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Abstract 

Pipe belt conveyor is a new type of environmentally friendly and efficient bulk conveying equipment. In the design 
of the roller, the belt and the driving motor of pipe belt conveyor, the sag resistance is a key parameter. Meanwhile, 
the normal force between the conveyor belt and the roller group is the other important factor need be considered 
and has a great influence on the sag resistance. This paper analyzes a pipe belt conveyor with a diameter of 150 mm 
to study the calculation method of normal force. And the relationship between the normal force and the sag resist-
ance is explored. Firstly, the normal force is decomposed into three components related to the forming force of 
belt, material gravity and belt gravity. So it can be expressed as a linear combination of these three quantities, and 
the coefficients of each component are obtained based on the dynamic analysis of belt-roller. The results show that 
the coefficient is mainly affected by the material filling rate, and is almost not affected by the distance between the 
rollers and the density of the material. The calculation method of the normal force is eventually obtained. Secondly, 
the normal force in the case of different material filling rates is tested by experiments, and the calculation method of 
the normal force is verified. Thirdly, the variation law of the sag resistance in the case of different roller group spacing 
and material filling rate is studied by the dynamic model. It is found that the roller group spacing and material filling 
rate affects the sag resistance by changing the normal force. There is a power function relationship between the sag 
resistance and the normal force. In the case of different roller group spacing and material filling rate, the relationship 
among the sag resistance and the normal force remains unchanged. This study results are of great significance to the 
design of pipe belt conveyor.
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1  Introduction
The pipe conveyor is a new type of environmentally 
friendly and efficient bulk material conveying equipment, 
which has the characteristics of large load, long distance, 
large capacity and continuous operation. It is increasingly 
popular in mining, metallurgy, chemical, electric power, 
port and other industries [1, 2]. The running resistance 
is a key parameter in the design of the pipe conveyor. 
The excessive running resistance leads to the increase of 
the motor power and the power consumption. In severe 

cases, the pipe conveyor is overloaded and the service 
life is greatly reduced. Hager [3] analyzed components of 
running resistance for ordinary conveyor with a length 
of one kilometre, and the sag resistance accounted for 
61% of the total running resistance. Because the belt of 
pipe conveyor is pipe-shaped, the contact force between 
the roller and the belt is greater than ordinary conveyor. 
The sag resistance of pipe conveyor accounts for a greater 
proportion of total resistance. Currently, in the design 
of the pipe conveyor, the sag resistance is calculated by 
product of normal force of belt-rollers and the sag resist-
ance coefficient. The normal force is generated by the 
forming force of belt, belt gravity and material gravity 
on roller [4]. And the normal force of roller group often 
are calculated by taking the sum of material gravity, belt 
gravity and the forming force of belt between the two 
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roller groups. The normal force obtained by this method 
will have a large error. Moreover, when calculating the 
sag resistance of pipe conveyors, the sag resistance coef-
ficient used is considered to be equal to that for ordinary 
belts. This makes it impossible to calculate the sag resist-
ance accurately. Considering the difference of working 
principle between the two conveyor types, a more rea-
sonable calculation method of the normal force and sag 
resistance of pipe conveyor should be studied.

For the normal force of pipe conveyor, Molnár et al. [5–
8] presented design and verification of regression mod-
els for prediction of pipe conveyor belt normal forces on 
rollers. Zamiralova et  al. [9] presented an experimental 
study to investigate the influence of various factors on 
the normal force of the roller, such as pipe diameter, belt 
width, transverse bending stiffness, line mass and the 
position of the belt overlap. Zheng et  al. [10] proposed 
FEM/DEM coupling model for simulating pipe conveyor 
systems to investigate the fundamental contact force act-
ing between conveying belt and structural components. 
Bin et al. [11] established a rigid-flexible coupling model 
of belt and rollers for the pipe conveyor to solve the nor-
mal force in the case of the typical conditions of uni-
form speed and uniform acceleration. Michalik et al. [12] 
designed a computer integrated system for the evaluation 
of the normal force on rollers and the strains at different 
locations of a belt. Guo et  al. [13, 14] studied the influ-
ence of diameter of pipe-shaped belt on normal force, 
and an optimized pipe diameter is obtained. Stehlikova 
et al. [15] analysed relationship among the tension forces, 
asymmetrical tensioning and filling rate in the cross-
sectional area of the piped belt. Lech Gładysiewicz et al. 
[16] measured loads on belt conveyor rollers in operation 
under actual conditions. Wang et al. [17, 18] studied the 
magnetic properties of the permanent magnet magnetic 
pipe conveyor belt system. An experimental device with 
adjustable diameter roller group was designed to test the 
dynamic pressure of the roller group. However, most of 
the studies above only analyzed the influence of different 
factors on static normal force. There were few studies on 
normal force based on the dynamic model and no trust-
worthy calculation method of the roller normal force. 
Hence, it is of great significance to research the influence 
of the material factor, the forming force of belt and the 
belt gravity on the normal force, and to obtain a trust-
worthy calculation method of the normal force.

