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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
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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, Molnar 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 Gladysiewicz 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
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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 F; can be decomposed into three
components Fg;, F;; and F,; which are related to the
forming force of belt, material gravity, and belt gravity
respectively.

F; = F¢i + Fpi + Fi. (1)

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 F- as

Fc = Fc1 = Fcy = Fec3 = Fey = Fes=Fce. (2)

F 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, F- will also
increase. But the relationship between them is not linear.

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

Fe; = &Fc. 3)

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

belt Fe roller
material
2
Fq N, Fo
1 y
v o - o - o _.x N\
e — 4
F o+ Frg +Fg #\6 = Foy+Fpy+Fry
5
Fes+Fys + Fus
Figure 1 Force analysis of the roller
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Fc = (Fc1 + Fcs + Fca + Fes+Fce) /5. (4)

And F; of all rollers can still be represented by Eq. (3).
All we have to do is determine the coefficients &,

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

Fpi = ;G (5)

The coefficient w; is undetermined, G, can be calculated
according to the following formula

Gy = Bxiqg, (6)

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

In Eq. (1), F,,; can be derived from the material gravity
G,,. It can be calculated as

Fmi = ;iGm’ (7)

where (; is the undetermined coefficient, and it will be
affected by the material filling rate. The material gravity
G, is

D
Gm = pn(;)%xg, (8)

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

F;i = §Fc + wiGp + §iGp. 9)

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

Coefficients ¢, w,; 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 (; is mainly affected by y. This is because
the pipe is round. As the material in the pipe increases,
although G,, increases linearly, the changing law of coef-
ficient (; 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 ¥ will be considered as
an independent variable.



Guo et al. Chin. J. Mech. Eng. (2020) 33:48

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 ¥ >80%, so y<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 y 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/m® and 3 t/m® The material density in
experiment is 2.1 t/m3, so the density of dynamics model
p=2.1 t/m> 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
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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. G,, in the case of different y is
calculated by Eq. (8). Table 1 lists the value of normal
force and G,,. The variation curve of the normal force
with filling rate is shown in Figure 3.

It should be noted that G, (y) in Table 1 represents
the G,, value at different . And in the following, when
w appears in parentheses, it also represents the physical
quantity is a function of y. It can be seen from Figure 3
that F, decreases slowly with the increase of y. F; and
F, is hardly affected by y. F,, F5 and Fy increases with
the increase of y, and F; is the fastest one.

Subtracting F,(0) from F(y), F,,,(y) can be obtained,
which is one of the components of the normal force

Fni(¥) = Fi(Y) — Fi(0).

And the coefficients (; in the case of different ¢ can be
presented as

Gi() = Fni(¥)/ Gm ().

((y) can be obtained according to Table 2 and Egs.
(10), (11). For roller 1 and roller 3,

(10)

(11)

{ aW) = Fm(¥)/Gu(¥) ~ 0, 12)
&3(¥) = Frus(¥) /G (&) =~ 0.
For roller 2,

O (Y) = Fmp(¥)/Gm(¥r) = —0.08. (13)

F,, decreases as increases of the material filling rate.
For roller 4, roller 5 and roller 6, F,,(y), G,,(¥) and {(y)
can be obtained according to Table 1 and Egs. (10), (11).
The above data are listed in Table 2.

It can be seen from Table 2 that the coefficients
{(y) of three rollers below have a small fluctua-
tion. Especially when ¢ is greater than 50%, the range
of {,(y) is about 33.1%-34.6%, the range of (;(v) is
about 58.7%—60.6%, and the range of (,(y) is about

