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ABSTRACT 

This study presents a comparative experimental investigation into the 

performance of one mechanical mixer (vertical shaft mixer, VSM) and 

three pneumatic mixing systems (B1, B2, B3) in the preparation of 

urea-based liquid fertilizer solutions. Key evaluation criteria included 

time to reach target pH, slope behavior of pH over time (dpH dt-1), pH 

stability, and energy consumption. All mixing trials were conducted 

using 20 kg of urea dissolved in 1 ton of water at ambient temperature 

(approximately 22–25 °C), providing a standardized baseline for 

evaluating system performance. Experimental data revealed that 

while the B1 pneumatic system achieved the fastest pH stabilization 

(460 s), it also exhibited notable instability in pH slope dynamics and 

had the highest energy consumption (0.19 kWh). In contrast, the VSM 

provided the most stable mixing behavior with minimal energy use 

(0.0555 kWh), although at a slower rate. The B2 system offered a 

balanced profile, stabilizing at 520 s with a moderate energy 

consumption of 0.133 kWh, while B3 reached stabilization in 570 s 

with slightly higher variability but improved energy efficiency over B1 

(0.136 kWh). The B2 mixer emerged as an alternative, combining 

moderate mixing speed with acceptable energy efficiency and stability. 

Real-time slope analysis was found to be a useful metric for 

characterizing dynamic mixing performance. The findings underscore 

the trade-offs between speed, stability, and energy cost, providing 

practical guidance for selecting fertilizer mixing systems based on 

operational priorities. These results contribute to the optimization of 

fertigation technologies and support the development of efficient and 

reliable fertilizer preparation systems for precision agriculture.  
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Üre Bazlı Sıvı Gübre Hazırlama için Mekanik ve Pnömatik Karıştırma Sistemlerinin Karşılaştırmalı 

Değerlendirmesi: Performans, Kararlılık ve Enerji Analizi 
 

ÖZET  

Bu çalışma, üre bazlı sıvı gübre çözeltilerinin hazırlanmasında bir 

mekanik karıştırıcı (dikey milli karıştırıcı, VSM) ile üç pnömatik 

karıştırma sisteminin (B1, B2, B3) performansının karşılaştırmalı 

deneysel değerlendirmesini sunmaktadır. Temel değerlendirme 

kriterleri; hedef pH’a ulaşma süresi, pH’ın zamanla değişim eğimi 

(dpH/dt), pH stabilitesi ve enerji tüketimidir. Tüm karıştırma 

deneyleri, ortam sıcaklığında (yaklaşık 22–25 °C) 1 ton suda 

çözünmüş 20 kg üre kullanılarak gerçekleştirilmiş ve sistem 

performanslarını değerlendirmek için standart bir referans koşulu 

sağlanmıştır. Deneysel bulgular, B1 pnömatik sisteminin en hızlı pH 

stabilizasyonunu (460 s) sağladığını, ancak pH eğim dinamiklerinde 

belirgin dalgalanmalar ve en yüksek enerji tüketimi (0,19 kWh) ile 

çalıştığını göstermiştir. Buna karşılık, VSM sistemi en düşük enerji 

tüketimi (0,0555 kWh) ve en kararlı pH eğimi ile enerji açısından en 

verimli performansı sergilemiş; ancak karıştırma süresi daha uzun 

olmuştur. B2 sistemi, orta düzeyde bir karıştırma süresi (520 s) ve 

enerji tüketimi (0,133 kWh) ile dengeli bir performans sunmuştur. B3 
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sistemi ise 570 s'de stabilizasyona ulaşmış, enerji açısından B1’e 

kıyasla daha verimli çalışsa da karışım homojenliğinde belirli 

dalgalanmalar gözlenmiştir (0,136 kWh). 

Gerçek zamanlı eğim analizi (dpH/dt), dinamik karıştırma 

performansını karakterize etmek için etkili bir ölçüt olarak 

belirlenmiştir. Bu bulgular, karıştırma hızı, enerji verimliliği ve 

çözeltinin stabilitesi arasındaki dengeyi vurgulayarak, gübre 

karıştırma sistemlerinin operasyonel önceliklere göre seçilmesine 

yönelik pratik rehberlik sunmaktadır. Çalışma, hassas tarım 

uygulamalarında kullanılacak gübre hazırlama teknolojilerinin 

geliştirilmesine katkı sağlamaktadır. 
 

Atıf İçin : Orhan, N, Kırılmaz, H., & Kurt, M (2026). Comparative Evaluation of Mechanical and Pneumatic Mixing 

Systems for Urea-Based Liquid Fertilizer Preparation: Performance, Stability, and Energy Analysis. KSÜ Tarım 
ve Doğa Derg 29 (6), 1494-1505. DOI: 10.18016/ksutarimdoga.vi.169365. 

