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Transient Liquid Flow in Plastic Pipes

Kamil Urbanowiczl.* — Huan-Feng Duan2 — Anton Bergant34

1West Pomeranian University of Technology, Department of Mechanical Engineering and Mechatronics, Poland
2The Hong Kong Polytechnic University, Department of Civil and Environment Engineering, China
3 Litostroj Power d.0.0., Slovenia
4 University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

Nowadays, plastic pipes play a key role in fluid conveyance, for example, in urban water supply systems. Dynamic analysis of designed water
pipe networks requires the use of numerical methods that allow for solving basic equations that describe transient flows occurring in plastic
pipes. In this paper, the main equations were formulated with pressure (p) and velocity (v) as the principal variables. A novel simplified retarded
strain solution is used to properly model the pipe-wall viscoelasticity effect during transient flow process. Unsteady friction is calculated with
the use of a filtered weighting function (with three exponential terms). The proposed numerical method enables the efficient modelling of
transient flow in plastic pressurized pipes. Extensive simulations are performed and compared with experimental results known from three
different European research centres (London, Cassino, and Lyon), with the aim of demonstrating the impacts of plastic pipe properties and
frequency-dependent hydraulic resistance on transient pipe flow oscillations. The effectiveness of the proposed method for determining the

creep functions of plastic pipes is also examined and discussed.

Keywords: plastic pipes, viscoelasticity, water hammer, transient flow, method of characteristics, unsteady friction

Highlights

e A proper mathematical model is derived based on the principal variables of pressure and velocity.
e An efficient numerical solution of transient flow model in plastic pipes is used.

*  Asimplified, effective numerical convolution integral describing the retarded strain is presented.
e Adetailed qualitative and quantitative analysis for the results of comparative tests is carried out.
e Adiscussion on the influence of unsteady friction on transient flows is presented.

0 INTRODUCTION

The work of Tison, written in 1958, [1] has been
considered to be foundational regarding the dynamic
behaviour of the viscoelastic pipe wall and its
influence on the transient flow behaviour associated
with a rapid valve opening. In 1962, Hardung [2]
described the physical phenomena that come into play
in the arterial system as a consequence of heart action.
He studied the influence of internal wall friction and
liquid viscosity on damping of pressure wave velocity.
From the linearized dynamic equations of viscous
incompressible fluid flow in viscoelastic tubes, Martin
[3] calculated frequency response of specific tube flow
system in 1969. Lorenz and Zeller [4] analysed wave
propagation in viscoelastic pipes, to find the analytical
solution based on an analogy with a piston problem.
Their main conclusion was that the shock waves could
not be formed in viscoelastic pipes like those in elastic
ones. Instead, a fully dispersed wave is formed, which
has a width of several times of the tube diameter. In
these early scientific studies, the main focuses was in
analytical analysis.

A milestone to modern modelling was attributed
to deriving general equations of the transient flow in
pipes with viscoelastic properties by Rieutord and

Blanchard in 1972 [5]. In 1977, Guney, in his PhD
thesis [6], presented the first working numerical
method (based on finite difference method) that
included a laminar unsteady friction [7] and was able
to calculate the pressures and mean velocities of flow
in plastic pipes during water hammer event including
column separation. For cavitation modelling, Giliney
successfully applied the simplest discrete vapour
cavity model. Meanwhile, Rieutord and Blanchard
[8] presented a theoretical study in a one-dimensional
form on the effect of viscoelastic material properties
on the pipe-conveying process. Their analysis results
indicated that, in addition to exponential attenuation
of wavefronts, the disturbance is transformed into a
diffusion front. Limmer and Meif3ner [9] incorporated
the complex creep compliance into the transient flow
models and then derived the wave speed and damping
factor for an oscillating pressure wave propagating in
a thin-walled viscoelastic pipeline. Franke and Seyler
[10] utilized an impulse response method to calculate
water hammer.

In Italy, in the mid-1980s, the idea of reducing
the unsteady flow oscillations in pressure pipelines
by inserting an in-line polymer section, which
is characterized with low pressure wave speed,
was examined by Ghilardi and Paoletti [11]. This

*Corr. Author’s Address: Department of Mechanical Engineering and Mechatronics, West Pomeranian University of Technology Szczecin, 17

Piastow 19, Szczecin 70-310, Poland, kamil.urbanowicz@zut.edu.pl
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solution was then further studied theoretically and
experimentally by Pezzinga and Scandura [12]. The
authors used a Kelvin-Voigt model with one element.
The coefficients of creep function were calibrated
based on experimental results. The additional plastic
pipe in their tests significantly reduced unsteady-flow
oscillations. Tijsseling [13] presented an extended
literature review about FSI (fluid-structure interaction)
in steel and plastic pipes.

At the beginning of this millennium, Covas et
al. investigated transient flows in a laboratory high-
density polyethylene (HDPE) pipe with a length
of 277 m [14] to [16]. A new simplified model for
simulating viscoelastic transient pipe flows was
implemented into the numerical scheme of the
method of characteristics (MOC), which allows a fast
calculation of pressure runs in viscoelastic conduits.
Thereafter, Duan et al. [17] argued that an inaccurate
representation of unsteady friction or turbulence in
one-dimensional (1D) model may lead to non-physical
calibration of viscoelastic parameters and that the
influence mechanism of pipe wall viscoelasticity
is totally different from friction effects (steady and
unsteady) in terms of both amplitude damping and
phase shifting of transient pressures. Their results
have been validated by the experimental test data of
Brunone and Berni [18]. Similar results regarding the
contribution of unsteady friction and viscoelasticity
were also obtained by Bergant et al. [19]. The fluid-
structure interaction (FSI) in plastic pipes was
studied by Keramat et al. [20]. The authors found that
damping in transient flow may be attributed to friction
effects (steady and unsteady), valve resistance, gas
(air) in liquid (dissolved and trapped), pipe-wall
viscoelasticity, as well as fluid-structure interaction
and other non-elastic behaviours of supports. As
many of these effects are unknown and have not been
properly included in the transient solver, the Kelvin-
Voigt model not only represents viscoelasticity but
also all the other effects. As a result, the calibrated
results of viscoelastic parameters for such complex
situations (i.e., various influence factors) may become
non-physical.

Pezzinga et al. [21] used a microgenetic
algorithm to calibrate creep compliance function
coefficient. Calibration of Kelvin-Voigt models with
2, 3, 5, and 7 parameters, respectively, proved the
substantial independence of the elastic modulus and
the dependence of the retardation time on the pipe
period (i.e., the pipe length). In other recent studies,
e.g., [22] to [24], it is concluded that the one-element
Kelvin-Voigt model is reasonably accurate to achieve
satisfactory numerical simulation for typical transient

flows in common plastic pipes. Kodura [25] showed
that the characteristic of butterfly valve closure has a
significant influence on water hammer in polyethylene
(PE) pipes for the valve closure time larger than 25 %
of the wave characteristic period. For shorter closure
time, good agreement could be obtained between the
model and experimental test in terms of maximum
pressures. More recently, Ferrante and Capponi [26]
introduced a generalized Maxwell model, based
on fractional derivatives, to better represent the
viscoelastic behaviour of plastic pipes during transient
flow process. Through different tests for HDPE and
oriented polyvinyl chloride (PVC-0), they concluded
that the proposed model performs slightly better than
the well-known generalized Kelvin-Voigt model.
Today, not only pipes but also many hydraulic devices
can be made of different plastics, as needed [27]. As
a result, various previous studies on unsteady flows
in plastic pipes have demonstrated the importance
and necessity of this research subject. Note that in
plastic pipes during water hammer process, the same
phenomena may occur that are known for the flow in
metal pipes, such as cavitation, frequency-dependent
friction and fluid-structure interaction (FSI). However,
in plastic pipes, the main factor responsible for
transient damping is the time-dependent viscoelastic
material behaviour, which is the main difference from
the elastic pipes studied previously.

The objective of this work is to present a
mathematical model and its effective numerical
solution method that allows the simulation of the
phenomenon of transient liquid flows in plastic pipes
with sufficient accuracy and efficiency. The model
will consider two important factors: unsteady friction
of pipe flows and viscoelasticity of retarded strain.
These two factors described by convolutional integrals
require effective solutions to accelerate the calculation
process. The integral describing unsteady friction
was effectively solved by Urbanowicz [28], using the
suggestions of Vardy and Brown [29]; in contrast, the
integral for the viscoelastic nature of retarded strain
has been previously solved in a complicated manner
[14] and [30]. In this study, it will be solved in a much
simpler way, using Schohl’s effective solution [31],
to further improve its effectiveness. An attempt is
made to assess, in both qualitative and quantitative
manners, the impacts of pipe-wall viscoelasticity and
unsteady friction on transient flows in plastic pipes.
The situations of laminar, transitional, and turbulent
flows in pipes are tested and analysed.

78 Urbanowicz, K. - Duan, H.-F. - Bergant, A.



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)2, 77-90

1 MATHEMATICAL MODEL

The hyperbolic partial differential equations of
motion and continuity, which are described by the
basic parameters representing flow: p pressure and
v averaged velocity in the cross-sectional area of
the pipeline, including the pipe wall friction in a
horizontal pipe, can be defined in the following form
[5]:

pc® ot ox

Lo

1 op 6V+EJ P
’ - ()
1

N, o 2k, j' © . w,_ du=0
a & D D) a Y

Among the different numerical methods enabling
resolving the system of above equations, particular
attention should be paid to the MOC scheme, which
perfectly interprets the essence of physical phenomena
of transient flow, and at the same time is characterized
by fast convergence, ease of incorporating various
boundary conditions, together with the high accuracy
of calculation results. The detailed numerical solution
may be found in recent papers [30], [32] and [33].

1.1 Simplified Numerical Solution of Retarded Strain

In the case of flow in plastic pipes, the equation of
continuity has the same form as for metal pipes. A
polymer pipeline does not respond according to Hook’s
law when it is subjected to a certain instantaneous
stress o. It consists of an immediate-elastic response
and a retarded-viscous response. Thus the strain can
be decomposed into a sum of instantaneous-elastic
strain g, and a retarded strain ¢, [6] and [16].

The partial time derivative of retarded strain is a
convolution integral of pressure and derivative of the
creep function J that describes viscoelastic behaviour
of the pipe-wall material as:

r = apu
—'= I< U @

An efficient numerical solution scheme to the
above type of convolution integral has been developed
by Schohl [31]:

agr(HAt -
ot
k - AU o _At

= =2J

=€ e="Ll1—e ™ |(p ®3)

;[ (t 2 2At|: :|( (t+At) )
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where v; is the time-dependent recursion coefficient,
of which the starting value (before transient) is equal
to zero. Re-ordering the equation yields:

k

agr +. k
%: p(t+At);Xi Z(X P

i=1
— At J At
=e R and X, = 1—e R |,
2 At

Let us now define the time-dependent term G,
in Eq. (4):

o) @

where: Y, =

MI[I]

k
Gy, = Z(x Py~ Vi) ®)
Then, the final form of the 5|mpI|f|ed equation

that describes the derivative of retarded strain is as
follows,

o€
1 = DX Gy ©

Comparing with an existing solution that was
introduced by Covas et al. [14] and [16], this novel
solution simplifies the numerical algorithm for
analysis of transient events in engineering polymer
pipes. It may be very useful for the various pipe
engineering systems: design of new pressure systems
based on plastic pipes; the modernization of existing
plastic pressurized pipe systems; and design strategies
to protect systems against large transient loads.

1.2 Numerical Solution of Wall Shear Stress

The pipe wall friction effect plays a significant role
in modelling transient events in elastic pipes. In
viscoelastic pipes, some authors note the importance
and impact of unsteady friction on transient flow
process [6], [16], [17] and [33], while the vast majority
try to simplify the model to a minimum and model
unsteady friction by calibrating coefficients in the
creep function. The action of the latter means that the
calibrated function is no longer a material function
describing the strength properties of the pipe material.
This function, in a simplified way, describes together
all the phenomena that accompany the transient
flow (including but not limited to: unsteady friction
resistance, the impact of FSI and the phenomenon of
energy dissipation resulting from retarded strain of
pipe walls) [20]. In this work, due to the fact that only
experimentally obtained creep functions are used,
there is a need to model resistance in a conventional
way, i.e., by including the unsteady component z,
contained in the formula for describing the wall shear
stress. Urbanowicz [28] has shown that there is a lack

Transient Liquid Flow in Plastic Pipes 79
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of compliance of the effective friction weighting
function with original classic weighting function
for small time scales. The corrected final effective
solution of convolution integral representing the
additional contribution due to unsteadiness becomes
[28]:

fv \'
Tiesat) = IDM%JF
4_“23: AYiy +18; [V(HAO - V(‘)] ! )
D ‘I [1 —U]Ci |:V(t) _V(tht):|
Yi(tat)
where .
At
n= OA\ENcIass.(u)du , A _ e’niA{’
, Weg (U)du
B=—"[l-A], C=AB ®
' nAt - I.

The correction factor # in the above solution
is a quotient of the integral of the classic weighting
function wy,e. (for laminar flow, Zielke’s function [7],
and for turbulent flow, Vardy-Brown’s function [34])
and the integral of effective weighting function weg.
(approximated by a finite sum of exponential terms):

K R
Wit = Zmie_”" > 9)
i-1

which is just used to approximate the conventional
solution. It is a reminder that integration range of both
integrals are the same from 0O to first dimensionless
time At . The m; and n; coefficients are functions of
the dimensionless time step At . Their values can be
determined with use of the analytical formulas
presented in [35]. The range of applicability of the
filtered weighting function is from At up to 10 At .

2 COMPARISON OF NUMERICAL SOLUTION
WITH EXPERIMENTAL RESULTS

To assess the effects of pipe-wall viscoelasticity and
unsteady friction on the transient flows, extensive
comparative studies have been carried out by
researchers. Experimental results obtained by the
researchers from European scientific centres (London
(UK), Cassino (Italy) and Lyon (France)) are first
used to validate the numerical model described in
the previous chapter of the paper. For convenience,
the comparisons of all the results are presented in
dimensionless form. Then the pressure changes

observed experimentally (EX,) and simulated by using
unsteady (S,ur) and quasi-steady hydraulic resistance
(Sy,0se), and the time are determined by the following
formulas:

p(t)-p- _ p(t)-p

dt=t/(4L/c). (10
Ap ooy, ndt=t/(aLie). (o)

p=

For quantitative analysis, it is essential to
define a minimum of two coefficients, whose role
is to mathematically determine the compliance of
the simulated pressure histories with respect to the
experimental tests. To the authors’ knowledge, only
few studies in the literature [24], [28], [36] and [37]
in the field of water hammer flows are concerned
on such quantitative analysis. Urbanowicz’s analysis
carried out in [28] was based on pressure histories
in dimensional form. However, that analysis method
may not be applicable to achieve the purpose of this
study. Specifically, for laminar flows, the pressure
pulsation from the value of the final pressure to which
the transient state ends (equal to the pressure inside
the reservoir) is small. Also, the pressure drop along
the length of the pipe becomes lower as the Reynolds
number is smaller. This is particularly noticeable in
laminar flows with very small Reynolds numbers. In
preliminary tests, the values of quantitative parameters
determining the pressure compliance were calculated
using the method presented in [28], which however
resulted in very small values for laminar runs. Hence,
in this work, to avoid the influence of the Reynolds
number on this analysis, the quantitative analysis
has been carried out in a dimensionless form. For
this purpose, a subprogram was defined to search for
maximum and minimum values and their occurrence
times (calculated from the beginning of the analysed
transient state). For demonstration, Fig. 1 illustrates
the procedure of “collecting” maximal and minimal
pressures, and their relevant times (circles).

0.6
04
0.2
— 0
&
-0.2
-04
-0.6
LG 6B G LTG0
7[-]
Fig. 1. Selecting the maximal and minimal pressures
and their times
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On the one hand, the coefficient determining the
compliance of the maximum and minimum simulated
pressures is calculated as follows:

Zk ps,iA_ pe,i
i=1 p )
E, = ” L1100 %, (11)
where Bs,i is simulated maximal or minimal
dimensionless pressure, and p,; is experimentally
recorded maximal or minimal dimensionless pressure.
On the other hand, the coefficient that determines the
time compliance of subsequent simulated amplitudes

was calculated as follows:

Zk ts,iA—te,i
£t 100 % (12)

k-

where fs,i is the simulated dimensionless time of
maximal or minimal dimensionless pressure and te;
is the experimentally recorded dimensionless time of
maximal or minimal dimensionless pressure.

The degree of simulation compatibility and
accuracy increases with decreasing values of the above
coefficients (more accurate, matching of the simulated
pressure runs with respect to the known experimental
runs). Tables 1, 2 and 3 (presented later in this paper)
summarize the quantitative analysis results of the E,
and E; parameters for all test cases in this work.

The wave speeds were estimated from the
empirically observed durations of the first pressure
amplitude. Then the instantaneous creep coefficient Jy
can be estimated by the formula:

1 1
pECc’ KE

, (13)

D . . .
where ==—¢& is expanded pipe constraint
e

coefficient. For Covas and Evangelista test stands, the
pipe constraint coefficient is [3] to [5]:

2e D )
§=3(1+vp)+D+e(1—vP), (14)

and for Guney test stand [6] and [7]:
eY 2e eY
§=l+(5j +v,,3—v,§(1—5j . (15)

In all experiments, the pressure inside the supply
reservoir increased with different extents during
the water hammer event. The largest increase was
observed in the experimental runs carried out by the
Evangelista et al. [38] in Casinno (ltaly). A relatively
smaller increase was recorded during tests carried out

by Covas [16] and [39] in London (United Kingdom).
Finally, the smallest increase in pressure, inside the
supply reservoir, was noted in tests carried out by
Guney [6] and [40] in Lyon (France). The main reason
for the increase in pressure might be attributed to the
poor synchronization of the rapid closure of the valve
with the shut-off of the working pump. In the pre-
transient state the reservoir pressure py=o is the sum
of the theoretical pressure loss over the pipe length
Ap, and the pressure value recorded in the valve
Cross-section py=o:
fLp v,

Prico = Pyiop + F? =Pt Apu (16)

where Darcy-Weisbach friction factor for laminar
flow is f=64/Re, and for turbulent flow (assuming

03164~ \with use of the
~ Re

above-calculated reservoir pressure at the start of
transients py-o, and known final pressure inside the
reservoir prinal, the value of the pressure increase in
the cross-section at the reservoir Ap, can be estimated

approximately by:

smooth pipe walls) f =

Apr = pFinaI - pr,t:O’ (17)
so that

pFinaI = Apr + ApL + pv,t:O‘ (18)

For all Covas cases with known overpressures,
there is no information about valve pressure p,¢=q in
steady flow prior to transient. Based on the residual
information available from their works [16] and
[39], the values of py;=o for Covas test stand were
assumed to achieve the simulations (see Table 1).
For all test systems, the information needed to
conduct simulations (pipe length, inner diameter,
wall thickness, the Poisson’s ratio, etc.) is collected in
Tables 1, 2 and 3.

