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Development of a Pneumatic Separation Method, Device, and Control System for Technogenic Waste in a Fluidized Bed
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Abstract: This paper presents an efficient method, apparatus, and automatic control system for the pneumatic separation of technogenic waste in a fluidized bed. The separation process was analyzed using mathematical models and computer simulations based on particle size and density. To improve separation efficiency, a fluidized-bed apparatus with an expanded zone and automatic airflow control algorithms were developed. The research results demonstrated the potential for increasing the recovery efficiency of valuable metal particles while reducing energy consumption.
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Introduction
Under modern conditions of rapidly increasing volumes of technogenic waste, the issues of its processing, utilization, and recycling have become especially relevant. Waste generated by the mining and metallurgical, construction, electronic, and processing industries contains a significant amount of valuable components suitable for secondary recovery; however, at the same time, it poses serious environmental hazards (Lottermoser, 2026). 
One of the most promising approaches to the processing of such waste is pneumatic separation in a fluidized bed. According to Li et al. (2024), this method is based on differences in the aerodynamic characteristics of particles and enables efficient separation of materials according to their density, size, and shape. The method is characterized by relatively low energy consumption, high productivity, and the possibility of application in continuous technological processes. In addition, Luo et al. (2017) emphasize that the use of a gas-solid fluidized bed ensures stable separation of multicomponent mixtures and reduces water consumption compared with conventional wet beneficiation methods.
The efficiency of pneumatic separation is largely determined by the hydrodynamic characteristics of the fluidized bed. Zhang, Liu, and Wang (2024) established that the distribution of gas flow and bubble dynamics significantly affect the stability of fluidization and the quality of particle separation. Studies by Chew, Hays, and Findlay (2017) demonstrated that the processes of fine particle entrainment and segregation of multicomponent mixtures depend on gas velocity, particle size distribution, and interparticle interactions. In this regard, the development of mathematical models and CFD-DEM simulation methods capable of accounting for the real conditions of gas-solid mixture movement is of great importance.
An additional challenge is associated with the processing of construction and electronic waste, which is characterized by a wide range of particle sizes and irregular fragment shapes. Coelho and de Brito (2007) note that construction waste contains multicomponent mixtures of concrete, brick, plastic, metals, and wood, which significantly complicates separation processes. In turn, Cui and Forssberg (2015) emphasize the need for efficient separation of metallic and non-metallic components of waste printed circuit boards for the subsequent recovery of valuable metals.
The modern development of pneumatic separation technologies is closely connected with the implementation of intelligent process control systems. Rajput and Kumar (2024) highlight that the integration of PLC, DCS, and SCADA systems provides automated control of fluidized bed parameters and improves equipment reliability. Studies by Vargas, Linderholm, and Thunman (2024) demonstrate that the application of Model Predictive Control (MPC) methods makes it possible to predict changes in process parameters and adapt operating conditions in real time. Furthermore, Prasad, Mudde, and van Ommen (2024) demonstrate the high efficiency of machine learning methods in the analysis of bubble dynamics and optimization of fluidization processes.
Thus, the development of modern methods and equipment for the pneumatic separation of technogenic waste in a fluidized bed represents an important scientific and technological direction aimed at improving the efficiency of secondary resource processing, reducing environmental impact, and creating intelligent energy-efficient technologies for the separation of multicomponent materials.
Research methods
The research was conducted at the Tashkent Institute of Chemical Technology and the State Unitary Enterprise “Science and Development” under the Tashkent State Technical University named after Islam Karimov.