To Cite: Orhan, N, Kırılmaz, H., & Kurt, M (2026). Comparative Evaluation of Mechanical and Pneumatic Mixing 

Systems for Urea-Based Liquid Fertilizer Preparation: Performance, Stability, and Energy Analysis. KSU J. 
Agric Nat  29 (6), 1494-1505. DOI: 10.18016/ksutarimdoga.vi.1694365. 

 

INTRODUCTION 

The efficient mixing and application of liquid fertilizers are essential components of precision agriculture, where 

uniform nutrient distribution directly influences crop productivity, resource efficiency, and environmental 

sustainability. Uniformity in fertilizer solutions, particularly in terms of pH and concentration, is crucial for 

achieving consistent nutrient uptake by crops. As demonstrated by Li et al. (2023), the design and operational 

mode of fertilizer mixing systems, such as combined mechanical and hydraulic agitation, play a critical role in 

ensuring mixing efficiency and nutrient homogeneity in fertigation systems. In this context, nitrogen-based 

fertilizers like urea play a central role in promoting yield-related traits, as evidenced in field studies assessing the 

impact of nitrogen rates under varied irrigation regimes (Boydak et al., 2021). 

Traditionally, mechanical mixers such as vertical shaft mixers (VSMs) have been used due to their simplicity, low 

energy consumption, and availability in agricultural contexts. However, these systems may require longer 

operating durations and exhibit slower homogenization, especially when dealing with granular or slow-dissolving 

fertilizers like urea. Pneumatic fertilizer discharge systems, as elaborated by Zhang et al. (2024), utilize high-speed 

airflow and venturi-based designs to promote rapid and uniform mixing of granular fertilizers. Additionally, 

system-level optimizations such as pipe curvature, airflow velocity, and distributor geometry have been shown to 

enhance flow stability and distribution accuracy (Yuan et al., 2022). 

Despite growing interest in pneumatic fertilizer application systems, comparative experimental assessments 

under standardized benchmarks such as pH stabilization or energy efficiency remain limited. For instance, Cheng 

et al. (2022) primarily focused on simulation-based design optimization of a pneumatic distribution system, 

complemented by targeted bench tests, without direct comparison to VSM or standardized homogenization metrics. 

Furthermore, there is a notable absence of real-time monitoring techniques, such as tracking the instantaneous 

rate of pH change (dpH/dt), which can serve as a critical indicator of mixing efficiency and dynamic solute 

dispersion. 

In addition to the physical performance of these systems, energy efficiency has emerged as a major consideration 

in the selection of mixing technologies, particularly in off-grid or low-resource agricultural settings. Studies have 

emphasized the potential of pneumatic designs for high-throughput mixing; however, concerns remain about their 

energy demand, operational stability, and sensitivity to parameter settings such as inlet pressure and pipe 

geometry. Therefore, there is a need to experimentally validate the energy to homogeneity trade-offs between 

mechanical and pneumatic systems using consistent fertilizer types and control parameters. 

This study aims to provide a comparative, data-driven evaluation of one mechanical and three pneumatic mixing 

systems in the preparation of liquid urea fertilizer, focusing on pH stability, mixing dynamics (dpH/dt), and energy 

efficiency, with the goal of guiding optimal mixer selection for precision agriculture. The central hypothesis of this 

study is that pneumatic fertilizer mixing systems, when optimally configured, can outperform traditional VSM in 

terms of mixing speed and pH stability, while maintaining acceptable levels of energy efficiency. The experimental 

results aim to inform the selection of fertilizer mixing systems for agricultural operations requiring high accuracy, 

low energy use, and minimal operational complexity. 
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MATERIAL and METHOD   

Equipment Used in the Study 

The experimental study was conducted at the facilities of the Department of Agricultural Machinery and 

Technologies Engineering at the Faculty of Agriculture, Selçuk University, under the supervision of Prof. Dr. 

Şinasi YETKİN. The tests were carried out using a fertilizer mixing system comprising a dosing unit and a vertical 

cylindrical tank with a capacity of 1.5 tons, as illustrated in Figure 2. 

The experimental procedure was organized into two stages: 

1. The first stage focused on evaluating the mixing performance of a mechanically driven vertical shaft 

fertilizer mixer. 

2. The second stage assessed the performance of a pneumatic fertilizer mixing system utilizing different 

blower configurations. 

All trials were performed using urea fertilizer as the test material. The equipment specifications and technical 

parameters employed in the study are detailed in Table 1. Although the blowers used in the pneumatic system 

shared similar flow rates, they differed in terms of vacuum pressure, output pressure, and power consumption 

characteristics. 
 

