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SIMULATION OF THE DYNAMICS OF A CIRCULATING DETACHABLE BICABLE ROPEWAY EXPOSED TO LATERAL WIND LOADS, REGARDING THE MASS OF THE ROPES
Radostina PETROVA,

Faculty of Engineering and Pedagogy – Sliven, TU-Sofia, BULGARIA, rpetrova123@abv.bg
Abstract:  The dynamic reaction of circulating detachable bicable ropeway exposed to lateral wind loads is analyzed in the presented work. An elastic multi-body system is modeled. The aim of the author is to study the dynamic and stability effects in an operating aerial ropeway transport system, exposed to lateral wind loads. The obtained results are compared to an experimental data for a similar ropeway. The model is adequate and can be used for future simulations. As the dynamic reaction depends on the behaviour of the entire ropeway system,  it is recommended for more precise numerical simulations the mass of the ropes not to be omitted. The numerical simulation is realized with software MATLAB, toolbox SIMULINK.
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1. INTRODUCTION 
[image: image35.wmf]
Figure 1: Gondolas of a circulating detachable bicable gondola ropeway 
The ropeways are fast, convenient, ecological and economical transport to ski-runs and hard-to reach places in the mountain resorts. During the last few years a special attention is paid to the development of the mountain tourism as a prospering branch of the economy of Bulgaria. Many new ropeways have been built for that period of time in the mountain resorts. Also there are many not so modern functioning ropeways in our country, whose technical parameters have to be periodically checked. One of the basic criteria, to which the engineers pay a special attention, concerns the safety and the comfort of the passengers. There are some basic scientific sources ([3], [11]), which discuss the theory of the static evaluation the rope elastic systems, as well as there are some scientific publications, which discuss certain measured parameters of already working ropeways ([5], [6], [7]). But still the scientific announcements about the theory of the dynamics of ropeways are not so many. The authors of some of them have created their mathematical models using FEM ([1], [2], [8], [14]). Even fewer are the dynamic investigations using numerical simulation for modeling the process of the dynamic reaction of a ropeway exposed to lateral wind loads ([4], [9]).

2. MODEL OF THE ROPEWAY
2.1. Background of the Problem
As can be seen, the problem of theoretical modeling of an operating ropeway exposed lateral wind is of primary importance. But it is hard to predict the dynamic reactions of a ropeway for there are so many factors that affect the final result. Because of that, the problem for simulating the dynamic reaction of an operating ropeway, exposed to lateral wind loads is usually solved for a particular, functioning ropeway ([1], [8], [14]). Later the obtained results are compared to some experimental data for checking the correctness of the model ([1], [8], [14]).
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Figure 2: Scheme of a span of a bicable gondola ropeway with stiff connection ‘hanger-cabin’
The author this analysis models an operating detachable bicable gondola ropeway, with a stiff connection ‘hanger-cabin’ (fig.1 and fig.2), exposed to lateral wind loads. A real functioning ropeway is modeled. It is a bicable gondola ropeway with a track and a hauling rope. An electric motor drives the hauling rope. The gondolas and the hauling rope move along the distance with constant velocity. They are supported by the track rope in vertical direction. It is assumed that the line of the track rope is constant and fixed in vertical direction. The horizontal tensile force and the dead weight affect this line. This model is of a ropeway, operating in Alps for some years. 

Only one tower span is modelled. It is assumed that the gondolas move only in one direction and the vibrations of the ropes and the swinging of the gondolas in the neighbour spans do not transmit to the modeled one.
2.2. Description of the Mechanical Model
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Figure 3: Horizontal scheme of the ropeway span, exposed to lateral wind loads
In figure 3 is shown a projection of the modeled tower span in a horizontal plane, viewed from above. There can be three or four gondolas in the span, depending on the distance marked with x, between the left gondola and the left tower. The gondolas are modeled like rigid bodies whose mass inertia moment vary. They are supported by the ropes.

The ropes are modeled like a multitude of concentrated masses connected one towards other by massless cables. They can vibrate only in horizontal direction and have only one DOF - yTi for the masses of the track rope and yZi for the masses of the hauling rope (fig. 3, 5 and 6). An elastic force from the corresponding rope and a wind force if the mass is in the loaded II –nd section are acting at each of these masses (fig. 3, 5 and 6). These elastic forces are modeled like springs with varying stiffness, depending on the characteristics of the ropes and the displacement of the mass itself.
Each gondola is modeled like a pendulum with two degrees of freedom (DOFs) – rotation angle of the hanger 
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 in the plane ‘y-z’ and the horizontal movement of the connection between the track rope and the gondola – yТ (fig. 4). Changes in the inclination angle of the track rope ( (fig. 2), cause changes in the vertical distance between both ropes 
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is the distance between two ropes, i.e. distance between points Q and P (fig. 3) and the gondola can not be treated like an entire rigid body, but with varying mass inertia moment Its inertia moment towards axis xQ varies and it is calculated for every fixed position of the gondola along the span. The motion of the gondola in vertical plane QyQzQ is a sum of a horizontal movement (DOF - yТ) and a rotation around axis xQ (DOF - 
[image: image7.wmf]j

). The movement of the gondola is influenced by dead weight of its parts (the carriage, the hanger and the cabin), the dead weight of the passengers and the wind forces acting at the parts of the gondola. These concentrated forces are marked with arrows in fig. 3 and in fig. 4. Their acting points depend on the geometry of the gondola.
A pseudo dynamic method of solving the problem is used. According to this assumption there is a static equilibrium of both ropes at every moment of the simulation.
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Figure 4: Model of a gondola with 2DOFs
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Figure 5: Model of a mass of the track rope
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Figure 6: Model of a mass of the hauling rope

2.3. Description of the Mathematical Model
Some types of mathematical equations are simultaneously solved.

The following system of differential equations simulates the movement of the gondola number i:.
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whither:
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 – angle of rotation of gondola number i round axis xQ. It is the first degree of freedom of the system.


