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Abstract 

Blockages in gravity-fed coal hoppers due to arching and ratholing cause significant downtime and safety hazards in mining 

operations. This paper presents the design and implementation of a cost-effective, automated vibratory discharge system to solve 

this problem at a Western Coalfields Limited (WCL) site in Chandrapur, India. The system is centred on a single vibratory motor, 

sized using a first-principles force calculation that determined a required centrifugal force of 7.8–8.0 k N to overcome coal cohesion 

and wall friction. The motor is controlled by an ESP32 microcontroller via a solid-state relay circuit, enabling safe and 

programmable operation. Implementation results demonstrate that the system successfully transformed discharge from intermittent 

and manual to continuous and automated, eliminating prolonged blockages and the need for hazardous manual intervention. Post-

implementation, blockages were eliminated, and manual rodding interventions were reduced from approximately to zero. The study 

concludes that a well-calculated, single-motor vibratory system with embedded control is a transformative and practical retrofit for 

enhancing the reliability and safety of industrial bulk material handling. 

Keywords- Coal hopper, ESP32, Solid-state relay (SSR), Granular flow unjamming, Industrial safety. 

1. INTRODUCTION 

1.1 Background and Motivation 

Coal remains a critical energy resource, and its efficient 

handling from mine to plant is paramount for operational 

productivity. Central to this process are hopper-conveyor 

systems, designed for the temporary storage and gravity-fed 

discharge of bulk coal. While mechanically simple, the 

reliable flow of coal is hindered by its inherent properties as 

a granular material. Coal particles are irregular, cohesive 

(especially with moisture), and prone to interlocking. This 

leads to the formation of stable, load-bearing structures 

known as arches or bridges across the hopper outlet, causing 

complete blockages, intermittent flow, and severe operational 

downtime. In industries ranging from metallurgy to 

agriculture, similar arching problems plague bulk material 

handling. For instance, recent interventions in sintering plants 

have employed vibratory "false  

 

 

 

wall" systems to maintain material flow [1], while Studies on 

wine cellar hoppers have highlighted the secondary challenge 

of managing structural vibrations [2]. In the coal mining 

sector, particularly at facilities like the Western Coalfields 

Limited (WCL), these blockages necessitate hazardous 

manual intervention, posing safety risks and incurring high 

economic costs. Therefore, developing an automated, 

reliable, and scientifically-grounded solution to ensure 

consistent discharge is a pressing engineering challenge. 

1.2 Problem Statement: The WCL Chandrapur Case 

The specific problem is exemplified by a coal hopper at the 

WCL mines in Chandrapur, Maharashtra. The existing 

hopper, with a square inlet of 3000 mm × 3000 mm, a 60° 

wall inclination, and an 800 mm outlet, operates solely on 

gravity discharge. When handling cohesive coal, this leads to 

funnel flow, severe arching, and complete blockages. The 

only mitigation strategy is manual rodding—a hazardous, 

labour-intensive, and inefficient practice that causes 

significant downtime. This scenario underscores a clear gap: 
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the complete absence of an engineered, automated system to 

ensure reliable discharge, highlighting the need for a first-

principles vibratory solution. 

1.3 Literature Review and Research Gap 

Extensive research establishes the physics of granular 

jamming and validates vibration as a primary unjamming 

mechanism. Foundational studies by Janda et al. and Mankoc 

et al. demonstrated how controlled vibration disrupts force 

chains and promotes flow [3, 4]. The principle is robust, even 

enabling locomotion in lightweight robots across granular 

media [5]. In industrial practice, vibratory solutions like the 

"false wall" are successfully deployed in sintering plants, with 

design rules stipulating an impact force of approximately one-

fifth the material mass [1]. However, a review of the literature 

reveals two salient gaps pertinent to this project. First, many 

studies focus on idealised laboratory setups or other material 

types (e.g., sinter, grains), with limited documented 

applications addressing the specific scale, moisture variation, 

and geometry of mid-sized industrial coal hoppers. Second, 

while advanced solutions exist, there is a notable lack of 

documented, cost-optimised, and fully automated retrofit 

systems specifically designed for mid-scale coal hoppers in 

mining environments. The literature lacks integrated case 

studies that combine optimised mechanical excitation with 

simple, reliable, and low-cost automation tailored to real-

world mining constraints. 

