted to 

identify changes in the functional groups of banana fiber before and after the filtration process. 
 

Figure 6. FTIR spectra of banana fiber before and after biogas filtration 

 

Figure 6 presents the FTIR spectra of banana fiber before and after biogas filtration. The observed changes in 

peak intensity and the appearance of new absorption peaks indicate that interactions occurred between the banana 

fiber surface and biogas components during the adsorption process. The FTIR spectra of banana fiber before 

filtration show characteristic absorption bands at 3300–3500 cm⁻¹ corresponding to hydroxyl (–OH) groups, 

2909 cm⁻¹ associated with C–H stretching, and 1615 cm⁻¹ related to aromatic C=C bonds from lignin. These 

peaks confirm the typical lignocellulosic structure of banana fiber. After the filtration process, several changes in 

the FTIR spectra were observed. The intensity of the C–H stretching band decreased from 7.101 to 4.494, 

indicating partial degradation or interaction of cellulose components during the filtration process. In addition, new 

absorption peaks appeared at 1722 cm⁻¹ and 1015 cm⁻¹, corresponding to carbonyl (C=O) and C–O functional 

groups, respectively. The emergence of these peaks suggests that chemical adsorption interactions occurred 

between the banana fiber and biogas components. The appearance of the carbonyl group (C=O) indicates 

possible oxidation or transformation of hydroxyl groups (–OH) during the adsorption process. This suggests that 

CO₂ molecules interact with the polar functional groups of banana fiber through surface interaction mechanisms. 

Furthermore, the presence of C–O stretching bands confirms the active role of cellulose in providing adsorption 

sites. The relatively stable aromatic C=C peak indicates that the lignin structure remains largely intact, 

suggesting that the fiber maintains its structural integrity during the filtration process. These FTIR results support 

the GC–MS findings, where CO₂ concentration decreased and methane concentration increased after filtration. 

Therefore, it can be concluded that banana fiber acts not only as a physical filter but also as an active adsorbent 

through a combination of physical adsorption and weak chemical interactions. Previous studies have also 

confirmed that natural fibers exhibit active functional groups that contribute significantly to adsorption processes. 

These functional groups play a crucial role in facilitating gas–solid interactions and enhancing adsorption 

efficiency [16], [17]. This result indicates that banana fiber has comparable performance to other biomass-based 

adsorbents reported in previous studies. Compared to previous studies using activated carbon or chemically 

modified biomass adsorbents, the methane enhancement achieved in this study demonstrates that untreated 

banana fiber can provide competitive adsorption performance while maintaining lower operational cost and 

simpler preparation procedures. Although the adsorption efficiency is still lower than some commercial adsorbent 

systems, the environmental sustainability 
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and economic advantages of banana fiber make it highly promising for decentralized renewable energy 

applications. 

Table 3. FTIR peak assignment of banana fiber before and after filtration 

Wavenumber (cm⁻¹) Functional Group Interpretation 

3300–3500 –OH Hydroxyl stretching vibration 

2909 C–H Cellulose stretching 

1722 C=O Carbonyl interaction after adsorption 

1615 Aromatic C=C Lignin structure 

1015 C–O Cellulose adsorption site 

Although the adsorption results were promising, the adsorption capacity of banana fiber may decrease over 

prolonged operational periods due to saturation of active adsorption sites. Therefore, further studies are necessary 

to evaluate long-term adsorption performance, regeneration capability, and maximum adsorption capacity under 

varying operational conditions. 

4. CONCLUSION 

This study evaluated the performance of banana fiber as a natural adsorbent for biogas upgrading using a fixed-

bed filtration system, focusing on methane (CH₄) enhancement and carbon dioxide (CO₂) reduction. The 

experimental results demonstrated that banana fiber effectively improved biogas quality through a simple and 

environmentally friendly adsorption process. GC–MS analysis showed that methane concentration increased from 

51.37% to 60.84%, corresponding to an enhancement of 9.47%, while carbon dioxide concentration decreased 

from 48.63% to 39.15%, representing a reduction of 9.48%. These findings indicate that banana fiber can 

selectively adsorb carbon dioxide and contribute to methane enrichment in biogas systems. The FTIR 

characterization further confirmed the adsorption mechanism by revealing changes in functional groups after the 

filtration process. The decrease in C–H stretching intensity and the appearance of carbonyl (C=O) and C–O 

functional groups indicate that interactions occurred between the lignocellulosic structure of banana fiber and 

carbon dioxide molecules during adsorption. The results demonstrate that banana fiber functions not only as a 

physical filtration medium but also as an active adsorbent through surface interaction mechanisms. From a 

practical perspective, banana fiber offers several advantages, including low cost, wide availability, 

biodegradability, and environmental sustainability. The utilization of agricultural waste materials as adsorbents 

supports circular economy principles and provides a feasible alternative for small-scale and decentralized biogas 

upgrading systems, particularly in rural and developing regions. Despite the promising results, this study has 

several limitations. The adsorption performance was evaluated only under laboratory-scale conditions and within 

a relatively short operational period. The maximum adsorption capacity, saturation behavior, regeneration 

capability, and long-term stability of banana fiber were not investigated in this study. In addition, operational 

parameters such as humidity, pressure variation, packing density, and prolonged continuous gas flow may 

significantly influence adsorption efficiency and require further evaluation. Therefore, future studies are 

recommended to investigate adsorption capacity, breakthrough behavior, regeneration performance, multi-stage 

filtration systems, and optimization of operational parameters to improve long-term adsorption efficiency and 

support potential industrial-scale implementation of banana fiber-based biogas purification systems. Overall, this 

study demonstrates that untreated banana fiber has strong potential as a sustainable biomass-based adsorbent for 

low-cost biogas upgrading applications. 
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Abstract. The performance of briquette drying systems is strongly influenced 

by airflow distribution and thermal uniformity within the drying chamber, 

which are governed by outlet configuration and internal flow patterns. 

However, limited studies have systematically quantified the effect of exhaust 

outlet arrangements on the coupled heat transfer and fluid flow behavior in 

industrial-scale briquette ovens. This study aims to numerically investigate the 

influence of single-, double-, and four-outlet configurations on airflow 

characteristics, temperature distribution, and overall thermal performance of a 

briquette drying oven. A three-dimensional geometric model representing the 

combustion chamber, drying chamber, and briquette racks was developed and 

analyzed using Computational Fluid Dynamics (CFD). Steady-state 

simulations were performed in ANSYS Fluent employing the standard k–ε 

turbulence model, with air properties, inlet velocity (9.97 m/s), and thermal 

boundary conditions defined based on operational data. The results reveal that 

outlet configuration significantly affects flow recirculation intensity and 

temperature uniformity across the briquette racks. The four-outlet configuration 

produced the most homogeneous airflow distribution and reduced thermal 

gradients, thereby enhancing convective heat transfer effectiveness compared 

to single- and double-outlet designs. Conversely, the single-outlet case 

exhibited pronounced recirculation zones and localized temperature variations, 

potentially leading to uneven drying. These findings demonstrate that 

optimizing outlet arrangement is a critical design parameter for improving 

drying efficiency and energy utilization in briquette oven systems, providing a 

validated numerical framework for future thermal system optimization.  

Keywords : Computational Fluid Dynamics, Heat Transfer, Outlet Configuration.  