Figure 2 The dynamic model of belt-rollers
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Table 1 The normal force in the case of different material filling rates
Filling rate ¢ (%) The roller contact force F; (N) G, (p)
(N)
i=1 i=2 i=3 i=4 i=5 i=6
0 47.2 619 58.1 67 82.1 74.2 0
10 455 583 56.8 79.7 108.5 86.1 445
20 445 533 55.1 94.9 139 1024 89.0
30 449 49.1 54.2 N 169 122 133.5
40 446 457 54.1 1255 1929 137 1780
50 46.3 424 538 140.6 217 150.8 222.5
60 47.5 3838 56.3 156 241 1654 267.1
70 481 359 58.3 174.8 266.3 179.7 311.0
80 504 326 615 185.8 287.7 194.9 356.1
300 4 ca(y) = —0.50¢2 + 0.41¢ +0.25,
—=—roller | Z5(¥) = —1.18%2 4+ 0.71¢ + 0.54, (14)
2504 | —®—roller2 5
—atoller 3 Ce(Y) = —1.17y* 4+ 0.89¢ + 0.19.
roller 4 . . .
2001 : roller 5 When y is greater than 50%, the relationship between
E; 150 L4 roller 6 ((y) for i=4, 5, 6 and ¥ can be fitted by a constant
Ry T value function, that is,
100 a(y) = 0.33,
¢5(¥) = 0.60, (15)
30+ —5— 5+ 1 t6(¥) = 0.34.
0.0 0.2 0.4 0.6 0.8 Figure 4 shows the fitting function and its error of the
. o v o coefficients {,(y) of three rollers below. Among them,
Figure 3 Variation curve of the normal force with filling rate

33.8%—-34.4%. It can be considered that the coefficients
are approximately constant at this time.

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

the points are the original data of {(y), the solid lines
are the fitting functions of ((y), and the dotted lines
are the fitting errors of {;(y).

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

Table 2 Value of F,,, (), G,,,(¢) and {;(¢) in the case of different material filling rates

v (%) Fud®) (N) Gw) (%) G0
(N)
i=4 i=5 i=6 i=4 i=5 i=6
10 12.7 264 11.9 285 593 26.7 445
20 279 56.9 282 313 63.9 31.7 89.0
30 440 86.9 478 33.0 65.1 358 1335
40 585 110.8 62.8 329 62.2 353 178.0
50 736 1349 76.6 331 60.6 344 2225
60 89.0 158.9 91.2 333 594 341 267.1
70 107.8 185.2 105.5 34.6 59.5 339 3110
80 118.8 205.6 120.7 334 58.7 338 356.1
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{Fan:Fm?):O;

Fn2 = £Gp = —0.08G. (16)

When y < 50%, F,,; of the below three rollers is

Foa = 04Gyy = (—0.5092 + 041y + 0.25)G,y,
Fus = 5Gp = (—1.18Y2 + 0.71¢ 4 0.54)G,,,,
Fing = C6Gm = (—1.17¢ + 0.89¢ + 0.19)G,y,.

(17)
Meanwhile, when > 50%,
Fipa = §4Gm = 0.33G,
Fm5 = CSGm = 0-60Gm; (18)

Fri6 = L6G = 0.34G,,.

Based on the above research, we can also find that when
the filling rate y is determined, the change in material den-
sity p will also cause the change in normal force. This is
because changes in p will only cause changes in G,, in the
formula, and hardly affect the coefficients (;, 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 (. Therefore, F, (y) at different y, p, and x can be
calculated using Egs. (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 &, w; a dynamics model of
belt-rollers is established which only considers the form-
ing force of belt. F;, one of the components of F;, can be
obtained by the dynamics model above. We need to make
some assumptions: 1. the materials in the belt are evenly

0.8 T T T T 4%
o = original data of {4(y) —— {4(y) —-— error of {4(y)
E 074 * original dataof (5(y) —— (5(y) —— errorof {5(y)
Eﬂ original data of (g(y) Z6(w) error of Cg(y)
<
506 2%
g - RS =
— , N - Y \_\, 7 g
2054 L ST — AN -
2 I I :
= o e =~ low
15}
50.4 R
o .
Q
£ 0.3 =
T T T T -2%
0.0 0.2 0.4 0.6 0.8
Material fill rate
Figure 4 The fitting functions of {(y) and their errors
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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 F; can be obtained as follows:

Fy; = Fi(0) — F¢i, (19)

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

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

Fc = (Fc1+ Fc3+ Fca+ Fcs + Fce)/5 = 53.2 N,

(20)
then,
Fc1 = &Fc = 095F,
Fey = §Fc = 149F¢,
Fc3 = &3Fc = 1.15F,
(21)

Fcy = &4Fc = 0.93F¢,
Fcs = &Fc = 091F,
Fcg = EgFc = 1.06Fc.