For the sag resistance, Jonkers [19] derived the calcu-
lation formula of the sag resistance. Qin [20] provided 
a method to calculate the sag rolling resistance. O’Shea 
[21] analyzed different test methods of sag resistance. 
Rudolphi [22] used a one-dimensional Winkler founda-
tion and a generalized viscoelastic Maxwell solid model 
of the belt backing material to determine the resistance 

of a conveyor belt over rollers. Reicks et  al. [23] used 
two theoretical approaches to predict the loss for belt 
cover rubber. The results of these calculations are com-
pared with the results of measurement, and important 
factors affected the accuracy of these prediction meth-
ods were offered. Leonardo and Santos [24] designed a 
low-cost measuring method for sag resistance of pipe 
conveyor. Yan [25] studied indentation rolling resist-
ance of belt conveyor based on Hertz contact theory 
compared with one-dimensional Winkler foundation. 
Jayne [26] introduced a dielectric energy loss model 
which uses dielectric methods to measure the vis-
coelastic material properties of the bottom cover of 
conveyor belt. Robinson [27] established a spherical 
indentation into a generalized Maxwell backing. The 
indentation rolling resistance of spherically profiled 
idler rolls was studied. Dutta Sudipta [28] designed 
a table top experimental setup for electrical contact 
resistance measurement during indentation. Nicola 
Menga [29] studied the indentation rolling resistance 
in belt conveyors based on a model for the viscoelastic 
friction. Javier [30] presented the knife-edge-equivalent 
contact constraint method to analyses the two-point 
wheel-rail contact scenario. Zhang [31] tested the fric-
tion coefficient of belt conveyor under various working 
conditions.

However, most of the research on the sag resistance 
is about to ordinary belt conveyors, and these studies 
can’t provide straight guidance for practical engineering 
design of the pipe conveyor. It is important to study the 
variation of the sag resistance in the case of different fac-
tors and research the relationship between the normal 
force and sag resistance, which can provide an important 
basis for the design of the sag resistance.

In this paper, a certain type of pipe conveyor is stud-
ied. Firstly, the normal force is decomposed into three 
components related to the forming force of belt, mate-
rial gravity, and belt gravity. So the normal force can be 
expressed as a linear combination of these three quan-
tities. The coefficients of three components will be 
obtained based on the dynamic analysis of belt-roller and 
function fitting. The calculation formula of the normal 
force of each roller is eventually obtained, which will be 
verified by the experiments in the case of different mate-
rial filling rates. And then, the variation law of the sag 
resistance in the case of different roller group spacing and 
material filling rate is studied. The relationship between 
the sag resistance and the normal force is obtained based 
on above analysis.

The current paper is organized as follows. The calcula-
tion method of the normal force is presented and verified 
by experiments in Section  2. The influence of different 
factors on sag resistance is presented in Section 3. Finally, 
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concluding remarks and directions for future research 
are discussed in Section 4.

Influence of different factors on sag resistance.

2 � Calculation Method of the Normal Force
2.1 � Theoretical Analysis of the Normal Force
The regular hexagon roller group is considered. The 
arrangement of rollers is shown in Figure 1.

There are six rollers in a roller group. The normal 
force of the ith roller Fi can be decomposed into three 
components FCi, Fbi and Fmi, which are related to the 
forming force of belt, material gravity, and belt gravity 
respectively.

