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LATERAL WIND DYNAMIC REACTION OF A BICABLE ROPEWAY WITH GONDOLAS HAVING A STIFF HANGER TO CABIN CONNECTION INCLUDING THE MASS OF THE ROPES
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Abstract: The dynamic and stability effects in an operating aerial ropeway transport system, exposed to random lateral wind loads are studied. An elastic multi-body system is modeled. The obtained results are compared to experimental data of a circulating detachable bicable ropeway with similar numerical parameters. The investigated dynamic reaction strongly depends on the behaviour of the entire ropeway system. It is recommended for more precise numerical simulations that the mass of the ropes not to be omitted.
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1. INTRODUCTION 
Aerial transport systems play an important role in the domestic economy of mountainous countries. Gondola ropeways are frequently used in mountain resorts, as they provide convenient and ecological transport to ski runs. Engineers and companies building and maintaining these ropeways pay special attention to the safety and comfort of the passengers. However, scientific publications, discussing the dynamic reaction of ropeways, are behind in this field. Some treat the problem of measuring different parameters of working ropeways, exposed to lateral wind influence ([3], [4] and [5]), while some use mathematical simulation to explore the dynamic reaction of the system during normal operation, free vibration, and at rest ([1]). Mathematical models describing the cross-wind stability of an aerial bicable circulating detachable ropeway can be found in [2] and [7]. Analysis of the dynamic reaction of a similar ropeway, using MATLAB software ([6]) is displayed in [9] and [10]. The models, used in works [9] and [10] are exposed to much more limiting conditions compared to the presented one.

2. DESCRIPTION OF THE MODEL EXPLORING THE LATERAL WIND DYNAMIC REACTION OF AN AERIAL TRANSPORT SYSTEM

2.1. Description of the Mechanical Model
In order to explore the dynamic reaction of a circulating bicable aerial ropeway with detachable gondolas and a stiff connection between the hanger and the cabin, which is exposed to lateral wind loads, the following mechanical model of one tower span is created. The hauling rope is driven by an electric motor. There are three or four gondolas inside the span (fig. 1). They move with a constant velocity only in one direction along the track rope. The vibrations of the ropes and the swinging of the gondolas are not transferred to the other spans. 

All gondolas are modeled like rigid bodies with 3 degrees of freedom (DoFs)- rotation angle of the hanger 
[image: image99.wmf] 

 in the plane ‘
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y

-

’, the horizontal and vertical coordinates of the connection between the track rope and the gondola in local coordinate system QyQzQ (fig. 2) – 
[image: image3.wmf]T

y

 and 
[image: image4.wmf]T

z

. The vertical projection of the distance between the two ropes varies, according to the position of the gondola along the span (fig. 1 and 2). The gondola is modeled like a pendulum hanging on elastic supports. These elastic supports compensate the influence of the ropes on the gondola and are modeled with tension springs whose stiffness depends on tensile forces in the ropes and on the position of the gondolas inside the span.
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Figure 1: Scheme of the explored span of the aerial bicable ropeway with gondolas having a stiff ‘hanger-cabin’ connection
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Figure 2a: Model of a gondola with all DoFs and

Figure 2b: Model of a gondola with all reactions
            places of the concentrated masses


           and active forces

Figure 2: Mechanical model of the gondola

The ropes are modeled with concentrated masses connected one towards other by massless cables. Each mass vibrates in plane, perpendicular to the ropeway span and has two DoFs, corresponding to the coordinate axis – 
[image: image8.wmf]y

 and 
[image: image9.wmf]z

. Indexes T and Z indicate the track rope and the hauling rope, respectively. The dead weight and the wind loads act on these masses, which are supported by vertical and horizontal springs, whose stiffness depend on the characteristics of the rope and on the position of the mass along the span (fig. 3). The elastic reaction forces are treated like outer forces when the equilibrium of the cables is checked.

The used method for investigating the work of the transport system is quasi-dynamic. The static equilibrium of the massless cables, regarding the dynamic behavior of all concentrated masses and the gondolas at very integration step is guaranteed.
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Figure 3a: Model of a concentrated mass

Figure 3b: Model of a concentrated mass

          of the track rope



          of the hauling rope
Figure 3: Models of concentrated masses of along the ropes

2.2. Description of the Mathematical Model
The following three groups of mathematical equations are simultaneously solved:

I group: Differential equations describing the movement of each gondola.