Table 1. Technical specifications of the devices 

Çizelge 1. Cihazların teknik özellikleri 

Device name Technical specifications 

Vertical Shaft Mixer 

(VSM) Gamak brand, 230 V, 50 Hz, 0.37 kW, 1406 RPM 

Blower 1(B1) 
MIT brand, 200-240 V, 50 Hz, 1.3 kW, fan speed 2890/min, max vacuum pressure -170 

mBar, max output pressure 200 mBar, max flow rate 40.27 l s-1  

Blower 2(B2) 
MIT brand, 200-240 V, 50 Hz, 0.85 kW, fan speed 2890/min, max vacuum pressure -160 

mBar, max output pressure 160 mBar, max flow rate 40.27 l s-1  

Blower 3(B3) 
MIT brand, 200-240 V, 50 Hz, 0.7 kW, fan speed 2890/min, max vacuum pressure -120 

mBar, max output pressure 120 mBar, max flow rate 40.27 l s-1 ,   

pH, Temperature 

Meter 

Apera PC910 brand, 200 data memory, Power Input: 120V AC 60Hz; Output: 

DC9V/600mA, 2.7VA, Temperature Compensation Range 0 to 50˚C. pH probe features: 

Measuring Range 0.00 - 14.00 pH, resolution 0.1/0.01 pH, Accuracy ±0.01 pH ±1 digit, 

Temperature Compensation Range 0 -100 ℃. Calibration point 1-3 points 

Power Analyzer 
Digital wattmeter, Kyotrisu 6300 model, voltage range: 600/1,000 V, current range: 

1,000 mA–3,000 A, accuracy: ±0.3% 

Flowmeter PT-VI AGRI Flow meter, range: 30–3,000 L min-1, accuracy ±5% (ISO 6690: 2007) 

Manometer and 

Vacuum Meter Vacuum range: 0–760 mmHg, pressure range: 0–400 mBar, accuracy class: KL 1.6 
 

Method 

The experimental procedures were carried out in a vertical plastic mixing tank with a total capacity of 1.5 tons. 

Throughout the study, the performance of four different mixing systems, VSM, B1, B2, and B3, was analyzed 

during the preparation of urea-based fertilizer solutions. Key process parameters, including pH (Li et al., 2023; 

Torotwa et al., 2018), temperature, flow rate, outlet pressure, power consumption, and electrical conductivity were 

monitored using appropriate instrumentation  (Torotwa et al., 2018). Initially, tests were performed using the 

VSM-type mechanical mixer (Figure 1a). After introducing 1 ton of water into the tank, measurement probes for 

pH, temperature, and conductivity were positioned as shown in Figure 1d. The data logging system was configured 

to record measurements at 10-second intervals. Prior to the addition of fertilizer, all mixers were operated under 

no-load conditions for 5 minutes to ensure uniform water distribution. All experiments for each mixing system 

(VSM, B1, B2, and B3) were conducted with three independent repetitions under identical operational conditions. 

Each trial lasted 990 seconds and included continuous monitoring of pH, conductivity, and power consumption at 

10-second intervals. The repeated trials aimed to ensure data reliability and repeatability while minimizing 

random measurement errors and environmental influences. Although each test setup required manual 

reconfiguration and precise sensor calibration, care was taken to maintain consistency across runs. The averaged 

values from these three replicates were used for all reported performance metrics (e.g., stabilization time, energy 

consumption, dpH/dt), providing a statistically grounded basis for comparison among the systems. Each 

experiment for the respective mixing systems (VSM, B1, B2, B3) was repeated three times under identical 

conditions. The average values from these three replicates were used for all reported performance metrics (e.g., 
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stabilization time, energy consumption, pH). 

Following this pre-mixing phase, continuous data acquisition for pH, conductivity, and power consumption 

measured via a power analyzer (Figure 1e) was initiated. At the 60th second of each trial, 20 kilograms of urea 

fertilizer (Figure 1b) were introduced into the system. All mixing systems were operated for a total duration of 990 

seconds during each experimental run. 

For the pneumatic mixing system trials, the VSM type was removed and replaced with a pressurized air delivery 

system. The air distribution infrastructure was constructed using PPRC piping, with a Ø 32 mm main supply line 

and a Ø 20 mm perforated distribution line. A total of 100 orifices were drilled along the perforated pipe using a 4 

mm diameter tip, as depicted in Figure 1f. 

The overall length of the installed piping was 5.5 meters, of which 4.3 meters comprised the perforated segment. 

Installation was carried out in two phases: a portion of the pipes was pre-assembled externally, while the 

remaining sections were welded in place within the tank (Figure 1g). The final configuration of the air distribution 

network formed a circular layout at the base of the tank, ensuring even dispersion of air during mixing (Figure 

1h). 

To monitor pneumatic performance, sensors were installed to record air flow rate (Figure 1k), vacuum pressure 

(Figure 1j), and outlet pressure (Figure 1l) at 10-second intervals. The complete layout of the experimental setup, 

including the pneumatic mixing arrangement, is illustrated in Figure 2. 

All experiments were conducted under controlled laboratory conditions at an ambient temperature of 22 ± 1°C. The 

base water used in all tests had an initial pH of 7.25 ± 0.05, measured with a calibrated pH meter prior to urea 

mixing. Temperature and pH were monitored throughout the trials to ensure consistency. 