If the pipe-shaped belt is a regular circle with no over-
lapping parts, then the forming force of the belt on these 
six rollers are equal. Defined FC as

FC is related to the properties of the belt and the roller 
groups spacing. It can be obtained by experimental 
measurement. It also can be calculated based on elas-
tic mechanics theory and properties of the belt. As the 
spacing between the roller group increases, FC will also 
increase. But the relationship between them is not linear.

However, the pipe-shaped belt is not a regular circle, 
FCi are not equal. So defined

The coefficient ξi is undetermined. Since roller 2 is 
located at overlap of the belt, FC2 is greater than FCi of other 
rollers. But FCi of other five rollers below are approximately 
equal, so FC is redefined as

(1)Fi = FCi + Fbi + Fmi.

(2)FC = FC1 = FC2 = FC3 = FC4 = FC5=FC6.

(3)FCi = ξiFC .

And FCi of all rollers can still be represented by Eq. (3). 
All we have to do is determine the coefficients ξi.

In Eq. (1), Fbi can be derived from the belt gravity Gb. 
Considering that the spatial position of each roller is differ-
ent, Fbi can be calculated by product of the belt gravity Gb 
and the coefficient ωi on each roller, which is

The coefficient ωi is undetermined, Gb can be calculated 
according to the following formula

where B is the bandwidth, x is the distance between each 
roller groups, t is the thickness of belt, g is the gravita-
tional acceleration, q is the density of the belt.

In Eq. (1), Fmi can be derived from the material gravity 
Gm. It can be calculated as

where ζi is the undetermined coefficient, and it will be 
affected by the material filling rate. The material gravity 
Gm is

where ψ is the material filling rate. ρ is the material den-
sity. D is the diameter of pipe-shaped belt. Therefore, the 
normal force can be expressed as

Based on the above analysis, the main research is to 
determine these three unknown coefficients.

Coefficients ξi, ωi are affected by overlapping of the 
pipe-shaped belt. The overlapping is generally located 
at the top roller. The two coefficients can be determined 
when position and shape of overlapping are given. The 
coefficient ζi is mainly affected by ψ. This is because 
the pipe is round. As the material in the pipe increases, 
although Gm increases linearly, the changing law of coef-
ficient ζi is very complicated.

Hence, the dynamics model of belt-roller will be estab-
lished, and the calculation formulas of the above three 
coefficients will be derived based on the dynamic simula-
tion. And the material filling rate ψ will be considered as 
an independent variable.

(4)FC = (FC1 + FC3 + FC4 + FC5+FC6)/5.

(5)Fbi = ωiGb.

(6)Gb = Bxtqg ,

(7)Fmi = ζ iGm,

(8)Gm = ρπ(
D

2
)2ψxg ,

(9)Fi = ξiFC + ωiGb + ζ iGm.

Figure 1  Force analysis of the roller
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2.2 � Influence of Material Filling Rate on Normal Force
This part is based on finite element method, and the 
dynamic model of belt and rollers is established by 
ANSYS 17.0. The specific process is as follows.

Step 1: The geometric model of the pipe-shaped belt 
and rollers is established as shown in Figure  2. The 
element type of the belt and rollers is SOLID185.
Step 2: Established the contact pair of belt and roll-
ers. Then, degrees of freedom UX and UY of belt’s 
end face are constrained under the coordinate sys-
tem as shown in Figure 1. The degrees of freedom of 
rollers are fixed. And then apply the acceleration due 
to the gravity. Finally, the model is solved to obtain 
the stable contact between the belt and rollers under 
the gravity.
Step 3: Loading torque on both sides of the belt to 
simulate the forming force of pipe-shaped belt, the 
gravity of material on the inner surface of belt is 
loaded according to Ref. [32]. After solving, the sta-
ble contact of belt and rollers in above conditions is 
obtained.
Step 4: Unfreeze the rotation degrees of freedom of 
the roller along the axis, and set a speed of 1 m/s to 
the belt to make it move at a uniform speed. After 
solving, the dynamic contact force of the belt and 
rollers could be obtained.