The creep function used for Covas test
stand simulations (water temperature T=20 °C),
which was needed to calculate the retarded strain,
was archived from experimental test [16], by
giving the following creep and retardation time
coefficients: Jy=0.674-10° Pa-l, J;=0.1394-10-9
Pa-!, J,=0.0062:10%9 Pal, J;=0.1148-10° Pal,
J,=0.3425-109 Pa’l, J5=0.0928:10% Pa! and
Rty=0 s, Rt;=0.05 s, Rt,=0.5 s, Rt3=1.5 s, Rt{4=5
s, Rts=10 s. The parameters of creep compliance
functions vary strongly with temperature. Especially
for Evangelista et al. test stand (water temperature
T=15 °C), the above function has to be scaled.
The scaling factor was assumed, as in work [41] to
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be 0.75 which gives the following values for the
simulations: J,=0.513-10° Pa’!, J;=0.1046-10-°
Pa-1, J,=0.0046-10 Pa-!, J3=0.0861-10 Pal,
J4=0.2569-109 Pa’!, J5=0.0696-10° Pa-! and
Rt;=0.05 s, Rt;=0.5 s, Rt3=1.5 s, Rt;=5 s, Rt5=10

Table 1. Covas test stand details and quantitative results

s. The creep function for Gliney test stand was
experimentally defined for different temperatures.
Original values received by Gliney are required to be
filtered according to the filtration procedure proposed
by Urbanowicz and Firkowski [33]. The obtained

Case Vo Reo  Pu=o  ApL Ap, | Unsteady friction (UF) [%] Quasi-steady friction (QSF) [%] AE, AE,

[m/s] [-] [Pa] [Pa] [Pa] AE,ur  ABEur  AEpose AE; osk [%] [%]
Co1 0.028 1417  4.735¢5 0.01e4  0.14e4 5.45 0.45 32.68 1.70 2723 125
co2 0.124 6274  4.405e5 0.15¢4  0.45e4 2.03 0.97 21.43 1.66 19.40  0.69
o3 0.249 12599  4.405e5 0.50e4  1.00e4 2.77 1.20 15.86 1.87 13.09  0.67
Co4 0.373 18874 4.405e5 1.01e4  1.3%4 2.01 0.45 14.94 1.53 1293  1.08
05 0.500 25300 4.289e5 1.65¢4  2.00e4 3.93 0.29 14.40 1.20 1047 0.91
C06 0746 37748 3.425e5 3.3%e4  3.11e4 3.04 0.58 12.05 1.30 9.01 0.72
C07 0.870 44022 3.425¢5 4.43e4  3.30e4 3.41 0.46 11.21 1.33 7.80 0.87
o8 0.995 50347 4.735e5 0.01e4  0.14e4 3.70 0.56 11.58 1.17 7.88 0.61

L =271.7m; D=0.0506 m; € =0.0063 m; Vp = 0.46 ; £ =1.065; = = 8.551; T =20 °C; p = 998.1 kg/m3; v = 10-6 m2/s; C = 400 m/s

Table 2. Evangelista test stand details and quantitative results

Case Vo Reo  Pu=o ApL Ap, | Unsteady friction (UF) [%] Quasi-steady friction (USF) [%] AE, AE,
[m/s] [-] [Pa] [Pa] [Pa] AE,ur  AEjur  AEp sk AE; osk (%] (%]
E01 0.070 2702 4198¢5 496.5 3950 7.80 3.28 34.98 4.34 2718 1.06
E02 0.098 3783 4.183¢5 8945 5160 4.47 3.15 33.09 4.36 2862 1.2
E03 0.164 6330 4.123¢5 2202 8500 3.67 2.76 27.60 4.19 2393 143
E04 0.335 12930 3.992e5 7686 16600 2.80 278 20.68 4.10 1788 132
E05 0.657 25358 3.668e5 2.5¢4 16800 5.15 2.86 14.94 4.37 9.79 1.51
E06 0.989 38172 3.235e5 5.11e4 48400 5.16 2.75 12.42 4.19 7.26 1.44
E07 1.315 50754 2.700e5 8.414e4 67860 5.16 2.22 10.60 3.76 5.44 1.54
E08 1.645 63491 2.045¢5 1.245¢5 93000 5.78 2.39 8.61 3.88 2.83 1.48

L =203.3m; D=10.044 m; € =0.003 m; Vp = 0.46 ; £=0.937; E = 13.745; T = 15 °C; p = 999.1 kg/m3; V = 1.14-10-6 m2/s; C = 365 m/s

Table 3. Guney test stand details and quantitative results

Case Vo Rey Put=0 ApL AP, Unsteady friction (UF) [%] Quasi-steady friction (QSF) [%] AEp AE,
[m/s] [-] [Pa] [Pa] [Pa] ABpur  AEur  AEp sk AE; osr [%] [%]
GO1 0.490 17422 101325 3423 4750 3.54 3.73 14.28 5.94 10.74 2.21
G02 0.550 25650 101325 3906 5000 8.98 2.77 19.57 415 10.59 1.38
GO3 0.570 30245 101325 4019 10000 8.81 1.36 19.73 1.87 10.92 0.51
G04 0.550 31646 101325 3695 10000 3.40 2.35 11.91 3.54 8.51 1.19
G05 0.560 34513 101325 3743 8000 9.89 2.56 19.39 3.77 9.50 1.21
G06 0.820 50536 101325 7296 10000 8.84 2.32 16.82 2.94 7.98 0.62
L =43.1m; D=0.0416 m; €=0.0042 m; Vp =0.38 ; £=0.97, E =961
Table 4. Values of temperature dependent Gtiney’s research coefficients
Case  T[C] cC[m/s] plkg/ms] vmes] K;[Pa] At[s] Jg[Pa1] Jy[Pa'] Jr[Pa’] Rt [s] Riy[s]
GO1 13.8 310 999.3 1.17-10-6 214109  0.0043 1.035-10-° 0.637-10-9 0.871-10-%9  0.0166 1.747
G02 25 265 997.1 0.892-10-6  2.24-109  0.0051 1.440-10-9 1.046-10-° 1.237-10-9  0.0222 1.864
GO3 31 247 995.3 0.784-10-6  2.27-109 0.0055 1.668-10-% 1.397-10-% 1.628-10-0  0.0221 1.822
G04 35 240 994.1 0.723-10-6  2.285-109 0.0056 1.772-10-9 1.797-10-9 2.349-10-9  0.0265 2.392
ggg 38.5 220 9926  0.675-10-6 2.295-10° 0.0061 2.121-10-° 2.097-10-° 3.570-10-°  0.0347 3.077
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values and other temperature-dependent parameters
details are collected in Table 4.

In all MOC-based simulations, a constant number
N=32 of reaches was used. Such a pipe division
gave the following time steps: for Covas test stand
At=0.0212 s, for Evangelista test stand At=0.0174
s and for Guney test stand, detailed values can be
found in Table 4. A rapid-closing valve (t,<2L/c) at
the downstream end of the pipes was applied to all
scenarios (Covas, Evangelista and Giney test stands)
to generate water hammer flows in the system. In all
of the three test stands, two distinct flow cases were
selected (marked with gray in Tables 1 to 3) and
investigated in detail.

2.1 Research Based on Covas Experimental Results

The results of the selected simulation cases CO1
(laminar flow with initial: velocity v,=0.028 m/s and
Reynolds number Rey=1410) and CO05 (turbulent flow
with initial: velocity vo=0.5 m/s and Reynolds number
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Rey=25300) in relation to the Covas experimental
data are plotted in Figs. 2 and 3, respectively.

It can be seen from Fig. 2a that the simulation
runs realized for laminar flow (CO1), taking into
account in a simplified “step way” that the recorded
pressure increases inside the supply reservoir, the
model results present a high accuracy. Fig. 2b
presents the comparison of the same experimental
data with simulation results, but with implementing
only the quasi-steady hydraulic resistance =1z in
the simulation. It can be observed that in this case
the modelled damping (amplitude attenuation) was
much smaller, which results in overstated simulation
runs (S, qsr). Moreover, comparison in Fig. 2 reveals
that a change in the method of modelling the wall
shear stress could greatly affect the shift of simulated
pressure runs - the use of unsteady friction delays
the moment of occurrence of subsequent amplitudes.
This means that unsteady friction indirectly affects the
change (during the transients) of the pressure wave
speed.

-0.5

y
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Fig. 2. Comparison of simulated and experimental results for Covas CO1 (laminar flow);
a) unsteady friction model, and b) quasi-steady friction model
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Fig. 3. Comparison of simulated and experimental results for Covas CO5 (turbulent flow);
a) unsteady friction model, and b) quasi-steady friction model
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From the analysis of Fig. 3 obtained for the C05
for turbulent flow scenario, most of the results are
similar to those just discussed for laminar case CO1. Of
the interesting noticeable differences between Figs. 2a
and 3a showing the normalized Covas cases analysed
in detail in this work (laminar C0O1 and turbulent C05),
the shape of the first amplitude deserves additional
attention. In the laminar flow case (CO01), it can be
found that the maximum value occurred in the initial
period, i.e., just after the valve was closed, there was
a significant pressure drop at the peak of the first
amplitude (see Fig. 4). A similar tendency was also
noted from the observation of experimental results.
For the turbulent flow case in Fig. 3, it can be seen
that there was only a slight decrease in pressure to
the minimum value at the top of first amplitude,
which maintained a constant value for a long time
(normalized times from 0.17 up to 0.35), and, in the
final phase, there was a slight increase in pressure.
In Fig. 3, the pressure runs at the first amplitude
top is almost flat. For clarity, an enlarged plot for
this first amplitude is shown in Fig. 4 for a detailed
comparison. It is suspected that the above change in
pressure behaviour at the top of the first amplitudes
is the result of a change in the relationship between
two simulated phenomena: friction and retarded strain
(both described by convolutional integrals).
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SC!’H s SC'!‘}'S
........ BX - aalilX
0.78 - cio [8/}]
h
o076 {NH
¢ qt . AN R
& 'I‘ |ikliu‘l,l;l;:‘b;\.'!,fa.{‘"{_“ P 1
0.74 - LA b\.‘\ BT - R T y
‘\‘ kY
0.72
0 0.1 0.2 0.3 0.4 0.5

t[]

Fig. 4. Auxiliary drawing - the top of the first pressure amplitude

From the quantitative results collected in Table 1
regarding experimental tests carried out by Covas, it
can be concluded that:

e pressure runs simulated with applying unsteady
friction presented a much better accuracy than
those in which the resistances were modelled with
a quasi-steady component only. This is because
for all test cases (CO1 up to C08), an inclusion of
unsteady friction may reduce the values of E, and
E; coefficients;

» the average values of E, and E; parameters
in the test runs, taking into account unsteady
resistances, were E,ygmeanc=3.29 % and
EtUrmeanc=0.62 %, respectively. However, for
test runs simulated with quasi-steady resistances
Only, Ep,QSF,meanC:16-77 % and Et,QSF,meanC:1-47
%, respectively;

» the highest E, value (means the worst simulation
fit) was obtained for the laminar flow case. For
the model with unsteady friction, the errors
were: Ep,UF,C01:5-45 % and Et,UECOl:0'45 %,
while in the model with quasi-steady resistance:
Ep,QSF,COl:32-68 % and Et,QSF,COlzl'7 %. The
possible reason of these poor results can be
attributed to a large pressure signal noise (before
filtering) noticed here for laminar results (the
same problem also affected other tests with a
low initial flow rate (Re < 6500) carried out by
Evangelista et al.; see Table 2).

2.2 Research Based on the Experimental Results of
Evangelista et al.

Two cases for the Evangelista test stand are analysed
herein, in which the main difference is the initial
velocity of the flowing liquid (Reynolds number).
In the first case (E01) (transitional flow case), the
initial flow velocity was vq go; =0.070 m/s, and in the
second analysed case (E08) (turbulent case) it was
Voeog=1.645 m/s. The initial velocity significantly
affects not only the Darcy friction factor and unsteady
friction calculation but also the pressure pulsations
appearing after the rapid valve closures. Meanwhile,
what follows from equations presented in the first
chapter, the simulated retarded strains are also
affected (which are usually treated by researchers as
a source of additional damping of flow pulsations).
Experimental results (especially for low flow rates)
were characterized by high noise. For this purpose, the
MatLab “filtfilt” filter was used, which performs zero-
phase digital filtering by processing the input data in
both the forward and reverse directions. After filtering
the data in the forward direction, the “filtfilt”” function
reverses the filtered sequence and runs it back through
the filter. The result has the following characteristics:
zero phase distortion; a filter transfer function equal
to the squared magnitude of the original filter transfer
function. The results of selected simulation tests (E01
and EO08) are presented in Figs. 5 and 6, respectively.
From Fig. 5a, it can be seen that the degree
of matching of simulation results (using unsteady
friction) to experimental results seems not perfect. This
difference may be attributed to the following factors.
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First, the Reynolds number Re = 2702 indicates that it
is a transitional flow between laminar and turbulent.
In these flows, according to experimental research
related estimation of friction coefficients [42], there
is a sharp change in the value of this coefficient.
In the simulation, the friction coefficient and the
unsteady hydraulic resistances were calculated in a
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simplified manner, assuming the laminar nature of the
flow (f=64/Re and m;, n; representing the weighting
function were used for laminar flow). Secondly, the
experimental results were initially characterized by
high noise, as well as visible effects of reflected waves
(which may be the result of narrowing at pressure
sensor connection points, sharp knees, intense
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Fig. 5. Comparison of simulated and experimental results for Evangelista EO1 (transitional flow);
a) unsteady friction model, b) quasi-steady friction model
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Fig. 6. Comparison of simulated and experimental results for Evangelista EO8 (turbulent flow);
a) unsteady friction model, b) quasi-steady friction model
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Fig. 7. Enlargement of: a) top of the first amplitude, and b) first and second valley of the course of transient pressure changes
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vibration of the pipeline, etc.) on pressure courses,
referring to the sharp increase at the middle of the
first amplitude (Fig. 7a) as well as peculiar increase
visible on the first and during subsequent valleys of
the pressure course (Fig. 7b).

The quality of matching of the simulation and
experimental runs may be considered satisfactory.
From the results in Table 2, describing the quantitative
results of Evangelista scenarios, it is evident that
transient test runs modelled with additional unsteady
friction could match better with experiment than
those modelled using the quasi-steady friction only.
Along with the increase in the Reynolds number
(from case EO2 represented with the Reynolds number
Re=3783), a significant decrease in the significance
of unsteady friction on the maximum and minimums
values of pressure histories was noticed in this system,
and evidenced by the decrease of such difference of
pressure compliance parameters:

AEp = EposF — Epur- (19)

For example, in the case EO8 in which the highest
flow rate was recorded, the difference AE, was only
AEpgos = 2.83 %. However, the unsteady friction
should not be neglected even for large Reynolds
numbers, because it affects the time compliance of
simulated transient runs, by referring to the similar
difference value of:

AE; = EtosF — Etur, (20)

for different Reynolds numbers as shown in Tables 1
and 2.

2.3 Research Based on Giiney Experimental Results

For Glney test stand six cases of turbulent flow
were analysed, in which the main difference was the
water temperature. Only two of these tested cases
are selected for detailed discussion in this paper. It is
known that temperature may significantly affect the
mechanical properties of the plastic pipe material.
With such influence, a large change in the creep
function may occur during the transient tests (Table
4). The creep function derivative is the main function
affecting the modeled damping of pressure oscillation,
and in this simulation it was filtered according to
filtration procedure proposed by Urbanowicz and
Firkowski [33]. The numerical simulation results of
the experimental tests are provided in Figs. 8 and 9.
From the results of the test GO1 for relatively low
temperature T = 13.8 °C, it is noticed that the model
including unsteady friction (Fig. 8a) may match with

high accuracy the top of the first amplitude (Fig.
10), and even the peak of pressure on the top of this
first amplitude could be reflected in the simulation
process. This confirms the acceptable accuracy for the
used mathematical model. As concluded earlier in this
work, the results with better matching accuracy were
obtained after applying unsteady friction (Fig. 8a)
than using the quasi-steady resistance only (Fig. 8b).
From the results in Fig. 9, it is also observed that an
increase in temperature in the same system may cause
a decrease in the number of appearing amplitudes
in the same time interval. For example, when the
temperature was 13.8 °C within two seconds after the
rapid closing of the valve, there were three pressure
amplitudes; while for the temperature of 38.5 °C, only
two amplitudes are noticed at the same time.

This is mainly due to the following two factors.
The first is the change of the wave speed c, from
Cgo1 = 310 m/s for temperature T = 13.8 °C t0 Cgpg
= 220 m/s for temperature T = 38.5 °C. The second
factor may be attributed to the change of the creep
function coefficients J; and 7; (see Table 4). The
creep parameters describing the properties of the
material may strongly depend on the prevailing flow
temperature (as seen in Fig. 11 illustrating the effect
of temperature on creep functions).

In the test case with relatively high temperature
(Fig. 9), a large divergence of the modelled peak was
observed just after the valve was closed (Fig. 10). It is
difficult to clearly indicate the key reason for this. In
this example, it is also difficult to confirm the positive
effect of unsteady friction by analysing these results
only (Fig. 9). Normalized pressure runs show only a
slight advantage of the unsteady model over the quasi-
steady one. Therefore, it is necessary to conduct a
guantitative analysis on such results so as to determine
the key factors affecting the modelling accuracy.