 

Figure 1. General flow chart of the study 

Şekil 1. Çalışmanın genel akış şeması 
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Figure 2. Trial design of the study 

Şekil 2. Çalışmanın deneme tasarımı 
 

pH Slope (dpH/dt) Calculation Method 

In this study, the dynamic mixing behavior of each system was assessed by calculating the time-dependent slope 

of pH change (dpH/dt), which serves as a real-time indicator of solute dispersion efficiency. The slope was computed 

using a basic finite difference approximation given by: 

dpH

dt
=
∆pH

∆t
             (1) 

where ΔpH represents the change in pH over successive intervals, and Δt is the constant time step of 10 seconds 

used in all measurements. This numerical derivative was calculated at each time interval based on experimentally 

recorded pH values, allowing the identification of phases with rapid or oscillatory mixing activity. 

The method enables detailed tracking of the progression toward chemical equilibrium and highlights periods of 

rapid solute dissolution, transient instability, or stabilization. Similar approaches have been adopted in fertigation 

and nutrient solution studies, where dynamic changes in pH are used to evaluate system performance and real-

time control effectiveness (Aisham & Rahim, 2019). Their work emphasizes the importance of using real-time pH 

feedback for system corrections and control logic in automated fertilizer mixing applications, demonstrating that 

PID-based control of pH and EC can significantly improve mixing accuracy and reduce settling time in fertigation 

tanks. Additionally, Wyrwas and Miluski (2014) demonstrated that real-time pH monitoring and slope analysis 

are effective for automated feedback systems in aqueous solutions, validating the use of pH derivatives as a control 

input in dynamic fluid environments. The methodology applied in this study aligns with such approaches and 

provides a robust framework for quantifying mixing kinetics in liquid fertilizer preparation systems. 
 

Error analysis 

The error is the difference between the true and measured values. Such errors can be caused by malfunctions of 

measuring devices, poor calibration, environmental conditions, and observation errors. Therefore, it is important 

to perform an uncertainty analysis. Based on the literature (Datla et al., 2019; Paul et al., 2017), the uncertainty 

values of different parameters were calculated as given in Table 2. The overall uncertainty of the experiment was 

determined using Equation 2. 

ΔU=√u1
2+u2

2+u3
2+u4

2+.....+u10
2                              (2) 

 

where,u1
2, u2

2 etc. are uncertainty of pH, Conductivity, etc. as shown in table 5. Then the overall uncertainty 𝜟𝑼 is, 

ΔU=√
(0.05)2+(0.25)2+(0.1)2+(0.5)2+(0.1)2+

(0.1)2+(0.05)2
   ΔU = ±0.72% 
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Table 2. Uncertainty analysis results for the measurement devices used in this study. 

Çizelge 2. Bu çalışmada kullanılan ölçüm cihazları için belirsizlik analizi sonuçları. 

Calculated value Unit Accuracy  Uncertainty (%) 

pH (𝑢1
2) - ±0.01 ±0.05 

Time (𝑢3
2)  s ±1s ±0.25 

Temperature (𝑢4
2) ℃ ±0.01 ±0.1 

Flow rate (𝑢5
2) L min-1 ±1 ±0.5 

Vacum  (𝑢6
2) mmHg ±0.5 ±0.1 

Outlet pressuare (𝑢7
2) mBar ±0.5 ±0.1 

Power (𝑢8
2) kW ±0.1 ±0.05 

 

The total uncertainty of ±0.72% falls well below the commonly accepted 5% threshold and is considered excellent 

for lab scale with dynamic sensor data, as noted by Datla et al. (2019); Paul et al. (2017). 

The uncertainty components listed in Table 2 stem from instrument specifications and their operational ranges. 

The pH and temperature measurements were conducted using an Apera PC910 multiparameter meter, equipped 

with a high precision probe (±0.01 pH ±1 digit accuracy, 0.01 resolution). The device offers automatic temperature 

compensation over a range of 0–100 °C, which minimizes thermal influence on pH readings during the tests. 

Calibration was performed using a 3-point procedure to ensure maximum accuracy. 

Electrical measurements were recorded using a Kyoritsu 6300 digital power analyzer with a voltage range up to 

1,000 V and a current range of 1,000 mA–3,000 A, featuring an accuracy rating of ±0.3%. This level of precision 

ensured reliable estimation of the energy consumption values even for low-power systems like VSM. The combined 

total uncertainty, calculated using the root-sum-square (RSS) method, was ±0.72%. 
 