The pipe-shaped belt will expand if the material fill-
ing rate ψ > 80%, so ψ ≤ 80% generally in the engineer-
ing design. In order to study the normal force in the 
case of different filling rate, the dynamics model of belt-
rollers with the material filling rate ψ of 0, 10%, 20%, …, 
80% is established. The material transported of the pipe 
conveyor is generally coal, ore, etc., and their density 
is between 1  t/m3 and 3  t/m3. The material density in 
experiment is 2.1 t/m3, so the density of dynamics model 
ρ = 2.1  t/m3 for easy comparison. The speed of the belt 
v is 1 m/s. And the spacing between two adjacent roller 
groups x is 1.2  m. The dynamic model of belt-rollers is 
shown in Figure 2. In order to reduce the impact of the 
extension of the belt and material, the middle section 

in Figure  1 is taken to be researched. The arrangement 
order of the rollers is shown as Figure 1.

We will concern the average value of dynamic normal 
force because the engineering design mainly focuses on 
it. The average of dynamic normal force in 1 s is obtained 
by the dynamics model. Gm in the case of different ψ is 
calculated by Eq. (8). Table  1 lists the value of normal 
force and Gm. The variation curve of the normal force 
with filling rate is shown in Figure 3.

It should be noted that Gm(ψ) in Table  1 represents 
the Gm value at different ψ. And in the following, when 
ψ appears in parentheses, it also represents the physical 
quantity is a function of ψ. It can be seen from Figure 3 
that F2 decreases slowly with the increase of ψ. F1 and 
F3 is hardly affected by ψ. F4, F5 and F6 increases with 
the increase of ψ, and F5 is the fastest one.

Subtracting Fi(0) from Fi(ψ), Fmi(ψ) can be obtained, 
which is one of the components of the normal force

And the coefficients ζi in the case of different ψ can be 
presented as

ζi(ψ) can be obtained according to Table  2 and Eqs. 
(10), (11). For roller 1 and roller 3,

For roller 2,

Fm2 decreases as increases of the material filling rate. 
For roller 4, roller 5 and roller 6, Fmi(ψ), Gm(ψ) and ζi(ψ) 
can be obtained according to Table 1 and Eqs. (10), (11). 
The above data are listed in Table 2.

It can be seen from Table  2 that the coefficients 
ζi(ψ) of three rollers below have a small fluctua-
tion. Especially when ψ is greater than 50%, the range 
of ζ4(ψ) is about 33.1%‒34.6%, the range of ζ5(ψ) is 
about 58.7%‒60.6%, and the range of ζ6(ψ) is about 

(10)Fmi(ψ) = Fi(ψ)− Fi(0).

(11)ζi(ψ) = Fmi(ψ)/Gm(ψ).

(12)
{

ζ1(ψ) = Fm1(ψ)/Gm(ψ) ≈ 0,

ζ3(ψ) = Fm3(ψ)/Gm(ψ) ≈ 0.

(13)ζ2(ψ) = Fm2(ψ)/Gm(ψ) = −0.08.

Figure 2  The dynamic model of belt-rollers
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33.8%‒34.4%. It can be considered that the coefficients 
are approximately constant at this time.

Therefore, when ψ is less than 50%, the relationship 
between the coefficients ζi(ψ) for i = 4,5,6 and ψ can be 
fitted by data of Table 2, that is

When ψ is greater than 50%, the relationship between 
ζi(ψ) for i = 4, 5, 6 and ψ can be fitted by a constant 
value function, that is,

Figure 4 shows the fitting function and its error of the 
coefficients ζi(ψ) of three rollers below. Among them, 
the points are the original data of ζi(ψ), the solid lines 
are the fitting functions of ζi(ψ), and the dotted lines 
are the fitting errors of ζi(ψ).

It can be seen from Figure 4 that the error of the fit-
ting function ζi(ψ) is small, and the maximum error is 
no more than 2%. Hence, the calculation formula of the 
material gravity component Fmi can be obtained based 
on above analysis. Fmi of the upper three rollers is

(14)











ζ4(ψ) = −0.50ψ2
+ 0.41ψ + 0.25,

ζ5(ψ) = −1.18ψ2
+ 0.71ψ + 0.54,

ζ6(ψ) = −1.17ψ2
+ 0.89ψ + 0.19.