 

 
1. INTRODUCTION 

The drying process of briquettes represents a critical stage in biomass thermal processing[1]–[3], where moisture 

removal occurs through coupled heat and mass transfer mechanisms[4]–[7]. Proper drying significantly improves 

calorific value, mechanical integrity, storage stability, and combustion performance, thereby enhancing the 

viability of briquettes as a sustainable alternative energy source. Achieving uniform temperature distribution and 

efficient heat transfer within the drying chamber is essential to prevent uneven drying, cracking, or quality 

degradation of the final product[8]–[11]. 

Previous studies have investigated various drying technologies[3], [12]–[20], including solar-assisted and 

forced-convection systems, highlighting the importance of airflow management in improving drying efficiency. 

While these studies report improvements in thermal performance and moisture removal rates, limited attention has 

been given to the influence of exhaust outlet configuration on internal airflow structure and temperature 

uniformity. In forced-convection drying ovens, outlet placement plays a crucial role in controlling flow 
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recirculation patterns, pressure distribution, and convective heat transfer across product racks. However, 

systematic numerical investigations comparing different outlet arrangements under identical operating conditions 

remain scarce. 

Furthermore, experimental evaluation of airflow and temperature distribution inside industrial drying 

chambers is often challenging due to measurement limitations and spatial constraints. Computational Fluid 

Dynamics (CFD) offers a robust alternative by enabling detailed visualization of velocity fields, thermal gradients, 

and recirculation zones within complex geometries[1], [3], [4], [19], [20]. 

Therefore, this study aims to numerically investigate the influence of single-, double-, and four-outlet 

configurations on airflow characteristics and temperature distribution inside a briquette drying oven. By employing 

three-dimensional CFD simulations under steady-state forced convection conditions, this research provides a 

comparative assessment of outlet designs and identifies the configuration that ensures the most uniform thermal 

environment. The findings contribute to the optimization of drying chamber design and support the development 

of more efficient biomass drying systems. 

Although briquette drying is fundamentally governed by coupled heat and mass transfer processes, the 

present study focuses exclusively on the thermal-fluid behavior within the drying chamber. The primary objective 

is to investigate how different outlet configurations influence airflow distribution, temperature uniformity, and 

convective heat transfer characteristics. Moisture transport, evaporation mechanisms, and drying kinetics were not 

included in the present numerical model and are therefore beyond the scope of this investigation. Nevertheless, 

improving temperature uniformity is expected to provide favorable thermal conditions for subsequent moisture 

removal. Future work will incorporate coupled heat-and-mass transfer modeling to predict moisture distribution 

and drying kinetics more comprehensively. 

 

2. METHODS  

2.1 Geometrical Modeling and Configurations 

A three-dimensional model of the briquette drying oven was developed using Autodesk Inventor 2025 based on 

actual industrial dimensions. The system consists of a combustion chamber, a drying chamber, insulated steel 

walls, and multiple briquette holding racks. The oven has a total internal area of 6 m², as summarized in Table 1. 

To evaluate the effect of exhaust design,  

 

  

Figure 1. Temperature distribution on the YZ plane for: (a) single outlet, (b) double outlet and (c) four outlets 

 

As illustrated in Figure 1(a–c), the outlet positions were varied on the top surface while maintaining 

identical chamber geometry and inlet conditions. This approach ensured that performance differences were solely 

attributed to outlet arrangement. The CAD models were exported in STEP format and imported into ANSYS 

Workbench for Computational Fluid Dynamics (CFD) analysis. 

 

 

 

Figure 2. (a)Top View and (b) front view on four outlet oven 
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The technical drawing in Figure 2 provides the orthogonal views of a four-outlet industrial oven, detailing 

its top and front configurations alongside a 15 mm thick thermal wall insulation layer. The flow system consists 

of three parallel inlets with a diameter Ø75 mm on the left wall that feed into the heating chamber from combustion 

chamber, which then exhaust symmetrically via four 65 mm × 65 mm square outlets situated at the corners. 

Furthermore, the front view reveals that a 350 mm wide briquette rack is positioned at a height of 250 mm within 

the oven cavity, directly beneath the horizontally aligned inlet ports to intercept the incoming convective airflow. 

 

Table 1. Geometry Spesification 

 

 

Descriptions  

 

 

Value 

Oven length 7000 mm 

Width 3000 mm 

Height 6000 mm 

Wall Material  Coated Stell 

Inlet diameter 75 cm  

Outlet size 65 x 65 cm 

Insulation Glasswool thk. 1.5 mm 

Rack dimension 90 x 250 x 350 cm 

Capacity 5 Tons 

 

The data provided in Tabel 1. shows the structural and geometric specifications of an industrial oven with 

an overall capacity of 5 Tons. Constructed with coated steel walls, the primary dimensions of the oven cavity span 

a length of 7000 mm, a width of 3000 mm, and a height of 6000 mm, supplemented by a 1.5 mm thick glasswool 

insulation layer. The thermal processing chamber also features a 75 cm inlet diameter, 65 x 65 cm outlets, and 

houses an internal rack with dimensions of 90 x 250 x 350 cm. 

 

2.2. Governing Equations and Physical Modeling 

The airflow and heat transfer inside the drying chamber were modeled using the steady-state, three-dimensional 

Reynolds-Averaged Navier–Stokes (RANS) equations for incompressible flow[21]–[25]. The governing 

continuity equation is expressed as Eq. (1) 

 

 ∇⋅u=0       (1) 

 

ensuring mass conservation. The momentum equations are written as Eq. (2) 

 

𝜌(u ⋅ ∇)u = −∇𝑝 + ∇ ⋅ [(𝜇 + 𝜇𝑡)(∇u + ∇u𝑇)] + 𝜌g   (2) 

 

 where ρ is the fluid density, u is the velocity vector, p is the pressure, μ is the dynamic viscosity, and μ t is the 

turbulent (eddy) viscosity. Heat transfer is governed by the energy equation as Eq. (3) 

 

 𝜌𝑐𝑝(𝐮 ⋅ ∇)𝑇 = ∇ ⋅ [(𝑘+
𝜇𝑡𝑐𝑝

𝑃𝑟𝑡
)∇𝑇] + 𝑆𝑇    (3) 

 

where T is temperature, cp the specific heat capacity, k is the thermal conductivity, and Prt is the turbulent Prandtl 

number[26], [27]. Turbulence effects were represented using the standard kε model, in which the turbulent 

viscosity is defined as Eq. (4) 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
      (4) 

The transport equations for turbulent kinetic energy (k) and its dissipation rate (ε) are solved to close the RANS 

system, incorporating production and dissipation terms with the standard model constants 𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 

𝐶2𝜀 = 1.92, 𝜎𝑘 = 1.0, and 𝜎𝜀 = 1.3. This formulation ensures reliable prediction of internal forced convection 

and thermal distribution within the drying chamber[28]–[32]. 

Air was defined as a Newtonian fluid with properties listed in Table 2. 

 

 



 

                   

 

Journal of Engineering Design and Technology 161 

 

Jurnal Rancang Bangun dan Teknologi 
Vol. 26 No. 2 July 2026 

 

Table 2. Data input for reference value 

 

 

Descriptions  

 

 

Value 

Area of Oven (A) 6 m2 

Dynamic Viscosity (μ) 1.7894 × 10⁻⁵ kg/(m·s) 

Temperature (T) 40,3 ℃ 

Velocity (v) 9,97 m/s 

Density (ρ) 1,225 Kg/m3 

 

The total heat transfer rate was evaluated using the surface integral function available in ANSYS Fluent. The 

calculation was performed by integrating the local wall heat flux over all heated internal surfaces of the drying 

chamber according to Eq. 5 below 

𝑄 = ∫ 𝑞′′
𝐴

 𝑑𝐴      (5) 

 
where Q is the total heat transfer rate (W), q'' is the local wall heat flux (W/m²), and A represents the heated wall 

surface area. 