Concerning F, in Table 3, it will be found that F,; 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 Fj; in Table 3 and Eq. (5),
we also can obtain

Fpi = w1Gp = —0.05Gy,
Fio = wyGp = —0.26Gy,
Fi3 = w3Gp = —0.05Gy,
Fpy = w4Gp = 0.25Gy,
Fi5 = w5Gp = 049Gy,
Fye = weGp = 0.26G),.

2.4 Calculation Formula of the Normal Force

According to F;, F;; and F,,; obtained in Sections 2.2
and 2.3, Egs. (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

F1 = 0.95Fc — 0.05Gy,

Fy = 1.49F¢c — 0.26Gj, — 0.08G,,,
F3; = 1.15F¢ — 0.05Gp,.

(23)

For roller 4, roller 5 and roller 6, the calculation for-
mula of normal force could be presented by a piecewise
function. When y < 50%, the calculation formula is
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Table 3 Value of F;and F;

i 1 2 3 4 5 6
Fi(0) (N) 47.2 61.9 58.1 67 82.1 74.2
Fei (N) 505 79.5 61.2 496 483 56.6
Fyi (N) —-33 —176 —31 174 338 17.6
w —0.05 —0.26 —0.05 0.25 049 0.26

F4 = 0.93F¢ + 0.25G, + (—0.50%2 + 0.41¢ + 0.25)Gy,
Fs = 0.91F¢ + 049G, + (—1.18%2 + 0.71% + 0.54)G,,,
F¢ = 1.06F¢ + 026G, + (—=1.17%2 + 0.89% + 0.19)Gp.

(24)
When y > 50%, the normal force is
F, = 0.93Fc + 0.25G;, + 0.33G,,,
F5 = 0.91F¢ + 049G, + 0.60G,,,, (25)

Fe = 1.06Fc 4 0.26G}, 4 0.34G,,.

This calculation formula of normal force can calculate
the normal force of roller with different y, p and x. And
only y affects the coefficients {; when y<50%. p and x
will change F, G, and G,,, 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.

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 Egs. (22)—(24),
the calculation values are compared with the experi-
mental value as shown in Figure 7. The points are the
experimental values of F,, the solid lines represent the
calculation formula of F;,.

It can be seen from Figure 7 that the accuracy of cal-
culation formula is ideal. When y=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, Eqgs. (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 ¥ and material filling rate ¥ are the main factors
to affect P. In this section, we will study the influence of x
and y on P, and the relationship between P and F. F is the
scalar sum of F; 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.
w="70% and p=2.1 t/m® in the dynamic model.
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Rollers
group

. master
computer

Figure 6 Test schematic of roller contact force

The value of P(x) and F(x) are obtained by the dynamics  between the belt and the ith roller in the roller group.
model. F(x) is the sum of F; in the roller group and P(x)  Table 5 lists the value of P(x) and F(x) from simulation.
is the sum of P, P; is the sag resistance at contact area According to Table 5, a fitting function between P(x)
and x can be obtained when x=[0.8, 1.6], that is
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Table 4 Roller normal force in the case of different ¢
¥ (%) The normal force F; (N) Fc(N) G, (N) G, (N)
i=1 i=2 i=3 i=4 i=5 i=6
0 492 64.9 578 66.7 84.1 72.2 47.0 68.3 0.0
30 46.7 516 50.5 108.1 172.5 112.8 1335
50 48.5 44.2 579 138.7 2229 148.6 2225
70 552 333 57.1 159.3 2704 167.9 311.0
Table 5 The value of P(x) and F(x) in the case of different x
300 Fi = roller 1 X (m) 0.8 1.0 12 14 16
—F, roller 2
2501 ——F, © roller3 FO) (N) 4333 5992 767.1 9019 1027.6
F, roller 4 PG (N) 126 25.7 58.3 820 1272
~200 - 7 roller 5
z 3 roller 6
e Fy
=~ 150 1
140
100 o — 2
50 S N . . m  Sag resistance
T Z 100
T T T T T
Q
0.0 0.2 04 0.6 0.8 cé 20
l// -~
2
Figure 7 Comparison of the normal force between experiment and 8 60
the calculation formula 50
404
20 1
P(x) = 27.2x338, (26)
0 T T T T T
Figure 8 shows the value of sag resistance and its fitting 0.8 1.0 12 1.4 1.6
function. It can be seen that the fitting effect is ideal and Roller group spacing (m)
the fitting error is not more than 1%. There is a power func- Figure 8 The sag resistance in the case of different rollers spacing
tion relationship between P(x) and x. When x increases and its fitting function