(15)







ζ4(ψ) = 0.33,

ζ5(ψ) = 0.60,

ζ6(ψ) = 0.34.

Table 1  The normal force in the case of different material filling rates

Filling rate ψ (%) The roller contact force Fi (N) Gm(ψ)
(N)

i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

0 47.2 61.9 58.1 67 82.1 74.2 0

10 45.5 58.3 56.8 79.7 108.5 86.1 44.5

20 44.5 53.3 55.1 94.9 139 102.4 89.0

30 44.9 49.1 54.2 111 169 122 133.5

40 44.6 45.7 54.1 125.5 192.9 137 178.0

50 46.3 42.4 53.8 140.6 217 150.8 222.5

60 47.5 38.8 56.3 156 241 165.4 267.1

70 48.1 35.9 58.3 174.8 266.3 179.7 311.0

80 50.4 32.6 61.5 185.8 287.7 194.9 356.1

Figure 3  Variation curve of the normal force with filling rate

Table 2  Value of Fmi(ψ), Gm(ψ) and ζi(ψ) in the case of different material filling rates

ψ (%) Fmi(ψ) (N) ζi(ψ) (%) Gm(ψ)
(N)

i = 4 i = 5 i = 6 i = 4 i = 5 i = 6

10 12.7 26.4 11.9 28.5 59.3 26.7 44.5

20 27.9 56.9 28.2 31.3 63.9 31.7 89.0

30 44.0 86.9 47.8 33.0 65.1 35.8 133.5

40 58.5 110.8 62.8 32.9 62.2 35.3 178.0

50 73.6 134.9 76.6 33.1 60.6 34.4 222.5

60 89.0 158.9 91.2 33.3 59.4 34.1 267.1

70 107.8 185.2 105.5 34.6 59.5 33.9 311.0

80 118.8 205.6 120.7 33.4 58.7 33.8 356.1
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When ψ < 50%, Fmi of the below three rollers is

Meanwhile, when ψ ≥ 50%,

Based on the above research, we can also find that when 
the filling rate ψ is determined, the change in material den-
sity ρ will also cause the change in normal force. This is 
because changes in ρ will only cause changes in Gm in the 
formula, and hardly affect the coefficients ζi. Meanwhile, 
with the spacing x between the roller groups changes, the 
essence of it is also to change the gravity of the materials 
by each roller groups. And it also hardly affects the coef-
ficients ζi. Therefore, Fmi(ψ) at different ψ, ρ, and x can be 
calculated using Eqs. (16)‒(18).

2.3 � Influence of Belt Factors on the Normal Force
The relationship between material gravity and the normal 
force is obtained, the influence of the forming force and 
the belt gravity on the normal force is still unclear. In order 
to determine the coefficients ξi, ωi, a dynamics model of 
belt-rollers is established which only considers the form-
ing force of belt. FCi, one of the components of Fi, can be 
obtained by the dynamics model above. We need to make 
some assumptions: 1. the materials in the belt are evenly 

(16)
{

Fm1 = Fm3 = 0,

Fm2 = ζ2Gm = −0.08Gm.

(17)











Fm4 = ζ4Gm = (−0.50ψ2
+ 0.41ψ + 0.25)Gm,

Fm5 = ζ5Gm = (−1.18ψ2
+ 0.71ψ + 0.54)Gm,

Fm6 = ζ6Gm = (−1.17ψ2
+ 0.89ψ + 0.19)Gm.

(18)







Fm4 = ζ4Gm = 0.33Gm,

Fm5 = ζ5Gm = 0.60Gm,

Fm6 = ζ6Gm = 0.34Gm.

distributed; 2. The tension force of the belt during the 
transportation process does not change much, and it has 
little effect on the normal force, and the tension force can 
be ignored. And Fbi can be obtained as follows:

where Fi(0) is the normal force with no-load. The belt 
gravity Gb = 68.3 N is calculated by Eq. (6). The coef-
ficient ωi can be calculated by Eq. (5). Table  3 lists the 
value of Fi(0), FCi. Then Fbi and ωi are calculated accord-
ing to Eq. (19) and Eq. (5), respectively.

