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Abstract. Due to the shortage of resources, the deep development of resources is imminent, and the
superdeep mine hoist plays a leading role in the development process. According to the structure, the hoists
can be divided into winding hoists and friction hoists. Winding hoists can be single-rope winding and multi-
rope winding. With the increase of mining depth, friction hoists will have the disadvantage of increasing the
mass of the tail rope, while wire rope diameter of single-rope winding hoists will increase with the increase
of mining depth. So double-rope winding hoists can be used to balance the above two problems. Therefore,
this study will use finite element analysis, and treat hoist reel as a uniformly pressurized shell, through the
static and modal analysis of reel. Under the maximum static tension, this study gets the reel the force and
deformation distribution. Through the change of the internal structure of the reel, it improves the reel force
weakness and reduce the reel deformation. By reducing the deformation of the reel, this study tells how to
reduce the tension difference of the wire rope. This study will improve the synchronization and stability of
the hoisting system and provide an alternative and effective way for the deep development of the resources
with the double-rope winding hoists.
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1. Introduction

In recent years, with the rapid growth of demand for
mineral resources in social and economic development,
the problem of energy shortage has become more and
more prominent. Therefore, it has become an important
strategic choice for China to search for mineral resources
deep inside the earth[1] .

The hoists can be divided into two categories according to
the different working methods: winding hoists and
friction hoists. For friction hoists, as the mining depth
increases, the load on the wire rope will be affected by the
increased mass of the balanced tail rope. And when the
depth exceeds 1200m, in order to ensure the safety of
mining, people generally use winding hoists.

The winding hoists are divided into single-rope winding
and multi-rope winding, and with the mining depth
increase, the single-rope hoists require a higher power to
drive motor and a larger diameter reel, which will bring
more difficulties in manufacturing and installation, while
the multi-rope winding hoists can avoid the relevant
shortcomings. As for single-rope hoists, the tail rope is too
heavy and the reel diameter is too large, while the steel
rope is too thick and not easy to bend. Therefore, this
study focuses on the study of multi-rope winding hoists
for mining and hoisting in deep wells above 1200m.
Unlike conventional hoisting devices, multi-rope winding
hoists have two or more rope zones on the main shaft.
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Studies on multi-rope winding hoists include: Wang Ji [2]
used Hamilton principle to simulate and analyze the
dynamic behavior of multi-rope hoists under unbalanced
factors such as transport eccentricity and inconsistent reel
radius, and proposed the design principle to restrict the
inconformity of dynamic tension between cables. Wu[3]
analyzed the dynamic characteristics of super deep multi
point winding hoisting system under non-synchronous
movements of the wire rope with the help of Lagrange
equation .Due to the dynamic load of high speed and
heavy load, the wire rope is deformed, thus making the
tension difference among the synchronous ropes increase,
which can be called Deformation detuning of the wire
rope, and the Deformation detuning of the wire rope
makes the synchronous transportation of the hoists more
difficult. Under complex working conditions, the wire
ropes may break due to uneven force, resulting in the risk
of cage fall. In view of the fact that in multi-rope hoists,
the problem of differential tension becomes more critical
as the number of wound ropes increases[4],the design of
a double-rope hoists can balance the problems of
oversized single-rope reel diameters and poor multi-rope
wire rope tension, so this study focuses on the double-rope
hoists.

Studies about wire rope winding tension differences are:
Li[5]studied the difference in tension between the two
ropes of a double-rope winding reel due to manufacturing
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deviations and differences in the depth of the winding
groove, resulting in an unsynchronized lifting of the two
ropes. Kaczmarczyk,S [6]-[7] established a vibration
differential equation by means of Hamilton's principle to
investigate the vibration phenomena of wire ropes in deep
wells. Wang Ji[2] analyzed the effect of wire rope length
error on the wire rope tension difference by establishing
the system dynamics equations. Peng[8] investigated
whether COF between wire ropes changes with load and
sliding speed under lubricated and dry friction conditions.
Yao[9] studied the step changes of hoisting velocity and
acceleration caused by coil and layer crossover of rope
winding on the LeBus reel.

