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Introduction

Belts are the common conveying equipment in 

mines. The high conveying capacity, long haulage and 

relatively simply maintenance makes this equipment 

highly popular in underground mining [1]. 

Alongside with the apparent advantages, the 

operation of conveyor belts includes complex fire 

safety control [2, 3]. The main cause of fire in long 

regions of belt conveyors is the seizure of rollers and 

the friction between the roller shell and the loaded 

belt [4, 5]. The friction involves heating of the roller 

surface and heat emission, which can initiate inflam-

mation of substances having the least burning point, 

for instance, coal dust [6]. 

Conveyor lines can be tens kilometers long, and the length of one 

conveyor can exceed one kilometer. The prompt detection of faults is 

difficult without special facilities [7, 8] as it is necessary to inspect each 

roller in the conveyor line, and the number of the rollers may exceed six 

thousand [9, 10]. The automated fire extinguishment systems are only 

provided at the power-drive and tension stations of conveyors and are 

absent along the conveyor flight. 

A belt conveyor fire is an exogenous fire controllable using ven-

tilation. Fire begins as inflammation initiated in off-normal mode of 

a conveyor, and has ultra early, early, developmental, mature and 

attenuated stages which differ by the ambient temperature. The 

ultra early and early fire detection enables early localization and 

elimination of an accident, without work interruption and any severe 

financial loss. The signs of an early fire can be the CO concentration 
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in the mine air and the increased temperature in the fire zone. These

signs are detected using the point and distributed fire sensors and

sending boxes. 

Although Russian [11, 12] and foreign [13, 14] researchers

investigate fire safety of belt conveyors, the impact of coal dust on

the belt–roller shell friction remains beyond the scope of any analysis

so far. 

This study aims to model fire initiation in a conveyor flight because of

the friction between the loaded belt and the shell of a faulty roller with 

participation of coal dust. 

Methods

Modeling of the conveyor belt–coal dust–roller system uses the 

FEM-based software ANSYS [15, 16]. 

First, the friction force in the roller–belt and roller–coal dust–belt 

systems was calculated in unit Transient Structure and, second, the

heat effect on the roller was modeled in unit Transient Thermal.

The model region of a conveyor belt is 9.45 m long and has rows of 

rollers spaced at 1.2 m. The rollers have a diameter of 0.128 m, and the

belt has a width of 1 m. 

It is assumed in the modeling that the temperature at each point of 

the roller and belt is initially the same and equals 25 °C, the roller car-

riage has no lining, and the belt is a uniform material with the uniform

characteristics, i.e., the amount of heat emission as heat flows through

the multilayered body is disregarded, and each layer has a different heat

conduction coefficient. The characteristics selected for the belt and 

roller materials fit the actual values. 

Modeling stage I. 

The process uniqueness conditions: 

• Dimensions of the roller as per State Standard GOST R 

57841–2017: roller shell diameter d = 0.127 m, roller shell length

L = 0.380 m, shell wall thickness b = 0.004 m.b

• Dimensions of the belt: width, and work and nonwork coat thick-

nesses—according to State Standard GOST R 57032-2016.

• Belt 2 STS (TG)-1000-4-ER-100/4-5+2-TSO-RB State Stan-

dard GOST R represents an orthotropic structure, and the rollers are

the elastic solids with the initial parameters of structural steel. 

• The belt modeling parameters: density ρ = 1300 kg/m3, elas-

ticity moduli along the axes y and z Ez y = Ez = 3.2∙108 Pa, elasticity 

modulus along x Ex = 2.85∙108 Pa, Poisson’s ratio ν = 0.4 and shear

moduli along the axes y and z Gy = Gz = 1.14∙108 Pa [17]. The FEM

cell side is 0.08762 m.

The first-order boundary conditions are described below. 

By the Amontons–Cou lomb law, the sliding friction force is indepen-

dent of the contact area between the bodies but depends on the normal

reaction force on the bodies and on the properties of materials the 

 bodies are made of [18, 19]:

Ffr = μP, (1)

where μ is the friction coefficient; P is the belt pressure, N.

Using (1) and the formula for heat, we obtain: 

Qheat = μPν. (2)

The heat generated is spent in accordance with the energy preser-

vation law for heating the roller and belt with the coal dust layer, as is 

given by the heat balance equation [20, 21]: 

Qheat = Qr + Qb, (3)

where Qr and Qb are the quantities of heat to heat the roller and the belt

with the coal dust layer, respectively, W. 

The friction coefficient μ of the roller–belt couple is higher when

the friction system includes coal dust. As per State Standard GOST ISO

21182-2016, the modeling used μ = 2.0 for the roller–belt system and 

μ = 3.4 for the roller–coal dust–belt systems. 

After evaluating the friction force at different input data, the heat

quantity Qheat generated in the off-normal mode of the conveyor is cal-

culated. 