According to FCi in Table 3 and Eq. (4), we can obtain

then,

Concerning Fbi in Table 3, it will be found that Fbi are 
negative when i = 1, 2 and 3. It means that, for the three 
rollers above, the belt gravity will balance a part of 
forming force. According to Fbi in Table 3 and Eq. (5), 
we also can obtain

2.4 � Calculation Formula of the Normal Force
According to FCi, Fbi and Fmi obtained in Sections  2.2 
and 2.3, Eqs. (16)‒(18) and (21), (22), the calculation 
formula of normal force can be obtained eventually. For 
roller 1, roller 2 and roller 3, that is

For roller 4, roller 5 and roller 6, the calculation for-
mula of normal force could be presented by a piecewise 
function. When ψ < 50%, the calculation formula is

(19)Fbi = Fi(0)− FCi,

(20)
FC = (FC1 + FC3 + FC4 + FC5 + FC6)/5 = 53.2 N,

(21)



































FC1 = ξ1FC = 0.95FC ,

FC2 = ξ2FC = 1.49FC ,

FC3 = ξ3FC = 1.15FC ,

FC4 = ξ4FC = 0.93FC ,

FC5 = ξ5FC = 0.91FC ,

FC6 = ξ6FC = 1.06FC .

(22)



































Fb1 = ω1Gb = −0.05Gb,

Fb2 = ω2Gb = −0.26Gb,

Fb3 = ω3Gb = −0.05Gb,

Fb4 = ω4Gb = 0.25Gb,

Fb5 = ω5Gb = 0.49Gb,

Fb6 = ω6Gb = 0.26Gb.

(23)







F1 = 0.95FC − 0.05Gb,

F2 = 1.49FC − 0.26Gb − 0.08Gm,

F3 = 1.15FC − 0.05Gb.

Figure 4  The fitting functions of ζi(ψ) and their errors
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When ψ ≥ 50%, the normal force is

This calculation formula of normal force can calculate 
the normal force of roller with different ψ, ρ and x. And 
only ψ affects the coefficients ζi when ψ < 50%. ρ and x 
will change FC, Gb and Gm, and they have little effect on 
coefficients in above formulas. The formulas can provide 
reference for the calculation of normal force under differ-
ent working conditions.

2.5 � Test Verification of the Normal Force
In order to verify the dynamics model and the calculation 
formula of normal force, the experimental device of the 
pipe conveyor is designed. The parameter of experimen-
tal device is similarity to the dynamics model, such as the 
thickness, the bandwidth and the rollers spacing. Fig-
ure 5 shows the experimental device of the pipe conveyor 
which is operated by a motor-driven.

The device of experimental data acquisition adopts 
16-channel integrated acquisition and control module. It 
can realize synchronous acquisition of pressure signals, 
and the sampling frequency is set to 100 Hz. The type of 
pressure sensor is JLBM-500. The upper and lower sur-
faces of the sensor are designed with studs and fixed by 
nuts. The sensitivity is 0.017 (mV/kg). Figure 6 shows the 
test schematic of the normal force. The pressure sensor is 
arranged between the roller brackets. Each roller has two 
pressure sensors. Transferring the signal collected by the 
sensor to the data acquisition card, then the signal is read 
by the test software of the master computer. Finally, the 
normal force can be obtained by sum of data of two pres-
sure sensors.

(24)











F4 = 0.93FC + 0.25Gb + (−0.50ψ2
+ 0.41ψ + 0.25)Gm,

F5 = 0.91FC + 0.49Gb + (−1.18ψ2
+ 0.71ψ + 0.54)Gm,

F6 = 1.06FC + 0.26Gb + (−1.17ψ2
+ 0.89ψ + 0.19)Gm.

(25)







F4 = 0.93FC + 0.25Gb + 0.33Gm,

F5 = 0.91FC + 0.49Gb + 0.60Gm,

F6 = 1.06FC + 0.26Gb + 0.34Gm.

Based on the experimental test, the normal force of the 
rollers with no-load and material filling rate of 30%, 50%, 
and 70% can be obtained. Table 4 lists the values of nor-
mal force from experiment.