[image: image13.wmf]Ti

y

- horizontal coordinate of the connection between the gondola number i and the track rope (point Q). This is the second degree of freedom of the mechanical system.
The coefficients A, B and C are functions of the geometric and mass characteristics of the gondolas, including the passengers in them. The generalized forces f1 and f2 are functions of the dead weight and wind forces. The elastic and inertia forces from both ropes and the gondolas are also included.

The next two equations simulate the horizontal vibration of each concentrated mass from the track or from the hauling rope:
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(3)
The first equation is for mass number i from the track rope and the second is the mass number i from the hauling rope.

Used symbols are:
mTi, mZi – the masses of each concentrated mass of the rope;



RTi, RZi – the elastic forces from the ropes, acting at each concentrated mass;

wTi, wZi – the wind forces acting, at the concentrated mass ( if there are any).

Regarding the theory of cables and chains ([3], [11]) the horizontal deflection of the track rope and the hauling rope caused by wind forces and elastic forces can be found by solving the following systems:
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(5)
whither symbols aii and bii are functions of the horizontal force in the rope, the distance between the towers L (fig. 2) and the position of the elastic force, modeling the action of the concentrated mass i at the massless cable. The total number of all masses (all elastic forces) is n. The arrays in the right side of systems (4) and (5) are obtained from the differential equations (1), (2) and (3) at each integration step. 
There is a relation between yTi and yZi for each elastic force, corresponding to the position of the gondola:
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(6)
All mathematical equations are solved using software MATLAB ([10]).

2.4. Description of the Wind Forces
During the calculation the lateral wind loads can change in displacement and in time. For the numerical simulation experimental data or mathematical functions can be used. In the presented model the wind loads are proportional to the square of the wind velocity and are a time dependent sin – function such as in [13]. Their displacement does not change. More detailed description of the used function is given in [12].

3. NUMERICAL SIMULATION

For simulation the geometric data and specifications of a bicable gondola ropeway which is in operation for some years were used. The presented results are given for one span of the ropeway (fig. 2). Some of the used data is: 
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 - horizontal coordinate of the mass centre of the cabin.. There are up to 15 sitting or standing passengers in each gondola. Mass of each passenger is 80 kg. Their distribution is shown in table1. The wind loads are a time dependent sin-function. Their displacement is between 
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Table 1: Distribution of the passengers in the gondolas
	№ of the gondola
	№ of the sitting passengers in the gondola
	№ of the standing passengers in the gondola
	horizontal coordinate of the mass centre of the passengers 

	1
	7
	1
	0.164

	2
	5
	8
	-0.120

	3
	5
	0
	0.050

	4
	0
	10
	-0.080

	5
	4
	8
	0

	6
	3
	2
	0.100

	7
	5
	10
	0


Some of the obtained results are shown in the following figures.
The graphs of the degrees of freedom of all gondolas that pass along the modeled span as functions of time are shown on fig. 7. The gray rectangles mark the gusts of the wind. As it can be seen the I-st DOF of all gondolas - their angle of oscillation 
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 varies between -10 and 10 degrees. The II-nd DOF – the lateral horizontal coordinate of the position of the carriage along the track rope 
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 varies between -1m and 1m. The gondolas move from left to the right along the track rope in the following order: at the beginning gondolas №1, №2, №3 and №4 are in the span. When gondola №4 leaves the span gondola №5 enters, after that gondola №3 leaves and gondola №6 enters and finally gondola № 2 leaves and gondola №7 enters the span from the left.
The graphs of the movement of some masses of the track rope during the simulated period of time are shown in fig. 9. They are chosen according to their position along the track rope. The first mass is near the left tower with x=10m. The second mass is in the loaded by the wind section - 
[image: image29.wmf]R

L

w

x

w

<

<

 and x=280m. The last graph is of the central mass – x=400m. The type of the shown lateral horizontal vibrations of the masses of the track rope strongly depends on the parameters of the gondolas that move along the span and the passengers inside these gondolas – their number and the position of their mass center, how many of them are sitting and how many are standing. This is seen in fig. 7 (see which numbers of gondolas move along the span), table 1 (see the number of sitting and standing passengers and the horizontal coordinate of their mass center) and of course in fig. 8.
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Figure 7: Graphs of the degrees of freedom of all the gondolas that are in the modeled span during the simulated period of time
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Figure 8: Graphs of the some masses of the track rope during the simulated period of time
The movements the both ropes and the gondolas, viewed from above, at different values of time are shown in fig 9. The time interval is chosen at about the second gust of the wind. There is no wind at t=31s, the force of the wind is at about ½ at t=32s and the wind is maximum when time equals 33s.
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Figure 9: Movements the both ropes and the gondolas at different values of time t, [s]
4. CONCLUSIONS
The created model is another step in the attempts of the author to simulate numerically the complex problem of dynamic and stability effects in an operating aerial ropeway transport system, exposed to lateral wind loads. 

The obtained results are compared to an experimental data for a similar ropeway ([5], [6], [7]) and it can be concluded that the model is adequate and can be used for future simulations. The dynamic reaction depends on the behaviour of the entire ropeway system and it is recommended for more precise numerical simulations the mass of the ropes not to be omitted. A disadvantage of the model is the hard integrating cycle and the duration of the calculating process.
In spite of that the presented model is user-friendly and the input data can easily be change. 
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Graph of the wind load
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Graphs of the movement of some masses of the track rope
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Legend:



Gi – dead weight forces



Wi – wind forces
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