Modeling stage II. 

The process uniqueness conditions: 

• Physical data of the roller material: steel, density ρ1 =

= 7850 m3, heat conduction λ1 = 90 W/(m·K), specific heat capacity

c1 = 557 J/(kg·K).

• Physical data of the belt material: density ρ2 = 1300 m3, heat

conduction λ2 = 10 W/(m·K), specific heat capacity c2 = 971 J/(kg·K).

• Initial condition: the ambient temperature ta °C is equal to the 

roller and belt temperatures tr and tb °C.

The third-order boundary condition describes heat exchange 

between a body and the ambience [22, 23]:

Qr = α(tr – t0), (4)

where α is the heat transfer coefficient; tr and t0 are the roller tem-

peratures after the heat emission Qr and at the initial time, respec-

tively. 

At the second stage of modeling in unit Transient Thermal, the roller

experiences the heat Qr. The heat flow on the roller is calculated from

the formula: 

Qr = αhfQheat,  (5)

where αhf is the heat flow pattern coefficient found from Sharron’s [24].

Introducing actual values in the heat flow pattern formula: 

αhf = ,  (6)

where ρ1 is the roller steel density, kg/m3; λ1 is the heat conduction

of the roller material, W/(m·K); c1 is the specific heat capacity of 

the roller material, J/(kg·K); ρ2 is the density of the belt material,

kg/m3; λ2 is the heat conduction of the belt material, W/(m·K); c2 is

the specific heat capacity of the belt material, J/(kg·K); [25, 26], 

we obtain: 

αhf =  = 0.85.

The roller material parameters for the thermodynamic modeling 

are: the absolute black’s radiation constant C0= 5.69 W/(m2·deg4), 

the roller emissivity ε = 0.95, the heating rate α1 = 6 W/(m2·K) in 

natural convection. 

Results and discussion 

Modeling stage I. 

The seizure modeling for the middle roller in the 4th row produced 

the values of the friction forces Ffr in the roller–belt and in the roller–

coal dust–belt systems. The values were placed in formula (2) to find 

the heat quantity Qheat.

The heat spent to heat the roller is found from (4) as: 

Qr = 0.85Qheat. (7)
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Tables 1 and 2 describe the heat in friction in the two test friction 

couples at the belt velocity v = 2.15 m/s and different belt pressures 

P (GOST 31558-2012).P

Tables 3 and 4 describe the heat in friction in the two test friction 

couples at different belt velocities and at the belt pressure P = 200 NP

(GOST 31558-2012).

Modeling stage II. 

Figure 1 illustrates the temperature pattern in the roller shell 

under the heat Qheat. 

The roller heating is nonuniform, and the highest temperature is 

observed at the contact with the belt. 

Figure 2 shows the model temperature of the roller surface per 

fire stages [27, 28].

The minimal time up to the coal dust smolder under varied loading 

of the conveyor belt is 35 s (see Fig. 2a) and under varied velocity of 

the belt is 45 (see Fig. 2b). The time of the roller heating up to 100 oC, 

which conforms with fire phase 1.1, is 17 s (Fig. 3). 

Figure 4 offers a graphical presentation of the heat balance equa-

tion for a roller: here, the roller heating Qr is a sum of the heat absorbed 

by roller, Qrin and the heat gone outward, Qrout including the convective 

heat Qcon and radiant heat Qrad. 

Initially, the energy of the heat flux is spent for the roller body 

heating, and the temperature of the roller surface grows fast in this 

period of time. The heat quantity gone outward increases with time, 

and the roller surface heating rate lowers gradually. When the out-

ward-directed heat quantity approaches the value of the total heat 

directed to the roller and the roller-absorbed heat tends to zero, the 

temperature of the roller surface remains unaltered with time, and 

the energy is totally spent for the generation of the convective and 

radiant heat.

A fire-hazardous situation in the off-normal mode of a conveyor is 

described by heat balance equation (3) which sets that the friction-

induced heat goes to warm the roller and the belt. 

The heat Qr mostly influences the roller according to equation (6). 

The belt passes the friction region too fast to get heated, and the heat 

Qb has no material effect on the roller heating [29, 30]. 

The roller heat goes inside the roller to warm it – Qrin and for gene-

rating the convective heat flux Qcon and radian heat flux Qrad

Qr = Qrin + Qcon + Qrad. (9)

The heat taken to warm the roller and the belt for the whole heating 

time T up to the temperatures tT r or tb, respectively, is given by:

Qrin = c1g1(tr – t0),  (10)

Qbin = c2g2(tb – t0),  (11)

where g1 and g2 are, respectively, the masses of the roller and the 

belt, kg. 

The convective heat flux: 

Qcon = α1Sp(t1 – t0),  (12)

where α1 is the heat transfer coefficient of the roller material; Sr is the 

radiance area including the belt-uncovered areas and the end faces of 

the roller, m2; t1 is the temperature in the heating zone, deg; t0 is the 

ambient temperature, deg.