The existing research on the tension difference of the
double-rope winding hoists mainly revolve around the
wire rope. The reel will produce a large amount of
deformation after the force, so that the wire rope produces
a large tension difference, thus affecting the
synchronization of the wire rope hoist, but the results of
this research are rare. The main findings of the current
research on hoist reels are : JM Singly[10]-[11] derived a
mathematical theory based on plates and shells and also
derived stress distribution functions for welded coils with

lengths greater than v4RS and for welded coils with

lengths less than +4R0 S.Otto[12] used FEA-
Simulations to analyze the radial pressure of a multi-layer
wire rope on the reel and the axial thrust on the rope
stopper during heavy loads in a hoisting system. P.Dietz
[13]-[14] studied the pressure acting on the reel during the
winding process of multi-layer wire rope, considering the
reduction of inter-layer tension and radial deformation of
the wire rope caused by the winding of each layer, and
deduced the general formula for calculating the pressure
on the reel. Mangalekar S[15] carried out a FEA-
Simulations under maximum load conditions on the reel
and designed different reel models to derive the optimum
reel structure. Wolny [16]studied the stress distribution in
webs, barrel shells and other components in a reel and
analyzed the hazardous areas on the barrel shell. Jin
Minjie [17] analyzed the deformation of the rolls based on
the theory of elastic foundation beams. The above
research results have been analyzed mainly for single-
rope winding hoists, and less analysis has been carried out
on the forces on the reels of double-rope winding hoists.

Most of the above literatures for the roll deformation
amount are obtained by the traditional theory calculation,
and the calculation results are rough and have some error.
With the continuous development of science and
technology, more advanced theories and methods have
been obtained. Benjamin Torres[18] proposed the use of
a new FBG strain transducer fixed to the surface of the
structure under test and showed that the measured strain
differed from the actual strain by less than 2.5%. Chen[19]
used Pro/E and ANSYS to build a solid model of the reel
and solve for the deformation and stress distribution of the
reel. Hu[20] integrated use of OptiStruct, HyperMesh
software functional modules and used finite element static
analysis to identify the shortcomings of the manhole on
the reel and adjusted the structure through topology
optimization design. Yu [21] analyzed the stress-strain of
the reel based on ANSYS and carried out a topology

optimization analysis of the reel. In this study, based on
the above research, the reel model of double-rope winding
hoists will be constructed by 3D software.And the
deformation of the reel axially will be analyzed by FEA-
Simulations, and the maximum deformation of the reel
will be reduced and the synchronization and smoothness
of double-rope winding hoists will be improved through
the improvement of the internal structure of the reel.

2. Modeling of the double-cable winding
hoister

Fig. 1 shows a typical 3D model of a double-rope winding
hoist reel, and the main material of the reel is Q345A.1t is
mainly composed of brake disc, reel, rope exit hole,
manhole, rope stopper, support column, ribs, two rope
wrapping areas and two support wheels. Where d; is the
diameter of the rope exit hole, d-is the diameter of the reel,
ds is the diameter of the support column. While ¢ is the
thickness of the reel wall, @ and ¢ respectively represent
the length and width of the thicker ribs . And /; is the
shortest distance between the two support wheels at the
initial moment, while d represents the diameter of the wire
rope. The parameters are shown in Table 1.