RESULTS and DISCUSSION  

Mixing Performance of Urea Fertilizer 

In this study, a reference target was established for the ammonium sulfate solution. During the experiments, 20 

kg of ammonium sulfate was added to 1 ton of water in the fertilizer tank. To achieve the same homogeneity, in 

scaled experiments, 20 grams of ammonium sulfate per liter of water were used for scaling (Li et al., 2023). The 

pH values of the prepared solution were measured three times, and the averages were taken as the target reference 

values. This measurement method provided baseline values for larger-scale experiments. The homogeneity 

performance of the mixers for urea solutions was evaluated using the same method applied to ammonium sulfate. 

The average reference pH value for the urea solution was determined to be 7.8 ± 0.06. 

Figure 3 illustrates the temporal pH variation observed during the urea mixing process across four distinct mixing 

configurations. During the pre-mixing phase (0–50 s), all systems exhibited similar baseline pH values ranging 

between 7.54 and 7.60. Upon the addition of urea, a gradual increase in pH was recorded, reflecting the dissolution 

behavior and chemical interactions of urea in aqueous media. 

Among the tested systems, the B1 pneumatic mixer achieved the target pH of 7.8 most rapidly, stabilizing within 

460 seconds (Figure 3), likely due to its higher airflow capacity and turbulent dispersion. The VSM followed closely, 

reaching the same pH in 490 seconds (Figure 3). Pneumatic mixers B2 and B3 achieved the target in 520 and 570 

seconds, respectively (Figure 3). These results support prior findings that pneumatic mixing systems, when 

configured with optimized airflow and venturi effect dynamics, can significantly enhance solute dispersion and 

reduce mixing time (Cheng et al., 2022; Zhang et al., 2024). 

This highlights that fertilizer type and solubility characteristics significantly influence mixer performance, a factor 

conceptually aligned with the findings of Sasidhar et al. (2022), who reported that solute-specific gas-liquid 

interactions and pH behavior play a critical role in determining mixing efficiency and process stability in 

pneumatic reactor systems. 

The box plots for the pH values recorded during the 990-second period after the mixers reached their reference 

values are shown in Figure 4. 

The average pH for the VSM mixer was observed to be approximately 7.82. As shown in Figure 4, the box plot for 

the VSM exhibits greater width compared to other mixers, indicating higher variability in pH values. This suggests 

that the VSM mixer had less controlled pH stability than the other mixers. 

The B1 mixer had an average pH of 7.81, with values distributed within a narrower range and lower variance, 

indicating more consistent performance in maintaining pH stability compared to VSM. Both B2 and B3 mixers 

maintained an average pH of 7.81; however, B3 demonstrated greater stability as indicated by its more compact 

box plot compared to the wider spread in B2. The B3 mixer achieved better pH control than both VSM and B2 and 

provided a more uniform pH distribution than B1. 
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Figure 3. Time Dependent pH and Conductivity Values for Mixers 

Şekil 3. Karıştırıcılar için Zamana Bağlı pH ve İletkenlik Değerleri 
 

 

Figure 4. Box Plots of pH (a) and Conductivity (b) Distributions After Mixers Reached Target Values 

Şekil 4. Karıştırıcılar Hedef Değerlere Ulaştıktan Sonra pH (a) ve İletkenlik (b) Dağılımlarının Kutu Çizimleri 
 

In terms of pH stability, the B1 and B3 mixers demonstrated superior performance. The broader pH spread 

observed in the VSM and B2 mixers highlights their relative limitations in maintaining stable pH conditions 

throughout the mixing process. 

Analysis of pH measurements demonstrated a statistically significant difference between the systems (F (3,152) = 

94.41, p < 0.001). As shown in Figure 4, the VSM system displayed slightly higher pH values and a wider 

distribution, indicating slower but more gradual stabilization. In contrast, B1 and B2 reached a steady pH level 

rapidly with minimal variation. Post-hoc analysis (Table 3) showed that while B1 and B2 were statistically 

indistinguishable (p = 1.000), the VSM system differed significantly from all others (p < 0.001), and B3 also 

exhibited significant differences from B1 and B2. 
 

Power Consumption for Urea Mixing 

Table 4 presents the power consumption values of the four different mixers (VSM, B1, B2, B3) and the energy 

required by each mixer to reach the reference pH values during the urea mixing process. 

 



KSÜ Tarım ve Doğa Derg 29 (6), 1494-1505, 2026 

KSU J. Agric Nat  29 (6), 1494-1505, 2026 

Araştırma Makalesi 

Research Article 
 

1501 

Table 3. Tukey HSD Results for pH Values 

Çizelge 3. pH Değerleri için Tukey HSD Sonuçlar 

Group Comparison Mean Difference p-value Significant 

VSM vs B1 ≈ 0.03 <0.001 Yes 

VSM vs B2 ≈ 0.03 <0.001 Yes 

VSM vs B3 ≈ 0.01 <0.001 Yes 

B1 vs B2 0 1.000 No 

B1 vs B3 ≈ -0.01 <0.001 Yes 

B2 vs B3 ≈ -0.01 <0.001 Yes 
 

Table 4. Power Consumption and Energy Usage of Different Mixers to Reach Reference Values 