 

The total heat transfer rate was extracted using the Reports then Surface Integrals then Total Heat Transfer 

Rate function in ANSYS Fluent after the numerical solution had reached convergence. The evaluated surfaces 

included the heated chamber walls and the combustion-side heat transfer surfaces that supplied thermal energy to 

the drying chamber. The reported values therefore represent the net convective heat transferred from the heated 

walls to the circulating air under steady-state operating conditions. 

Since the numerical simulations were conducted under steady-state conditions, the reported heat transfer rate 

corresponds to the converged solution rather than a transient time-dependent response. 

 

2.3. Mesh Generation  

The computational domain, shown schematically in Figure 2, includes the blower inlet, drying racks, and outlet 

ducts.  

 

(a)                                                                              (b) 

Figure 3. (a) Schematic and (b) CFD Model of the Forced-Convection Briquette Drying Chamber 

 

The figure 3 illustrates the geometric configuration and airflow characteristics of a forced-convection 

briquette drying chamber used for thermal performance evaluation. Figure 3.(a) presents the internal arrangement, 

including an 18-inch blower fan generating an inlet air velocity of approximately 10 m/s, vertically stacked 

briquettes, exhaust outlets positioned at the top surface, and insulated chamber walls to minimize heat loss. The 

airflow pattern indicates recirculation zones near the lower region and along the side walls, suggesting potential 

non-uniform temperature and velocity distributions within the drying space. The three-dimensional CFD model 

(right) represents the computational domain with defined inlet and outlet boundary conditions, enabling detailed 

simulation of internal flow structures and heat transfer mechanisms. Collectively, the model highlights the 

influence of chamber geometry, insulation, and forced airflow on convective heat transfer effectiveness and drying 

uniformity. 
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Table 3. Grid Indepedence 

 

Geometry Cells 

(million) 

Skewness 

Mesh 

THTR [W] Temperature 

Thermocouple 

℃ 

Error % 

Oven 4 Outlet Mesh 1 1.4 0.79889 932 78.5 0.64 
Oven 4 Outlet Mesh 2 1.5 0.81121 909 82 -3.66 
Oven 4 Outlet Mesh 3 2.1 0.79999 863 79.1 -0.13 
Oven 4 Outlet Mesh 4 2.5 0.82122 911 83 -4.82 

 

The data in Table 3. Grid Independence presents a mesh independence study evaluating four different 

computational grids (Mesh 1 to Mesh 4) for the four-outlet oven geometry based on cell count, skewness, total 

heat transfer rate (THTR), thermocouple temperature, and percentage error. Mesh 1 consists of 1.4 million cells 

with a mesh skewness of 0.79889, yielding a total heat transfer rate of 932 W and a thermocouple temperature of 

78.5°C, which results in a low relative error of 0.64%. Despite having the coarsest resolution among the tested 

configurations, Mesh 1 represents a highly favorable choice for the final simulation because it balances numerical 

accuracy with computational efficiency, providing reliable thermal prediction metrics while keeping 

computational resource demands to a minimum. 

 

 

 

 

 

 

 

Figure 4. Grid Independence Index 

The figure 4 presents the grid independence analysis showing the variation of total heat transfer rate with 

increasing mesh cell numbers. As the mesh is refined beyond approximately 2.1 × 10⁶ cells, the predicted heat 

transfer rate stabilizes with minimal deviation, indicating that the solution has reached grid-independent behavior. 

Special attention was given to boundary layer resolution to capture velocity and thermal gradients. 

   

 

(a)                                                              (b) 

Figure 5. Experimental Briquette Drying Oven Used for CFD Validation (a) oven front view and (b) blower 

 

The figure 5. presents the actual forced-convection briquette drying oven employed for experimental 

validation of the CFD simulation results. Figure 5. (a) shows the internal drying chamber equipped with multi-

level trays for briquette placement, allowing evaluation of temperature and airflow distribution across different 
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vertical positions. Figure 5(b) illustrates the axial blower fan installed to generate forced air circulation within the 

chamber. This experimental setup was used to measure airflow temperature profiles, providing validation data for 

comparison with numerical predictions and ensuring the reliability and accuracy of the thermal-fluid simulation 

model.  

 

3. RESULTS AND DISCUSSION 

 

 

 

 

 

 

(a)                                                        (b)                                                      (c) 

Figure 6. Temperature distribution YZ plane on (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

Figure 6 compares the static temperature distribution inside the drying chamber for three exhaust configurations: 

(a) single exhaust, (b) dual exhausts, and (c) four exhausts. In the single-exhaust configuration as figure 6.(a) 

pronounced thermal gradient is observed, with significant temperature accumulation in the upper region and non-

uniform heat penetration toward the briquette layers. This indicates limited air circulation and localized heat 

stagnation. When two exhausts are applied as figure 6.(b), the temperature field becomes more evenly distributed, 

although moderate stratification remains near the central upper zone, suggesting partial improvement in convective 

heat removal. In contrast, the four-exhaust configuration as figure 6.(c) demonstrates the most uniform temperature 

distribution, characterized by reduced hot spots near the ceiling and more homogeneous heat diffusion around the 

briquette stacks. The enhanced uniformity indicates improved airflow circulation and more effective convective 

heat transfer, leading to better thermal balance within the chamber. Overall, increasing the number of exhaust 

outlets significantly mitigates thermal stratification and promotes more consistent drying conditions. 

 

 

 

 

 

 

 

 
(a)                                                    (b)                               (c) 

 

Figure 7. Temperature distribution plane XZ on (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

 

Figure 7 presents the temperature distribution on the XZ plane for configurations with (a) 1 exhaust, (b) 2 

exhausts, and (c) 4 exhausts inside the drying chamber. In the single-exhaust configuration, the heat distribution 

appears less uniform, with high-temperature regions concentrated in specific areas, whereas increasing the number 

of exhausts to two and four improves temperature uniformity around the drying racks. The four-exhaust 

configuration demonstrates the most homogeneous thermal distribution and reduces extreme temperature 

gradients, indicating its potential to enhance drying uniformity and overall thermal performance.  
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(a)                                                   (b)                           (c) 

Figure 8. Velocity vector on ZX plane in (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

 

Figure 8 shows that the highest velocity regions are concentrated near the inlet duct and exhaust outlets, 

indicated by the red–orange vectors, where the airflow is directly driven by the blower and extracted through the 

vents. In contrast, low-velocity zones (blue regions) are observed inside the chamber, particularly around the lower 

racks and corner areas, where recirculation and flow stagnation occur. As the number of exhausts increases from 

one to four, the high-velocity jet becomes more distributed along the upper section, while low-velocity regions 

inside the chamber are reduced, resulting in more uniform airflow circulation. 
To complement the qualitative interpretation of the temperature contours, the thermal performance of each outlet 

configuration was quantitatively evaluated using four representative parameters: maximum temperature, minimum 

temperature, average temperature, and total heat transfer rate. These parameters provide an objective assessment 

of the influence of outlet arrangement on heat distribution and convective heat transfer inside the briquette drying 

chamber. 

Tabel 4. Quantitative thermal performance comparison for different outlet configurations. 