The last three columns of Table  4 list the material 
gravity, the forming force of the belt, and the belt grav-
ity. In order to verify the effectiveness of Eqs. (22)‒(24), 
the calculation values are compared with the experi-
mental value as shown in Figure  7. The points are the 
experimental values of Fi, the solid lines represent the 
calculation formula of Fi.

It can be seen from Figure 7 that the accuracy of cal-
culation formula is ideal. When ψ = 70%, the relative 
error of roller 6 is the largest, which is 5.2%. The errors of 
other rollers are all under 5%. It is worth noting that there 
are measurement errors in the experimental measure-
ment process, which also affects the comparison results. 
Hence, Eqs. (23)‒(25) are effective to calculate normal 
force of each roller, which provides a theoretical basis for 
the roller structure design.

3 � Influence of Different Factors on Sag Resistance
The sag resistance P is the main source of running resist-
ance, which is produced by the contact between the belt 
and the rollers. Based on experience in practical engi-
neering applications, it can be found that the roller group 
spacing x and material filling rate ψ are the main factors 
to affect P. In this section, we will study the influence of x 
and ψ on P, and the relationship between P and F. F is the 
scalar sum of Fi in a roller group.

3.1 � Influence of Roller Group Spacing on Sag Resistance
In order to research P(x) in the case of different x, the 
dynamics model of belt-rollers with different roller 
group spacing is established. According to the require-
ments of drape of the belt, the roller group spacing x 
should be between 0.8 m and 1.6 m for a pipe conveyor 
with a diameter of 150 mm. Hence, in dynamic models, 
x = 0.8  m, 1.0  m, 1.2  m, 1.4  m and 1.6  m, respectively. 
ψ = 70% and ρ = 2.1 t/m3 in the dynamic model.

Table 3  Value of FCi and Fbi

i 1 2 3 4 5 6

Fi(0) (N) 47.2 61.9 58.1 67 82.1 74.2

FCi (N) 50.5 79.5 61.2 49.6 48.3 56.6

Fbi (N) − 3.3 − 17.6 − 3.1 17.4 33.8 17.6

ωi − 0.05 − 0.26 − 0.05 0.25 0.49 0.26
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The value of P(x) and F(x) are obtained by the dynamics 
model. F(x) is the sum of Fi in the roller group and P(x) 
is the sum of Pi. Pi is the sag resistance at contact area 

between the belt and the ith roller in the roller group. 
Table 5 lists the value of P(x) and F(x) from simulation.

According to Table  5, a fitting function between P(x) 
and x can be obtained when x = [0.8, 1.6], that is

Figure 5  The experimental device of the pipe conveyor

Figure 6  Test schematic of roller contact force
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Figure 8 shows the value of sag resistance and its fitting 
function. It can be seen that the fitting effect is ideal and 
the fitting error is not more than 1%. There is a power func-
tion relationship between P(x) and x. When x increases 
from 0.8  m to 1.6  m, the value of P(x) in a single roller 
group increases by 12.6 times. It indicates that the growth 
of sag resistance is extremely fast with roller group spacing 
increasing.

At this time, the relationship between the normal force 
F(x) and sag resistance P(x) is also very attractive. Hence, it 
can be obtained according to the data in Table 5.

The comparison of the fitting function and original data 
is shown in Figure 9. It can be seen that the fitting error is 
not more than 1%. And there is a power function relation-
ship between P(x) and F(x). It is worth noting that the belt 
forming force Fc and x are non-linear by simultaneous Eqs. 
(26), (27), although x has little effect on the coefficient ξi in 
Eq. (5).

(26)P(x) = 27.2x3.38.

(27)P(x) = 6× 10
−7F(x)2.76.

3.2 � Influence of Material Filling Rate on Sag Resistance
In order to study the sag resistance in the case of different 
ψ, the value of P(ψ) and F(ψ) are obtained by the dynam-
ics model with ψ = 0, 10%, 20%,…, 80%. In simulation, only 
ψ is the factor of change and x is a constant. Table 6 lists 
the value of P(ψ) and F(ψ). Figure 10 shows the variation of 
P(ψ).

It can be seen from Figure  10 that P(ψ) increases as 
ψ increases, and there is a power function relationship 
between P(ψ) and ψ.