This study employed a comprehensive approach, including mathematical modeling, computer simulation, and experimental investigation of the pneumatic separation process in a fluidized bed.
Within the framework of this study, a comprehensive methodology was applied to evaluate the efficiency of pneumatic separation of technogenic waste in a fluidized bed. Mathematical models for particle separation according to size and density were developed, making it possible to describe the dynamics of particle motion in an airflow.
Based on these models, computer simulation of the process was carried out, resulting in the development of nomograms showing the dependence of particle terminal velocity on their physical properties. Analysis of these nomograms revealed the relationship between the terminal velocity and the size and density of particles, as well as the necessity for their preliminary classification.
The material was crushed to a particle size range of 0.030–0.050 mm and separated into narrow-size fractions using sieves. For each fraction, the airflow velocity corresponding to the minimum particle size of the light component was determined from the nomogram and supplied to the fluidized bed. Under these conditions, the light components were carried over into the cyclone, while the heavy components remained in the fluidized bed.
Subsequently, each fraction was sequentially fed into the fluidized bed apparatus. Based on the nomograms, the optimal airflow velocity was established for each particle group, ensuring the transfer of light components from the fluidized bed apparatus into the cyclone, while the heavy components remained within the fluidized bed.
The process involves the sequential feeding of individual fractions from different hoppers into the fluidized bed apparatus based on the developed control algorithms. After the processing of a particular fraction is completed, it is replaced by the next fraction with the highest material level. This approach makes it possible to increase separation efficiency, reduce energy consumption, and minimize negative environmental impact (Yusupbekov N.R., Yunusov B.I., 2023).
A key element of the methodology is the use of a fluidized bed apparatus with an expanded zone. Due to the non-uniform distribution of particles in the fluidized bed, breakthrough airflow channels may occur, causing heavy particles to be carried over into the cyclone. As the particle velocity decreases upon entering the expanded zone, heavy particles return to the working zone. The aerodynamic parameters are controlled through an automated airflow control system depending on the characteristics of individual material fractions.
To evaluate the efficiency of the process, the degree of particle separation according to density and size was analyzed. In addition, a comparative analysis of the apparatus operating with and without an expanded zone was carried out (Yunusov B.I., Xasanov A.S., Artikov A.A., Yunusov I.I., 2016).
The methodology includes elements of mathematical modeling of fluidized bed hydrodynamics, as well as the calculation of optimal parameters for the height of the expanded zone and the airflow velocity. The obtained results are used to improve the efficiency of recovering valuable components from technogenic waste (Yusupbekov N.R., Yunusov B.I., 2023).
In the development of the automatic process control system, monitoring is carried out using level sensors installed in the hoppers. Control is implemented based on the developed control algorithms. According to the algorithm, the hopper with the highest material level is selected. The airflow rate is adjusted depending on the particle size and density.
The software implementation was carried out in the CODESYS using the Structured Text (ST) programming language (Yunusov B.I., 2018).
Research Results
Mathematical models of the separation process in a fluidized bed were developed to determine the feasibility of applying pneumatic separation methods for recovering valuable metals from technogenic waste, which require lower energy consumption compared to alternative methods.
The hydrodynamic structure of flows in a fluidized bed can be described using ideal mixing models. In this case, the concentration within the fluidized bed is assumed to be uniform.
If we assume that each particle of the crushed material is spherical, with identical sizes but different masses, then the task is to separate the light particles from the mixture using an air flow.
If the gravitational force acting on a spherical particle in the downward direction and the force generated by the air flow lifting the particle upward are equal (F1=F2), then the particles are in equilibrium:

Here, is the acceleration due to gravity,  is a coefficient reflecting whether the flow regime is turbulent or laminar,   is the air velocity,  is the air density,  is the surface area of the spherical particle, and is the particle density.
Solving this equation for the equilibrium velocity  yields the well-known expression.

Thus, using the equation, the equilibrium flow velocity can be determined at which particles of a given mass remain in a suspended state.
For particles of identical size, entrainment from the apparatus depends on the particle bulk density. If

then the particles are carried out of the apparatus.
The upper limit of this velocity must not exceed the velocity at which heavy particles would also be entrained and removed from the system.

Thus, by calculating the velocity for the defined boundary, the pneumatic separation process can be implemented.
A key indicator of the pneumatic separation process of non-ferrous metal ores during beneficiation is the removal of heavy particles from the flow, which is achieved by adjusting the flow velocity.
To determine the velocity of the onset of fluidization, it is necessary to evaluate the Archimedes number:

Knowing this value, the Reynolds number for the fluidized bed can be determined.

The following equation for the Reynolds number is also known for the case of particle suspension.

Taking this equation into account, and using the classical expression for the Reynolds number, it is possible to determine the particle entrainment velocity, i.e., the velocity at which particles are carried out of the system.
	
This equation makes it possible to determine the gas velocity and flow rate required to achieve fluidization or particle entrainment.
By varying particle diameters, it is possible to determine the gas flow rate for the separation of particles with different densities. Using the equations presented above, the gas flow rate under conditions of fluidization or entrainment can be determined for particles of various sizes as well as different densities. It is also possible to study the pneumatic separation process of particles with different densities in order to determine the boundaries of particle size variation.
Using the well-known Archimedes and Reynolds number equations, the governing expressions for calculating the onset velocities of fluidization and particle entrainment were selected for particles of different densities and sizes. Based on these relationships, a computer model of the pneumatic separation process of solid particles in a fluidized bed was developed using the MATLAB (Fig. 1), which makes it possible to determine the gas velocity required to ensure either fluidization or particle entrainment.
The entrainment limits for both heavy and light particles can be determined. If the particle diameters do not meet the specified requirements, alternative cases are considered by adjusting the gas flow rate and velocity as a function of particle diameter. By selecting particle diameters and their variation ranges, it is possible to find a solution to the separation problem for granular materials of different densities.
Using these models, nomograms were generated through computer simulation to illustrate how particle entrainment velocity varies depending on particle size and density (Fig. 2).
Analysis of the nomograms shows that as particle size increases, the entrainment velocity also increases. Therefore, pneumatic separation of the entire mixture of crushed material is not practical. For example, if the entrainment velocity is set for light components corresponding to a particle size of approximately 0.030 mm, then light particles larger than 0.034 mm will remain in the apparatus (Fig. 2).
A pneumatic separation method for granular materials in a fluidized bed was proposed, which uses a vertically directed upward air flow to separate light fractions from the mixture based on particle size and density, carrying them into a cyclone, while heavy particles remain in the apparatus.
Technogenic waste is first crushed to a particle size range of 0.030–0.050 mm. It is then separated using a set of sieves into defined size fractions, for example: 0.030–0.034 mm, 0.035–0.039 mm, 0.040–0.045 mm, and 0.046–0.050 mm, which are collected in separate storage hoppers.
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Fig. 1. Computer model of the pneumatic separation process of solid particles in a fluidized bed
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	Fig. 2. Nomograms showing the variation of particle entrainment velocity depending on particle size and density.


For each fraction, the entrainment velocity is determined; for example, for the smallest particle in a given fraction (0.030 mm), the entrainment velocity is obtained from the nomogram (0.086 m/s).
Subsequently, materials with different size fractions are sequentially fed to the loading hopper using sand pumps. From there, the fractions are delivered through a feeder device to the fluidized bed separation unit.
In the next stage, switching to the processing of the particle size range is carried out by setting the corresponding air flow velocity determined from the nomogram as a function of particle size, which ensures the entrainment of light particles for each specific size fraction.
For each fraction, the entrainment velocity is determined; for example, for the smallest particle size in the fraction (0.030 mm), the corresponding entrainment velocity is obtained from the nomogram (0.086 m/s).
After the separation of the selected particle size range is completed, the corresponding pump is switched off, and the sand pump supplying the fraction with the highest material level relative to the others is activated.
The entrainment velocity obtained from the nomogram describes the dependence of entrainment velocity on particle size and density, and it enables the determination of the airflow rate supplied by the compressor for each size fraction. This ensures the entrainment of light particles into the cyclone for the specified particle size ranges, thereby increasing the separation efficiency.
The conducted studies confirmed the feasibility of efficient beneficiation of technogenic waste generated by mining and metallurgical enterprises using a fluidized-bed cyclone apparatus. The obtained results show that the main parameters determining separation efficiency are particle size, particle density, and gas flow velocity.
Analysis of calculated and simulated data. Based on the developed mathematical model, which includes the Archimedes and Reynolds criteria, the initial fluidization velocity and particle entrainment velocity were determined for particles of different sizes and densities. It was also shown that higher-density particles correspond to higher entrainment velocity values compared to low-density particles.
The constructed nomograms describing the dependence of entrainment velocity on particle diameter made it possible to identify distinct size-range fractions within which the most efficient separation can be achieved.
Optimization of operational parameters. Analysis of the graphs showed that the optimal separation regime is achieved when the gas flow velocity is set slightly below the entrainment velocity of the minimum particle size of the target component.
This approach ensures process selectivity and minimizes the loss of valuable components. Thus, a clear relationship was established between particle size distribution and the hydrodynamic parameters of the process.
One of the disadvantages of the fluidized bed apparatus is the low efficiency of the separation process due to the formation of channeling (breakthrough) flows, which can carry heavy components into the cyclone with the conveying air.
Experiments on pneumatic separation in a fluidized bed were carried out on a laboratory single-cell experimental setup (Figs. 3 and 4), consisting of a compressor (1), a rotameter (3), and needle valves (2 and 4) designed to regulate the air flow supplied through a mesh (5) into the laboratory pneumatic separation unit (6), as well as two cyclones (7 and 8) connected in series for capturing light particles. The diameter of the laboratory pneumatic separation unit was 50 mm, and its height was 1 m.