 

Parameter 1 Outlet 2 Outlets 4 Outlets 

Maximum Temperature (°C) 79.0 79.1 77.0 
Minimum Temperature (°C) 35.0 37.0 57.0 
Average Temperature (°C) 39.0 41.0 42.0 
Total Heat Transfer Rate (W) 3322 4720 4754 

 

The quantitative results presented in Table 4 demonstrate that the outlet configuration significantly 

influences the thermal performance of the drying chamber. The maximum temperature remains relatively constant, 

ranging from 77.0°C to 79.1°C, indicating that the heat source supplies nearly the same thermal energy in all 

configurations. Therefore, the primary effect of increasing the number of outlets is not to increase the peak 

temperature, but rather to improve the distribution of heat within the drying chamber. 

A more pronounced difference is observed in the minimum temperature. The minimum temperature increases from 

35.0°C in the single-outlet configuration to 37.0°C in the double-outlet configuration and reaches 57.0°C in the 

four-outlet configuration. Compared with the single-outlet design, the four-outlet configuration increases the 

minimum temperature by approximately 62.9%, indicating that cold regions are substantially reduced. This result 

suggests a significant improvement in temperature uniformity throughout the chamber, which is beneficial for 

achieving more consistent drying conditions. 

The average chamber temperature also increases from 39.0°C for the single outlet to 41.0°C and 42.0°C for 

the double- and four-outlet configurations, respectively. Although the increase in average temperature is relatively 

modest, it indicates that thermal energy is distributed more effectively throughout the drying chamber. The higher 

average temperature, together with the increased minimum temperature, demonstrates that the additional outlets 

improve thermal utilization without substantially increasing the peak temperature. 

The influence of outlet configuration is further confirmed by the total heat transfer rate. The single-outlet 

configuration produces a total heat transfer rate of 3322 W, whereas the double- and four-outlet configurations 

achieve 4720 W and 4754 W, respectively. Relative to the single-outlet configuration, the total heat transfer rate 

increases by approximately 42.1% for the double-outlet configuration and 43.1% for the four-outlet configuration. 

Although the difference between the double- and four-outlet configurations is relatively small (approximately 

0.7%), the four-outlet configuration consistently exhibits the highest heat transfer rate while simultaneously 

providing the highest minimum temperature and the most uniform thermal field. These results indicate that 
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increasing the number of outlets improves convective heat transfer efficiency and promotes a more homogeneous 

thermal environment inside the drying chamber. 

 
Figure 9. location that take temperature to compare with actual condition 

 

Figure 9 illustrates the static temperature contour on the YZ mid-plane of the oven chamber equipped with 

four exhaust outlets. This sectional visualization provides insight into the internal thermal field and reveals the 

spatial temperature gradient along the vertical (Y) and transverse (Z) directions. The distribution demonstrates a 

relatively uniform thermal region in the core zone, with mild gradients observed near the exhaust boundaries, 

indicating the influence of convective heat removal on local temperature stratification. 

The CFD simulation predicts a representative mid-plane temperature of 78.5°C, whereas experimental 

measurements obtained under identical operating conditions indicate a temperature of 79°C. The relative deviation 

between numerical and experimental results was quantified using: 

Error (%) =
𝑇oven − 𝑇simulation

𝑇simulation

× 100 

 

Substitution of the measured values yields: 

Error (%) =
79 − 78.5

78.5
× 100 = 0.63% 

 

A discrepancy of only 0.63% confirms a high level of agreement between simulation and experimental 

data. In heat transfer validation studies, an error below 5% is generally considered acceptable for engineering 

applications; therefore, the present deviation indicates excellent predictive accuracy of the numerical model. 

The minor difference can be attributed to unavoidable experimental uncertainties (thermocouple accuracy and 

positioning sensitivity), assumptions of uniform material properties, idealized boundary conditions, and potential 

simplifications in turbulence modeling. Nevertheless, the close correlation suggests that the governing equations 

for coupled momentum and energy transport were properly resolved and that the mesh and numerical schemes 

were sufficiently refined to capture the dominant convective heat transfer mechanisms within the drying chamber. 

Furthermore, the observed temperature uniformity in the mid-plane implies that the four-exhaust configuration 

effectively enhances air circulation and reduces localized thermal accumulation. This finding supports the 

suitability of the current exhaust design for achieving homogeneous drying conditions, which is critical for 

maintaining briquette quality and minimizing moisture gradients. 

Overall, the strong agreement between numerical prediction and experimental measurement validates the 

robustness of the CFD model and establishes a reliable foundation for subsequent parametric optimization studies 

involving exhaust arrangement, airflow rate, and thermal efficiency enhancement. 

4.  CONCLUSION  

This study systematically evaluated the influence of exhaust outlet configuration on airflow behavior and thermal 

performance in a forced-convection briquette drying oven using three-dimensional Computational Fluid Dynamics 

(CFD) simulations supported by experimental validation. A grid independence study ensured numerical stability, 

and comparison with measured mid-plane temperatures yielded a relative deviation of only 0.63%, confirming 

high predictive accuracy of the model. The results demonstrate that outlet configuration significantly affects 
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internal flow topology and temperature uniformity. The single-exhaust design produced strong thermal 

stratification and localized recirculation zones, leading to uneven heat distribution across briquette layers. The 

dual-exhaust configuration improved airflow symmetry but still exhibited moderate temperature accumulation 

near the upper chamber. In contrast, the four-exhaust configuration achieved the most uniform thermal field, 

minimized stagnant regions, and enhanced convective heat transfer stability during both transient and steady 

regimes. These findings indicate that exhaust arrangement is a critical design parameter that directly governs 

convective circulation and drying uniformity rather than serving merely as a structural feature. The validated 

numerical framework developed in this study provides a practical basis for optimizing industrial biomass drying 

chambers to improve thermal efficiency and product quality, with future work should incorporate coupled heat-

and-mass transfer, moisture diffusion, and drying kinetics to provide a more comprehensive prediction of briquette 

drying performance. Integrating moisture transport with CFD simulations would enable direct evaluation of drying 

rate, moisture distribution, and overall thermal efficiency, thereby extending the applicability of the present 

numerical framework to practical industrial drying processes.  
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Abstract. This study, entitled Analysis of Spray Droplet Characteristics of 

Nozzle in Biodiesel (B35) under Injection Pressure Variations, investigates the 

effect of injection pressure on the spray droplet atomization characteristics of 

Biodiesel B35 and correlates these characteristics with changes in fuel 

molecular composition determined using Gas Chromatography–Mass 

Spectrometry (GC–MS). The novelty of this research lies in integrating spray 

atomization analysis with GC–MS-based molecular characterization to explain 

how molecular composition influences fuel atomization behavior. An 

experimental approach was employed using several injection pressure 

variations in a nozzle system, followed by GC–MS analysis of Diesel B0, 

Biodiesel B35, and the B0+B35 blend. The GC–MS results revealed that the 

blended fuel exhibited a broad molecular weight distribution ranging from 

106.165 to 843.6107 g/mol, containing both light hydrocarbons, such as O-

xylene (C₈H₁₀), and heavy hydrocarbons, such as hexacontane (C₆₀H₁₂₂). 

Biodiesel B35 showed the highest average molecular weight due to the 

predominance of fatty acid methyl ester (FAME) compounds, whereas Diesel 

B0 exhibited the lowest molecular weight because of its higher proportion of 

light hydrocarbon fractions. The blending process also resulted in stable, 

reduced, disappeared, and newly formed molecular species, indicating changes 

in molecular distribution caused by physical interactions between the fuels. 