From the results in Table 3 that were obtained
for quantitative analysis for the Giiney experimental
system, the average value of the obtained coefficients
illustrating model compliance was much higher
(Ep,UF,meanG = 7.24 % and Et,UF,meanG = 2.52 %) than
for the other two quantified systems. This may be due
to two aspects as follows. Firstly, these results were
tested and collected a relatively long time ago (i.e., in
1977), which forced the use of pressure sensors with
much larger ranges of measurement errors than those
currently used. Secondly, the process of digitizing
these results, carried out using the charts attached to
the PhD thesis [6], could have also contributed to the
erroneous reading of real experimental results. These
charts were often characterized by casual information
on the value of the ordinate axes. Even though these
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Fig. 8. Comparison of simulated and experimental results for Gliney GO1 (T = 13.8 °C, Re = 17422);
a) unsteady friction model, b) quasi-steady friction model
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Fig. 9. Comparison of simulated and experimental results for Gliney GO6 (T = 38.5 °C, Re = 50536);
a) unsteady friction model, b) quasi-steady friction model
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Fig. 10. Enlargement of top of the first amplitudes

differences in this system, it can still be confirmed that
the use of unsteady friction may result in a significant
decrease of quantitative parameters, and thus the
substantial increase of the simulation accuracy.

Based on all quantitative analyses of the results
for these three considered test systems, it can be
concluded that the simulations performed using the
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Fig. 11. Courses of the creep functions used in the simulations
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experimentally defined creep functions by including
additional unsteady friction effect may provide more
accurate modelling results for transient flows in
plastic pipes. However, it is also revealed that the lack
of experimental data regarding the temperature effect
on viscoelastic creep function is usually an issue that
requires solutions in practical applications, because
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from this study the temperature is found to be an
important factor affecting transient flow behaviour in
plastic pipes. Furthermore, the proposed parameters of
guantitative analysis in Eq. (11) and Eq. (12) in this
study can be useful measures for characterizing and
evaluating the importance of unsteady friction effect
to transient flows with the existence of the pipe-wall
viscoelasticity effect in plastic pipes.

3 DEFINING THE EFFECTIVENESS
OF NEW PROPOSED METHOD

Further verification of the effectiveness of a computer
program is performed herein for the newly developed
simple mathematical formulas in this study. As an
illustrative example, the laminar Covas CO1 run was
chosen (details of this case can be found in Table 1),
in which the effect of discretization was examined.
Computation times t,, obtained using the original
calculation algorithm [30] (complicated solution of
retarded strain convolution integral, and unfiltered
long exponential weighting function consisting 26
terms is used), were compared with calculation times
obtained with the help of new procedures discussed in
this work tey-

Table 5. Calculation details

N [-] 16 32 64 128 256 512

toiq [8] 0.30 182 1165 157 1152 10272

thew [S] 0.11 0.52 3.79 66 487 4377
469 940 1882 3766 7535 15073
x17 x33 X65 x129 X257 x513

Af[e] 663 332 166 829 415 207

Nodes

The tested reservoir-pipe-valve (R-P-V) system
was divided into a predefined number of reaches N in
accordance with Table 5. An increase in discretization
corresponds to the corresponding intensity of the
calculation (growing number of computational
nodes). The calculation time was measured using a
MatLab functions “tic” and “toc”. The “tic” command
was introduced in the software after specifying the
boundary and initial conditions, just before the loop
function in which the transient values are calculated.
The “toc” command was introduced in the computer
program just after the loop function. Simulations
were repeated using selected discretization for both
calculation algorithms with at least five times. The
table summarizes the minimal calculation times
obtained. Calculations were carried out on a typical
laptop for personal use. It can be seen from Table 5
that the new procedure reduces the calculation time by

more than two times (or even three times), in the case
of the discretization commonly used in practice, i.e.,
N < 64.

4 CONCLUSIONS

The main results and findings of this paper can be

summarized as follows:

(1) The comparative studies have demonstrated the
significant role of unsteady friction effects in
plastic pipes during rapid transient events. These
effects could usually be masked in many previous
research studies during their creep function
calibrations.

(2) There is a strong need to conduct detailed
experimental research on polymers used for
pressure pipes, aiming to determine the exact
temperature-dependent creep functions. Such
tests cannot be carried out only on individual
dynamical mechanical thermal analyser (DMTA)
devices, because the frequency of forcing
deformations of the tested material may turn out
to be too low compared to those factors that affect
pipes in real conditions, i.e., systems in which
water hammer occurs. A detailed analysis of these
creep function courses is required immediately
after applying the step load.

(3) Anew experimental research is needed in straight
and horizontal R-P-V (reservoir-pipe-valve)
system, in which the local resistances can be
minimized. This is because local resistances can
significantly affect the flow, as shown by Stosiak
et al. [43]. To this end, it is necessary to design
pressure sensors working exactly inside the shut-
off valve and to use the optimal rounding radius
of the plastic pipe in the input cross-section
located on the wall of the pressure reservoir.
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6 NOMENCLATURES

pressure wave speed, [m/s]

inner diameter of the pipe, [m]
thickness of the pipe wall, [m]

Young modulus of pipe material, [Pa]
Darcy-Weisbach friction factor, [-]
compliance creep function, [Pa-1]
instantaneous creep coefficient, [Pa-1]
creep-compliance of the ith spring of the Kelvin-
\Voigt model, [Pa-1]

bulk modulus of liquid, [Pa]

number of reaches, [-]

liquid pressure, [Pa]

retardation times, [s]

time, [s]

valve closing time, [s]

temperature, [°C]

time used in convolution integral, [s]
liquid flow velocity, [m/s]

W(r.y) friction weighting function,[-]
Wyt Creep weighting function, [Pa-1s-1]

X
Ee

> Q™ v < & O

—

(1

2]

[3]

[4]

[5]

distance along the pipe axis, [m]
instantaneous elastic strain, [-]
retarded strain, [-]

dynamic viscosity of liquid, [Pa‘s]
kinematic viscosity, [m2/s]

pipe support coefficient, [-]
expanded pipe support coefficient, [-]
liquid density, [kg/m3]
circumferential stress, [Pa]

wall shear stress, [Pa]

constant time step in the MOC, [s]
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In this paper, the formula of non-load transmission error (TE) and time-varying backlash is derived through the incremental meshing line
method based on the eccentricity error model of 2K-V gear pair with small tooth difference. Considering the influence of uneven load contact
between two gear pairs with small tooth difference, the static transmission error (STE) of a 2K-V gear pair with small tooth difference is
deduced. This work helps to predict the TE caused by eccentricity error and provide inference to compensate backlash. Also, we establish
the nonlinear dynamic model of 2K-V small tooth difference under eccentricity excitation, in which non-linear factors such as non-uniform
load, time-varying backlash, transmission error and contact stiffness are considered, and validated the theoretical model by comparing the
dynamic transmission error in simulation and in theory. Furthermore, the transmission error of the 2K-V gear reducer was tested, and the
test results further verified the uneven load contact phenomenon of the gear pair with small tooth difference in the meshing process. At the
same time, the experimental transmission error frequency spectrum is consistent with the theoretical results, indicating that the transmission
accuracy of the 2K-V reducer is mainly caused by the eccentricity error of the gear pair with small tooth difference. Finally, we optimized the
initial eccentricity phase and predicted the minimum transmission error, providing theoretical guidance for the assembly of 2K-V small tooth

difference gear pairs.

Keywords: 2K-V reducer, nonlinear dynamics, transmission error, uneven load contact, eccentricity error

Highlights

*  The formula of the non-load transmission error and time-varying backlash based on the eccentricity error model of a 2K-V gear

pair with small tooth difference is derived.

*  The static transmission error of a 2K-V gear pair with small tooth difference involving the influence of uneven load contact is

deduced.

e The nonlinear dynamic model of a 2K-V small tooth difference under eccentricity excitation is established.
e The simulation and experiment further validate the dynamic model and theory formula.

0 INTRODUCTION

At present, the quality, volume, reliability, and cost of
2K-V reducer have been required higher performance
in the aerospace, robotics, and other fields. The 2K-V
reducer which is applicable for precision transmission
(high-speed input, high-torque output as well as
limited volume and mass) has the advantages of large
speed ratio, high efficiency, compact structure and low
processing cost. In the precision gear transmission
system, the eccentricity error is the primary source
of the time-varying transmission error in the major
cycle and the periodical essential-varying backlash.
Therefore, it is significant to study the transmission
accuracy of the 2K-V reducer with eccentricity
excitation [1].

In terms of the research on the transmission
accuracy of the 2K-V reducer, Blanche and Yang [2]
and Yang and Blanche [3] studied the transmission
accuracy of the cycloidal mechanism with small
tooth difference based on the geometry method and
deduced the transmission ratio error that was caused

by machining error and assembly error - calculation
formula. Hidaka et al. [4], using the spring-mass
equivalent model, analysed the transmission accuracy
of 2K-V small tooth difference gear pairs. In order to
increase modelling realism, Zhang et al. [5] established
a translational-rotational coupled dynamic model that
was linearly time-invariant to predict the vibration
modes and natural frequencies. Xu et al. [6] also
developed a dynamic model, which integrated gearbox
body flexible supporting stiffness, to investigate how
gearbox body flexibility influenced on the dynamic
response and load sharing among the planetary gears.
Considering many factors, manufacturing error,
bearing clearance and other factors, Han et al. [7] to
[9] established a 2K-V nonlinear dynamic model that
was based on D’ Alembert’s principle and analysed the
dynamic transmission error. Besides Zhou and Jia [10]
established a 2K-V rigid-flexible coupling dynamic
model. Then he carried out theoretical derivation and
simulation analysis on transmission accuracy in which
the flexible deformation of the planetary wheel with
small tooth difference was involved. As for uneven
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load sharing, Iglesias et al. [11] pointed out that the
unavoidable manufacturing and installation errors
would result in the uneven load on the planetary wheel.
Then he reduced overall planetary wheel system
transmission accuracy. However, Iglesias did not point
out the calculation formula of transmission error with
the eccentricity error and the uneven load. Mo et al.
[12] used the strain measure method to calculate the
load-sharing coefficient of the wind turbine gearbox
verifying the proposed load sharing calculation model.
Wang et al. [13] proposed a novel axial modification
method based on composite modification curve with
indefinite parameters to improve the contact condition
of gear pairs and enhance the meshing performance
and bearing capacity. Due to the characteristic that
the planetary wheel arrangement in a 2K-V reducer at
a symmetrical 180-degree angle, in the transmission
process the 2K-V two small tooth difference gear pairs
influenced by the eccentricity error may be in different
types of contact: with uneven load, snapping off or
reversely in contact, etc. Existing literature mainly
involves the load-sharing coefficient [14] to [16]
itself. However, there are few studies of transmission
precision that involve uniform load contact. In
addition to 2K-V, there is other research [17] about
the nonlinear dynamic characteristics of curve-face
gear drive that considered meshing frequency and
eccentricity.

In this paper, in which the eccentricity error
caused by the machining assembly error of 2K-V small
tooth difference gear pairs is considered, according
to the non-uniform load contact condition, non-load
transmission error, time-varying backlash and static
transmission error are calculated by using meshing
line increment method. Meanwhile. the nonlinear
dynamic model of the small tooth difference gear
pairs is established by the lumped parameter method,
in order to analyse the dynamic transmission accuracy
in which the non-uniform load contact is considered,
and the correctness of the theoretical model is verified
by simulation. Then, in order to improve the precision
and dynamic performance of small tooth difference
gear drive, the initial eccentricity phase is optimized
according to objective function: the minimum
transmission error that provides theoretical guidance
for the assembly of 2K-V small tooth difference
gear pairs. Finally, the 2K-V reducer experimental
platform, in order to gain actual transmission error
curve that verifies the non-uniform load contact
phenomenon of small tooth difference gear pairs in
the transmission process, is established.

1 METHODS

The meshing line increment method and the lumped
parameter method are used to calculate theory static
transmission error and dynamic transmission error,
respectively. Also, the uneven load contact model
is established by the lumped parameter method and
solved by the fourth-order five-stage Runge-Kuta
numerical integral. Then, the Recurdyn software is
used to establish a virtual prototype and verify the
theoretical model, as well as optimizing eccentricity
initial phase. Finally, the 2K-V transmission error test
bench is built to obtain the actual 2K-V transmission
error. Combining the above data, the regulation of
transmission error is analysed.

2 EXPERIMENTAL

2.1 Calculation of Static Transmission Error and Backlash
of 2K-V Gear Pair with Small Tooth Difference Involved
Eccentricity Error

2.1.1 Non-Load Transmission Error (NLTE) and Backlash
Calculation with Eccentricity Excitation

Referring to Figs. 1 and 2, when the input shaft
rotates clockwise, the output shaft rotates clockwise
(woy), and the small tooth difference gear pair make
counter clockwise revolutions (wg). For the result
from machining and assembly error of parts (small
tooth difference gear pair, crank shaft, bearing and
bearing hole, etc.), the eccentricity error will cause
the rotation eccentricity error and revolution rotation
eccentricity error of small tooth difference gear pairs.

Second stage

First stage

//ﬂ R\\

Output

2 3 4

Fig. 1. 2K-V reducer transmission principle: 1 sun-gear, 2 planet of
first stage, 3 crankshaft, 4 planet of second stage, 5 ring-gear, and
6 output wheel

92 Wang, G. - Su, L. - Zou, S.



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)2, 91-104

pinion-gear

sun-gear Nevd

[0)
@
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Fig. 2. a) 2K-V reducer transmission principle, and
b) increment of meshing line

As shown in Fig. 2, let ey (i=1,2) defines the
planet’s eccentricity vector about the rotation centre,
Opi (i=1,2) defines the planet’s eccentricity phase
about the rotation centre, e, defines the planet’s
eccentricity vector about the revolution centre, 6
defines the planet’s eccentricity phase about the
revolution centre, ey defines the output wheel’s
eccentricity vector about the rotation centre, and 6
defines the output wheel’s eccentricity phase about
the rotation centre. Then the increment of meshing
line [18] and back meshing line caused by eccentricity
error of small tooth difference gear pairs at any time is
described by:

A (t)=e,sin[0, (1) —a]+e,sin[0, (1) -]
+6, sin[0, (1) —a]—e, sin[0,, (t,) —a]
—€4 Sin[eg (t)) —al—e,sin[0,(t,)—al, (1)

A,(t)=e,,sin[0,,(1) —a]+e,sin[0, (1) —a + 7]
+€,,sin[0,, () —a + 7r]—ep2 sin[sz(to) —o]
—€, sin[0, (t,) —a +w]—e,sin[0, (t) —a + 7],

@)
Ay () =e, sin[0, (t)+a]+e;sin[0, (1) +a]

+€, sin[0, () +a]—e, sin[0,, (1) +«]
—€, sin[(9g (t,)+oal—e,sin[0,(t,)+ o], 3)

Ay, (t) =€, sin[0,,(t) +a]+e;sin[0, (1) +a + 7]
+e, sin[0, (1) +a + 7] -e,,sin[0,,(t)) + o]

—e, sin[6, (t,) + o + 7] e, sin[6, (t,) + o + 7], (4)

where t and t; represent any time and initial time
respectively; superscript b refers to the tooth back.
Then, according to the meshing line increment
and tooth back meshing line increment, the non-load
transmission error and tooth back transmission error
(subscript i=1,2) at any time are derived as:

A1) 180-60

NLTE, (t) = (5)

p

Ay(t) 180-60

NLTE, (t) = (6)

p T
where r, refers to the base circle radius of ring-gear;
the unit of transmission error is arcmin.
According to the calculated transmission errors
and tooth back transmission error of the gear pairs

without load, the varying backlash at any time is given
by:

B,(t) = NLTE, (t) - NLTE,(t) + B,(t,).  (7)

Referring to Fig. 3, due to the eccentricity
error excitation, the 2K-V small tooth difference
gear pairs will occur the non-uniform load contact
phenomenon, but in the case of no-load, only one
pair of gear pairs will contact in theory. Hence, the
ultimate non-load transmission error of 2K-V is the
non-load transmission error of the gear pair, which
is actually in contact, i.e., the ultimate transmission
error is the maximum of the non-load transmission
error of the two small tooth difference gear pairs, and
the ultimate time-varying backlash is the minimum of
actual time-varying backlash. Therefore, the non-load
transmission error and time-varying backlash of the
2K-V small tooth difference gear pairs are described
as:

NLTE(t) = max(NLTE, (t), NLTE, (t)),  (8)
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min[B, (t), B, (t) — NLTE, (t) + NLTE, (t)]
B if NLTE,(t)> NLTE,(t)
8= min[B, (t) - NLTE, (t)+ NLTE, (t), B, (t)]’ ®)

if NLTE, (t) < NLTE,(t)

2.1.2 Static Transmission Error Calculation with
Eccentricity Excitation

Referring to the definition in [19], not only the above
motion error, which is caused by the eccentricity
error, but also the tooth deformation, which is caused
by load torque, is attributed to the static transmission
error of 2K-V small tooth difference gear pairs under
eccentricity excitation. Assuming that the two small
tooth difference gear pairs are all in contact with load
torque, based on the static stress balance condition,
the contact forces of the gear pair 1 and gear pair 2 are
given by:

T
Fcontactl + Fcontactz -+
r, , (10)
Fcontactl contactz k(A (t) A (t))
and
Fcontactl = L +k (AI (t) — A2 (t))
2r, 2
, (10)
= _hAM-A0)
contact2 2r 2

p

where Foniactr Stands for contact force of gear pair 1;
Feontactz represents contact force of gear pair 2; k refers
to the gear meshing stiffness.