Table 1. Double rope winding hoist-2JKD-8x4.2 Sample
machine parameters

Parameter Name | Value/Unit Parameter Value/Unit
Name
Diameter of rope Diameter of
outlet hole d, 200/mm suppor:j column 500/mm
3
Thickness of Reinforcement
cylinder shell ¢ 120/mm width ¢ 240/mm
Reel diameter d; 8/m Pivot wheel |3 430/mm
distance /;
Reinforcement Wire rope
length a 350/mm diameter d 180/mm

Rope stopper Rope exil hole  Rope wrapping area

Rope stopper

Manhole

Support Wheel

Rope exit hole

Support column

Fig. 1. Internal structure of double-rope hoist
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3. Derivation of the double rope winder
formula

The double-rope multi-layer hoists use the structure of a
thick-shell bullet support, the structure of which is shown
in Fig. 2. The thick-shell bullet support has two rope
wrapping areas on the left and right, two rope exit holes
in each rope-wrapping area and one support wheel.

Left rope wrapping area Right rope wrapping area

o
Rope exit hole

~ T

NLeft Support Wheel Right Support Whee]/

Fig. 2. Thick shell bullet support structure

The double-rope winding hoists are connected to the same
cage for hoisting. When the wire rope is at rest before the
hoisting starts, the total tension Qy of the two wire ropes
is shown in Eq.(1),
Qo=(S+S,+pH)g (1)
where S represents the rated load. Sy represents
lifting vessel mass. p represents unit mass of steel wire
rope. H represents wire rope overhang height. g represents
gravitational acceleration.
The total tension on the rope is F,, where n is the number
of wraps, when n=1, the rope is under total tension as
shown in Eq.(2),
Fu=Qu=(S+58,+pH)g )
After the wire rope winding a circle, its total tension[2]is
affected by the lifting height, lifting speed, lifting
acceleration, lifting process of longitudinal vibration[6]-
[7] and other factors. At this time the total tension of the
lifting system is shown in the Eq.(3),

F,=0,-4(n-1)7Rpg + % (K-1DSg+ [% —4(n-1)7Rp+2l.p+ M1:| a,, (3)
g

where F), represents total tension of the lifting system. R
represents reel radius. K represents tank road lifting
resistance coefficient. /; represents length of dangling
wire rope. M, represents shifting mass of the sky wheels.
an; represents lifting acceleration after n-/ turns of
winding.

Steel wire rope winding process also needs to consider the
single-layer and multi-layer winding tension reduction
amount on the impact of the radial force of the reel. As
single-layer winding, to start the research by rope ring one
winding position , the reel radial variable is x;;,while
winding the n™ circle.The i circle corresponding to the
wire rope tension reduction amount is A Fy,. It is shown

in Fig.3 and Eq.(4),

‘ 1.83VRo
XX X1

X

Fig. 3. Single layer winding model

&l Egdg (i#1) (4)

i)~ Xiga2) T Xin-2) T Xignony

AE n =
R—x
where A Fj, represents reduction in tension on lap 7 at lap
n. xi» represents radial deformation at the position of the
n™ winding turn i . Es represents longitudinal modulus of
elasticity of steel wire rope.
In multi-layer winding[13]-[14] process, the outer layer of
wire rope makes the radial force of the reel increase while
radial force reduces the radius of the reel, so the inner
layer of wire rope appears circumferential relaxation.And
the inner layer of wire rope tension is reduced, so the inner
layer of radial pressure on the reel is also reduced. Set a
total of m winding layer. It corresponds to the i layer of
the actual tension size for £, .The tension size is shown
in Eq.(5),
F,=F - F‘-(m) - F-(i+2) T - F;-.(m_l) -F, (5

where F;represents initial tension of the i layer of wire
rope. Fi,, represents tension reduction of layer i caused by
winding of m™ layer. F;, represents the actual tension of
the i" layer.

Multiple layers of wire rope stacked with forces as shown
in Fig. 4.