These compositional changes affected key fuel properties, including viscosity, 

volatility, and atomization performance. Spray image analysis demonstrated 

that increasing injection pressure produced finer and more uniformly 

distributed droplets, indicating improved atomization quality. The findings 

demonstrate that the interaction between fuel molecular characteristics and 

injection pressure plays a significant role in determining spray behavior and has 

the potential to improve diesel engine combustion efficiency and fuel 

performance. 
 

Keywords : Biodiesel B35, Diesel B0, GC-MS, spray droplet, injection pressure, atomization, nozzle.. 

 

 
1. INTRODUCTION 

Current advances in diesel engine technology increasingly demand improved combustion efficiency and reduced 

exhaust emissions. Diesel engines remain one of the most widely used power generation systems in the 

transportation, industrial, agricultural, and power generation sectors because of their high thermal efficiency, 

reliability, and durability [1]. However, diesel engines are also significant sources of particulate matter (PM), 

carbon monoxide (CO), unburned hydrocarbons (HC), and nitrogen oxides (NOx), all of which contribute to 

environmental degradation and adverse human health effects [2]. Consequently, the development of cleaner 

alternative fuels and the optimization of fuel injection systems have become major research priorities aimed at 
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achieving higher combustion efficiency while meeting increasingly stringent emission regulations [3]. In 

Indonesia, the mandatory implementation of Biodiesel B35, consisting of 35% fatty acid methyl ester (FAME) 

blended with 65% petroleum diesel, has been fully implemented since 2023 as part of the national strategy to 

reduce dependence on fossil fuels, improve energy security, and lower greenhouse gas emissions. The nationwide 

B35 program has substantially increased biodiesel utilization, making Indonesia one of the world's largest biodiesel 

consumers and producers [3], [4]. Although B35 offers significant environmental and economic benefits, its higher 

viscosity, density, and molecular weight compared with conventional diesel fuel alter spray atomization 

characteristics, fuel-air mixing, and combustion performance. These changes highlight the importance of 

understanding the relationship between the molecular composition of Biodiesel B35 and its spray characteristics 

under different injection pressures, thereby providing scientific support for optimizing diesel engine performance 

and fuel injection systems [4–6]. 

One effort to reduce the environmental impact of diesel engine use is the use of biodiesel as an alternative 

fuel. Biodiesel, such as B35, is a blend of fossil diesel fuel and fatty acid methyl ester (FAME)-based biodiesel[4]. 

The use of biodiesel not only aims to reduce dependence on fossil fuels but also to improve lubrication properties 

and lower overall carbon emissions[3], [4]. Biodiesel has different physical characteristics than conventional 

diesel, such as higher viscosity, greater density, and lower volatility. These differences can affect the injection and 

combustion processes in a diesel engine's combustion chamber[5], [6]. One crucial aspect of a diesel engine system 

is the fuel injection process through the nozzle. This process significantly determines the quality of fuel 

atomization, which is the process of breaking down liquid fuel into small droplets that mix with air before 

combustion occurs[7]. Atomization quality is greatly influenced by injection pressure, nozzle design, and the 

physical properties of the fuel used. The better the atomization process, the greater the contact surface area between 

the fuel and air, allowing for faster and more complete vaporization and combustion.Injection Pressure (IP) is a 

key factor influencing spray droplet characteristics[6], [7], [8]. Increasing injection pressure generally results in 

smaller droplet sizes and a more homogeneous spray distribution. This occurs because the greater kinetic energy 

breaks down the fuel stream into finer particles. Conversely, lower injection pressure tends to produce larger 

droplets and uneven distribution, which can reduce combustion efficiency[6], [8].    

In addition to pressure, the chemical composition of the fuel also significantly influences the atomization 

process. Diesel B0 and Biodiesel B35 blends have different molecular characteristics, both in terms of carbon 

chain length and oxygen content in their molecular structures[4], [5]. Diesel B0 is dominated by aliphatic 

hydrocarbons with high volatility, while Biodiesel B35 contains ester compounds with longer carbon chains and 

oxygen-rich properties[9], [10]. These differences cause changes in physical properties such as viscosity, density, 

and surface tension, which ultimately affect the spray droplet formation process at the nozzle.Based on Gas 

Chromatography–Mass Spectrometry (GC-MS) testing results, the blend of Diesel B0 and Biodiesel B35 exhibits 

a fairly broad molecular distribution, with the presence of light to heavy compounds. This indicates that the blend 

is not simply a simple combination but also undergoes changes in molecular distribution due to physical 

interactions between the components[10]. Light compounds, such as O-xylene, play a role in the initial evaporation 

process, while heavy compounds, such as hexacontane, affect viscosity and atomization. These differences in 

molecular characteristics directly impact the fuel's combustion properties[11].  

Changes in molecular composition due to blending also indicate the presence of compounds that remain 

constant, are reduced, are lost, and are formed. This phenomenon indicates that the blending process is not simply 

a physical process but also affects the chemical distribution within the blend[11], [12], [13]. The dominance of 

hydrocarbons in diesel and the contribution of ester compounds in biodiesel create intermediate fuel 

characteristics, somewhere between those of pure diesel and pure biodiesel.In the context of an injection system, 

these changes in the physical and chemical properties of the fuel have a direct impact on spray droplet 

characteristics[12], [13], [14]. Fuels with higher viscosity tend to produce larger droplets, resulting in less optimal 

atomization. Conversely, fuels with high volatility evaporate more easily and form a more homogeneous mixture 

with air. The combination of injection pressure variations and fuel type is a crucial factor in determining 

combustion quality[14], [15]. 

Based on this description, a more in-depth analysis is needed regarding the relationship between injection 

pressure variations and spray droplet characteristics in B35 biodiesel, as well as how changes in fuel molecular 

composition affect the atomization process[16], [17]. To address this gap, the present study integrates GC–MS-

based molecular characterization with spray droplet analysis under various injection pressures. The novelty of this 

research lies in establishing the relationship between changes in fuel molecular composition, particularly in 

Biodiesel B35 and its blends, and the resulting spray atomization characteristics. By combining chemical and spray 

analyses within a single experimental framework, this study provides a more comprehensive understanding of the 

mechanisms governing fuel atomization. The findings are expected to contribute to the optimization of diesel fuel 

injection systems, support the development of more efficient and environmentally friendly diesel engines, and 

provide scientific guidance for the wider application of biodiesel fuels in modern diesel engine technology. 
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2. METHODS  

This study employed an experimental research approach to investigate the effect of injection pressure variations 

on spray droplet characteristics in a diesel fuel system using Biodiesel B35, Diesel B0, and their blends[18]. The 

experimental method was selected because it allows direct observation of cause-and-effect relationships between 

controlled variables (injection pressure and fuel type) and the resulting response variable (spray droplet 

characteristics)[16], [17], [18]. The study was conducted under controlled laboratory conditions to ensure 

consistency and repeatability of results. 

Research Approach and Design 

The research design used in this study is a quantitative experimental design. The independent variables include 

injection pressure variations and fuel type (Diesel B0, Biodiesel B35, and B0+B35 blend). The dependent variable 

is the spray droplet characteristics, which include droplet diameter and spray pattern distribution. Controlled 

variables include nozzle type, ambient temperature, and test setup configuration to minimize external influences 

on the results. 