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.

P(x) = 6 x 1077 F(x)>7°. (27)

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 F, and x are non-linear by simultaneous Eqs.
(26), (27), although x has little effect on the coefficient & in
Eq. (5).

3.2 Influence of Material Filling Rate on Sag Resistance

In order to study the sag resistance in the case of different
¥, the value of P(y) and F(y) are obtained by the dynam-
ics model with =0, 10%, 20%,..., 80%. In simulation, only
y is the factor of change and  is a constant. Table 6 lists
the value of P(y) and F(y). Figure 10 shows the variation of
P(y).

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

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

P(¥) =6 x 1077 F ()76, (28)
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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(y) and F(y) in the case of dif-
ferent material filling rates y.

3.3 Relationship between the Sag Resistance
and the Normal Force

According to above research in Sections 2.2, 2.3 and Egs.
(27), (28), x and y 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 y. There is a power function relationship
between P and F, that is

P=6x 1077F>7°, (29)

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
¥, to reduce P.

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

120 4

P(x)
= QOriginal data

100 A

80 +

60

Sag resistance (N)

404

20 4

0 T T T T T

400 500 600 700 800 900
Normal force (N)

Figure 9 Relationship between sag resistance and normal force with

different rollers spacing

1000
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Table 6 Value of P(y) and F(y) in the case of different
material filling rate

¥ (%) F(y) (N) P@) (N)
0 390.5 9

10 4349 1.9

20 489.2 15.1

30 550.2 222

40 599.8 302

50 650.9 387

60 705 482

70 763.1 583

80 8129 68.2

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-

70

— Py
= Original data

60

50

40

30

Sag resistance (N)

20 +

T
0.0 0.2 0.4 0.6 0.8

Material fill rates
Figure 10 Variation of sag resistance in the case of different material
filling rates
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Figure 11 Relationship between the normal force and the sag
resistance

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.

Acknowledgements
Not applicable.

Authors’ Contributions

SG and XL was in charge of the whole trial; SG and WH wrote the manuscript;
WH completed the rectification experiment data collection; SG and WH
undertook simulation analysis and data processing; SG has completed the
revision of the manuscript rework and expert comments reply. All authors
read and approved the final manuscript.

Authors’ Information

Shuaiping Guo, born in 1987, is currently a lecturer at Hunan University of
Science and Technology, Engineering Research Center of Advanced Mining Equip-
ment Ministry of Education, China and Jiangsu Key Laboratory of Mine Mechani-
cal and Electrical Equipment, China University of Mining and Technology. He
received his doctor’s degree on Hunan University, China, in 2015. His research
interests include the dynamics, fault diagnosis and prognostic and engineer-
ing transportation and design. Tel: 4-86-13755004648.

Wei Huang, born in 1993, is currently a research assistant at Engineering
Research Center of Advanced Mining Equipment Ministry of Education, Hunan
University of Science and Technology, China. He received his master's degree

Page 11 of 12

from Hunan University of Science and Technology, China, in 2019. His research
interests include the dynamics and Engineering transportation and design.

Xuejun Li, bornin 1967, is currently a professor at Hunan University of Science
and Technology, Engineering Research Center of Advanced Mining Equipment
Ministry of Education, China. He received his doctor’s degree on Central South
University, China, in 2003. His research interests include the dynamics, fault
diagnosis and prognostic.