When the two gear pairs are all in contact at
the same time, the contact force of the gear pairs 1
and 2 must be greater than 0 and the inequality, i.e.,

if |A1(t)—A2(t)|<Lk, the actual meshing line
r .

increments of gear 5air 1 and 2 with load torque are
derived as:

AO+AMG T

A (t A (t contactl — , 11

ls( ) ( ) k 2 2 rp . k ( )
AMO+AM T

A t A t contath | 2 _ 1 . 12

oD = A, (1) -~z : (1

p

Hence, when the two small tooth difference gears
are all in contact, the actual meshing line increment
and static transmission error with load torque are
described as:

AM+A,M0 T
2 2-r -k’

p

A ()= A, (D) = (13)

AOFAWD_ T, | 180:60 ),

2 2or, kT rm

STE(t) = (

Eq. (10) shows that if A, (t)—A (t)|>—k there

is only one gear pair that is in contact and the two gear
pairs contact force can be derived as:

Feontactt = L’ Feonacts = 0,1 A, (1) — A, (1) 2 L
2r, r- k

T T, - (19)
Fcontactl = 09 Fcontactz If A (t) A (t) >—1—
2r, r,k

Therefore, if |A(t)— A(t)|>Lk the actual

meshing line increment and static transmission error
of the 2K-V small tooth difference gear pairs with
load torque are calculated as:

A,() = max(A, (1), A, (1)) —rT—k (16)

p

STE(t)=[max(A1(t),Az<t))—rT—}k] 180-60

p P

- (A7)

In summary, the static transmission error of the
2K-V small tooth difference gear pair with load torque
is found as the following equation:

[max(Al(t),Aza»—rT—}k]-%

p p

if |Al(t)—A2(t)|2Lk
r .
STE(t) = P . (18)
(A1+A2_ T ).180-60
2 21, -k r,-m

) T
if [A, () - A, (D)< ﬁ

p

When the load torque is 0, it can be seen from
Eqg. (10) that the static transmission error of the 2K-V
small tooth difference gear pairs with the eccentricity
excitation is equal to the non-load transmission error,
that is, the non-load transmission error of 2K-V small
tooth difference gear pair is the static transmission
error. Referring to Egs. (10) and (15), due to the static
force balance and the existence of eccentricity error,
the contact forces of gear pair 1 and gear pair 2 are
uneven, and even one of the gear pairs may occur
mesh apart during the transmission process.
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2.2 Dynamic Modelling and Dynamic Transmission Error
Calculation with Eccentricity Excitation of 2K-V Small
Tooth Difference Gear Pairs

2.2.1 Dynamic Modelling

The vibration displacement on the meshing line
direction of the small tooth difference gear pair is
defined as:
X=r,0,-r0, )
m
180-60

In the non-load static transmission process, the
vibration displacement (x) of the gear pairs is the
meshing line increment corresponding to the non-load
transmission. As long as the driving surface of the
small tooth difference gear pair is set as a reference,
referring to Fig. 3, due to velocity, load, time-varying
backlash, damping and time-varying stiffness, when
the vibration displacement (x) changes up or down
in the meshing line increment corresponding to
the transmission error without load, the following
situation may occur:

Case 1. If x—e>|e;—e,|, the driving surfaces of
the two small tooth difference gear pairs are in contact;

Case 2. If 0<x-e<|e;—e,| and b>0, one of the
two small tooth difference gear pairs contacts with the
driving surface, and another gear pair doesn’t contact;

Case 3. If 0<x—-e<|e;—e,| and b<0, one of the
two small tooth difference gear pairs contacts with the
driving surface, and another gear pair back contact;

Case 4. If -b<x—e<0, none of the small tooth
difference gear pairs contact;

Case 5, If x—e<0 and —|e;—e,|<x—e+Db<0, one
of the two small tooth difference gear pairs do not
contact, and another gear pair back contact;

Case 6. If x—e+b<—|e;—e,|, all of the small
tooth difference gear pairs back contact.

where A(t) =e, Al(t) =€eq, Az(t) =@y, B(t) .

b —(e,—¢) o Rt

< ring-gear

planet 1__|
(2]

66

®2) |

|
o

(a) (b)
Fig. 3. Contact of the small tooth difference gear pairs
without load; €1 > €5, the gear pair 1 contacts, and
b) €1 <€y, the gear pair 2 contacts

According to the lumped parameter method, the
dynamic equation of the gear pair is established as
follows:

me(X'—é)—Cg(X—é)—f(x—e)::—, (19)
P
where m, stands for equivalent mass; C, refers to
meshing damping of gear pair; f(x—e) represents non-
linear function which is derived as follow:
case 1:k(Xx—e)+k(x—e—|e, —e,|)
case 2:k(x—e)
3:k(x—e-b/2

F(x—g)= case ( ) ’
case 4:0
case 5:k(x—e+h)
case 6:k(x—e+b)+k(x—e+b+e —e,|)

where K is the time-varying stiffness.
Expanding k by Fourier series at mesh frequency,
it is described by:

kt) =k, + Zn:[ki cos(iot +¢.)], (20)

where Kk, refers to the average meshing stiffness;
stands for the excitation frequency of gear pair; k; is ith
order stiffness amplitude of the meshing gear pair; ¢;
represents ith order initial phase of the meshing gear
pair.

2.2.2 Dynamic Modelling Example

Taking a 2K-V small tooth difference reducer as an
example to calculate its transmission error, its main
parameters are shown in Table 1 and Table 2, in which
the eccentricity error of the second-stage small tooth
difference gear pair is set responding to the allowable
error in the six-level machining accuracy, the
eccentricity phase is set arbitrarily, and the delicate
transmission error caused by the first-stage gear pair

is ignored.
As shown in Fig. 4, referring to Eqg. (5), the
non-load transmission errors with eccentricity

excitation of 2K-V small tooth difference gear pairs
can be obtained. Define the difference between the
maximum and minimum of the transmission error
as the peak-to-peak value, and the maximum of
the absolute transmission error as the amplitude.
As shown in Fig. 4a, the transmission error without
load has a peak-to-peak value of 2.06 arcmin, an
amplitude of 1.89 arcmin and an average value of
-0.86 arcmin. Correspondingly, referring to Fig. 4b,
the transmission error without load has a peak-to-peak
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Table 1. Main parameters of the first-stage in 2K-V reducer

Table 2. Main parameters of the second-stage in 2K-V reducer

Parameter Unit Num. value Parameter Unit Num. value
Tooth number of sun-gear - 12 Tooth number of planet - 50
Modification coefficient of sun-gear - 0.5 Modification coefficient of planet - -0.1060
Tooth number of planet - 36 Tooth number of ring-gear - 52
Modification coefficient of planet - -0.5 Modification coefficient of ring-gear - 0.1049
Addendum coefficient - 1 Normal module mm 2.5
Centre distance mm 36 Addendum coefficient - 0.6
Face width mm 7 Clearance coefficient - 0.25
Contact ratio - 1.433 Pressure angle degrees 35.266
Normal module mm 1.5 Face width mm 10
Pressure angle degrees 20 Centre distance mm 2.8773
Clearance coefficient - 0.25 Contact ratio - 1.1
Input velocity rpm 300 Eccentricity error of planet 1 mm 0.01
Eccentricity phase of planet 1 degrees 90
Eccentricity error of planet 2 mm 0.02
value of 2.89 arcmin, an amplitude of 1.74 arcmin Eccentricity phase of planet 2 degrees 180
and an average value of -0.29 arcmin. Furthermore, Eccentricity error of revolution mm 0.01
the non-load transmission error curves in Fig. 4 all Eccentricity phase of revolution degrees -135
have a major cycle of 15.8 s. In order to facilitate the Eccentricity error of output wheel mm 0.01
concentrated analysis and observation, the first 3 s of Eccentricity phase of output wheel degrees 90

— Non-load transmission error of small (a)
2r tooth difference gear pair |

Transmission error [arcmin]

Time [s]

Transmission error [arcmin)

— Non-load transmission error of small (b)
tooth difference gear pair 2

L 1 L 1

10 20 30 40

Time [s]

Fig. 4. Transmission error curve of small tooth difference gear pairs without load; a) gear pair 1, and b) gear pair 2
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Fig. 5. Transmission error of small tooth difference gear pair; a) transmission error without load, and b) static transmission error
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Fig. 7. DTE of the 2K-V small tooth difference gear pair with different frequency sinusoidal load; a) frequency of crankshaft, and
b) meshing frequency

total transmission error diagram is adopted as a local
diagram-subsequent transmission error diagrams.
According to Egs. (8) and (18), the total non-
load transmission error and static transmission error
of the 2K-V small tooth difference gear pair with
eccentricity excitation that are shown in Fig. 5 can
be obtained. Referring to Fig. 5a, with the above
eccentricity excitation and initial eccentricity phase,
the total non-load transmission error of 2K-V has a
peak-to-peak value of 2.23 arcmin, an amplitude of
1.22 arcmin and an average value of -0.15 arcmin,
and that the transmission error curve shows nonlinear
sharpening at the point of arrow indicates the contact
of small tooth difference gear pairs changes. Referring
to Fig. 5b, the static transmission errors of 2K-V with
30 Nm, 100 Nm, 300 Nm constant load torque have
mean values of -0.44858 arcmin, 1.0321 arcmin,
-2.19511 arcmin, respectively and the static errors
deviate downward as the load torque increases. It
can be seen from Eq. (18) that when the load torque
increases, the tooth deformation increases. Therefore,

the static error decreases with the increase of the load
torque.

Referring to Eg. (19), the 2K-V small tooth
difference dynamic transmission error equation
belongs to the second-order differential equation
and involves a nonlinear function; it is difficult to
solve the problem directly by the analytic method.
Therefore, the fourth-order five-stage Runge-Kuta
numerical integral is used in this paper to solve it,
and the dynamic transmission error of the 2K-V small
tooth difference reducer is shown in Figs. 6 and 7.

Referring to Fig. 6a, the larger the load toque
is, the larger the DTE downward offset is. While the
load torque gradually increases, the nonlinear tapering
phenomenon in transmission error is gradually
eliminated with the result of the contact change, which
indicates that with the load torque, the 2K-V second-
stage small tooth difference gear pairs changes from
single pair in contact to all in contact that are shown
in Fig. 9b and Fig. 10b. Referring to Fig. 6b, there
is a nonlinear relationship between the load torque
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and the mean transmission error of the 2K-V small
tooth difference gear pairs. With light load torque,
there is only one gear pair in contact which result in
that the stiffness of gear pair is relatively small, i.e.,
the transmission error with the unit load torque is
relatively large. However, with heavy load torque,
there are two gear pairs in contact, which result in
large stiffness directly, i.e., the transmission error with
the unit load torque becomes relatively small.

As shown in Fig. 7a, when the load is reversed,
DTE shows jump because of the time-varying
backlash (the jump value is just the time-varying
backlash value at the meshing point) and DTE with
time-varying load fluctuates between the NLTE and
NLTE involving time-varying backlash. As shown in
Fig. 7b, when the load alternating frequency increases
further to the meshing frequency of gear pair, the
DTE lower edge coincides with the transmission error
without load, the DTE upper edge coincides with the
transmission error without load involved backlash,
and the excess is caused by deformation, resulting of
load torque, and dynamic impact.

2.3 Simulation Verification of 2K-V Small Tooth Difference
Dynamic Transmission Error with Eccentric Excitation

In order to verify the correctness of the above 2K-V
small tooth difference dynamic model and further
verify the contact between the two small tooth
difference gear pairs, a 2K-V reducer was built
in RecurDyn software based on the transmission
principle shown in Fig. 1. As shown in Fig. 8, the
corresponding constraints, drive and load have been
added to the parts of the 2K-V reducer; its parameters
are listed in Tables 1 and 2, where the physical contact
pairs are established between the gear pairs. Then the
simulation results are shown in Figs. 9, 10 and 11.

1.5 T T T T T

DTE with 30 Nm load troque_lumped parameter
1.0+ — DTE with 30 Nm load troque_Recurdyn simulation
STE with 30 Nm load torque

(a) 2

Transmission error [arcmin]

10 13 24 25 3.0
Time [s]

Fig. 8. 2K-V reducer dynamic transmission error simulation virtual
prototype model

2.3.1 Dynamic Modelling Example

Referring to Figs. 9a and 10a, the simulated DTE is
consistent with the DTE calculated by the lumped
parameter method, which proves the correctness of
the 2K-V small tooth difference nonlinear dynamic
model. Considering that the influence of the first-
stage gear pair on the overall transmission error of
2K-V is delicate, the first stage is ignored in lumped
parameter method, which causes the simulated DTE
to be relatively lower than the calculated DTE, but the
difference is insignificant. Therefore, the simulation
results verify the calculated results. Referring to Figs.
9b and 10b, the dynamic contact forces are nearly
consistent with the static contact forces calculated by
Egs. (10) and (15). Therefore, it is verified that due to
the eccentricity excitation, the phenomenon of uneven
load or mesh apart will occur during the transmission
process. Moreover, the nonlinear relationship between
the transmission error mean value and load torque,

1000 —— :
Gear pair | simulation contact force
+—— Gear pair 2 simulation contact force (b)
R Gear pair | theoretical static contact force

[—— Gear pair 2 theoretical static contact force

600

Force [N]

aoo f

0 il . .
0. ; . 15 : 2 30
Time [s]

Fig. 9. Simulation of 2K-V small tooth difference reducer with 30 Nm constant load torque; a) DTE, and b) contact force
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Fig. 10. Simulation of 2K-V small tooth difference reducer with 300 Nm constant load torque; a) DTE, and b) contact force

which is indicated in Fig. 6, is further proved. For
example, with 30 Nm load torque only one gear pair is
in contact and another gear pair is disengaged, while
with the 300 Nm load torque, the gear pairs are all in
contact, and the contact forces become uneven.

3 T DTE with 30 Nm sinusoidal load torque’ar T i 60
frequency of crankshaft (a)
— === Non-load transmission error = backlash
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= 2
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= =
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&
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0.0 0.5 1.0 1.5 20 2.5 3.0
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2.3.2 Simulation of Dynamic Transmission Error with
Alternating Load

Figs. 11 and 12 respectively show the dynamic
transmission error simulation results of the 2K-V

1ow 1 T T L} T
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I —— Gear pair 1 theoretical static contact force

700 Gear pair 2 theoretical static contact force 4
o
g
=
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Fig. 11. Simulation of 2K-V small tooth difference with 30 Nm at frequency of crankshaft; a) DTE, and b) contact force
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Fig. 12. Simulation of 2K-V small tooth difference with 30 Nm at meshing frequency; a) DTE, and b) contact force

Uneven Load Contact Dynamic Modelling and Transmission Error Analysis of a 2K-V Reducer with Eccentricity Excitation 929



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)2, 91-104

reducer with the sinusoidal alternating load at a
frequency of crankshaft and meshing frequency. In
Figs. 11a and 12a, the simulated dynamic transmission
errors are nearly consistent with the calculated
dynamic transmission errors, that are shown in
Fig. 7, and they all fluctuate between the non-load
transmission error and the non-load transmission error
involved the time-varying backlash. As shown in Fig.
11b, when the alternating load is at the frequency of
the crankshaft, the contact forces of the two small
tooth difference gear pairs are almost the same as the
static contact forces calculated by Egs. (10) and (15).
As shown in Fig. 12b, while the alternating load is
at the meshing frequency, its dynamic contact forces
fluctuate rapidly between the value of 0 Nm and
the maximum theoretical contact force as the load
changes.

2.4 Influence and Optimization of Initial Phase of
Eccentricity Error on Transmission Error

2.4.1 Influence of Different Initial Phase Eccentricity
Errors on Transmission Error

It can be seen from Egs. (1) and (2) that the two pair
of gear pairs with small tooth number difference will
obtain different increments of the meshing line under
different initial eccentric phases when the machining
accuracy is constant, i.e., the gear eccentricity error
is constant, which results in different load-free
transmission errors for the 2K-V gear reducer.

Table 3. Different initial phase group of 2K-V small tooth difference

Unit (degrees) Group1 Group?2 Group3
Eccentric phase of planet 1 0 -60 90
Eccentric phase of revolution 130 100 180
Eccentric phase of output wheel 120 50 -135
Eccentric phase of planet 2 -50 130 90

The different initial phase groups are listed in
Table 3, and the load-free transmission error under
a considerable period has been calculated, as shown
in Fig. 13, where the initial phase group 1 has a
maximum amplitude of 4.49 arcmin, an average of
2.24 arcmin, and a standard deviation of 1.26 arcmin.
Also, the initial phase group 2 has a maximum
amplitude of 0.79 arcmin, an average value of 0.16
arcmin, and a standard deviation of 0.32 arcmin.
Furthermore, the initial phase group 3 has a maximum
amplitude of 1.78 arcmin, an average of 0.05 arcmin,
and a standard deviation of 0.88 arcmin. Therefore, it
can be concluded from the above results that although

the eccentricity errors are equivalent, the amplitude
differences among the transmission errors can be
significant and the maximum amplitude difference
can rise as high as 3.7 arcmin under different eccentric
phase groups.

7 . - . : .

‘ltumwm.m.u\u

Time [s]
Fig. 13. Transmission error with different initial phase groups

2.4.2 Optimization of Eccentricity Initial Phase

As shown in Fig. 13, different eccentricity initial phase
will result in different transmission error. In order to
obtain smaller transmission errors, it is necessary to
optimize the eccentricity initial phase - the amplitude
of the non-load transmission error is described as
follows:

G 0,,) =max{abs[NLTE(t)]}. (21)

1> 0p250;

Setting the optimal objective function of the
non-load transmission error and each initial phase
as min(S) and [-180°:10°:180°] respectively, and
substituting them into the non-load transmission error
equation, the initial phase with minimum NLTE load
in a major cycle is calculated as follows:

[0,1,6,,,8,,0,,1=[~70°,120°,110°, 40°].

At the above parameters, the optimized 2K-V
reducer has such characteristics (no-load transmission
error, STE and DTE with different loads) that are
shown in Figs. 14 and 15.

With the sample time set to 3 s, there are 10 wave
peaks of non-load transmission error in Fig. 14 and
5 wave peaks of non-load transmission error in Fig.
5a due to the alternate contact of two gear pairs, there
is a possibility that when two small tooth difference
gear pairs are engaged, the number of wave peaks
may double than when single gear pair is in contact,
and the minimum between the adjacent peaks is the
contact changing point of the contacting gear pair.
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Fig. 14. 2K-V non-load transmission error after initial phase
optimization

2.4.3 Before and After Optimization

The non-load transmission error fast Fourier transform
algorithm (FFT) before and after optimization
of 2K-V small tooth difference is shown in Fig.
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16, where f,, is the crankshaft rotation frequency.
It’s seen that the main frequency of the non-load
transmission error before and after optimization is the
crankshaft rotation frequency and its multiplication,
and that, although before and after optimization
the eccentricity errors of the parts are the same, the
amplitudes corresponding to the frequencies after
FFT are different, and the amplitudes corresponding
to each frequency after optimization are reduced,
which indicates the optimized initial phase group has
a significant improvement in transmission error.