The radiance heat flux [16]:

Qrad = εС0Sp ,  (13)

where Sr is the radiance area including the belt-uncovered areas and ther

end faces of the roller, m2; С0 is the absolute black’s radiation constant,

W/(m2·deg4); ε is the roller emissivity factor; t1 is the temperature in 

the heating zone, deg; t0 is the ambient temperature, deg.

If there is a layer of coal dust between the roller and the belt, some 

heat is spent for warming this layer.

The coal dust layer experiences simultaneously the heat from the 

conductance, radiance and convection, and from the heat spent for 

warming the belt:

Qcd = Q*rin + Q*rad + Q*con + Q*b, (14)

where Qcd is the heat taken by coal dust, W; Q*cond, Q*rad, Q*con is, respec-

tively, the heat from the conductance, radiance and convection, W; Q*b
is the heat spent to warm the belt, W. 

Participation of coal dust in friction increases the risk of fire as the 

rate of the temperature rise is lower in the friction system without coal 

dust at the same belt velocity and pressure. 

The review of the belt fire detection systems [27] shows that the 

fastest fire detection is provided by the use of the distributed tem-

perature fire-alarm box and the point gas fire-alarm box, which responds 

to the increased concentrations of CO. The ultra early fire detection 

requires that sensors and alarm boxes are arranged at the nearest dis-

tance from fire-hazardous sites. 

Table 1. Heat flow in roller–belt friction at belt velocity of 2.15 m/s

P, N 100 200 300 450 600 700 1000

Ffr, N 205.7 230.4 256.0 292.6 329.0 365.3 431.9

Qheat, W 442.2 495.3 550.3 629.2 707.4 785.4 928.7

Qr, W 375.9 421.0 467.8 534.8 601.0 644.6 789.4

Table 2. Heat flow in roller–coal dust–belt friction at belt velocity of 

2.15 m/s 

P, N 100 200 300 450 600 700 1000

Ffr, N 355.9 401.5 439.3 494.5 566.8 631.0 736.3

Qheat, W 765.3 863.2 944.4 1081.6 1218.6 1356.6 1583.0

Qr, W 650.5 733.7 802.7 919.4 1035.8 1153.1 1345.6

Table 3. Heat flow in roller–belt friction at belt pressure of 200 N 

v, m/s 1.60 2.15 2.50 3.15

Ffr, N 226.60 230.40 235.70 235.00

Qheat, W 362.50 495.30 589.30 740.00

Qr, W 308.13 421.01 500.91 629.00

Table 4. Heat flow in roller–coal dust–belt friction at belt pressure 

of 200 N 

v, m/sс 1.60 2.15 2.5 3.15

Ffr, N 400.30 401.50 404.6 406.30

Qheat, W 640.50 863.20 1011.6 1279.70

Qr, W 544.43 733.70 859.9 1087.70
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Fig. 1. Roller temperature after heating by Qheat:

t = 263.16 (a); t = 789.47 (a b); t = 1315.8 (bb c)c

a

b

c
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Conclusions

Heating of belt rollers due to friction on the loaded conveyor belt 

with and without coal dust has been modeled in ANSYS using the finite 

element method. 

The modeling of fire initiation in the loaded belt and faulty roller fric-

tion has found that: 

• the minimal time of fire detection at the ultra early stage of fire 

development is 17 s from the start of the off-normal mode operation 

of the conveyor;

• the coal dust participation in the belt—roller friction system 

increases the risk of fire; 

• the heat affecting the roller divides into the absorbed heat, radi-

ance heat and convection heat; 

• the roller heat directed outward can cause inflammation of coal 

dust and other materials having the low inflammation temperature. 

The total heat Qheat generated in friction between the conveyor belt 

and the roller is described by the Amontons–Coulomb law using formula 

(2); heat balance equation (3) includes the roller heat Qr and the belt 

heat Qb. Coal dust in the belt–roller contact zone intakes some heat, 

which is absorbed and radiated by the roller, Qcd gets dried and emits 

volatiles, CO and steam [31, 32]. When the pyrolysis temperature is 

reached, which is different per coal grades, smoldering begins owing 

to the lack of oxygen in the combustion zone. In case of the continued 

heating of the roller surface that interacts with coal dust, flaming initi-

ates and seizes all close-spaced elements in a longwall equipped with a 

belt conveyor [33, 34]. 

Improvement of the fire safety of belt conveyors requires an opera-

tion algorithm of engineering facilities capable to detect fire signs (CO 

concentration, high ambient temperature) [35] at the ultra early stage 

of fire development at the minimized false triggering. Precautions can 

include removal of coal dust layers from the load and return branches 

of conveyor belts. 
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