Çizelge 4. Referans Değerlere Ulaşmak İçin Farklı Mikserlerin Güç Tüketimi ve Enerji Kullanımı 

Mixer 

type 

Average power 

consumption (kW) 

Energy Consumption to Reach  

pH Reference Value (kWh) 

Reference Value  

Mixing Time (s) 

  

VSM 0.404±0.014 0.0555 690  

B1  1.494±0.004 0.19 460  

B2  0.919±0.006 0.133 520  

B3 0.858±0.006 0.136 610  
 

Among the evaluated systems, the vertical shaft mixer (VSM) demonstrated the lowest average power consumption 

at 0.404 kW, with a total energy requirement of only 0.0555 kWh to reach the target pH value. This clearly 

positions VSM as the most energy-efficient option in the study. The minimal energy demand of the VSM highlights 

its suitability for operations where energy savings are critical, such as in off-grid or resource-constrained 

agricultural contexts. Similar conclusions have been drawn in broader evaluations of mechanical fertilizer mixing 

technologies, where simpler mechanical configurations have been associated with low energy requirements and 

stable performance under practical agricultural conditions (Zhang et al., 2024). 

In contrast, the B1 pneumatic mixer, although achieving the fastest pH stabilization, exhibited the highest energy 

consumption (0.19 kWh), indicating a trade-off between mixing speed and operational cost. This aligns with 

previous findings by Fojtášek et al. (2019), who experimentally demonstrated that pneumatic systems operating 

under higher pressure or without optimized airflow control incur significantly higher air consumption. Similarly, 

Cai et al. (2002) analytically established that the compressibility of air and the thermodynamic losses in pneumatic 

actuation systems result in lower energy efficiency, particularly when airflow regulation is not precisely tuned. 

The results of the one-way ANOVA revealed a statistically significant difference in average power consumption 

among the systems (F(3,152) = 106236, p < 0.001). As illustrated in Table 4, the VSM system consumed 

significantly less power compared to all pneumatic systems, while B1 showed the highest consumption values. The 

Tukey HSD test further confirmed that all pairwise comparisons were statistically significant (p < 0.001), as 

detailed in Table 5. 
 

Table 5. Tukey HSD Results for Power Consumption (kW) 

Çizelge 5. Güç Tüketimi (kW) için Tukey HSD Sonuçları 

Group Comparison Mean Difference (kW) p-value Significant 

VSM vs B1 ≈ 1.09 <0.001 Yes 

VSM vs B2 ≈ 0.52 <0.001 Yes 

VSM vs B3 ≈ 0.46 <0.001 Yes 

B1 vs B2 ≈ 0.57 <0.001 Yes 

B1 vs B3 ≈ 0.63 <0.001 Yes 

B2 vs B3 ≈ 0.06 <0.001 Yes 
 

The B2 and B3 mixers demonstrated moderate power consumption levels, achieving acceptable energy efficiency 

while maintaining consistent mixing performance. These outcomes suggest that when both energy demand and 

mixing stability are considered together, the VSM offers a well-balanced solution and stands out as the 

recommended system for applications prioritizing minimal energy use with adequate solute dispersion quality.  

Additionally, energy consumption must be interpreted not only by absolute values but also concerning mixing 

outcomes such as stabilization speed and pH uniformity. For instance, while B1 achieved the fastest stabilization, 
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its energy intensity was more than three times higher than that of VSM. This reflects a fundamental trade-off in 

pneumatic systems: speed comes at a cost of operational inefficiency if airflow control is not optimized. Conversely, 

the VSM system, although slower, achieved effective homogenization with minimum energy input, making it 

preferable in scenarios where energy availability is limited, such as off-grid farms or solar-powered fertigation 

setups. Furthermore, energy usage per unit pH change (kWh/ΔpH) could serve as a complementary metric for 

evaluating mixing efficiency. Such indicators would allow for better cross-comparison across different system 

designs and fertilizer types. Future studies should explore whether optimization of blower speed or pulsed airflow 

regimes can reduce energy overhead without sacrificing mixing performance. 
 

Table 6. Comparative Summary of Fertilizer Mixing Systems Based on Mixing Time, Energy Consumption, and 

Homogeneity  

Çizelge 6. Karıştırma Süresi, Enerji Tüketimi ve Homojenliğe Dayalı Gübre Karıştırma Sistemlerinin 
Karşılaştırmalı Özeti 

Study System Type Mixing Time Energy Consumption 
Homogeneity / 

Uniformity 
Key Insights 

Tarasyants et al. 

(2021)) 
Jet-Pneumatic 

Not 

specified 

~40% hydraulic 

efficiency 
Not reported 

Theoretical model 

based on nozzle 

geometry 

Li et al. (2023) 
Mechanical + 

Reflux 
~105 s 

Moderate (motor + 

pump) 
EC deviation ±0.1 

Dual-mode flow 

system provided 

rapid stabilization 

Zhang et al. (2024) 

Mechanical 

(Solid 

Fertilizer) 

Variable (5–

11 kg/h 

output) 

Low–Moderate 
Uniformity Coef. 