(a) Multi-layer winding force schematic
(b) Separate analysis of multi-layer winding
Fig. 4. Multiple layers of wire rope stacked under stress

The i layer of wire rope is subjected to the m™ layer of
the force decomposed into the radial and axial

components of the reel as shown in Egs.(6) and (7),
dF (F”Y_F;iﬂ)-m _Ei+2)-n1 T _F;mfl)-m)dg

dFa=L" = (6)
2 2

dF, (cosa — u, sina)

dF,, =dN:(cosa — u, sina) = 2(sina + 71, coser)
where dF, represents force at m™ level on the i" layer. dF;;
represents radial component force of layer i on the reel.
dF,;represents axial component force of layer i on the reel.
ur-represents friction coefficient between steel wire ropes.
N, represents the support force between the wire rope to
generate friction.
The reduction of the chord 44" after the force is applied
to the chord length A4’ is shown in Eq.(8),
. 2sinadFn 2Sinf1(Fm ~Feym ~ Fizym = 71:;77171)‘771) (8)

E,dl, E.[2R+(1+2(i - )sin@)d]
where E, represents transverse modulus of elasticity of
steel wire rope. a represents wire rope stacking angle. d
represents the wire rope diameter. dl; represents the arc
length of the wire rope corresponding to the i layer
winding dé.
Similarly, the chord length A4’ is subjected to a force of
dF,, corresponding to the extension of the chord 44’
under the action of ), as shown in Eq.(9),
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2dF,, _ 2y, sina(Fm = Fom = Foaym = —I:(,",U,,,)cot(a+y) (9)
Edl, E,[2R+(1+2(i—D)sina)d]

where v, represents poisson’s ratio of steel wire rope, and
y=arctan(i,).

The amount of radial change produced by the i" layer of

wire rope is shown in Eq.(10),

A, =4, =4, (10)
Set the m™ layer winding caused by the radial deformation
of the reel AR, the i layer wire rope corresponding to
the total winding radius reduction is shown in Eq.(11),

+A2m+...+%Aim (11)

A,, =sinav,

Rm-m = AIem + Alm

where A R,, represents radial deformation of the reel

caused by the m™ layer winding. R,.., represents reduction

of the total winding radius corresponding to the i layer

of wire rope.

From Hooke's law, it is known that the m™ layer of wire

rope winding causes the reduction of the i™ layer of wire

rope tension as shown in Eq.(12),
Z 27R,

i-m m-m

Fon = R U720 -Dsima)d 2R+ (1420 - )sina)d (12)

where Z,., represents the i layer corresponding to the
circumferential length reduction, and Z;.,=2I1R., .

The study of the reel can be based on the model of the
thin-walled circular shell[10]-[11], as the spacing
between the wire rope is much smaller than the diameter
of the reel, the winding process of the wire rope can be
regarded as a closed ring of uniform texture [22] acting on
the reel. As the wire rope of tension F,, winds to the reel ,
the reel acts on the combined force of the wire rope as
shown in Fig. 5(a). As the unit beam of the reel can be
regarded as an elastic base beam [17] , so the force
analysis of the reel can be based on this. Take a study of
the unit beam.The unit beam along the radial direction
produced A R deformation. In Fig. 5(b) in the reel

boundary from the solid line to the dashed line,
circumferentially it  generated  circumferential
compressive stress op , and reel force deformation is
shown in Fig. 5(b).

lem

Neutral wire

(a) wire rope force

(b) Reel unit beam forces
Fig. 5. Force analysis of reel and wire rope

The support force on the wire rope is shown in
Eq.(13),
do do

dFN = 2Fnsin(—j = 2Fn
2 2

where dFy represents the wire rope is supported by the
force of the reel.
The set of loads to which the reel is subjected is shown in
Eq.(14),
_dF'~v _ F.d@  F,
17 Raoi,  Rdoi, R,
where dF’y represents pressure in the reel, dF'y=dFly . ¢
represents load set. # represents pitch of wire
rope, tp=d+e, d represents diameter of steel wire rope, e
represents gap between adjacent rope loops.
Because AR and the diameter of the reel compared to the
radial displacement of the reel is very small, it can be
considered that the distance to the center of the circle at
any place on the cross-section is equal to the radius of the
reel R . Circumferential strain gy is shown in Eq.(15),
gg=27r(R AR) 27Z'R=_§ (15)
2R R
The balance of circumferential compressive stress and
load set is shown in Eqgs.(16) and (17),

(14)

20,0sin (%} =—qRd6 (16)
o, =FEig, = —Ed% 17)

where J represents thickness of the reel. E; represents roll

modulus of elasticity.