Population and Sample 

The population in this study refers to all possible spray characteristics generated by diesel injection systems under 

varying operating conditions[18], [19]. The sample consists of spray droplets produced from a test nozzle system 

using three types of fuel: Diesel B0, Biodiesel B35, and a 1:1 mixture of both fuels (50 ml Diesel B0 and 50 ml 

Biodiesel B35). Each fuel sample was tested under multiple injection pressure conditions to obtain comparative 

data on spray droplet behavior. 

Operational Definition of Variables 

Injection pressure is defined as the pressure applied to force fuel through the nozzle during the injection process, 

measured in bar or MPa[2], [3], [5]. Fuel type refers to the composition of the tested fuel, namely Diesel B0, 

Biodiesel B35, and their mixture. Spray droplet characteristics are defined as the physical attributes of the atomized 

fuel, including droplet diameter size, distribution pattern, and spray dispersion quality. Smaller droplet diameters 

indicate better atomization quality, which contributes to improved combustion efficiency. 

Data Collection Methods 

Data collection was conducted using an experimental test rig consisting of a fuel injection system, high-pressure 

pump, nozzle, and pressure gauge. Fuel was injected through the nozzle under controlled pressure variations[9], 

[10]. The resulting spray was captured using a high-speed imaging system combined with proper lighting to ensure 

clear visualization of droplet formation. The recorded images were then analyzed using image processing 

techniques to determine droplet size and distribution. 

Additionally, chemical composition data of the fuels were obtained using Gas Chromatography–Mass 

Spectrometry (GC-MS) analysis. This method was used to identify molecular composition, molecular weight 

distribution, and chemical changes in Diesel B0, Biodiesel B35, and their blends. The GC-MS data provided 

supporting information to explain differences in physical spray characteristics based on fuel molecular structure. 

Data Analysis Method 

The experimental data were analyzed using quantitative and descriptive statistical methods. Spray images were 

processed using digital image analysis software to determine droplet size distribution under each injection pressure 

and fuel type [11], [12]. Prior to analysis, the images were calibrated using a reference scale, converted into 

grayscale, and segmented using an intensity threshold to identify individual droplets. The equivalent droplet 

diameter was then calculated for each test condition, and the average droplet size together with its distribution was 

used to evaluate atomization performance.  

Each experimental condition was repeated to ensure measurement consistency, and the results are 

presented as mean values. GC–MS analysis was performed under controlled operating conditions using helium as 

the carrier gas, with the injector operated in split mode and the oven temperature programmed from a low initial 

temperature to a higher final temperature to separate compounds with different boiling points [9], [10]. The 

obtained chromatograms and mass spectra were analyzed by comparing the detected peaks with the reference 

library to identify molecular species and determine their relative abundances. The analysis focused on molecular 

weight distribution, dominant compounds, and compositional changes among Diesel B0, Biodiesel B35, and the 

blended fuel samples. The relationships between fuel molecular characteristics, including molecular weight, 

viscosity, and volatility, and spray droplet behavior were evaluated by comparing the experimental results obtained 

under different injection pressures. Descriptive statistical analysis was employed to identify trends in droplet size 

variation and atomization quality, while the combined physical and chemical analyses were used to explain the 

influence of fuel composition on spray characteristics and their implications for diesel engine combustion 

performance. 
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3. RESULTS AND DISCUSSION 

3.1 GC-MS Test of Diesel B0 + Biodiesel B35 

Gas Chromatography–Mass Spectroscopy (GC–MS) testing on a mixture of Diesel B0 + Biodiesel B35 fuel was 

carried out to identify the chemical composition of compounds and understand the changes in molecular 

distribution due to the mixing process of the two fuels. This analysis aims to provide a comprehensive picture of 

the molecular characteristics of the mixture, which is a combination of aliphatic hydrocarbons from diesel and 

ester compounds (fatty acid methyl esters/FAME) from biodiesel[12], [13]. The B0+B35 mixture has chemical 

properties that are not simply the sum of each component, but also show changes in compound distribution due to 

physical interactions and differences in volatility properties. Therefore, the use of the GC–MS method is very 

important to separate and identify each component based on the retention time and the resulting mass 

fragmentation pattern. Through this test, it is expected to determine the dominance of the type of compound in the 

mixture, changes in the amount or loss of certain compounds, and the range of molecular weights formed. This 

information is the basis for understanding the effect of fuel composition on physical properties, such as viscosity 

and volatility, as well as its implications for the atomization and combustion processes in diesel engines, as seen 

in Figure 1 below. 

 

Figure 1 GC-MS Test Results of Diesel B0 + Biodiesel B35 

 

The results of GC-MS testing of Diesel B0 Biodiesel B35 fuel showed the lowest molecular weight of O-Xylene 

C8H10 = 106.165 grams/mol, while the highest molecular weight of Hexacontane C60H122 = 843.6107 grams/mol. 

Based on Figure 1, the results of Gas Chromatography–Mass Spectroscopy (GC–MS) testing on the Diesel B0 + 

Biodiesel B35 fuel mixture showed a fairly wide molecular weight distribution. The compound with the lowest 

molecular weight was identified as O-xylene (C₈H₁₀) with a value of 106.165 g/mol, while the compound with the 

highest molecular weight was hexacontane (C₆₀H₁₂₂) with a value of 843.6107 g/mol. The presence of O-xylene as 

a light aromatic compound indicates the presence of volatile fractions in the fuel mixture. This compound has a 

relatively low boiling point, making it crucial for the initial evaporation process and the formation of the air-fuel 

mixture. This light fraction supports better atomization and accelerates ignition during combustion. 

The presence of hexacontane, a very long-chain hydrocarbon, indicates the presence of a heavy fraction 

with low volatility[4], [5]. This compound tends to increase fuel viscosity and slow the evaporation process. In a 

combustion system, the heavy fraction can cause delayed atomization, larger droplet formation, and the potential 

for residue or deposit formation. The broad molecular distribution of the B0+B35 blend reflects a combination of 

characteristics between pure diesel and biodiesel. The B0 diesel contributes light to medium hydrocarbon fractions, 

while the B35 biodiesel contributes to an increase in long-chain compounds and oxygenates. As a result, this blend 

has intermediate properties in terms of both volatility and viscosity. Overall, the GC-MS results indicate that: 

a) The B0+B35 mixture has a wide molecular weight range (±106–843 g/mol) 

b) Contains a combination of light aromatic compounds and heavy hydrocarbons 

c) The fuel's characteristics are intermediate between diesel and biodiesel. 

The implication of these results is that the fuel mixture has a balance between ease of evaporation (from the light 

fraction) and energy stability (from the heavy fraction). The increase in heavy fractions can also affect the 

atomization and combustion processes, which is in line with the results of previous tests related to droplet size. 

Thus, this GC–MS analysis provides an important basis in understanding the relationship between molecular 

composition and fuel performance in a diesel engine system. Based on the results of the GC–MS analysis of the 
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Diesel B0 + Biodiesel B35 fuel mixture, compounds with a fairly contrasting molecular weight range were 

identified, namely C₈H₁₀ as the light fraction and C₆₀H₁₂₂ as the heavy fraction. The C₈H₁₀ compound is an aromatic 

hydrocarbon with a relatively low molecular weight, which is included in the group of volatile compounds. The 

presence of this compound indicates that the fuel mixture still contains light fractions that play an important role 

in the initial evaporation process. This fraction supports faster formation of the air-fuel mixture and increases the 

ease of ignition during the combustion process. In contrast, the compound C₆₀H₁₂₂ is a very long-chain hydrocarbon 

with a high molecular weight included in the heavy fraction. This compound has low volatility and tends to increase 

fuel viscosity. Its presence can affect the atomization process by producing larger droplets and slowing the fuel 

evaporation process in the combustion chamber. The significant difference between the two compounds shows 

that the B0+B35 mixture has a wide molecular distribution, reflecting a combination of characteristics of pure 

diesel and biodiesel. The light fraction of diesel contributes to increased volatility, while the heavy fraction of 

biodiesel increases the content of long-chain molecules, as seen in Figure 2 below. 