~62.3% 

Optimal results at 

low inlet flowrate 

Present Study 
VSM, B1, B2, 

B3 
460–690 s 0.404–0.646 kW 

dpH/dt-based 

stability 

B2 balanced; VSM 

most efficient 
 

To contextualize the experimental findings, a comparative review of recent studies on fertilizer mixing systems 

was conducted. Table 6 summarizes relevant performance metrics, including mixing time, energy consumption, 

and solution uniformity across different system configurations. Notably, while Tarasyants et al. (2021) provide 

theoretical optimization for jet mixers with estimated energy efficiencies around 40%, Li et al. (2023) 

experimentally validated that a dual-mode (mechanical + reflux) mixer stabilized EC levels within 105 s, 

emphasizing the role of combined flow control. In contrast, Zhang et al. (2024) demonstrated that mechanical 

systems using solid fertilizers can achieve over 60% uniformity under optimized flow and mesh conditions. 

Compared to these studies, the VSM system in the present work offered the lowest energy use (0.404 kW), while 

the B2 system balanced speed and stability, indicating the relevance of dpH/dt-based slope metrics in real-time 

control strategies. 
 

Evaluation of pH Slope Behavior During Urea Mixing 

To further understand the mixing dynamics and solute distribution behavior of each system, the instantaneous 

pH slope (dpH/dt) was analyzed as a function of time over the 990-second mixing period (Figure 5). The pH slope 

serves as a useful indicator of the rate of chemical change during the dissolution of urea and the homogenization 

approach. 

In the VSM mixer (Figure 5a), the pH slope initially increased to approximately 0.0015–0.002 and gradually 

stabilized after 200 seconds. The slope values remained within a narrow band, exhibiting neither sharp 

fluctuations nor reversals, which reflects a slow yet controlled and energy-efficient mixing process. The absence of 

significant negative slope values indicates minimal overmixing or local pH instability, affirming the steady state 

behavior characteristic of vertical shaft mixing systems. This controlled pattern is consistent with literature 

findings on low turbulence mechanical mixers, where laminar flow dynamics help maintain stable pH dispersion 

in aqueous media (Mufunde & Randall, 2022). 

By contrast, the B1 mixer (Figure 5b), equipped with a 480 L h-1 blower, displayed the highest initial pH slope 

(~0.003) within the first 100 seconds, highlighting an aggressive dissolution rate and vigorous turbulence. 

However, small oscillations and negative slope values were observed in subsequent phases, suggesting overmixing 

and transient saturation. This pattern reflects prior observations that pneumatic mixers, especially those 

operating at high airflow rates, can cause uneven solute dispersion and pH reversals if the flow is not properly 

optimized (Mufunde & Randall, 2022; Sasidhar et al., 2022; Zhang et al., 2024).  

The B2 mixer (Figure 5c), with a 450 L h-1 blower, showed a more moderate dynamic profile. Although its initial 

slope matched that of B1, the subsequent progression was smoother and characterized by fewer abrupt transitions 
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and minimal reversals. This behavior suggests that the B2 configuration achieves a better balance between 

dispersion speed and homogeneity, making it a suitable candidate for fertilizer preparation processes requiring 

both mixing efficiency and pH control. 

 
Figure 5. Instantaneous pH slope (dpH/dt) profiles of urea solution mixing for four different mixers: (a) VSM, (b) 

B1 (480 L h-1), (c) B2 (450 L h-1), and (d) B3 (355 L h-1) 

Şekil 5. Dört farklı karıştırıcı için üre çözeltisi karışımının anlık pH eğimi (dpH/dt) profilleri: (a) VSM, (b) B1 
(480 L h-1), (c) B2 (450 L h-1) ve (d) B3 (355 L h-1) 

 

Conversely, the B3 mixer (Figure 5d), operating at the lowest airflow (355 L h-1), recorded the steepest initial slope 

(~0.007), followed by pronounced slope fluctuations and frequent reversals. These findings imply that while the 

initial mixing force was high, the low sustained energy may have resulted in localized turbulence or inadequate 

distribution over time. This instability reflects challenges associated with low-pressure pneumatic systems that 

fail to maintain homogeneity across the full mixing volume. 

In summary, although high blower capacities like that of B1 accelerate dissolution, they may also introduce 

instability due to excessive agitation. Lower blower outputs, as seen in B3, require fine-tuning to prevent uneven 

distribution. The VSM mixer provided the most consistent slope behavior, affirming its suitability for applications 

prioritizing stability and energy efficiency. The B2 system, balancing both speed and stability, appears to be a 

promising configuration for practical fertilizer mixing scenarios. Although this study focused exclusively on urea 

as the solute, the comparative evaluation of mixers provided fundamental insights into mixing efficiency, stability, 

and energy performance. However, since fertilizer properties such as solubility, reaction kinetics, and buffering 

capacity differ between compounds, future studies should extend the analysis to include diverse fertilizer types 

and concentration gradients to test the robustness and scalability of the presented results. 
 