1.4 Proposed Solution and Project Aim 

This research paper presents the design, implementation, and 

performance evaluation of an Advanced Vibratory Discharge 

System engineered as a retrofit solution for the identified 

problem. The proposed system addresses the core 

shortcomings by employing a strategically placed single 

vibratory motor mounted on the hopper's sloping walls to 

ensure effective energy distribution. The motor (1 HP, 3000 

RPM, 7700 N centrifugal force) is sized based on static force 

calculations to exceed the threshold 

required to break cohesive arches. Automation and safety are 

achieved through an ESP32 microcontroller-based control 

unit, selected for its programmability, reliability, and potential 

for future IoT integration, which manages the motor via a 

solid-state relay (SSR) circuit, enabling electrically isolated 

and programmable operation. The overarching aim is to 

transform the discharge regime from intermittent and manual 

to continuous and automated, thereby enhancing safety, 

reducing downtime, and improving the operational efficiency 

of coal handling. 

1.5 Research Objectives 

To achieve this aim, the project is guided by the following 

specific objectives: 

1. To analyse the limitations of the existing hopper 

system and perform force calculations to determine 

the mechanical energy required to overcome coal 

cohesion and wall friction. 

2. To design and specify an optimised vibratory 

system, including motor selection based on 

calculated force requirements, a symmetric 

mounting architecture, and the integration of 

vibration isolation pads. 

3. To develop a safe, reliable, and automated control 

circuit using an ESP32 microcontroller and solid-

state switching components. 

4. To implement the proposed system and evaluate its 

performance quantitatively against the baseline by 

measuring improvements in discharge consistency, 

reduction in residual coal, and the elimination of 

manual intervention. 

1.6 Paper Organisation 

The remainder of this paper is structured as follows: Section 

2 (Literature Review) provides a detailed synthesis of 

granular flow theory, industrial vibratory solutions, and 

control strategies, positioning this work within the broader 

field. Section 3 (System Design and Methodology) details the 

force calculations, component specifications, mechanical 

integration, and control logic of the proposed vibratory 

system. Section 4 (Results and Discussion) presents the 

empirical findings from system testing and analyses their 

significance in light of the stated objectives and existing 

literature. Finally, Section 5 (Conclusion and Future Work) 

summarises the project's contributions, discusses its practical 

implications, and suggests pathways for further development 

and optimisation. 

2. LITERATURE REVIEW 

The design and implementation of a vibratory discharge 

system are grounded in a well-established body of research 

spanning granular physics, industrial equipment design, and 

vibration control. This review synthesises key literature to 

contextualise the present work, moving from fundamental 

principles to applied industrial solutions, culminating in the 

identification of the specific gap this project aims to fill. 

2.1 Fundamental Principles of Granular Flow and 

Jamming 

The flow of bulk materials like coal is governed by granular 

mechanics rather than fluid dynamics. A cohesive granular 

medium can form stable, self-supporting structures known as 

arches or bridges across container outlets, leading to complete 

flow stoppage. Seminal experimental work by Janda et al. [3] 

quantitatively demonstrated that applying mechanical 

vibration is an effective method to unjam a granular hopper, 

as it disrupts the internal force-chain networks that sustain 

these arches. Further studies by Mankoc et al. [4] elaborated 

that vibration primarily breaks existing arches rather than 

preventing their formation. This foundational principle—that 

controlled vibration induces particle rearrangement and 

reduces effective friction—is robust and has been observed 

across scales. Notably, research on light-weight vibrational 

robots has shown that even low-power, high-frequency 

excitation can induce rapid motion across granular media [5], 

reinforcing the concept that vibrational energy efficiently 
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overcomes granular interlocking. These studies establish the 

core scientific validity of using vibration to promote flow in 

cohesive, frictional materials. 

2.2 Industrial Applications and Vibratory Equipment 

Design 

Translating this fundamental principle into reliable industrial 

practice requires engineering design rules tailored to heavy-

duty applications. In metallurgy, Kotov et al. [1] addressed 

chronic arching in sintering plant hoppers by installing 

vibratory "false wall" devices. Their work provides a highly 

relevant industrial case study, detailing a retrofit solution 

where a vibrator's impact force (selected to be roughly one-

fifth the weight of the material in the hopper) is applied 

directly to a steel plate mounted inside the hopper. This design 

focuses vibrational energy onto the material bed rather than 

the entire structure, a key efficiency consideration. Their 

successful implementation confirms vibration as a practical 

and cost-effective intervention for bulk material blockage in 

harsh industrial environments. Furthermore, general design 

guides for vibratory feeders [6] emphasise the relationship 

between motor power, centrifugal force, material bulk 

density, and hopper mass, providing a framework for sizing 

mechanical components. 