In Table 4, the transmission errors of 2K-V
small tooth difference gear pairs before and after
optimization are listed together, where the peak-to-
peak value, amplitude and standard deviation of the
transmission error with no load, 30 Nm, 100 Nm and
300 Nm are significantly reduced, which proves that
by optimizing the eccentricity error initial phase of
2K-V small tooth difference gear pair, the transmission
error can be reduced and the dynamic transmission
performance can be improved.
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Fig. 15. Transmission error of 2K-V small tooth difference gear pair after initial phase optimization; a) static, and b) dynamic transmission
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Fig. 16. 2K-V non-load transmission error fast Fourier transform algorithm (FFT) diagram; a) before optimization, and b) after optimization
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Table 4. Comparison of 2K-V small tooth difference transmission
error before and after optimizing initial phase

Unit [arcmin] ngﬁk\;;?t;e Amplitude (Sjg\lﬂftfgg
NLTE Before optimization 2.245 1.231 0.637

After optimization 1.072 0.604 0.263
e e
wunore Stevsinmn 216 158 o5
oo St _1itT_170_oss
o St it 150 _ocn
e S 156 o1
e S 245t

2.5 2K-V Reducer Transmission Error Test

The test bench for the 2K-V reducer transmission error
is shown in Fig. 17, where the parameters of the 2K-V
reducer are the same as those in Table 1 and Table 2.
The reducer is driven by the servo motor referring
to the input speed in Table 1, and the input angle is
measured by the encoder 1. The encoder 2 directly
connects to the 2K-V reducer in order to measure
the output angle. The input and output encoders
are all German HEIDENHAIN encoders, and the
angular displacement is collected by the NI (National
Instruments) acquisition card. The transmission error
of the 2K-V reducer is obtained through Eq. (22) that
is described in:

Transmission error [arcmin]

180- 60
r T

TE = (6, ——)
P
where the unit of transmission error is arcmin.

(22)

2K-V Encoder 2

Encoder 1
Fig. 17. 2K-V reducer transmission error test bench

Servo motor

Since the load torque is not applied to the output
of the reducer, the measured transmission error is the
quasi-loadless transmission error. In Fig. 18a, the
transmission error has a peak-to-peak value of 3.69
arcmin, an amplitude of 2.12 arcmin, and an average
of -0.09 arcmin. In Fig. 18b, there are 9 wave peaks
in 3 s that is the same as those in Fig. 14, which
illustrates that the alternate contact phenomenon
caused by the uneven load of small tooth gear pairs
during the transmission process is existing and the
minimum value between the adjacent peaks is the
contact change point of gear pairs. Referring to Fig.
19, the frequency of the experimental transmission
error that is consistent with the data in Fig. 16, that
mainly concentrates on the crankshaft rotation
frequency and its multiple frequencies, which proves
the correctness of the theoretical model and that the
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Fig. 18. a) 2K-V reducer experimental transmission error curve, and
b) partial enlargement of 2K-V reducer experimental transmission error curve
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transmission error of 2K-V is mainly caused by the
eccentricity error of the second-stage small tooth
difference gear pairs.
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Fig. 19. 2K-V experimental transmission error FFT diagram

3 CONCLUSIONS

(1) In the transmission process, the 2K-V two small
tooth difference gear pairs influenced by the
eccentricity error may be in different contact-
contacting with uneven load, snapping off or
reversely in contact. Thus the actual contact
forces have a great difference.

(2) Under the eccentric error, the total non-load
transmission error of 2K-V small tooth difference
transmission is the maximum value of the non-
load transmission errors of the two gear pairs with
small tooth difference; thus, the total non-load
transmission error is the non-load transmission
error of the gear pair in contact;

(3) Under the same eccentric error and different
eccentric phase groups, the difference of 2K-V
transmission error curve is rather obvious.
We could improve the transmission error by
optimizing initial eccentricity phase in practical
application.

(4) There are nonlinear sharpening points at the
transmission error curve indicating that the points
are the changing point of contacting gear pairs.
We should focus on the mesh state of these points
in time.
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Quality of the Surface Texture and Mechanical Properties
of FDM Printed Samples after Thermal and Chemical Treatment
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Additive manufacturing technologies are nowadays used in various industries. In most cases, however, the surface texture of the produced
models is unsatisfactory and requires further processing, aiming to reduce surface roughness and waviness. The quality of the surface layer
in many cases plays not only an aesthetic role but also affects, for example, the process of wear and tribological properties. In the presented
work, samples prepared by fused deposition modelling technology from polylactic acid (PLA) material were subjected to tests. The samples
were subjected to heat or chemical treatment through the use of acetone. The quality of the surface texture was tested both before and after
the treatments. In addition, tests were carried out to determine the effect of the presented finishing treatment on the tensile strength of the
tested sample models. The test results showed that both thermal treatment and acetone treatment influence the surface texture quality,

especially the waviness, and that the acetone treatment can improve some mechanical properties.
Keywords: 3D printing, finishing treatment, fused deposition modelling, surface texture, mechanical properties

Highlights

*  The impact of finishing, thermal, and chemical treatment in the form of acetone on the quality of parameters of the surface

texture was examined.

*  Thermal treatment slightly improves surface roughness, but significantly reduces surface waviness parameters.
o Acetone in liquid form is much more efficient compared to its gas state.
*  Acetone treatment affects the waviness parameters positively; however, reducing the tensile strength of the samples and

increasing elongation at break.

0 INTRODUCTION

Modern additive manufacturing technologies allow
for the production of models from plastics, ceramics
and metals, thanks to a wide range of available
materials ([1] and [2]). In addition, some of the
materials used are characterized by such features
as biocompatibility, high temperature and chemical
resistance as well as good tribological properties [3].
An unquestionable advantage of three dimensional
(3D) printing is the possibility of almost immediate
building of models based on 3D digital models, on
the basis of which the stereolithography (STL) model
is created (approximated with triangles), enabling
decentralized and personalized production [4].
Although currently there are about a dozen additive
technologies based on polymer materials, (e.g., fused
deposition modelling (FDM), stereolithography
apparatus (SLA) or polyjet modelling (PJM), ceramic
materials (freeze-form extrusion fabrication (FEF))
and metal material (selective laser sintering (SLS)),
selective laser melting (SLM)), with FDM one of
the earliest technologies has found the greatest
application [3]. This technology allows the production

of models using materials based on acrylonitrile
butadiene styrene (ABS) or polylactic acid (PLA),
even with additives such as carbon fibres ([5] to [7]).
The significant advantage of FDM technology is the
ability to build almost unlimited large models while
maintaining low costs of material, machine purchase,
and service. In addition, this technology is one of the
few with which it is possible to manufacture objects
on existing models. This makes the FDM technology
widely used in both the prototyping and manufacturing
of short production runs. Additive manufacturing
technologies have found very wide applications in
many industries, such as foundries ([8] and [9]), the
food industry [10], the textile industry ([11] and [12]),
the construction of technical seals ([13] and [14]), the
aviation and automotive industries, etc.

FDM, with its simple model construction
principle, is thus one of the most commonly used
generative technologies. The materials for the models
and the support are delivered to the printing heads
in the form of thin rods with typical diameters of
1.75 mm or 2.85 to 3.0 mm, where they are heated
to a temperature slightly lower than the melting
temperature of the material, and then spread on
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the platform in the place of the currently built layer
(cross-section) of the model. After building the first
layer, the building platform is lowered by a previously
set value, and the next layer of material is distributed
and combined with the previously created one [2].
With this technology, there are no additional catalyst
connecting layers such as a binder or a laser beam; the
layers are joined by the temperature of the extruded
polymer.

The quality of the technological surface texture
[15], mechanical properties ([16] and [17]) of the
produced models and tribological wear in almost
all additive technologies depend on appropriately
selected technological parameters. However, only
selected treatments are reported in the literature ([18]
to [22]).

In [20], the authors tested cylindrical samples
manufactured with FDM technology. The model
material for samples was PLA, and acetone treatment
was carried out by using a gas atmosphere. Several
acetone exposure times were applied to the test
samples in the range of 0 minutes to 10 minutes.
Test results showed that as the acetone exposure time
increased, the compressive strength of the samples
increased slightly. In turn, roughness measurements
showed that the roughness of the surfaces was clearly
improved.

The analysis of the influence of finishing
treatment in the use of acetone was also presented in
[21]. The authors tested samples prepared in the fused
deposition modelling technology from the materials
ABS and PLA. Tensile strength measurements were
made using a universal testing machine, the results of
which showed that acetone vapour treatment for an
undefined duration slightly reduces tensile strength,
while improving surface roughness and polymer
ductility.

Heat treatment of samples made in FDM
technology and an analysis of its impact on mechanical
properties was also presented in [22]. The authors
made two types of samples for both bending flexural
and tensile tests. The samples were then subjected
to heat treatment and strength measurements, which
showed that heat treatment allows for a slight increase
in the strength of the samples tested.

In a recent study, we thus examined several FDM
printed samples after thermal or chemical finishing
treatment, reporting to the best of our knowledge
for the first time on treating PLA with fluid acetone
for different durations, and determined the influence
of treatment on the quality of the surface texture
(roughness and waviness) and selected mechanical
properties.

1 MATERIALS AND METHODS

The test samples were manufactured in fused
deposition modelling technology. The principle of
model construction with the use of FDM technology is
shown in Fig. 1. The test samples were designed using
SolidWorks software (Dassault Systemes SolidWorks
Corp., Waltham, Massachusetts). Then CAD models
were saved as STL files with a linear tolerance of
0.01 mm and an angle tolerance of 5 degrees. The file
saved in this way consisted of 188 triangles, and its
approximation is shown in Fig. 2.

( Printing heads \,

Model
material

Support
material

Fig. 1. FDM technology - concept

Fig. 2. Samples; a) STL file, and b) CAD model

For 3D printing, an Orcabot XXL (Prodim, The
Netherlands) was used with PLA (Filamentworld,
Neu-Ulm/Germany). The models were sliced with
the included software Slic3r, applying the common
45° raster angle. The printing parameters are given in
Table 1.
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Table 1. Printing parameters

Table 2. Thermal and chemical treatments of samples

Parameter Value Unit Sample no. Treatment
layer thickness 0.2 [mm] 1103 None
nozzle temperature 210 [°C] 4106 Thermal at 60 °C
building tray temperature 60 [°C] 7109 Thermal at 80 °C
infill material 99.5 [%] 10to0 12 Thermal at 100 °C
131015 Thermal at 120 °C
The first three samples (1 to 3) were not subjected 161018 Thermal at 140 °C
to any finishing treatment. For some samples (4 to 19f/199 Acetone 1 min (fluid / gaseous)
18), heat treatment was carried out by heating in an 201/ 20g Acetone 2.5 min (fluid / gaseous)
oven at a heating rate of 1 K/min to 60 °C (samples 4 21t/ 21g Acetone 60 min (fluid / gaseous)

to 6), 80 °C (samples 7 to 9), 100 °C (samples 10 to
12), 120 °C (samples 13 to 15) or 140 °C (samples 16
to 18), respectively, followed by isothermal treatment
at the final temperature for 60 minutes at the final
temperature. In addition, chemical treatment of three
samples (19 to 21) was carried out by exposing the
models to acetone in the form of gas or immersion in
the liquid for a period of 1 min, 2.5 min or 60 min,
respectively. Table 2 summarizes these treatments.
In addition, tests were carried out on the samples and
their finishing treatment in the form of an interaction
with liquid acetone for a period of 3 hours, which,
however, made the samples unsuitable for further tests
(Fig. 3). It can be stated that a treatment longer than
one hour is not recommended for samples exposed to
liquid acetone.

Fig. 3. Samples after 3 hours of liquid acetone treatment

Afterwards, the geometrical structure of the
surface was evaluated. For this, all samples (1
to 21) were subjected to surface roughness and
waviness measurements using a confocal laser
scanning microscope (CLSM) VK-8710 (Keyence,
Neu-Isenburg, Germany). The upper surface was
investigated since the lower one generally shows
strongly reduced waviness due to being solidified on
the flat printing bed.

An Excalibur 3100 (Varian, Inc., USA) was used
for Fourier transform infrared (FTIR) spectroscopy.

The final stage of the study was to measure tensile
strength for all 21 specimens (18 after treatment and
3 directly after printing) with an Inspekt mini 3 kN,
measuring the tensile stress at break.

2 RESULTS AND DISCUSSION

The results of metrological and tensile strength
measurements are presented in Figures 4 to 10,
respectively.

The roughness values given here are defined
as follows: Ra is the arithmetic mean deviation
of the measured profile from the centreline of the
evaluation length; Rq is the root mean squared of
these deviations, and Rz is the average distance
between the highest peak and lowest valley in each
sampling area. The waviness values are defined in
the same way, but with different “wavelengths”, as
indicated in each figure caption; roughness values
indicate changes on smaller length scales (with an
upper cutting wavelength of 0.08 mm, i.e. 1/5 of the
width of one printed line, to exclude the waviness of
the neighbouring printed lines) than waviness values
(with a typical lower cutting wavelength of 2.5 pm,
thus giving rise to the alternating hills and valleys of
the neighbouring printed lines). Generally, here we
use an optical measurement system and thus always
give areal roughness/waviness values instead of line
values, as they would be measured with a mechanical
profilometer, to enable averaging over the whole
surface instead of a randomly chosen line on this
surface.

Fig. 4 depicts the roughness parameters Rz, Ra,
and Rq for untreated and thermally treated samples.
In all three parameters, no significant change due
to temperature treatment is visible, while a slight
tendency towards smaller values of Ra and Rq is
visible for higher temperatures.
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Wz, and b) Wa and Wq

This is different for the waviness parameters
depicted in Fig. 5. Here a clear difference between
the untreated samples and the ones thermally treated
at temperatures of 80 °C or higher is visible, with all
three waviness values Wz, Wa, and Wq decreasing
significantly to approximately half of the original
value.

Comparing Figs. 4 and 5 shows that temperature
treatment indeed has an influence on the surface of
FDM printed objects from PLA, although only the
macro-scale (the waviness) is modified, while the
micro-scale (the roughness) stays unaltered.

Next, the influence of an acetone treatment was
investigated. Fig. 6 depicts the roughness values
Rz, Ra and Rq of untreated samples in comparison
with acetone treatment in gaseous form. While
no significant changes are visible for the shorter
exposition durations, an increase of the roughness for
the longest treatment is visible, which is nevertheless
not significant. However, these measurement results
fit well to the observation that the surface of these
samples seems to be slightly less shiny than before the
treatment.
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Fig. 6. Roughness surface parameters for acetone-treated
samples (gas); a) Rz, and b) Ra and Rq
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The impact of treatment with fluid acetone on the
surface roughness is shown in Fig. 7. Interestingly,
here even the shortest time shows a significant change
of Rz, while the other values remain similar. Is should
be mentioned that after a treatment duration of 60
min, the original value of the untreated specimen is
approached again.

While the treatment with acetone in fluid or
gaseous form was disadvantageous — or in the best
case neutral — in terms of surface roughness, Figs.
8 and 9 show that especially Wz is significantly
reduced by an acetone treatment, while the other two
waviness values are slightly reduced. This finding
underlines that on larger scales, the surface gets more
even, while the shine is reduced if the surface is not
polished. Apparently, the planned application decides
whether an acetone treatment makes sense as an after-
treatment, or whether it is counterproductive.
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Fig. 9. Waviness surface parameters for acetone treated samples
(liquid); a) Wz, an b) Wa and Wq

Generally, quantitatively analysing the results
of metrological measurements, it can be stated that
the thermal and chemical treatment with acetone
has a slight effect on surface roughness parameters;
however, the influence of treatments on the surface
waviness of samples is clearly noticeable. The surface
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texture parameters measured after these treatments are
concluded in Table 3.

Table 3. Surface texture parameters in [um]

No. Ra Rz Rq Wa Wz Wq
1 0.42 8.8 0.59 6.9 240 10.5
2 0.27 8.0 0.38 6.4 215 9.5
3 0.28 6.6 0.37 5.5 199 8.3
4 0.29 8.0 0.40 3.9 120 5.5
5 0.20 6.3 0.29 3.4 103 5.0
6 0.40 7.9 0.56 5.4 194 8.0
7 0.24 7.3 0.32 3.6 132 5.1
8 0.28 8.9 0.40 319 126 54
9 0.16 Bl 0.23 3.2 107 4.1
10 0.20 7.5 0.27 3.4 114 45
11 0.20 7.8 0.28 3.8 127 5.3
12 0.31 8.4 0.46 3.4 131 44
13 0.31 7.0 0.45 3.2 128 4.3
14 0.17 7.9 0.25 4.2 128 5.6
15 0.27 8.1 0.38 3.7 123 4.6
16 0.27 7.0 0.38 3.2 133 41
17 0.27 7.4 0.38 3.1 134 42
18 0.19 6.1 0.26 3.6 102 4.6
19g 0.14 8.5 0.24 3.4 74 43
20g 0.33 8.0 0.46 5.9 216 8.3
21g  0.63 11.6 0.93 4.2 91 5.1
19f 0.41 17.9 0.58 4.9 118 6.2
20f 0.54 13.5 0.75 4.2 96 5.6
21f 0.37 9.0 0.48 5.4 75 6.7

Table 4. Mechanical properties of samples: tensile strength Rm
and elongation A

No. Am[MPa] A [%] No. Rm[MPa] A [%]
1 35532 10.594 12 45734  6.952
2 45962  8.119 13 44958  6.813
3 45177 6916 14 46411 6742
4 46347 8647 15 47262  7.130
5 44381 8.184 16 39.265  5.704
6  41.884  8.886 17 45138  5.453
7 39381  8.298 18 48035  6.599
8 41652 7331  19gf 31579  6.865
9 47019 8004  20gf 2568 4.937

45.648 8.107 219/ 8.369 31.769
43.147 6.836

_ =
—lo

Analysing the results of tensile strength
measurements of all types of samples, as depicted in
Table 4, it can be seen that in almost all cases there is
no clear effect of heat and chemical treatment on the
tensile strength of the samples and on elongation. The
exception is the tensile strength of the sample that was
acetone treated for a period of 60 minutes.

In most cases, the tensile strength ranges from 35
MPa to 48 MPa, and the elongation is approximately 3
mm (5 % to 10 %). Tensile strengths of approximately
40 MPa to 50 MPa are typically for PLA 3D printed
with a nozzle diameter of 0.4 mm and rectilinear
infill. The maximum values of approximately 50 MPa
are given by the tensile strength of the pure filament,
which is in the same range, while small deviations
from a perfect printer setup lead to air holes in the
specimens and thus to reduced tensile strength [23].
For sample 21 (acetone 60 min), however, the tensile
strength is much lower (8.369 MPa), however, the
elongation is almost 12 mm (31.769 %). This is
interesting because acetone treatment has positively
influenced the waviness parameters. The increased
elongation of sample 21 means that acetone treatment
allows changing the physicochemical properties of
samples and increasing the flexibility of the produced
models, which in justified cases is a beneficial
phenomenon, despite the lower tensile strength.

This is also visible in Fig. 10, showing the clear
difference between sample 21 (lilac curve) and all
other curves. Obviously, this sample is severely
elongated, while the other samples, including Sample
1, which breaks at an elongation of 4 mm, show a
brittle break.
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Fig. 10. Stress-strain curves of all samples under investigation in
this study

To investigate the reason for this difference, FTIR
measurements on the samples with and without after-
treatment were performed, which are depicted in Fig.
11.