 

  

C8H10 C60H122 

Figure 2. Results of GC-MS (Gas Chromatography-Mass Spectrometry) testing 

 

The results of the GC-MS (Gas Chromatography-Mass Spectrometry) test showed that the average 

molecular weight was highest for B35 biodiesel, followed by the B0+B35 mixture, and the lowest for B0 diesel 

fuel. The results of the Gas Chromatography–Mass Spectrometry (GC–MS) test showed differences in the 

distribution of average molecular weights for each type of fuel tested. Based on this analysis, it was found that 

B35 biodiesel had the highest average molecular weight, followed by the B0+B35 mixture, and the lowest was B0 

diesel fuel. The higher average molecular weight value in B35 biodiesel was due to the dominance of fatty acid 

methyl ester (FAME) compounds which have long carbon chains and contain oxygen groups in their molecular 

structure. These compounds generally have a larger molecular mass than the hydrocarbons that make up diesel, 

thus increasing the overall average molecular weight of biodiesel. In the B0+B35 mixture, the average molecular 

weight value is between the two, which indicates intermediate properties due to the combination of hydrocarbon 

compounds from diesel and ester compounds from biodiesel. The decrease in the average molecular weight 

compared to B35 occurs due to dilution by B0 diesel which has lighter molecular components. B0 diesel has the 

lowest average molecular weight because it is dominated by aliphatic hydrocarbon compounds with relatively 

shorter carbon chains and does not contain oxygenate groups. This causes the properties of diesel fuel to be lighter 

and have higher volatility. This difference in average molecular weight has direct implications for the physical 

properties and performance of the fuel, including: 

a) B35 biodiesel tends to have higher viscosity and lower volatility 

b) B0 diesel has higher volatility and better atomization 

c) B0+B35 blends exhibit intermediate characteristics 

The results of GC-MS (Gas Chromatography-Mass Spectrometry) confirm that increasing the biodiesel content in 

fuel will increase the average molecular weight, which in turn affects the atomization process, droplet formation, 

and combustion efficiency in the diesel engine system, as seen in Figure 3 below. 

 

Figure 3 Molecular Weight of GC-MS Test Results of Biodiesel B0, B35 and Bmix 
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Figure 3 shows the molecular weight distributions from GC-MS analysis of three types of fuel: B0, B35, and Bmix. 

In general, the graph shows that all samples experienced an increase in molecular weight from the light compound 

fraction to the heavy compound fraction. This reflects variations in carbon chain length in each fuel, with low 

molecular weight compounds being at the beginning of the graph, while high molecular weight compounds were 

at the end. B0, which is pure diesel fuel without biodiesel blends, shows a tendency for lower molecular weight 

values compared to B35 and Bmix. This indicates that B0 is dominated by hydrocarbon compounds with relatively 

shorter carbon chains. This characteristic makes B0 more volatile and has a better atomization process during 

combustion. This dominance of light compounds can also have an impact on environmentally unfriendly 

emissions, such as increased hydrocarbon (HC) and carbon monoxide (CO) emissions. 

In contrast to B0, B35 shows the highest molecular weight value among the three samples, especially in the 

heavy compound fraction at the end of the graph[6], [7], [8]. This is due to the 35% biodiesel content, which 

generally consists of long-chain fatty acid methyl esters (FAME). The presence of these compounds increases the 

average molecular weight of the fuel. Consequently, B35 tends to have a higher viscosity and slower evaporation 

rate than B0. This fuel has the advantage of cleaner and more stable combustion, as well as lower emissions, 

making it more environmentally friendly. Bmix exhibits characteristics that fall between B0 and B35. Its molecular 

weight is neither as low as B0 nor as high as B35, indicating that this blend composition produces a more balanced 

distribution of compounds between light and heavy fractions[5], [6], [13]. This provides the advantage of a 

combination of properties, maintaining adequate atomization while improving combustion quality and reducing 

emissions. Bmix can be considered an optimal compromise between engine performance and environmental 

aspects. 

In the heavy fraction section, a significant increase was observed in B35, followed by Bmix, and then B0. 

This phenomenon confirms that the higher the biodiesel content in the mixture, the greater the contribution of 

heavy compounds in the fuel[9], [10]. These heavy compounds generally come from long carbon chains that play 

a role in increasing the lubricity value of the fuel and combustion stability. The analysis results show that increasing 

the biodiesel content in the fuel mixture is directly proportional to the increase in the average molecular weight. 

This has a positive impact on reducing emissions and improving combustion quality, but also needs to be balanced 

with attention to the physical properties of the fuel such as viscosity and atomization ability. Selecting the right 

mixture composition is an important factor in optimizing fuel performance while maintaining environmental 

aspects, as seen in Figure 4 below. 

 

Figure 4 Changes in Molecular Compounds of Biodiesel B0, B35 and Bmix 

 

Based on the results of GC-MS analysis. The horizontal axis represents the type of compound (generally 

hydrocarbons and their derivatives with varying carbon chain lengths), while the vertical axis shows the number 

of molecules or the intensity of the compound's appearance in the sample[12], [13], [14]. The graph shows that 

each fuel has different molecular composition characteristics. In B0 (blue), the distribution of compounds tends to 

be more even but with a relatively low to moderate number of molecules in almost all fractions. This indicates that 

pure diesel is dominated by a mixture of hydrocarbons with a fairly wide distribution, but no single type of 

compound is very dominant. This composition is common in fossil fuels consisting of various hydrocarbon 

fractions, ranging from short to medium chains. In B35 (green), there is a significant spike in certain types of 

compounds, indicated by peaks in the number of molecules that are much higher than in B0. This indicates the 
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dominance of certain compounds, which are most likely methyl ester compounds (FAME) resulting from biodiesel. 

These compounds usually have a long carbon chain structure (e.g., C16–C18) and appear in greater amounts due to 

the relatively high composition of biodiesel (35%). This dominance indicates that the addition of biodiesel not 

only increases the molecular weight (as seen in Figure 3) but also significantly changes the chemical composition 

of the fuel by increasing the concentration of certain compounds. 

B0-35 (red) shows a distribution pattern that falls between B0 and B35. The number of molecules in some 

compounds increases compared to B0, but not as much as B35. This indicates that this blend produces a more 

balanced composition between hydrocarbons from diesel and esters from biodiesel. The absence of extreme 

dominance of any one compound indicates that B0-35 has a more homogeneous blend, potentially providing more 

stable combustion characteristics than B0, without the excessive increase in viscosity as in B35. This change in 

the number of molecules significantly impacts the physical and chemical properties of the fuel. In B35, the 

dominance of ester compounds tends to increase the fuel's viscosity, density, and lubrication properties. The 

oxygen content in biodiesel molecules also contributes to more complete combustion, thereby reducing emissions 

of harmful gases such as carbon monoxide and unburned hydrocarbons. On the other hand, the dominance of 

certain compounds can also lead to uneven evaporation characteristics. 