2.3 Structural and Control Considerations 

A critical secondary challenge in industrial vibration 

implementation is managing the dynamic interaction between 

the equipment and its supporting structure. Debut and Inácio 

[2] documented a severe case where vibrating grape hoppers 

induced resonant vibrations in a large concrete slab at a 

winery, necessitating a complex isolation system using air 

springs. This case study directly informed our decision to 

incorporate elastomeric isolation pads from the outset to 

prevent structural damage and energy loss. From a control 

perspective, while advanced systems may use Variable 

Frequency Drives (VFDs) for dynamic adjustment [6], the 

need for simplicity, reliability, and low cost in industrial 

settings often leads to simpler on-off or timer-based control 

strategies. The integration of microcontrollers offers a 

modern middle ground, enabling automated, logic-based 

control without the complexity and expense of full-scale 

industrial PLCs. 

2.4 Identified Research Gap and Contribution of This 

Work 

A synthesis of the literature reveals a distinct gap. While 

granular flow theory is well-established [3,4,5] and industrial 

vibratory solutions exist in sectors like metallurgy [1] and 

agriculture [2], there is a scarcity of documented, integrated 

systems designed specifically for mid-sized industrial coal 

hoppers. Coal handling presents unique challenges due to 

variable moisture content, particle size distribution, and the 

need for robust, low-maintenance solutions in mining 

environments. Furthermore, many studies focus either on 

massive-scale systems or small-scale laboratory experiments. 

Therefore, a documented system combining (a) force-based 

vibratory motor sizing informed by both calculation and 

industrial heuristics [1], (b) a symmetric excitation scheme to 

ensure uniform flow, and (c) a low-cost, microcontroller-

based automation and safety circuit for reliable operation in 

coal handling is lacking. 

This project directly addresses this gap. It contributes a 

detailed case study of the design, implementation, and 

performance evaluation of an advanced vibratory system 

tailored to a WCL coal hopper. The work demonstrates how 

fundamental granular theory and proven industrial vibration 

techniques can be synthesized into a cohesive, automated 

solution that enhances safety and efficiency in coal handling 

operations. 

3. SYSTEM DESIGN AND METHODOLOGY 

This section details the systematic engineering approach 

undertaken to design and specify the Advanced Vibratory 

Discharge System. The methodology progresses from a 

critical analysis of the existing problem, through fundamental 

force calculations, to the detailed specification of a single-

motor solution and its control logic. 

3.1 Analysis of Existing System and Problem Definition 

The subject of this intervention is a coal storage hopper at the 

WCL Chandrapur mine. The hopper has a square inlet of 3000 

mm × 3000 mm, a vertical height of 3000 mm, and side walls 

inclined at 60°, tapering to an 800 mm diameter outlet. 

Critically, the existing system has no installed vibratory 

equipment; discharge relies entirely on gravity. This results in 

persistent funnel flow and the formation of stable arches 

when handling cohesive coal, necessitating frequent and 

hazardous manual clearing. This analysis established the core 

design requirement: to engineer and install a complete 

vibratory excitation system from first principles, capable of 

delivering sufficient force to overcome cohesion and friction, 

integrated with automated control. The hopper geometry and 

motor placement are shown in Fig. 1. 

3.2 Force Calculation and Motor Sizing Rationale 

The primary engineering objective was to calculate the 

precise centrifugal force required to initiate flow and select 

an appropriately sized motor. The calculation followed a 

three-step physics-based approach, considering the need to 

accelerate the entire effective mass of the system. 

Step 1: Force to Initiate Sliding of Stuck Coal. The basic 

requirement is to overcome static friction and the gravity 

component holding a representative mass of cohesive coal 

(𝑚𝑐 = 50 kg) on the 60∘ wall. The force required is: 

𝐹needed = 𝑚𝑐𝑔(sin 𝜃 + 𝜇 cos 𝜃)

= 50 × 9.81 × (sin 60∘ + 0.4 cos 60∘)

= 523 N 

 

The coefficient of friction (μ=0.4) was selected based on 

typical values for coal-on-steel interfaces found in 

engineering handbooks. This equates to a required 

acceleration of 𝑎𝑟𝑒𝑞 ≈ 10.46 m/s
2
 or about 1.07𝑔. 
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Step 2: Centrifugal Force to Accelerate the Entire System. 