In all cases, we see the typical peaks of
the PLA backbone ester group, i.e., 1748 cm-
(-C=0 stretching), 1182 cm-1 (-C-O-C stretching),
1133 cm-l and 1079 cm-! (both —C-O-stretching)
(all marked by solid lines) [24]. Additional
typical PLA peaks can be found at 1452 cm-!
(-CH3 bending), 1268 cm-t (-C=0 bending), 1038
cm-1 (-OH bending) as well as 872 cm-1 and 754
cm-1 (-C—C- stretching of amorphous and crystalline
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phases, respectively) (all marked by dashed lines)
[25]. Finally, the small peaks around 1358 cm-1 and
1384 cm-! can be attributed to —CH vibration and
symmetric —CH3 bending, respectively (dotted lines)
([26] and [27]).

Differences between the untreated material and
the material treated with liquid acetone for 60 min
are not visible in the peaks at 872 cm-1 and 754 cm-,
indicating no change of the crystallinity near the
surface where acetone-induced changes could be
expected to be strongest [28].

Next, a possible modification of the molecular
weight is investigated. An increase of the molecular
weight by solvent treatment is indeed possible since
low-molecular fractions may be dissolved, while
higher-molecular fractions stay unaltered [29].

If the molecular weight is altered, changes should
mostly be visible in the amount of end functional
groups and ester bonds since low-molecular-weight
PLA has more carboxylic acid and alcohol groups
per mass than higher-molecular-weight PLA. On the
other hand, higher-molecular weight PLA has more
ester bonds due to enlarging the polymeric chain. This
means that the peaks around 1748 cm-L (carboxylic
acid) should be higher for lower-molecular weight
PLA, which is not the case for the acetone-treated
samples. In [27] the high-molecular-weight PLA also
shows an additional small peak around 1715 cm-1 on
the shoulder of the large carboxylic acid peak, which is
well visible here for most acetone treated specimens,
especially for a duration of 60 min (marked by an
arrow). These findings might indicate an increase in
the molecular weight due to an acetone treatment.

On the other hand, the peak at 1268 cm-l is
significantly higher in our measurement of the

Quality of the Surface Texture and Mechanical Properties of FDM Printed Samples after Thermal and Chemical Treatment

original PLA, while it nearly vanishes for the
acetone-treated  specimens. Vanishing of this
carbonyl ester group shows a reduced amount of
these ester links, i.e. a lower molecular weight.
Similarly, the peak at 1210 cm-1 — indicating the
—OC-O0 stretching of carboxylic groups — is much
more pronounced for the acetone-treated samples than
for the original one, which is again a sign of a lower
molecular weight.

Since these findings are inconsistent, a possible
modification of the molecular weight due to the
acetone treatment cannot be verified or falsified by the
FTIR measurements.

Generally, it can be assumed that treating the
specimens with a solvent partly destroys the molecular
structure of PLA and thus weakens the molecular
chain interaction [30], changing the original brittle
behaviour into a more ductile one.

4 CONCLUSIONS

After an analysis of the presented research results, the
following general conclusions can be formulated:

The geometric structure of the surface after
thermal and chemical treatment is different from that
immediately after printing. It has been shown that
this effect is insignificant with respect to roughness
parameters; however, it is clearly visible in the case of
surface waviness parameters, which in many cases are
incorrectly ignored.

Tensile strength when using thermal treatment
did not change significantly; however, in the case of
chemical treatment with acetone, a noticeable decrease
in strength intensified by the elongation of the acetone
effect can be seen. At the same time, a large increase
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in elongation was observed, especially for samples
subjected to 60 minutes of acetone treatment, which
is a positive phenomenon in many applications. Tests
also showed that the interaction with liquid acetone
for a duration longer than one hour causes the samples
to break down with significant deformation.

The FTIR measurements are inconsistent; a
possible modification of the average molecular weight
due to the acetone treatment cannot be verified or
falsified and should be investigated in a follow-up
study using much longer solvent treatment durations.
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The working reliability of a scraper conveyor is related to the bulk coal load characteristics and the interaction between rigid body parts and
bulk coal. In the existing relevant research, a load of coal on rigid body parts is equivalent to constant central acting on some points, ignoring
time-varying and uneven distribution of the load and new load generated by the interaction, which results in some load characteristics and
related faults being obscured. In this paper, the rigid-discrete coupling simulation model of scraper conveyor is established based on the
discrete element method and the multi-body dynamic method, and the overall compressive force gradient distribution of bulk coal in the
middle trough, the violent interaction between bulk coal and rigid body parts, and the clamping stagnation of scrapers are studied. The results
show that the bulk coal compressive force has an obvious distribution gradient in the chute, and in the chute between two scrapers, the bulk
compressive force in the first half is about 19 % of that in the second half in the y-direction. The coal particles stuck between the scrapers,
the vertical chainrings, and the middle plates violently interact with the rigid body parts, and the coal particles average compressive force is
59 times that of other coal particles. The scraper influenced by bulk coal is easily stuck at the connection of two chutes, and the tension of
the chain before the scraper increases sharply, and the maximum tension of the chainrings is about three times that of the maximum contact
force between the scraper and the chute.

Keywords: scraper conveyor, discrete element method, multi-body dynamics, compressive force distribution gradient, violent interaction

Highlights

*  The rigid-discrete coupling model of a scraper conveyor can simulate the interaction between the bulk coal and the rigid parts.

*  The compressive force distribution of coal in the middle trough has an obvious gradient, and the load characteristics of the rigid
body parts applied by bulk coal can be analysed through the bulk coal compressive force distribution.

*  Coal particles are easily stuck between scraper, vertical chainring and middle plate, which affects the force and movement of
the scraper and the chain as well as the wear of middle plate.

* |tis easy for the scraper to get stuck at the connection of two chutes, which causes the tension of the chain to increase sharply.

0 INTRODUCTION

A scraper conveyor in a fully mechanized mining
face is the coal transport equipment, together with
shearer and hydraulic support, that comprises a fully
mechanized mining face [1] and [2]. The reliability
and service life of scraper conveyor have a great
influence on the coal mining efficiency and the
economic efficiency of coal mining. The working
environment of a scraper conveyor is very harsh,
which makes it prone to failure. Once a fault occurs,
the normal excavation work will be interrupted, and
the underground maintenance is very difficult, which
wastes a great deal of manpower, material, and
financial resources. Therefore, the study of scraper
conveyor failure mechanism, efforts to improve its
work reliability, and extending the working life are the
long-standing pursuits of many researchers.

There are primarily three failure modes for the
relevant parts of scraper conveyor: the chain break,
the wear of middle plate, and of sprocket drum.
Researchers have mainly studied the motion and
the force characteristics of related parts, the wear

mechanism, and wear resistance measures of the
middle plate and sprocket drum. Based on the finite
element concept, the physical and mathematical
models of scraper conveyor are established to study
dynamic characteristics of the chain drive system [3].
The polygon effect of the chain drive has an important
impact on the dynamic performance of the scraper
conveyor [4] and [5]. The load on the scraper and
chain is uneven and unpredictable, and the load under
different working conditions and the load change
at any point affect the dynamic characteristics of
the whole drive system [6] to [9]. The contact force
change characteristics between the chain ring, scraper
and sprocket, flat ring and vertical ring, as well as
the stress and strain of these parts, are studied [10]
and [11]. The chain tension also affects the motion
and force characteristics of the chain drive system,
and real-time monitoring and adjusting the tension is
also one significant research direction [12] and [13].
The driving force of the scraper conveyor can affect
the dynamic load of the chain drive. Optimizing the
control algorithm of the driving system can improve
the dynamic behaviour of the scraper conveyor [14]
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and [15]. The dynamic load characteristics, the wear
and the wear resistance improvement of sprocket
drum are critical research directions [16] to [18]. Many
studies have been done on the medium plate wear
mechanism, the factors affecting the wear and the
improvement of the wear resistance [19] to [21]. Most
of these studies assume the load imposed by coal bulk
to the relevant parts as a constant value, ignoring the
time-varying, uneven distribution of coal bulk load
and the possible new load generated by the interaction
of coal bulk and parts, resulting in the concealment of
some force characteristics and failure mechanism of
the relevant parts.

The discrete element method (DEM) is a
numerical calculation method proposed by Cundall et
al. to simulate bulk materials, which has been widely
used in studies related to bulk materials [22] and [23].
Wang et al. studied the size distribution, velocity
distribution, and transport efficiency of coal particles
in the middle trough with DEM, but the rigid body
parts in their model could only move along a straight
line [24] and [25]. DEM provides a method to simulate
bulk material, but the geometric model in DEM
commercial software EDEM can only realize simple
motion, so it is necessary to combine it with other
dynamic software to study the mechanical system
with complex motion.

Multi-body dynamics (MBD) is a subject that
studies the motion rules of multi-body systems; it can
be used to establish models to analyse the force and
motion rules for complex multi-body systems [26]
and [27]. In the related studies on scraper conveyors,
MBD is mostly used to study the motion and force
characteristics of the chain drive system [11] and [28].
MBD provides a powerful tool for studying the force
characteristics among geometries in a multi-body
system.

This paper focuses on the overall compressive
force distribution gradient of coal bulk in the middle
trough, the violent interaction between coal bulk and
rigid body parts, and the influence of bulk on rigid
body parts, especially on the scraper and chain. The
overall compressive force gradient distribution reveals
the load distribution characteristics of bulk coal, the
violent interaction between bulk coal and rigid parts
produces new loads, and the influence of bulk coal on
rigid parts reveals the principle of some faults.

This research is organized as follows. In Section
1, the coupling model is introduced and its reliability
is verified; in Section 2, the simulation results
with discussions are presented; in Section 3, the
conclusions are given.

1 RESEARCH METHOD
1.1 Scraper Conveyor Model

The type of scraper conveyor in this study is
SGZ880/800, and its specific parameters are shown
in Table 1. The complete virtual prototype of scraper
conveyor is shown in Fig. la, and the simplified
model of scraper conveyor in this study is shown
in Fig. 1b. The geometric model is modelled with
Siemens Unigraphics NX 10.0 (UG 10.0). The longest
scraper conveyor used in longwall system can reach
to 500 m, and the number of links in the chain is
hundreds of thousands [6]. If a complete scraper
conveyor model is adopted to establish the simulation
model, the number of rigid bodies and kinematic pairs
will be greatly increased, and the number of coal
particles participating in the simulation will also be
increased dozens of times, which can cause simulation
on an ordinary computer to be time-consuming
or not feasible at all. Therefore, the simulation

Table 1. Specific parameters of the scraper conveyor

Type Power Chain dxt Chute LxBxH
[kw] [mmxmm] [mmxmmxmm]
SGZ880/800 2x400 34x126 1500%x880x330

Tail drive

Spillplate

Head drive

b)

Spillplate Head sprocket drum

Link chain

Scraper
Bottom chute

Chute
Tail sprocket drum

Fig. 1. Virtual prototype of scraper conveyor;
a) the complete; and b) the simplified
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model is simplified as necessary. The simplified
model eliminates the gearboxes, drive motors, and
hydrodynamic coupling in the head and tail drives,
and only the head and tail sprocket drums, three
chutes, scrapers, link chains, and so on are retained.
At the same time, adding a bottom chute, scrapers and
chains return to tail from the head through the bottom
chute. In the simplified model, the scraper and chain
move smoothly in the middle trough driven by the
sprockets, which meets the research requirements.

1.2 Simulation Model and Its Parameters
1.2.1 The Coupled Model

The process of conveying bulk coal by scraper
conveyor involves bulk coal and rigid parts of the
scraper conveyor (all parts of the scraper conveyor
in this research are rigid bodies). DEM can simulate
bulk coal, but the discrete element software cannot
simulate the complex motion of rigid body parts, so
multi-body dynamics software can be used to simulate
the complex motion. Therefore, discrete element
software and multi-body dynamics software are used
to simulate the transport of coal bulk in the scraper
conveyor together.

The coupling model is established by using
multi-body dynamics software Recursive Dynamic
(RecurDyn) and discrete element software EDEM.
The simplified virtual prototype model established in
UG is imported into RecurDyn, where the dynamics
model is established, and then the virtual prototype is
exported from RecurDyn to a file in WALL format,
and then the file is imported into EDEM as the
geometric model to establish the discrete element
model. In the process of coupling simulation, the
two models run simultaneously, and the calculated
data are shared through the WALL file in real time.
EDEM calculates the forces and motions of bulk
coal, Recurdyn calculates the forces and motions of
rigid body parts, and the computational results of the
two models are shared in real time to be used as the
boundary condition of the next time step, as shown in
Fig. 2. This is how the coupling model simulates the
interaction between bulk and rigid parts.

Force and motion

< of the rigid bodies
Discrete element Dynamic model of
method model WALL files ult-rigid body syste

Force and motion

EDEM of bulk material > ReCUI'Dyn

Fig. 2. Schematic diagram of coupling model

1.2.2 Discrete Element Model

(1) Contact model

The contact model defines the calculation method
of forces between particles, particle and geometry. The
simulation model needs to define the contact model
between particles and between particle and geometry,
respectively. Both contact models select the Hertz-
Mindlin (no slip) model, which is the basic contact
model in EDEM software, which can accurately and
efficiently calculate the forces. In the model, normal
force is based on the Hertz contact theory [29], and
the tangential force is based on the research results of
Mindlin-Deresiewicz [30]. Let two spherical particles
with radius R; and R, make elastic contact, and four
forces are generated between the two spheres: normal
force, normal damping force, tangential force and
tangential damping force.

Normal force F, between particles can be
obtained by Eq. (1).

1/2

4
F=—E(R") o, 1
=3E'(R) (1)
where E* [Pa], R* [m] and « [m] are equivalent
Young’s modulus, equivalent particle radius, and
normal overlap, respectively.

The normal damping force F can be obtained

by Eq. (2).

F!= —2\/§ﬁﬁlsnm*vn'e', (2

where f is a coefficient associated with the coefficient
of restitution, S, [Nm-1], m* [kg] and v® [ms-1] are
normal stiffness, equivalent mass and normal
components of relative velocity, respectively.
Tangential force F; can be obtained by Eq. (3).

F =-S5, 3)

where S¢[Nm-1] and § [m] are tangential stiffness and
tangential overlap, respectively.
Tangential damping force F° can be obtained by

Eq. (4).
F!= —Z\EﬁJStm*v{e', 4)

where f is a coefficient associated with the coefficient
of restitution, S; [Nm-1] and v [ms-1] are tangential
stiffness and the tangential component of the relative
velocity, respectively.

Please refer to the literature for the calculation of

specific parameters in the above formulas [31].
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(2) Particle model and particle factory

The irregular shape of coal particles can be
roughly classified into three categories: flat, block,
and cone. In EDEM, coal particle model is composed
of pellets. A new particle can be formed by defining
the radius and relative position of each pellet in the
coordinate system. The maximum length of the coal
particle model in three coordinate directions is used
to represent the particle size of coal particles. Fig. 3
shows the shape of the coal particle model established
in EDEM, a) is block, b) is flat and c) is cone. Coal
particles are produced by the particle factory above
the middle trough near the tail sprocket. The particle
factory is set as a cube area that the length, width,
and height are 850 mm, 1000 mm, and 200 mm,
respectively. The particle factory can produce coal
particles at a certain rate and define the initial state of
coal particle, and its position is fixed.

a) b) c)

Fig. 3. The shape of coal particles; a) block; b) flat; and ¢) cone

(3) Related parameters

The parameters in the discrete element model
mainly involve the intrinsic parameters of bulk coal
and rigid materials and the contact parameters of the
contact model. The parameters in the simulation are
from the existing research results of this research
group, and the specific parameters are shown in Tables
2 and 3 [32].

Table 2. The intrinsic parameters of bulk and rigid materials

Material ~ Shear modulus [GPa] Poisson’s ratio Density [kg-m-3]
Coal 0.47 0.3 1229
Steel 80 0.3 7850

Table 3. Recovery coefficient and friction coefficient

Recovery coefficient Coal - coal 064
y Coal - steel 0.65

N Coal - coal 0.329
Static friction Coal - steel 046
- e Coal - coal 0.036
Coefficient of kinetic friction Coal - steel 0032

1.2.3 Dynamic Model

RecurDyn software adopts the motion equation theory
of relative coordinate systems and the complete
recursion algorithm, which is very suitable for solving
large-scale multi-body system dynamics problems.
And compared with other dynamic software,
RecurDyn can truly, efficiently and stably handle
contact collision problem. The scraper chain consists
of a large number of chain links and the dynamic
model is very complex, and RecurDyn can effectively
improve the calculation speed. The interaction
between the chainrings, the chainring and the chain
wheel and so on is expressed by contact pair, which
can effectively simulate the movement of scraper
conveyor rigid body parts.

In the dynamic model of scraper conveyor, the
kinematic pairs of rigid body parts are shown in
Fig. 4. The action relationship between parts in the
dotted frame in the figure is represented by contact
pair, including vertical chain and flat chain, chain
and scraper, chain and sprocket, and so on. The head
and tail sprockets are fixedly connected to the rack
(ground) through the revolute pair; the chute is fixedly
connected to the ground with a fixed pair. The driving
force of sprocket is defined by the revolute pair; two
sprockets drive the chain and scrapers simultaneously.
The head sprocket drives the chain and scrapers in
the forward stroke, and the tail sprocket drives in the
return stroke.

Ground

Fig. 4. The kinematic pairs between rigid body parts

1.3 Verification Test of Discrete Element Model

To ensure the reliability of simulation results, it
is necessary to verify that the coupling model can
truly simulate the coal transportation process. If the
verification test is carried out directly on the scraper
conveyor corresponding to the simulation model, the
requirement for the test equipment is high, and the
cost is substantial. Since the discrete element model
and the multi-body dynamics model that constitutes
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the coupling model are independent of each other, it
is only necessary to verify that the two models meet
the research requirements. Discrete element model
is the core of the coupling model, the multi-body
dynamics model of scraper conveyor can realize the
complex motion of rigid body parts and meets these
research requirements. so the emphasis is to verify the
reliability of the discrete element model.

The core parts of a discrete element model are
the contact model, the particle model, and the relevant
parameters of bulk material and rigid body, etc.
Moreover, the geometric model is not very important.
As long as these models are appropriate and key
parameters are reliable; then the discrete element
model can truly simulate bulk coal. The validation
test is to verify the reliability of these models and
parameters. The idea of verification testing is using
the same contact model, particle model, and related
parameters of design simulation and check test on a
turntable testbed to prove that the simulation model
can accurately simulate the bulk coal by comparing
the results of simulation and test.