Where RdO = 1, the support force on the reel is Fy as

shown in Eq.(18),

Fx =280, sin 20 = E1OAR
2 R

where Fy represents support force on the rollers.k;

represents foundation reaction coefficient.

The support forces on the reel, the shear forces, and the

load set are shown in Fig. 6.

= kAR (18)

q
Oy F—¥ ¥ ¥ Y3 orip
M&T 1" l M+dm
d
Ir x

Fig. 6. Sketch of unit beam force analysis

The bending moment, shear force and circumferential
force are shown in Egs.(19) and (20),
{ZQ =-Q+(q-kAR)dx+Q+dQ =0

M= (q—klAR)dx%+(Q+dQ)dx+M —(M +dM)=0 (19)

2
M0 =-p LAR
X
d’AR
0(X)=-D- =5 (20)
C, - Ei0AR
R

where D represents flexural stiffness. M(x) represents reel
bending moment at any point along x. Q(x) represents reel
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shear at any point along x. Cyrepresents circumferential
force.

4. Finite element analysis of reel
deformation and forces

Table 3. 1st to 6th order modal shapes

Natural Modal
In this section, based on the above derivation, the finite Order | frequency shape Modal Feature
element model of the reel will be constructed, and modal (Hz) p
and .static analyses will be C?I‘I‘iCd out respectively to Large and
obtain the force and deformation of the reel, where the I
overall parameter values of the reel are shown in Table 2. unevely
1 234.82 distributed
Table 2. Summary table of total parameters deformation in
the middle
Parameter Value/Uni Parameter Value/Uni .
Name alue/Unit Name alue/Unit Large middle
Maxi Poisson’s deformation and
aximum ratio of :
static tension | 1480/KN ; 0.2 2 235.02 more uniform
0 steel wire distribution of
Tope Vr u i
Lifting Diameter deformation
vessel mass 80/t of steel 76/mm Intermediate
So wire rope d d . .
eformation with
Unit mass of Pitch of 3 235.14
steel wire 21.4/kg/m | wire rope 78/mm a tendency to
rope p to spread
Wire rope moclliucﬁlls of Uneven
overhang 1500/m . 2.1x10°/Mpa distribution of
heicht H elasticity ) :
clg Ey intermediate
Friction 4 235.36 deformation,
Gravitatiqnal coefficient with inconsistent
acceleration 9.8m/s? of steel 0.17 ks al th
g wire ropes p e?a § along the
Lr circumference
Lifting Width of Intermediate
acceleration | 0.75/m/s? wirr?(ri)ieng 2.1/m deformation
ao area B 5 237.84 distribution with
Cross- reduced
Length of sectional deformation
dangling 85/m area of 2.21x103/mm?
. . Uneven
wire rope s steel wire s
rope As distribution of
Number of Wire rope 6 238.05 total deformation
winding 3 stacking 59/° along the
layers n angle a .
Number of . circumference
winding 3 Reel}readlus 4/m In the lifting process the external load is constantly
layers m changing, but at the end of the brake disc and support

Boundary constraints are applied to the two end faces of
the support wheel and brake disc as fixed supports, and
the two rope-wrapping areas of the reel are taken as
cylindrical supports. Maximum static tension applied to
the rope wrapping area .Under the above conditions,
modal analysis is carried out as shown in Table 3.

wheel, the deformations are very small, so the end
surfaces of the two parts will be used as boundary
conditions. It can be imposed full restraint to the four end
surfaces. In order to facilitate the study of the deformation
and stress under the force of the reel, the maximum static
tension of 1480kN of the wire rope at rest can be taken for
the winding area of the reel. Maximum static tension will
act on the winding areas as a circumferential force. The
corresponding reel displacement cloud diagram and the
corresponding equivalent force cloud diagram for the reel
is shown in Fig. 7.
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(a) Total deformation cloud diagram