The motor must impart this acceleration to the effective 

vibrating mass, including the hopper structure and its contents 

(𝑀𝑠𝑦𝑠 = 500 kg). The required unbalanced centrifugal force 

is: 

𝐹𝑢 = 𝑀𝑠𝑦𝑠 × 𝑎𝑟𝑒𝑞 = 500 × 10.46 = 5229 N (5.23 kN) 

 

Step 3: Application of Design Safety Factor. A safety factor 

of 𝑘 = 1.5 was applied to ensure reliability under variable 

coal conditions (moisture, compaction), yielding the final 

design target force: 

𝐹𝑢,safe = 𝑘 × 𝐹𝑢 = 1.5 × 5229 = 7843 N (7.84 kN) 

Conclusion: The motor selection was based on a design target 

peak centrifugal force of 7.8 – 8.0 kN. This refined, physics-

based method aligns with the industrial heuristic from 

literature, which suggests an impact 

force on the order of a fraction of the material weight [1], 

while providing a tailored justification for this application. 

3.3 Component Specification and Selection 

Components were selected to meet the calculated force 

requirement while prioritizing reliability and safety. 

3.3.1 Vibratory Motor Specification: 

A single-motor configuration was selected as the optimal 

solution for this application, balancing high performance with 

cost-effectiveness, mechanical simplicity, and ease of control. 

The selected motor meets the core design requirement as 

summarized in Table 1. 

Table 1: Vibratory Motor Specification and Design Basis 

Parameter Specification Design 

Justification 

 

Configuration 

 

Single Motor 

Chosen for 

optimal balance 

of performance, 

cost, and 

integration 

complexity. 

 

Type 

Single-Phase 

Induction 

Motor 

Standard for 

industrial 

vibratory 

equipment. 

 

Power Rating 
1 HP (0.746 

kW) 

Sufficient to 

generate the 

required 

centrifugal 

force. 

 

speed 

 

3000 RPM 

Standard 

industrial 

operating speed. 

 

Design Target 

Force 

 

7.84kN 
Result of 

detailed 

calculation with 

safety factor 

(Sec. 3.2). 

 

Motor Output 

Force 

 

7.70kN 

Selected motor 

meets the design 

target, providing 

the necessary 

unjamming 

force. 

 

Max Vibrating 

Mass 

 

500kg 

Matches the 

total system 

mass (𝑀𝑠𝑦𝑠) 

used in 

calculation. 

 

3.3.2 Control and Electrical Components: 

 Microcontroller: ESP32, selected for its robust 

control logic, programmability, and potential for 

future sensor or IoT integration. 

 Power Switching: A Solid-State Relay (SSR) rated 

215V, 6A for reliable, noiseless switching of the 

inductive motor load. 

 Isolation: An electromagnetic relay module provides 

galvanic isolation between the low-voltage ESP32 

and the SSR control circuit. 

 Power Supply: A regulated 12V DC supply for the 

relay module and a 5V/3.3V regulator for the 

ESP32. 

3.4 Mechanical Integration and Mounting Design 

The single vibratory motor is mounted on a strategically 

chosen sloping wall of the hopper. Its position is in the lower 

third of the conical section, directly targeting the zone most 

prone to arch formation, a principle validated in industrial 

case studies [1]. 

 

Figure 1: 2D schematic of the coal hopper with vibratory 

motor placement. The diagram shows the hopper dimensions 

(3000×3000 mm inlet, 3000 mm height, 60° wall inclination, 

800 mm outlet) and the position of the 1 HP vibratory motor 

mounted on the sloping wall in the lower third section. 

A custom-fabricated steel bracket is welded to the hopper 

shell to provide a rigid mounting platform. To prevent the 

transmission of harmful vibrations to the supporting 

structure—a critical concern highlighted in vibration analysis 

literature [2]—elastomeric isolation pads are installed 

between the motor feet and the mounting bracket. These pads 

confine the oscillatory energy to the hopper, improving 

efficiency and long-term structural integrity. 
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3.5 Control System Architecture and Working Principle 