	

	


	Fig. 3. Laboratory single-cell experimental fluidized-bed installation
	Fig. 4. Improved laboratory single-cell experimental fluidized-bed installation



Before the experiments, the glass rotameter (3) was calibrated using a volumetric flow meter by switching on the compressor (1). The air flow rate was adjusted using needle valves (2 and 4).
Samples were selected for beneficiation in a fluidized bed. The samples were sequentially loaded through the feed nozzle (9) into the pneumatic separation unit (6). Using needle valves (2 and 4), the entrainment velocity was adjusted to ensure the removal of light fractions with particle sizes ranging from 0.050 mm to 0.063 mm (Sample 1). The entrainment process of the light particles lasted 70–80 seconds. The entrained particles were collected in the first cyclone (7), while even finer particles passed into the second cyclone (8).
It was proposed to install expanded zones in the upper part of the column at a height corresponding to two to three fluidized-bed layers. As a result, when the airflow carrying heavy components enters the expanded zone, it loses part of its velocity, causing the heavy particles entrained by the gas stream to return to the fluidized bed.
Thus, the entrainment of heavy components into the cyclone is prevented, which ensures efficient pneumatic separation and the enrichment of heavy metal particles in the fluidized-bed apparatus.
Experiments on improved fluidized-bed cyclone apparatus were conducted under laboratory conditions at the State Unitary Enterprise “Science and Development” of the Tashkent State Technical University named after Islam Karimov. A semi-quantitative emission spectroscopic analysis was performed using a PGS-2 spectrograph at the Central Laboratory of the State Committee for Geology and Mineral Resources of the Republic of Uzbekistan. The experimental results are presented in Table 1.
Table 1.
Experimental results obtained in a batch-operated laboratory unit
	№
	Samples
	Si
	Al
	Ti
	Cr
	Ag
	Cu
	Pb
	Fe
	Sn

	
	
	Sample concentrations

	1
	Initial particle size fraction of loose materials (0.050–0.063 mm).
	25
	4
	0.3
	0,004
	0.0001
	0,005
	0,002
	3
	0.0001

	2
	Concentrations at the outlet of the fluidized-bed unit without an expansion zone.
	25
	6
	0.4
	0,004
	0.0003
	0,006
	0,002
	3
	0.0002

	3
	Outlet concentrations of the fluidized-bed unit with an expansion zone.
	20
	10
	0.4
	0.01
	0.0005
	0,008
	0,003
	4
	0.0004


The comparative analysis of the two types of apparatus showed that the best results were achieved in the fluidized-bed cyclone unit equipped with a single expanded zone. Devices without an expanded zone demonstrated lower efficiency, which is associated with reduced hydrodynamic stability of the bed.
In this case, the following effects were observed: a reduction in turbulent losses; confirmation of the high efficiency of the proposed method for extracting rare and valuable metals from technogenic waste; and a decrease in turbulent losses. Systems without an expanded zone showed lower efficiency, which is associated with reduced hydrodynamic stability of the bed.
A control algorithm for the pneumatic separation process in a fluidized bed was developed:
The pneumatic separation process begins with the feeding of crushed and classified technogenic waste from the hopper with the highest bulk material level. Signals from the primary sensors are continuously transmitted to the control system. After this hopper is emptied, the corresponding sand pump is switched off.
Next, the material levels in all remaining storage bins are compared, and the pump of the bin with the highest material level is activated. From this bin, the bulk material is delivered to the feeding hopper. The control system then adjusts the air flow velocity according to the new particle size range, ensuring appropriate separation conditions for the given fraction.
Whenever the bulk material level reaches the lower limit, the pump of the hopper from which the material is being withdrawn is switched off, and the pump of the hopper with the highest material level is activated. The airflow velocity is then adjusted according to the limited particle size range in that hopper.
If the material level in any hopper reaches the permissible maximum limit, the pump of the hopper from which the bulk material is being withdrawn is switched off, and the pump of the hopper that has reached the maximum level is activated. The airflow velocity is then adjusted according to the restricted particle size range in that hopper.
Based on the developed control algorithms, the software implementing these algorithms was developed in the CODESYS using the Structured Text (ST) programming language (Yunusov B.I., 2018).
Conclusion
The research results showed that the preliminary classification of technogenic waste into size fractions significantly improves the efficiency of pneumatic separation. Based on the developed mathematical model and nomograms, optimal airflow velocities were determined. The proposed fluidized-bed apparatus with an expanded zone and an automated control system reduces the loss of heavy metal particles, ensures energy efficiency, and enhances the overall effectiveness of technogenic waste processing. The proposed technology has strong potential for industrial application.
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