Funding

Supported by National Natural Science Foundation of China (Grant No.
51705144), Hunan Provincial Science and Technology Major Project of
China (Grant No. 2015GK1003), and Jiangsu Provincial Mine Electrome-
chanical Equipment Key Laboratory Development Fund of China (Grant No.
JSKL-MMEE-2018-2).

Competing Interests
The authors declare no competing financial interests.

Author Details

! Engineering Research Center of Advanced Mining Equipment Ministry

of Education, Hunan University of Science and Technology, Xiangtan 411201,
China. 2 Jiangsu Key Laboratory of Mine Mechanical and Electrical Equipment,
China University of Mining and Technology, Xuzhou 221116, China.

Received: 27 August 2019 Revised: 13 May 2020 Accepted: 28 May 2020
Published online: 12 June 2020

References

[1] P Staples. The history of pipe conveyors. Bulk Solids Handling, 2002, 22(3):
210-213.

[2] YWang, QG Du, G Han. Environment -friendly continuous conveying
equipment -The pipe conveyor. Journal of Mechanical Engineering, 2003,
39(1): 149-158. (in Chinese)

[3] M Hager, A Hintz. The energy saving-design of belts for long conveyor
systems. Bulk Solids Handling, 1993, 13(4): 749-758.

[4] WG Song, H B Ji. Research progress and design calculation method of
pipe conveyor. Chinese Journal of Engineering Design, 2018, 25(01): 1-11.
(in Chinese)

[5] V Molnar, M Sabov¢ik. Static testing evaluation of pipe conveyor belt for
different tensioning forces. Open Engineering, 2019, 9(1): 580-585.

[6] V Molnar, G Fedorko, B Stehlikova, et al. Influence of tension and release
in piped conveyor belt on change of normal contact forces in hexagonal
roller housing for pipe conveyor loaded with material. Measurement,
2016, 84: 21-31.

[71 'V Molnar, G Fedorko, Lubor. Utilisation of measurements to predict the
relationship between contact forces on the pipe conveyor idler rollers
and the tension force of the conveyor belt. Measurement, 2019 : 735-744.

[8] V Molnar, G Fedorko, S Honus, et al. Prediction of contact forces on idler
rolls of a pipe conveyor idler housing for the needs of its online monitor-
ing. Measurement, 2019: 177-184.

[91 M Zamiralova, G Lodewijks. Measurement of a pipe belt conveyor contact
forces and cross section deformation by means of the six point pipe belt
stiffness testing device. Measurement, 2015, 70: 232-246.

[10] QJ Zheng, M H Xu, KW Chu, et al. A coupled FEM/DEM model for pipe
conveyor systems: Analysis of the contact forces on belt. Powder Technol-
ogy, 2017:480-489.

[11] GF Bin, W Q Zhang, X J Li, et al. Dynamic contact force analysis consider-
ing pipe conveyor belt elasticity. Journal of China Coal Society, 2017, 42(9):
2483-2490. (in Chinese)

[12] P Michalik, J Zajac. Using of computer integrated system for static tests
of pipe conveyer belts. Proceedings of the 13th International Carpathian
Control Conference (ICCC), High Tatras, Slovakia May 28-31, 2012: 480-485.

[13] Y Guo, SWang, K Hu, et al. Optimizing the pipe diameter of the pipe belt
conveyor based on discrete element method. 3D Research, 2016, 7(1).

[14] GuoY, S Wang, K Hu, et al. Optimization and experimental study of
transport section lateral pressure of pipe belt conveyor. Advanced Powder
Technology, 2016, 27(4): 1318-1324.



Guo et al. Chin. J. Mech. Eng. (2020) 33:48

[15] B Stehlikova,V Molnar,G Fedorko, et al. Research about influence of the
tension forces, asymmetrical tensioning and filling rate of pipe conveyor
belt filled with the material on the contact forces of idler rolls in hexago-
nal idler housing. Measurement, 2020, 156: 107598.

[16] L Gtadysiewicz, R Krol, W Kisielewski. Measurements of loads on belt con-

veyor idlers operated in real conditions. Measurement, 2019, 134: 336-344.