In B0, although the compound distribution is more even, the absence of oxygen in the hydrocarbon molecules 

tends to result in incomplete combustion, potentially increasing emissions. Meanwhile, in B0-35, the combination 

of the two compounds provides a balance between combustion performance and the fuel's physical properties, 

making it an optimal alternative for diesel engine applications. Figure 4 shows that increasing the biodiesel content 

in a fuel blend not only affects the molecular weight but also significantly alters the distribution and dominance of 

the chemical compounds within it. These changes directly impact combustion characteristics, energy efficiency, 

and emissions, making selecting the right blend composition crucial for developing efficient and environmentally 

friendly fuels. 

 

A. Fixed Molecules 

Based on Figure 4, the results of GC-MS testing of molecular compounds that do not change (remain) in B35 

biodiesel mixed with B0 diesel fuel are: C19H34O2, C25H52, C32H66 and the results of GC-MS testing, there are 

several compounds that do not experience changes (remain present) when B35 biodiesel is mixed with B0 diesel 

fuel, namely C19H34O2, C25H52, and C32H66. The presence of these compounds in both B0, B35, and their mixtures 

indicates that these compounds are stable and not significantly affected by the mixing process. The C19H34O2 

compound is a group of fatty acid esters (Fatty Acid Methyl Ester/FAME) which generally comes from biodiesel. 

Its constant presence indicates that the main components of biodiesel do not experience degradation or further 

chemical reactions when mixed with diesel fuel. This indicates that the blending process between B35 and B0 is 

physical (physical mixing), not a chemical reaction that changes the molecular structure. Meanwhile, C25H52 and 

C32H66 are saturated hydrocarbon compounds (long-chain alkanes) that generally come from the heavy fraction in 

diesel (B0). The fact that these compounds remained detectable after blending indicates that the hydrocarbon 

components of diesel also did not experience changes in chemical structure during the blending process. The 

presence of these compounds has several important implications. First, it confirms that blending biodiesel and 

diesel does not damage the main components of each fuel, so that the basic properties of both are still maintained. 

Second, the stability of these compounds indicates good compatibility between biodiesel and diesel, which is 

important to ensure optimal engine performance. Third, the presence of ester and hydrocarbon compounds together 

in the blend provides a combination of properties, such as improved lubricity of biodiesel and combustion 

characteristics of diesel. 

 

B. Molecules Reduce and Disappear 

The molecular composition of B35 biodiesel, after being mixed with B0 diesel, changes occur, with some 

molecules being reduced or lost. The same molecular composition, but with a reduced quantity, is: C17H34O2, 

C24H50, C35H72. While the missing molecular compounds are C8H10, C13H19ClO2, C14H14N2, C16H30O, C19H36O, 

C19H38O4, C21H42O2, C25H50O2, C26H54, C27H54O2, C29H60, C29H60O, C33H66O3, C33H68O, C36H74, C60H122. The 

results of the molecular composition analysis showed that B35 biodiesel experienced changes in its chemical 

structure after being mixed with B0 diesel fuel. This change was indicated by a decrease in the number of several 

molecular compounds and the loss of certain components in the B0+B35 mixture. This phenomenon indicates the 

occurrence of physical interactions and the possibility of changes in component distribution during the mixing 

process. Molecular compounds that were still detected but experienced a decrease in number included C17H34O2, 

C24H50, and C35H72. These compounds are generally part of the main structure of biodiesel and long-chain 

hydrocarbons. The decrease in intensity or amount can be caused by the dilution effect of B0 diesel, so that the 

relative proportion of the compound becomes smaller in the mixture. There are a number of compounds that are 

no longer detected after mixing, namely C8H10, C13H19ClO2, C14H14N2, C16H30O, C19H36O, C19H38O4, C21H42O2, 
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C25H50O2, C26H54, C27H54O2, C29H60, C29H60O, C33H66O3, C33H68O, C36H74, and C60H122. The loss of these 

compounds can be caused by several factors, including: 

a) Dilution effect, where the concentration of a compound becomes so low that it is undetectable by the 

instrument. 

b) Differences in volatility, which cause some components to evaporate more easily or not be detected in 

the test. 

c) Interactions between molecules, which allow for changes in the distribution or association of molecules 

in the fuel mixture. 

These changes in molecular composition indicate that blending biodiesel with diesel not only results in a simple 

mixture, but also affects the distribution of chemical compounds within it. The dominance of hydrocarbons from 

B0 diesel causes a relative decrease in oxygenate compounds derived from biodiesel. The implications of these 

changes are quite significant for fuel properties, including: 

a) A decrease in oxygenate compound content can affect combustion quality. 

b) Changes in carbon chain composition affect fuel viscosity and density. 

c) Variations in molecular structure impact the atomization process and droplet size. 

This molecular composition analysis strengthens the results of previous FTIR tests, that the B0+B35 mixture has 

intermediate chemical characteristics influenced by the dominance of diesel hydrocarbons and limited contribution 

from biodiesel ester compounds. 

 

C. New and Added Molecules 

Phenomena that occur after B35 biodiesel is mixed with B0 diesel include the presence of additional molecules 

and new molecules. These molecules include: C11H24, C20H42, C27H56, C28H58 and the newly formed molecules are: 

C9H12, C9H18O2, C9H20, C10H22, C12H18, C12H24O, C12H24O2, C14H18O2, C16H34, C16H34O, C19H40, C21H44, 

C21H44O3S, C25H52O3S, C38H74O2, C43H88, C44H90, C54H108Br2 

   

 

4.  CONCLUSION  

Based on the experimental results, it can be concluded that both injection pressure and fuel molecular 

characteristics significantly influence the atomization behavior of Biodiesel B35. GC–MS analysis revealed that 

the B0+B35 blended fuel exhibited a broad molecular weight distribution ranging from 106.165 to 843.6107 

g/mol, indicating the presence of both light hydrocarbons, such as O-xylene (C₈H₁₀), and heavy hydrocarbons, 

such as hexacontane (C₆₀H₁₂₂). Biodiesel B35 exhibited the highest average molecular weight due to the 

predominance of fatty acid methyl ester (FAME) compounds, whereas Diesel B0 contained a larger proportion of 

lighter hydrocarbon fractions. The blending process also resulted in stable, reduced, disappeared, and newly 

formed molecular species, demonstrating changes in molecular distribution that influence important fuel 

properties, particularly viscosity and volatility. 

The spray analysis demonstrated that increasing injection pressure produced finer and more uniformly 

distributed fuel droplets, indicating improved atomization performance and enhanced fuel–air mixing. These 

findings confirm that the interaction between fuel molecular composition and injection pressure plays an important 

role in determining spray characteristics and is expected to improve diesel engine combustion efficiency. 

The novelty of this study lies in integrating GC–MS-based molecular characterization with spray droplet analysis 

to establish the relationship between changes in fuel molecular composition and atomization behavior under 

different injection pressures. This integrated approach provides a more comprehensive understanding of the 

mechanisms governing biodiesel spray formation than studies that evaluate fuel composition or spray 

characteristics separately. The findings provide valuable information for optimizing diesel fuel injection systems, 

improving combustion efficiency, and supporting the wider implementation of Biodiesel B35 in modern diesel 

engines. 

This study is limited to laboratory-scale spray characterization and molecular composition analysis under 

controlled operating conditions. Engine performance parameters, combustion characteristics, and exhaust 

emissions were not directly evaluated. Therefore, future studies should incorporate engine performance testing, 

combustion analysis, emission measurements, and computational fluid dynamics (CFD) simulations to further 

validate the relationship between molecular composition, spray atomization, and diesel engine performance under 

actual operating conditions. 
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