The check test was carried out on the turntable
testbed in Fig. 5a. The turntable can rotate around
its central axis, and the sample above the turntable is
fixed on the rack by a three-dimensional force sensor
that can measure the force exerted on the sample by
the coal. The bottom surface of the sample is 8 mm
away from the surface of the turntable, so there is no
friction between the sample and the turntable, and
the coal particles are not easily stuck between them.
Lay 1 kg bulk coal in the turntable which rotates
counter clockwise for 1 cycle at /2 rad/s. In the test,
the coal particles with a size of 2 mm to 4 mm are
screened. Furthermore, the particle sizes are randomly
distributed between 2 mm to 4 mm in simulation.
Rotating with the turntable, the bulk coal exerts
thrust on the sample in the circumferential tangential
direction, and the sample will leave a groove on the
bulk coal. The thrust and the groove section curve
cut by the plane perpendicular to the turntable upper
surface and across the turntable centre are selected
as the test results, which represent the force of bulk
coal and bulk coal fluidity, respectively. To avoid
contingency, three positions are selected to measure
the groove section curves. If the initial position of
the sample is 0° and one revolution of the turntable
is 360°, the groove section curves at the positions
of 90°, 180°, and 270° are respectively taken. Fig.
5b is the schematic diagram of the simulation, and
the geometric model is composed of the turntable
and sample. The thrust in the simulation is obtained
from the WALL file of the sample in RecurDyn. By

establishing a two-dimensional coordinate system,
coordinate values of the groove section curves at some
equidistant points were measured, and the groove
section curves can be obtained through curve fitting.
Take the intersection point of the vertical centreline of
the sample and the plane of the turntable upper-end
face as the coordinate origin, take the radial direction
of the turntable at the origin as the X-axis, and the
vertical centreline of the sample as the Y-axis, and
establish a two-dimensional coordinate system, as
shown in Fig. 5b. Take a point at 8 mm intervals along
both sides of the X-axis, measure the y-coordinate
values of the groove section curve at these points, and
measure 11 points of data together with the origin, and
fit the groove section curve from these data points.
The groove section curves in simulation and test are
obtained by taking points, measuring data and fitting
curves.

Fig. 5. Verification test equipment and simulation diagram;
a) verification test equipment; and b) simulation diagram

Fig. 6ais the diagram of the physical test, and Fig.
6b is the shape of the groove section at the 90° position
in the simulation. Fig. 6¢c is the circumferential
tangential thrust curve of the sample exerted by bulk
coal. The blue curve is the simulation curve, and the
red curve is the test curve. There are some mutation
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Fig. 6. Simulation and test results: a) test physical diagram; b) the shape of the groove section at 90° in simulation;
c) the thrust curve; d) 90° groove section curve; €) 180° groove section curve; f) 270° groove section curve

points in the blue curve and the mutation generated
by the extrusion between the particles flowing under
the sample and the sample. In the test, due to the
low sampling frequency of the sensor, the sudden
change of force cannot be captured or presented, and
the force curve reflects the thrust without mutation
and corresponds to the relatively smooth part in the
simulation curve. Therefore, the method of average
value is used to compare the closeness of the two
curves. The average value of the red curve is 0.94 N,
the average value of the blue curve is 0.82 N, and the
ratio of the simulation value to the test value is 87 %.
The bulk material force in simulation is close to the
real working condition. Fig. 6d to f are groove section
curves at 90 °, 180 °, 270 °, respectively. The small

red circles and blue triangles in the figures are data
points of groove section curves measured respectively
in simulation and test. The smooth spline fitting tool
in MATLAB is used to fit these data points to get
groove contour curves. All of these fit curves have R2
of 0.9901. The correlation coefficients R of the two
fitted curves in simulation and test at the positions of
90°, 180° and 270° are 0.9896, 0.9879 and 0.9881,
respectively, which indicates that the fluidity of
bulk coal simulated by the simulation model is
very similar to that in the test. The results of above
comparisons indicate that the discrete element model
can realistically simulate the bulk coal and meet the
research requirements.
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1.4 The Simulation

The load distribution of bulk coal is related to the
bulk coal compressive force distribution. The force
inside the bulk is transmitted through the compressive
force. The greater the bulk coal compressive force
is, the greater the load on rigid body parts is, and the
greater the friction force applied to rigid body parts
is. Firstly, the compressive force distribution gradient
of bulk coal in the middle trough is analysed to
obtain a general understanding of the bulk coal load
distribution. Secondly, the interaction between bulk
coal and rigid body parts generates new loads, and the
large load generated by violent action significantly
affects the normal work of scraper conveyor. Find the
coal particles that violently act with rigid body parts,
and then analyse the violent action process. Finally,
some possible faults of rigid parts are analysed.
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Fig. 7. The rotation speed of sprockets

The bulk coal in the simulation is composed of
three shapes of particles. The particle factory produces
220 kg bulk coal every second, and the mass of each
shape particle accounts for 1/3 of the total mass.
Particle size is selected as 40 mm for three shapes of
particles and the total particle quantity is unlimited.
Coal particles fall to the middle trough at a certain
initial velocity, and the components of the velocity are
vy =-=0.2 m/s, v, = 0.4 m/s, v, = =1 m/s. The initial
tension of the scraper chain can be set by adjusting
the distance of two sprockets, and the initial tension
is about 20,000 N. The scraper conveyor is driven by
the sprockets at the same time as same rotation speed,
the rotation speed is shown in Fig. 7, and the total
simulation time is 6 s. The process of producing coal
at the tail end of the scraper conveyor and transporting
it to the head end at a speed of about 1.02 m/s is
simulated.

2 RESULTS AND DISCUSSION

2.1 Compressive Force Distribution Gradient of Bulk Coal
in Middle Trough

The total simulation time is 6 s, the whole middle
trough is full of bulk coal at 3.3 s, and the transport
of bulk coal in the middle trough is relatively stable
at 5 s, so choose the time of 5's to draw the bulk coal
compressive force cloud diagram. Fig. 8a is the bulk
coal compressive force cloud diagram cut by the plane
perpendicular to the x-axis. The plane perpendicular to
the x-axis cuts the middle trough along e-e line in Fig.
8c. And the e-e line is in the middle of the chute inner
edge and chain, 375 mm from the spillplate edge.
Arrow V indicates the motion direction of the scraper
and chain. In the figure, the red bulk coal is mainly
located in the chute, which is framed with black lines,
while the bulk coal above the chute is mainly blue-
green. Therefore, the compressive force of bulk coal
in the chute is significantly greater than that above the
chute. Fig. 8b is the bulk coal compressive force cloud
diagram cut by the plane perpendicular to the z-axis.
That plane cuts the middle trough along the f-f line in
Fig. 8c. The f-f line is 120 mm away from the upper
edge of chute, and the maximum compressive force in
the cloud diagram increases to 45 N. The area between
the two scrapers in the chute middle is divided into
six cubic sub-areas marked as A, B, C, D, E and F
respectively, and the cross-section shape of the six
cubic sub-areas is shown in Fig. 8b and c. In Fig. 8b,
A, B and C are mainly red, D, E and F are mainly
blue, and B is less red than A and C, while E is more
blue than D and F. Therefore, in the y-direction, the
bulk coal compressive force in A, B and C is higher
than that in D, E and F, respectively, in the x-direction,
the bulk coal compressive force in B is lower than that
in Aand C, and in E is lower than in D and F. The
average compressive force F of the bulk coal in the
six areas at 5 s is shown in Table 4. Fp/ Fy = 21 %,
Fe/Fg=16 %, Fg/ Fc =19 %, and the average value of
the three ratios is 19%. Fg / F, =79 %, Fg / Fc = 81 %,
Fe/ Fp =59 %, Fg / Fp = 70 %, and the average
value of the four ratios is 72 %. Therefore, in the area
between two scrapers, in the y-direction, the bulk coal
compressive force in the first half is about 19% of that
in the second half, and in the x-direction, the bulk coal
compressive force between the two chains isabout 72 %
of that between the chain and the chute edge. Fig. 8c
is the bulk coal compressive force cloud diagram cut
by the plane perpendicular to the y-axis. The plane
perpendicular to the y-axis cuts the middle trough
along the g-g line in Fig. 8b. The g-g line is in the
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Fig. 8. Bulk compressive force cloud diagram at 5 s; a) cut by the plane perpendicular to the x-axis; b) cut by the plane perpendicular
to the z-axis; c) cut by the plane perpendicular to the y-axis

centre of the chain-link adjacent to the scraper, 126
mm away from the centreline of the adjacent scraper,
and the maximum value in the cloud diagram is 45 N.
This picture offers a new perspective.

Table 4. Bulk average compressive force in the 6 areas at 5 s

Area A B C D E F
Force, F[N] 87 68 84 18 1 16

The bulk coal compressive force in the chute is
greater than that above chute. The bulk coal inside
chute is squeezed by scrapers, middle plates, and
chutes, and moves forward under the force. The bulk
coal above chute moves forward under the friction
force of bulk coal in the chute, so the compressive
force is obviously smaller than that in the chute. The
scraper pushes bulk coal move in the chute, the thrust
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Fig. 9. Velocity cloud diagram of bulk coal in Z direction at 5 s

is transmitted forward through the bulk, and the rear
bulk coal pushes the front, so the rear bulk coal bears
greater force. In addition, the middle plate and chute
exert backward friction force on coal bulk, and the
bulk coal near the former scraper moves relative to the
backward scraper, which makes the bulk coal near the
former scraper gradually loose, and the compressive
force is reduced. while the force near the latter scraper
becomes bigger due to aggregation. Fig. 9 shows
the bulk coal Z component velocity cloud diagram
at 5 s and arrow V indicates the motion direction of
the scraper and chain. In the back of each scraper,
bulk coal flows downward, while in the front of the
scraper, bulk coal basically remains unchanged. This
is because the bulk behind each scraper will become

Compressive Force (N)

increasingly loosed, the bulk coal above will flow
down to fill the gap left, the shape of the bulk will
be concave down. The distance between chain and
chute edge is larger than that between two chains. And
the more obvious the effect of bulk coal extrusion is,
the greater the compressive force is. Secondly, the
influence of chain movement on the bulk coal between
two chains weakens the bulk compressive force.

2.2 The Violent Interaction between Bulk Coal and Rigid
Body Parts

Increase the maximum compressive force value to

draw the bulk coal compressive force cloud diagram.
The particles with extreme compressive force are all

2.00e+003

Fig. 10. Bulk compressive force cloud diagram; a)5s; b) 5.5 s;and c) 6 s
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squeezed by scrapers or chainrings, which indicates
that violent interaction happens. The cloud diagram
seen from the chute bottom upward can clearly show
coal particles squeezed by scrapers, chainrings, and
chutes. The maximum value is set to 2000 N, chutes
and middle plates are hidden, and chains and scrapers
are retained. The bulk coal compressive force cloud
diagram of 55, 5.5 s, and 6 s are drawn respectively,
as shown in Fig. 10. The red particles circled in
yellow indicate that these particles are squeezed. And
the red particles are mainly located in two places: the
bottom of scrapers and vertical chainrings, where the
coal particles are squeezed between the scrapers, the
chainrings and the middle plates. The compressive
force value of 12 coal particles marked in yellow in
Fig 10a is shown in Table 5. Ignoring the particle 1
and 4 that the force exceeds 10,000 N, the average
compressive force of the rest 10 particles is 3,536 N.
However, the average compressive force of all coal
particles in the whole chute is only 59 N at 5 s, and
the average compressive force of the 10 particles is 59
times as much as that of all particles in the chute.
Draw the position relation diagram of extreme
compressive force coal particles with scrapers,
chainrings and middle plates at 5 s, as shown in Fig.
11. The local enlarged picture of the corresponding
particles below is shown above in the figure. The
particles 1, 3, 5, and 7 are squeezed between scrapers
and middle plates; the remaining particles are squeezed
between vertical rings and middle plates, which are
almost all squeezed at the bottom of the front half-
ring of the vertical rings. Most of the scrapers and
chainrings in the picture do not contact with middle
plates, except for a few chainrings on the left. The left

Table 5. Compressive force value of 12 extreme particles at 5 s

chainrings that just enter the chute are less affected by
bulk coal, while the remaining chainrings and scrapers
fully interact with the bulk coal and leave the middle
plates, which makes the particles easy to squeeze.

The severe squeezing of scrapers, chainrings
and middle plates with coal particles will affect the
movement of scrapers and chainrings, but more
importantly, it will cause serious wear of middle
plates. Studies and practices have shown that the
middle plate under two chains formed grooves due to
wear, and the wear was significantly greater than other
parts of the middle plate [20]. The above analysis
reveals the causes of wear, which can be used to
improve the shape of chainrings or other measures to
reduce the possibility of coal particles being squeezed,
S0 as to reduce the wear of the middle plate.

2.3 The Clamping Condition of Scrapers

Observing the movement of scrapers in the middle
trough, a scraper (marked as scraper ) operates
abnormally at 4.4 s and 5.9 s that one side of the
scraper suddenly stop and the other side still advance;
then, the scraper returns to normal operation. Both
times, the scraper is located at the connection of two
chutes. Scraper | is located at the connection of Chute
1 and Chute 2 at 4.4 s, and is located at the connection
of Chute 2 and Chute 3 at 5.9 s. Fig. 12 is the posture
diagram of scraper | at these two moments, Figs. 12a
and c shows the position relation of the stuck side of
the scraper and the previous chute, Figs. 12b and d
are the bulk coal compressive force cloud diagram at
these two moments seen from the chutes’ bottom. The
compressive force values are set in accordance with

Particle 1 2 3 4 5
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Force [N] 103646 2855 2631 18524 5035
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Fig. 11. The situation of extreme compressive force coal particles at 5 s
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Fig. 10, the chutes and the middle plates behind are
hidden, and the middle plate previous is translucent.
The part of the red circle in Fig. 12a shows the scraper
is stuck at the top edge of the next chute at 4.4 s,
and the local enlarged picture shows the scraper is
embedded in the chute. In Fig. 12b, the coal particles
at the blocked end of the scraper are not subjected to
extreme force, indicating that the scraper is not stuck
on the chute through coal particles, but directly stuck
on the chute. Figs. 12c and d are the position relation
diagram of scraper | and chutes at 5.9 s, which is
similar to that at 4.4 s and will not be analysed in
detail.

a)
44s

Fig. 12. The posture of scraper | at 4.4 s and 5.9 s; a) the
position relation of the scraper and chute at 4.4 s; b) the bulk
compressive force cloud diagram at 4.4 s; c) the position relation
at 5.9 s; and d) the bulk compressive force cloud diagram at 5.9 s

When the scraper is stuck in the chute, there is a
huge contact force between the scraper and the chute,
and the tension of the chain is affected. Fig. 13 shows
the contact force in the y-direction between scraper |
and chutes. The blue, red, and green lines respectively
represent the contact force in the Y y-direction
between scraper | and chute 1, 2 and 3, and the upper
right corner is the local narrowing picture. At 3.5 s to
4.4 s, the contact force in the y-direction is generated
when Scraper | runs in Chute 1. During this period,
Scraper | does not contact Chute 2 and 3, so both
contact forces are 0. Similarly, the contact force is
generated between Scraper | and Chute 2 at 4.4 s to
5.9 s, and between Scraper | and Chute 3 at 5.9 s to
6 s. The contact force changes abruptly at about 4.4
s and about 5.9 s, reaching the maximum 107 kN
and 113 kN, respectively, while the contact force in

normal operation is around 5 kN. Fig. 14 shows the
tension curves of the chainrings connected to the front
and back of Scraper I. The upper right corner is the
local narrowing picture. Around 4.4 s and 5.9 s, the
chain tension before the scraper increases to 302 kN
and 346 kN, respectively, while the maximum chain
tension only reaches 80 kN in other times, and the
chain tension after the scraper turns to 0 around these
time points, because the contact between the chainring
and the scraper is loosened. When Scraper | is stuck,
the chainrings before the scraper are subjected to the
maximum force, and the maximum tension of chain
rings are 2.8 and 3.1 times of the maximum contact
force between the scraper and the chute, respectively.
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Fig. 13. The contact force in the y-direction
between scraper | and chutes
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Fig. 14. The tension of the chains connected
to the front and back of scraper |

The structural strength of chainring is smaller
than that of scraper and chute, and the force on
the chainring is larger than that of the scraper and
chute, so the chain is more vulnerable to damage,
and the frequency of chain-breaking accidents is
higher in reality. The structure of the connection of
two chutes should be optimized so that the scraper
passes smoothly under the action of bulk coal. At
the same time, the structural strength of chainring
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is strengthened to reduce the damage caused by the
clamping.

3 CONCLUSIONS

The main conclusions of this paper are as follows:

(1) The rigid and discrete coupling model of scraper
conveyor is established. The bulk coal force
simulated by the discrete model reaches 87 % of
the test value, and the correlation coefficient R
between the simulation value and the test value
of the bulk coal fluidity is close to 0.9879. The
coupling model can simulate the transport process
of coal bulk in the middle trough, providing a
new reference for the relevant research of scraper
conveyor.

(2) The bulk coal compressive force distribution in
the middle trough has an obvious gradient. The
bulk coal compressive force in the chute is larger
than that above chute. In the chute between two
scrapers, in the y-direction, the bulk compressive
force in the first half is about 19 % of that in
the second half, and in the x-direction, the bulk
compressive force between two chains is about
72 % of that between the chain and the chute side.

(3) Coal particles are easily squeezed between
scrapers and middle plates, and between vertical
rings and middle plates. The average compressive
force of the squeezed coal particles is 3536 N, and
the average force of all particles in chutes is 59 N.
The average compressive force of the squeezed
coal particles is 59 times of that in chutes. Coal
particles with extreme compressive force will
aggravate the wear of the middle plate and affect
the normal movement of scrapers and chainrings
in the middle trough.

(4) The scraper is easily stuck at the connection of
two chutes; especially at the top edge of the next
chute. When it happens, the chainrings in front of
the scraper will suffer the maximum tension, and
the maximum tension of the chainrings is about
three times that of the maximum contact force
between the scraper and the chute.