In order to further study the relationship between P(ψ) 
and F(ψ) in the case of the different material filling rate ψ, 
the function of P(ψ) with respect to F(ψ) is fitted according 
to the data in Table 6, which is

(28)P(ψ) = 6× 10
−7F(ψ)2.76.

Table 4  Roller normal force in the case of different ψ 

ψ (%) The normal force Fi (N) FC (N) Gb (N) Gm (N)

i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

0 49.2 64.9 57.8 66.7 84.1 72.2 47.0 68.3 0.0

30 46.7 51.6 50.5 108.1 172.5 112.8 133.5

50 48.5 44.2 57.9 138.7 222.9 148.6 222.5

70 55.2 33.3 57.1 159.3 270.4 167.9 311.0

Figure 7  Comparison of the normal force between experiment and 
the calculation formula

Table 5  The value of P(x) and F(x) in the case of different x 

x (m) 0.8 1.0 1.2 1.4 1.6

F(x) (N) 433.3 599.2 767.1 901.9 1027.6

P(x) (N) 12.6 25.7 58.3 82.0 127.2

Figure 8  The sag resistance in the case of different rollers spacing 
and its fitting function
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The maximum error of the fitting function is 1%. And 
it can be known from Eq. (28) that there is a power func-
tion relationship between P(ψ) and F(ψ) in the case of dif-
ferent material filling rates ψ.

3.3 � Relationship between the Sag Resistance 
and the Normal Force

According to above research in Sections 2.2, 2.3 and Eqs. 
(27), (28), x and ψ would affect the normal force F, then 
would further influence sag resistance P. And the rela-
tionship between P and F is the same in the case of dif-
ferent x and ψ. There is a power function relationship 
between P and F, that is

Based on the dynamics model, several sets of P and 
F values under different conditions were obtained and 
compared with the fitting function in Figure  11. The 
comprehensive error between the value of P and fitting 
function error is about 2%.

In Eq. (29), when F increases from 400 N to 800 N, F 
increases by 2 times and P increases by 7.11 times. It 
indicated that the sag resistance increases sharply with 
the increase of the normal force. In the design of the pipe 
conveyor, F should be minimized, such as reducing x and 
ψ, to reduce P.

According to the above analysis, the results show that 
changes in x and ψ essentially affect the normal force F, 
which further changes the sag resistance P. No matter 
how x and ψ changes, the relationship between F and P 
is consistent.

(29)P = 6× 10
−7F2.76

.

4 � Conclusions
This paper proposes a calculation method of the normal 
force, analyzes variation of the sag resistance in case of 
different roller group spacing and material filling rate, 
and reveals the relationship between the sag resistance 
and the normal force. The following conclusions can be 
obtained from this paper.

(1)	 The normal force is decomposed into three compo-
nents related to the forming force of belt, material 
gravity and belt gravity. The coefficients of three 
components are studied by the dynamics model of 
the belt and rollers. Then a calculation method of 
the normal force is obtained, in which the coeffi-
cient of material gravity is only related to the mate-
rial filling rate.

(2)	 Based on experimental verification, the calculation 
method of the normal force can calculate the nor-

Figure 9  Relationship between sag resistance and normal force with 
different rollers spacing

Table 6  Value of  P(ψ) and  F(ψ) in  the  case of  different 
material filling rate

ψ (%) F(ψ) (N) P(ψ) (N)

0 390.5 9

10 434.9 11.9

20 489.2 15.1

30 550.2 22.2

40 599.8 30.2

50 650.9 38.7

60 705 48.2

70 763.1 58.3

80 812.9 68.2

Figure 10  Variation of sag resistance in the case of different material 
filling rates
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mal force of each roller effectively, which provides a 
theoretical basis for the roller structure design.

(3)	 The roller group spacing and material filling rate 
would affect the normal force, then would further 
affect the sag resistance. There is a power function 
relationship between the sag resistance and the nor-
mal force of the roller group. The sag resistance can 
be calculated approximately according to this rela-
tionship and the normal force.

(4)	 The paper only research straight section of the pipe 
conveyor. However, in actual operation, a conveyor 
will turn and climb. It is significance to research 
the relationship between the normal force and sag 
resistance in case of different turning radius. This is 
what we need to study in the future.
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