CONCLUSION  

This study demonstrated that among the four tested systems, the VSM mixer offered the most stable pH control 

and lowest energy consumption (0.0555 kWh), making it ideal for energy-sensitive applications. The B1 pneumatic 

system provided the fastest mixing (460 s) but suffered from instability and high energy use (0.19 kWh). The B2 

system balanced mixing speed (520 s), stability, and moderate energy consumption (0.133 kWh), emerging as a 

promising alternative. Real-time pH slope analysis (dpH/dt) was shown to be an effective metric for evaluating 

dynamic mixing behavior. Overall, mixer selection should be based on the trade-offs between energy efficiency, 
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stability, and operational speed. In conclusion, the selection of an optimal fertilizer mixing system should be based 

on a balanced consideration of energy consumption, mixing speed, and solution stability. While VSM mixers are 

preferable for low-energy environments, well-tuned pneumatic mixers like B2 may serve high-throughput needs 

without compromising solution quality. The proposed methodology and metrics in this study provide a robust 

framework for future development and standardization of fertilizer mixing technologies in precision agriculture. 

Based on the experimental findings of this study, the following recommendations are proposed for future 

applications and research in fertilizer mixing systems: 

Design Optimization 

 System Selection Based on Operational Priorities: For operations where energy efficiency is a primary 

concern, mechanical mixers such as VSM should be prioritized. In contrast, pneumatic systems like B2 can 

be preferred in time-sensitive applications where moderate energy use is acceptable. 

 Flow Rate Optimization in Pneumatic Systems: Airflow rates in pneumatic mixers must be carefully 

calibrated. Excessive blower capacity may lead to overmixing and instability, while insufficient flow may 

result in poor homogeneity. Future studies should focus on optimizing blower-to-volume ratios for specific 

fertilizer types. 

 Further Study on Nozzle and Pipe Geometry: For pneumatic systems, further investigation into nozzle 

design and pipe layout may help reduce turbulence-induced fluctuations and improve uniformity at lower 

energy costs. 

 Fertilizer Type Extension: Future studies should evaluate the mixing behavior of alternative fertilizer 

formulations, such as NPK, which contain multiple nutrient salts with varying solubility rates and 

buffering capacities. Such studies would test the adaptability of the mixing systems and verify the 

reliability of the dpH/dt-based evaluation metric across chemically diverse solutions. 

 Scale-Up Validation: Investigating the performance of each mixing system under scaled-up conditions, 

such as larger tanks or varying solution volumes, would help determine whether the observed trends in 

energy consumption and stabilization behavior remain consistent. This would also provide insight into 

design modifications needed for industrial applications. 

Material-Specific Calibration 

 Fertilizer-Specific Calibration: Since mixing behavior is influenced by the chemical properties of the 

fertilizer used, system parameters should be adjusted for each fertilizer type to ensure consistent 

performance. 

Monitoring and Automation 

 Use of Slope-Based Monitoring (dpH/dt): Real-time slope analysis should be adopted as a standard method 

for evaluating mixing dynamics and solution stability. Incorporating this metric into control systems can 

enhance automation and process optimization. 

 AI-Assisted Control Systems: Recent developments in AI and IoT-based fertigation systems offer exciting 

possibilities for future research. For example, Faizal et al. (2024) developed a prototype system using real-

time NPK and climate sensors coupled with support vector machines (SVM) to optimize mixing processes. 

Although promising, such approaches require robust training datasets and dynamic control models, 

particularly when handling variable fertilizer types like urea. Future studies could explore the integration 

of AI algorithms for real-time adjustment of blower speeds, mixing durations, and nutrient dosing, thereby 

creating intelligent, self-regulating mixing systems that improve precision and reduce operator 

dependency. 

From a practical perspective, the selection of a mixing system should align with specific agricultural operational 

constraints. The VSM system, with its low energy consumption and stable mixing behavior, is most suitable for 

small- to medium-scale farms where energy efficiency and cost are critical. In contrast, the B2 pneumatic system, 

offering faster mixing and moderate energy usage, may be better suited for industrial-scale operations requiring 

high throughput and short processing times. The B1 and B3 systems, due to their instability or higher energy 

demands, are less ideal for precise nutrient blending but may find application in non-critical or batch-mixing 

scenarios where speed is prioritized over consistency. 

To enhance the general applicability of the findings, future studies are recommended to investigate mixer 

performance using different fertilizer compounds and concentrations. Such investigations could provide more 

comprehensive guidelines for the selection and calibration of mixing systems across various fertigation 

applications. 
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