(b) Equivalent Force cloud diagram
Fig. 7. Initial total deformation and equivalent force clouds

From Fig.7,we can get the conclusion that when the reel
is in the work, the total deformation and equivalent force
of the reel in the middle part are relatively large. Then the
total deformation and equivalent force gradually decrease
from the middle position to the two sides. With the
maximum static tension of the wire rope, the maximum
deformation of the reel is 1.0135x10°m and the
maximum equivalent force is 7.3063x10°Pa.When reel
deformation is too large, it will lead to Deformation
detuning of the wire rope, which will lead to the tension
difference increase of the steel wire rope. This will
eventually affect the synchronization of the hoist. As the
area of greatest equivalent forces and deformations, the
middle area plays the most significant impact on the wire
rope in lifting process. So this study will focus on the
analysis of the internal structure of the reel change for the
impact on the middle of the reel. By changing the internal
structure of the reel to reduce the amount of deformation
and equivalent force in the middle of the reel.

In order to solve the above problems, this study optimizes
the internal structure of the reel by increasing the diameter
of the internal support column of the reel and obtains the
total deformation and equivalent force clouds of the reel
under the same force conditions as shown in Fig. 8

F:‘mmn Maximum
A

(a) Total deformation cloud diagram
(b) Equivalent Force cloud diagram
Fig. 8. Cloud diagram after changing internal structure

After improving the internal structure of the reel , it is
found that the maximum deformation in the middle of the
reel is 7.8803x10°m, which is about 22% lower than the
original maximum deformation,and the maximum
equivalent force becomes 5.7114x10°Pa, which is about
21% lower than the original equivalent force value.
Through numerical analysis, optimizing the diameter of

the support column inside the reel can well reduce the reel
equivalent force and deformation, then reduce the
deformation of the reel and lower the tension difference
of the wire rope and improve the synchronization and
smoothness of the system in the working process.

5. Conclusion

For the application requirements of increasing mining
depth, this study chooses the reel model of double-rope
winding hoists .Under the maximum static tension of the
wire rope, the study takes the reel static force and modal
analysis by finite element analysis. It provides the largest
equivalent force and deformation parts. And the internal
structure of the reel is optimized and improved. The main
conclusions are as follows .

1)This study focuses on the analysis of the impact of the
reel structure on the wire rope tension difference. By
using modal analysis, it gets the conclusion that the 1% to
6™ order of the reel frequency is mainly concentrated in
236Hz or so. The maximum total deformation of the reel
is mainly concentrated in the middle position, and with a
small change in vibration frequency, the deformation of
the middle part of the reel will occur in the circumferential
movement. The deformation distribution is uneven and
the deformation is large or small from time to time .

2) Through the static analysis of the reel, this study
concludes that the maximum equivalent force and
maximum deformation of the reel occurs in the middle
position. After optimizing the diameter of the internal
support column of the reel, the maximum total
deformation of the reel is reduced from 1.0135%10"m to
7.8803x10°°m, and the maximum equivalent force of the
reel is reduced from 7.3063%10°Pa to 5.7114x10°Pa. The
two improved parameters are 22% and 21% which are
much lower than the original ones. The improvement of
the internal structure of the reel has greatly reduced the
deformation during the work, thus improving the
synchronization and accuracy of the double rope hoisting
and reducing the tension difference between the two ropes,
providing a reference solution for the future development
of double-rope winding hoists depth mining.

This study optimizes the internal structure of a double-
rope winding hoists reel based on finite element analysis.
The feasibility of the method is verified by using
theoretical data and only provides an ideal state of
improvement for the further developments of the hoist.
The research method and mathematical model do not
involve experimental verification, so in the future
corresponding experiments can be designed for a more in-
depth study.
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