Although the length of the model is short, the
typical features of the chaindrive of the scraper
conveyor are available. The conclusions above are
worthy of reference for future research. Meanwhile,
a complete scraper conveyor is more complex, and
some mechanical characteristics are not reflected in
this research.
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This study supports the research in the field of laser cutting of steel sheets HARDOX400 (H400), a less well-known and analysed material.
An H400 sheet with a thickness of 10 mm was used; a cutting plan was prepared according to Taguchi’s method; the input parameters
(laser power, assistant gas pressure and cutting speed) were varied according to a specific rule, producing nine pieces. The initial factorial
experiment was replicated four times under the same conditions as the initial one. The values for the cutting width between the piece and the
plate, the hardness, and the roughness of the 45 resulting pieces were measured. The results were interpreted for each measured parameter,
and by using design of experiments (DOE) from the Statistics 7.0 software, we obtained the description of roughness (R,) in terms of power

and speed using Response Surface Method (RSM) for prediction and correlation formula.
Keywords: laser cutting, roughness, hardness, kerf, CO, laser, ANOVA analysis

Highlights

* Indication of the mathematical expression of the roughness R, from algebraic and differential points of view.
»  Description of the cutting parameters of the CO, laser installation for cutting a Hardox400 plate according to a cutting plan,

consisting of 45 pieces.

*  The use of the response surface and the three dimensional (3D) graph to determine the roughness R, depending on the input

parameters, laser power, and cutting speed.

*  Establishing the formula for correlating the roughness R, according to the laser power and the cutting speed within the linear
and quadric model, respectively the statistical calculation within the linear and quadratic interaction.

0 INTRODUCTION

Adelmann and Hellman [1] explored current
approaches, such as caustic laser beam and surrogate
criterion, while operating the TRUMPF machine.
After analysing every step of the process, they found
that the focal position is an influential factor that
ensures stability in production. They employed the
fast laser cutting optimization algorithm (FALCOA)
to speed up the laser cutting of Al thin sheets. The
algorithm provided insights into the role of individual
parameters (i.e., cutting speed, focal position, gas
pressure, gas nozzle diameter) and their interactions,
while also determining the variance of the cutting
process, based on the examined parameters.

Lutey et al. [2] developed a technology for the
long-pulse quasi-continuous-wave (quasi-CW) laser
cutting of metals, executed with pulsed lasers, with
pulse durations in the domain of milliseconds. These
are obtained by tweaking the pump source to perform
a continuous-wave operation (CW), which turns out
to be a better solution for the processing of parts. The
lowest roughness of the cut edge surface is obtained
using oxygen gas, a process that takes place at the
lowest average cutting power, resulting in the best

cutting quality. The study recommends laser cutting
of metals with oxygen-assisted quasi-CW long pulses,
because it is a better solution in the manufacture of
parts.

Ivarson et al. [3] observed that small variations
in the chemical composition of different alloying
elements (i.e., manganese, silicon, carbon) affect the
laser-oxygen cutting process. The main factors that
affect the process are the variation of the surface
tension and the viscosity of the material, due to the
exothermic reaction in the cutting area. Increasing the
manganese content reduces the quality of the cut edge,
i.e., a sharp edge, with adherent slag on the lower part
of the cut. A higher silicon content leads to a higher
quality of cut edges. Increasing the carbon content
reduces the exothermic reaction when the manganese
content is high, while also stabilising the laser cutting
process. The paper quantifies the way in which the
alloying elements affect the surface roughness and the
appearance of slag on the lower edge of the cut due to
the change in viscosity of molten steel, combined with
changes resulting from the exothermic reaction.

Pocorni et al. [4] discuss stationary piercing and
dynamic piercing, using high-speed imaging (HSI) to
observe the behaviour of melt in the perforated slot.
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The HSI images show that, in the dynamic piercing,
the circular rotation of the beam forces the melt to
flow in the direction opposite the movement of the
beam, while in the stationary piercing the melt spreads
randomly in all directions, which creates defects
(pores, slag, etc.) on the material.

Shulyateyev et al. [5] discovered some aspects
that support the research of thick laser-cut sheets:
the surface roughness increases with the thickness
of the steel sheet, reducing the quality of the parts
in various applications; the size and density of the
striations increase with the thickness of the material
sheet; emphasis is placed on the flow of the gas
stream which is coaxial with the laser beam and which
has a significant influence on the molten mass at the
bottom, but also the dispersion of molten droplets
on the walls, forming craters on the cut surfaces;
Spreading hot liquid droplets from the molten mass
and ejecting them from the channel using O, assistant
gas results in a decreased roughness. Thicker laser-
cut steel materials have rougher cut edges due to the
burning reaction of iron with oxygen.

Thombansen et al. [6] showed that laser cutting
in ramp-up management is facilitated by the control
of focalization, because the laser-cutting machine
reliably produces the components at the required
quality and speed. The active control of the focal
position ensures the stability of the focal position
during processing, thus reducing the working time
of the machine. Laser cutting is of high quality if
the parameters of the cutting process (i.e., the focal
position, the distance between the cutting nozzle and
the workpiece, and the quality of the beam) are within
the defined tolerances. The measurement solution
of a surrogate criterion is translated by knowing the
correlations and determining the focal position during
the cutting processing ensured by the laser stability.
The study indicates that laser-cut parts are of good
quality if the cutting machinery is equipped with
sensors that control the laser’s focal position.

Zhang and Lei [7] present the Fuzzy Model used
to predict the roughness of fibre or CO, laser cutting.
The model is intelligently designed by exceeding
the back-propagation (BP) neural network model.
The algorithmic reasoning starts from elements
of linear analysis, using input variables (e.g.. gas
pressure, cutting speed, laser power, cutting width)
and roughness, the output variable. Comparing
the BP and ANFIS® models, which indicate the
roughness prediction and the relative error, it appears
that the data obtained with the ANFIS model are
significantly less than that the from the BP model.
The roughness is discussed according to the defined

variables: laser power (P), cutting speed (Vv), the
pressure of the assistant gas (p), cutting width (Kerf),
using the response surfaces method. Therefore, the
simultaneous influence of two physical quantities
on the output parameter, roughness (R,), can result
from the mathematical relationships or measured, for
comparison. In conclusion, better-polished surfaces
have better roughness and, therefore, increased
hardness. In other words, hardness varies directly with
roughness.

Zhang et al. [8] developed research on the
manufacturing of biomedical and aerospace industrial
products made of stainless steel, AISI 316L. This
requires further processing of the parts to improve
the finishing and dimensional accuracy, after the
selective laser melting (SLM) technique. In the final
SLM-induced stainless steel processing technique,
the design of the tools that were coated with a
nanotextured substrate was taken into account, leading
to stabilization in terms of adhesion layer formation.
By femtosecond (1-10-15 s) laser scanning, a periodic
nano-processing structure was induced on the
tungsten carbide cobalt WC-Co substrate instrument
with different varied processing parameters. Then the
TiAIN film was deposited on the surface of the nano-
text substrate. A new instrument has been designed
and manufactured by dry cutting (no cutting fluid) of
the materials produced with SLM. Due to SLM, the
obtained tools have a higher quality of materials. The
adhesion of the TiAIN film coating is significantly
increased by the periodic femtosecond laser induced
structure on the WC-Co substrate, and the critical load
of the TiAIN coatings increased from 57 M to 73 N.

Wang et al. [9] developed a laser-plating
technology of the titanium alloy Ti-6Al-4V for the
preparation of the coating layer and the milling
experiment that takes place on the coating layer. It
is found that if a laser-coated layer is processed, the
milling force affects the roughness R, and the surface
topography. By adjusting the parameters milling speed
v, feed per tooth fz, milling width a(e), a small milling
force and a good milling surface R, result. The heat-
affected zone (HAZ) width of the laser plating layer is
0.8 mm. Reducing the milling forces to obtain a good
surface coating of the Ti-6A1-4V (TC4) layer shows a
large v and fz and a(e) to be selected. The study shows
that the milling blade is substantially improved by
laser plating of the Ti-6Al-4V alloy, resulting in the
milling force directly affecting the roughness R, and
the surface topography.

Yi et al. [10] stated that they used SLM in the
manufacture of Inconel 718 samples. The influence
of the energy density of the laser was investigated
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with values between 0.1 J/mm and 0.3 J/mm on the
physical and mechanical properties of the samples. At
the value of 0.2 J/mm there are few pores and good
tensile strength: the fine striations are distributed on
the laser-cut surface. The diffraction test revealed the
presence of fine granules on the surfaces affected by
the laser when the overlapping and stacking of the
molten surfaces takes place. The results show that
increasing the energy density results in distortions of
the samples and the increase of the residual stresses.

Hatala et al. [11] have developed material laser
cutting to improve manufacturing technology. This
paper deals with the effect of the transverse cutting
speed on the surface roughness when laser cutting of
non-alloy structural steel. The experiment showed that
the laser beam movement speed differs depending on
the microgeometry of the cutting surface. Differences
between the roughness of upper and lower surfaces
were found. The difference in the quality of the lower-
and upper-level separating areas is not noticeable
and visible in the case of materials separated by a
small thickness area. The cutting technology of non-
structural steel is investigated by evaluating the effect
of the crossing speed on the surface roughness.

Kim et al [12] show the influence of the assistant
gas in the laser-cutting process on the quality of the
cutting parts. The study is based on numerical analysis
to predict and interpret the cutting tendency according
to the nozzle design and the stand-off distance in
order to improve the quality. In the cutting process, a
conical nozzle and a supersonic nozzle were used with
which numerical simulations were performed for a set
of stand-off distances (nozzle-piece) using a Navier-
Stokes model. Due to the similarity between flows,
using the normal shock theory, the cutting tendency
was analysed to predict the quality through a free-jet
simulation.

Feng et al. [13] developed an analytical model
that predicts the surface roughness of the Inconel
718 based on the kinematic description of the tool
movements and the response of the machined part,
elastically deformed due to milling forces. The
milling experiments are performed by conventional
laser-assisted milling with the cutting parameters run
in seven different sets. It is found that the analytical
model is a fast method to predict surface roughness in
the milling process. The authors studied the Inconel
718 material, stating that it is a difficult material,
and the products in this material require surface
finishing. They compare analytical predictions with
experimental results indicating high accuracy.

Masoudi et al. [14] show that in plasma cutting
of 309 stainless steel, three output parameters, Kerf,

R., HAZ, are critical factors affecting the efficiency
and quality of the cutting. In their research, the
effect of the input parameters, the current, the cutting
speed and the gas pressure was tested to establish an
understanding of the relationship between the input
and output variables. The experimental data were
used to develop three predictive models by intelligent
systems based on the genetic algorithm (GA) and the
artificial neural network (ANN). Finally, a hybrid
technique of genetically optimized neural network
(GONNSs) systems was used to optimize process
outputs. The experimental results showed that the
current was the most sensitive variable among the
investigated parameters.

1 METHODS AND EXPERIMENTAL

In this article, we proposed finding the mathematical
formula of the roughness (R,) increasingly used in
research studies to increase the quality of the metal
parts [15].
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Fig. 1. Graph of roughness (Ra) determination

The roughness is defined as the arithmetic mean
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The curve of the graph surrounds an area equal to
the sum of squares Y;,Y;,...,Ys, over a reference
length I. The area can be calculated:

k |
ViV kY = 20N = [y @)
0

i=1

The roughness R, quantifies the set of
irregularities that form the relief of the cut surface by
using certain procedures.

A division of the interval [0,1] is the point
set  {Xp, X,....Xn} < [0,1] with the property:
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The Riemann sum on the interval [0, 1] is the area
below the graph, that is:
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and the height (ys—Rp) is expressed by an integral.
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According to fig.1, f(Xi.1) = VYr, f(Xj)=Rp.

R; is the maximum height of the function f profile
within a sample with length | in the direction of the
axis Ox. The Riemann integral allows determining
the roughness R, starting from the Riemann sum. The
roughness is calculated using the integrals using the
property that the limit of the Riemann rows equals
the integral from 0 to 1. The roughness is finer as the
area under the |yg—Rp| graph is smaller. The curve
line describes the graph of the function f given by the
equation:

1I
Ra=T£|yR—Rp|-dx. (6)

The integral is approximated by the area of a
rectangle with the base Xj—X;_; and the height f(&) at
the intermediate point & € X —X.,, the function f
being continuous.

The above-presented results from the theorem of
the defined integral average:

Tf(x)dx:(b—a)f(é). 7

We have proposed a study of the roughness
according to some input variables, the prediction and

the correlation formula for R,. As well, the hardness
and the cutting width were studied when cutting with
CO, laser parts of a steel material, less well-known in
scientific articles, called HARDOX400 (H400).

Laser-cutting technology is used in industrial
engineering to manufacture hard steel parts. It is a
high productivity and profitability process.

The laser-cutting process, roughness optimization
according to the laser input parameters and quality
evaluation of the cut surfaces were studied in a
number of papers. The influence of the laser-cutting
parameters on R, was studied by Mesko et al. [16] for
S235JR steel, by Rao and Murthy [17] for stainless
steel, by Adarsha Kumar [18] for AISI 4340 steel.
Riveiro et al. [19] studied the interaction between
the assistant gas and the part as well as the role
of the nozzle on R, for AISI 4340 steel. Spena [20]
approached the influence of the cutting parameters on
steel sheets used for car bodies. Hirano and Fabbro
[21] studied the quality of thick steel sheets according
to laser wavelength. Zlamal et al. [22] assessed the
quality of S235JR steel, 10 and 15 mm thick, after
the laser cutting. Lazov et al. [23] used the regression
method to establish the cutting quality influenced by
the cutting parameters. Wardhana et al. [24] observed
that speed has the greatest influence on R, for 316L
stainless steel. Sharifi si Akbari [25] studied laser
cutting for AI6061T6 alloy to determine the effects of
the process parameters on the cutting zone temperature
and cut edge quality.

We propose an analysis of the laser-cutting
technology as follows: after irradiating steel material
with light from a CO, laser, the incident photons
collide with the valence electrons of the constituent
atoms, they easily leave the electronic configuration,
becoming free electrons, giving birth to the electronic
cloud that moves through steel due to the conducting
electrons that strike the metal network ions. At the
place where the laser beam reaches the steel plate, the
temperature is maximum in the centre, the order is 104
to 106 degrees Celsius, so that the ions of the network
begin to vibrate very strongly due to the received heat,
and the motion is transmitted to the neighbouring ions,
which in turn start to vibrate giving rise to a damped
oscillatory motion. In the steel sheet, the heat due to
the vibration of the conducting ions and electrons
having a wavy behaviour appears, the heat released
by laser melting and the heat released by the burning
reaction of Fe with O, is transmitted through the plate
through the thermal conduction phenomenon. Of
particular importance for laser-material interaction
is the characteristics of the laser beam. For the CO,
laser, the spot diameter used in the experiment is 0.2
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mm. The spot has a spherical shape with the focal spot
of microns placed in the centre. Laser cutting is the
phenomenon of the thermal processing of metallic
materials (HARDOX steel sheets) under the influence
of a laser beam. The laser pulse lifetime is of seconds
in continuous CW regime. Laser cutting is done by
melting the material and removing it with O, jet. With
the penetration of the laser in the H400 steel, the laser
is pierced through a circular hole with a diameter
of 0.3 mm to 1.25 mm and then cutting in a straight
profile in the plate with the cutting width of 0.35 mm
to 0.84 mm until it penetrates the contour of the part.
In the stationary piercing regime, the material was
pulled. The role of the assistant gas is to push the melt
to the bottom of the sheet, to increase the volume of
the piercing channel and to remove the melt on the
upper and lower sides of the steel sheet. On the steel
sheet surface, melt deposition surrounding the channel
is noted. The assistant gas jet has kinetic energy that
forces the melt and slag out of the cutting area. The
incident intensity |, of the laser when cutting has
a value in the range 105 to 106. By thermal heating,
the material is brought to the melting temperature,
forming due to the surface tension a melt in the form
of an ellipsoid. The volume of the portion heated to
the melting temperature T,, forms the liquid melt.
The melt in the liquid state is heated until it reaches
the laminar flow state at the melting temperature of
Fe due to the laser source and the oxygen assistant
gas. Removal of the cut material is done in a liquid
(molten) state, in addition to the laser radiation, the
oxidation reaction: Fe + O — FeO + Q takes place,
which is an exo-energetic reaction with the release of
Fe oxides.

The evaporation energy of the melt is equal to the
energy of the melt minus the binding energy of the
metal electrons. The cutting process is characterized
by the penetration of the material and the occurrence
of the oxidation reaction. The mechanism of liquid
melt removal by CO, laser consists of the absorption
of photons by the metal surface, transforming the
light energy into caloric energy, local melting of the
surface with melt formation, removing the melt when
the temperature in the centre reaches the melting and
vaporization temperature, with the help of compressed
oxygen gas, which eliminates particles from the
cutting area through an incandescent flow. The
cutting has the following constituent subprocesses:
sublimation of a small amount of material that is
heated to the vaporization temperature T,, the vapours
being evacuated by the compressed gas, elimination
of a quantity of the molten material in the channel
by a stream of incandescent drops at the melting

temperature T, by the cutting gas, oxidation of Fe in
the presence of oxygen giving rise to fine solidified
droplets on the lower edge of the cut along the contour
of the part separated by the plate, the reaction being
more intense towards the lower edge, thus resulting
in a higher cutting speed. The role of oxygen is to
remove the molten material, trigger and maintain the
Fe oxidation reaction, but also to protect the focusing
lens L. Purity of O, is 99.97 %. It directly influences
combustion and cutting speed. The cutting surface of
the material is formed by a melted and resolidified
layer due to the cooling of the piece. In laser cutting,
the distance between the nozzle and the part is
important because the laser beam and CO, gas are co-
axially transmitted to the workpiece. The parameters
used in the cutting are: the distance between the nozzle
and the cutting area: 0.8 mm, the focal position: —0.5
mm inside the piece, the radius of the correction
instrument: 0.3 mm. The reflection degree of the
H400 steel is low, which makes it easier to cut. The
low thermal conductivity delays the diffusion of heat
through the material, which helps the local melting
made by the laser.

Using the laser installation, the accuracy is
better than in any plasma and oxygen cutting, the
laser cutting time is lower, and the quality of the cut
surface is significantly higher, the roughness close
to the roughness obtained by chip removing process,
the profitability is higher than in the case of cutting
with plasma or oxygen. An analysis of the surfaces
reveals uniform oscillations of level, not detectable
by the human eye appear, following the evacuation
of the melt from the slit. Incandescent liquid drops
can give rise to striations and pores on the surfaces
affected by the laser. After laser cutting, the material
decomposes into a liquid phase and a vapour phase.
All these compete for a much shorter processing time
compar