[17] SWang, D Li, Y Guo, et al. Research on magnetic model of low resistance
permanent magnet pipe belt conveyor. 3D Research, 2016, 7(3): 23.

[18] SWang, D Li, KHu, et al. Analysis and experimental study on pressure
characteristics of supporting roller group of pipe belt conveyor. Shock
and Vibration, 2019.

[19] C O Jonkers. The indentation rolling resistance of belt conveyors: A theo-
retical approach. In: Fordern und Heben, A Theoretical Approach, 1980,
30(4): 384-391.

[20] F Qin, Y Yu, T Rudolphi. Dynamic modeling of viscoelastic stress analysis
in the case of moving loads. Proceedings of World Academy of Science
Engineering & Technology, 2011, 1(74): 226-233.

[21] J O'Shea, C Wheeler, P Munzenberger, et al. The influence of viscoelastic
property measurements on the predicted rolling resistance of belt con-
veyors. Journal of Applied Polymer Science, 2014, 131(18): 9170-9178.

[22] T J Rudolphi, AV Reicks. Viscoelastic indentation and resistance to motion
of conveyor belts using a generalized maxwell model of the backing
material. Rubber Chemistry and Technology, 2006, 79(2): 307-319.

[23] A Reicks, T Rudolphi, C Wheeler. A comparison of calculated and meas-
ured indentation losses in rubber belt covers. Bulk Solids Handling, 2012,
32(3): 52-57.

[24] L e Santos, P Ribeiro, E Macédo. Development of idler for measuring
indentation rolling resistance in pipe conveyor belts. Measurement, 2020,
153:107413.

Page 12 of 12

[25] LYan. Investigation on indentation rolling resistance of belt conveyor
based on Hertz contact theory compared with one-dimensional
Winkler foundation. Advances in Mechanical Engineering, 2018, 10(7):
1687814018783938.

[26] J O'Shea, C Wheeler. Dielectric relaxation studies of conveyor belt com-
pounds to determine indentation rolling resistance. International Journal
of Mechanics and Materials in Design, 2017, 13(4): 553-567.

[27] P Robinson, C Wheeler. The indentation rolling resistance of spherically
profiled idler rolls. International Journal of Mechanical Sciences, 2016, 106:
363-371.

[28] S Dutta, G Vikram, M Bobji, et al. Table top experimental setup for electri-
cal contact resistance measurement during indentation. Measurement,
2020, 152:107286.

[29] N Menga, F Bottiglione, G Carbone. The indentation rolling resistance in
belt conveyors: A model for the viscoelastic friction. Lubricants, 2019, 7(7):
58.

[30] J Aceituno, P Urda, E Briales, et al. Analysis of the two-point wheel-rail
contact scenario using the knife-edge-equivalent contact constraint
method. Mechanism and Machine Theory, 2020, 148: 103803.

[31]1 DS Zhang, Z F Zhang, X H Wang. Study on friction coefficient test and
operation energy consumption of belt conveyor. Chinese Mechanical
Design and Research, 2019, 35 (01): 65-69. (in Chinese)

[32] Y Xu, G F Bin, G L Ye, et al. Research on limit conveying inclination in cir-
cular climbing section of pipe belt conveyor based on relative slip theory.
Journal of China Coal Society, 2018, 43(11): 294-300. (in Chinese)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Normal Force and Sag Resistance of Pipe Conveyor
	Abstract 
	1 Introduction
	2 Calculation Method of the Normal Force
	2.1 Theoretical Analysis of the Normal Force
	2.2 Influence of Material Filling Rate on Normal Force
	2.3 Influence of Belt Factors on the Normal Force
	2.4 Calculation Formula of the Normal Force
	2.5 Test Verification of the Normal Force

	3 Influence of Different Factors on Sag Resistance
	3.1 Influence of Roller Group Spacing on Sag Resistance
	3.2 Influence of Material Filling Rate on Sag Resistance
	3.3 Relationship between the Sag Resistance and the Normal Force

	4 Conclusions
	Acknowledgements
	References