The control system, shown in Fig. 2, is designed for safe, 

wireless operation of the vibratory motor. Power is drawn 

from a 230 V single‑phase 50 Hz supply, protected by a 16 A 

miniature circuit breaker (MCB) that guards against 

overcurrent and short circuits. The supply splits into two 

paths: one directly feeds the motor switching circuit, while 

the other connects to a switched‑mode power supply (SMPS) 

that outputs a low‑voltage DC (12 V/5 V) to power the control 

electronics. An ESP32 microcontroller, powered by this DC 

supply, serves as the central control unit. It receives ON/OFF 

commands wirelessly via Bluetooth from a mobile 

application, eliminating the need for manual switches near the 

hopper. When an ON command is received, the ESP32 sends 

a control signal to a 5 V/12 V relay module. This relay 

module, in turn, activates a solid‑state relay (SSR) that 

switches the 230 V AC supply to the vibratory motor. The 

SSR provides silent, arcing‑free switching of the inductive 

motor load and ensures galvanic isolation between the 

low‑voltage control side and the high‑power motor circuit. 

Upon receiving an OFF command, the ESP32 de‑energizes 

the relay module, the SSR opens, and the motor stops. This 

arrangement enables convenient, remote operation—

significantly improving safety by keeping personnel away 

from the hopper during discharge cycles. 

 

Figure 2: Control circuit diagram. The system uses a 230 V 

single‑phase supply protected by a 16 A MCB. An SMPS 

provides low‑voltage DC for the ESP32 and relay module. 

The ESP32 receives Bluetooth commands from a mobile 

application and controls a relay module, which drives a 

solid‑state relay (SSR) that switches the vibratory motor. 

This methodical approach—from theoretical calculation and 

deliberate single-motor selection to careful integration and 

defined testing—ensures the system design is analytically 

sound and ready for practical performance evaluation. 

 

 

 

 

 

4. RESULTS AND DISCUSSION 

4.1 Performance Results 

Before installation, the hopper's coal discharge was highly 

irregular. With no vibration applied, the coal would frequently 

form arches and stop flowing entirely. Workers had to 

manually rod the stuck coal approximately 8–10 times per 8-

hour shift to restart the discharge. 

After activating the single vibratory motor (1 HP, 7.7 kN 

centrifugal force), the discharge behaviour improved 

immediately. The coal flow became continuous and steady, 

with no prolonged stoppages. Manual rodding was 

completely eliminated. The motor effectively cleared 

stagnant coal from the wall on which it was mounted, 

confirming that the calculated force was sufficient to break 

the arches. No excessive structural vibration or loosening of 

fasteners was observed, indicating that the mounting bracket 

and isolation pads performed as intended. Visually, the 

residual coal remaining on the hopper walls after discharge 

reduced by approximately 80–90%. 

4.2 Discussion 

The complete elimination of blockages validates our force 

calculation methodology. The design target of 7.8–8.0 kN 

(with safety factor) was closely matched by the selected 

motor's 7.7 kN output, and this proved adequate for real-

world operation. The ESP32-based control circuit and solid-

state relay worked reliably throughout testing, demonstrating 

that low-cost microcontrollers can effectively automate 

industrial vibratory equipment. 

One minor observation: coal on the wall opposite the motor 

moved slightly slower than coal on the motor side. This is 

expected because vibration energy is strongest near the 

source. A dual-motor configuration would provide more 

uniform flow but at higher cost and complexity. For this 

application — where the primary goal was to eliminate 

stoppages and manual labour — the single-motor solution 

was a cost-effective and successful choice. 

Overall, the results confirm that a well-calculated, single-

motor vibratory system with simple automation can transform 

problematic gravity-fed hoppers into reliable, continuous 

discharge systems. This approach also improves worker 

safety by removing the need for manual rodding near the 

hopper. 

5. CONCLUSION 

This project successfully addressed the coal flow blockage 

problem at the WCL Chandrapur hopper. The original system 

had no automated discharge aid and relied only on gravity, 

which led to frequent arching and forced workers to manually 

rod the coal — a slow and hazardous process. 

We designed a vibratory discharge system based on physics-

based force calculations. The required centrifugal force was 

determined to be 7.8–8.0 kN, and a single 1 HP vibratory 

motor with 7.70 kN output was selected. The motor is 
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controlled by an ESP32 microcontroller via a solid-state 

relay, allowing safe and wireless operation. 

After installation, the results were significant: blockages were 

completely eliminated, manual interventions dropped from 

8–10 per shift to zero, and coal flow became continuous and 

automatic. Worker safety improved because no one had to go 

near the hopper during operation. 

This project shows that a well-calculated, single-motor 

vibratory system with simple automation is a practical, low-

cost, and effective retrofit for coal hoppers. The same design 

approach can be applied to other bulk material handling 

problems in similar industries. 
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