The given dynamic equations describe the movement of the gondola № i. They are presented in matrix form:
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The above used symbols note the following:

Masses: 
[image: image20.wmf]L

m

 - of the carriage, [kg]; 
[image: image21.wmf]G

m

- of the hanger, [kg]; 
[image: image22.wmf]K

m

- of the cabin, [kg]; 
[image: image23.wmf]Ti

m

 - partial mass of the track rope added to gondola № i, [kg]; 
[image: image24.wmf]Zi

m

- partial mass of the hauling rope added to gondola № i, [kg]; 
[image: image25.wmf]Pi

m

- mass of the passengers in gondola № i, [kg];
Vertical coordinates in local coordinate system QyQzQ: 
[image: image26.wmf]SL
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 - of the mass center of the carriage, [m]; 
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- of the mass center of the hanger, [m]; 
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- of the mass center of the cabin, [m]; 
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- of the partial mass of the hauling rope added to gondola № i, i.e of point P, [m]; 
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- of the mass center of the passengers in gondola № i, [m]; 
[image: image31.wmf]WL
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 - of the applying point of the wind force, acting at the carriage, [m]; 
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 - of the applying point of the wind force, acting at the hanger, [m]; 
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 - of the applying point of the wind force, acting at the cabin, [m];

Horizontal coordinates in local coordinate system QyQzQ: 
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e

 - of the mass center of the carriage, [m]; 
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 - of the mass center of the hanger, [m]; 
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e

 - of the mass center of the cabin, [m]; 
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e

- of the mass center of the passengers in gondola № i, [m]; 
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e

 - of the applying point of the wind force, acting at the carriage, [m]; 
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e

 - of the applying point of the wind force, acting at the hanger, [m]; 
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e

 - of the applying point of the wind force, acting at the cabin, [m];

Forces, acting at the gondola: 
[image: image41.wmf]L

W

 - wind force, acting at the carriage, [N]; 
[image: image42.wmf]G

W

 - wind force, acting at the hanger, [N]; 
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W

 - wind force, acting at the cabin, [N]; 
[image: image44.wmf]Ti

w

 - wind force, acting at the partial mass of the track rope added to gondola № i, [N]; 
[image: image45.wmf]Zi

w

 - wind force, acting at the partial mass of the hauling rope added to gondola № i, [N]; 
[image: image46.wmf]ZTi

R

 - vertical elastic force from the track rope, acting at gondola № i, [N]; 
[image: image47.wmf]ZZi

R

 - vertical elastic force from the hauling rope, acting at gondola № i, [N]; 
[image: image48.wmf]YTi

R

 - horizontal elastic force from the track rope, acting at gondola № i, [N]; 
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R

 - horizontal elastic force from the hauling rope, acting at gondola № i, [N];


[image: image50.wmf]g

 - earth acceleration, 9.81 m/s2;
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 - moment of resistance to the swinging of the gondola. It is a function of the swinging angle 
[image: image52.wmf]i

j

, [Nm].

It must be noted that the wind forces are included in the above given equations if the gondola is inside the section II. Otherwise their values are set to zero.

II group: Differential equations, simulating the vibration of each concentrated mass along the ropes.

The equation (2a) describes the horizontal vibration of concentrated mass № i from the track rope and the equation (2b) - its vertical vibration. The equations (3) are similar, but about the concentrated mass № i from the hauling rope.
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(2b)
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(3a)
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(3b)
Thus the laws of vibration of each concentrated mass, belonging to the ropes, 
[image: image57.wmf]Ti

y

, 
[image: image58.wmf]Ti

z

, 
[image: image59.wmf]Zi

y

 and 
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 are obtained.

III group: Linear matrix equations, describing the deformed elastic line of the two ropes in horizontal and in vertical planes.
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(5b)
Regarding the theory of cables and chains ([8]) the deformed line of each massless cable can be found by solving the above mentioned linear systems. The elements of symmetric square matrixes 
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 are functions of the horizontal force in the ropes, the distance between the towers L (fig. 2) and the position of the outer forces, regarding the influence on of the concentrated masses at the massless cable. The arrays 
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 consist of elements, describing the vertical and horizontal coordinates of each concentrated mass along the ropes and are obtained from the differential equations (1), (2) and (3) at each integration step. The relation between the coordinates of the two partial masses from the ropes that are added to the gondolas is given in equations (6).
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(6b)
The elastic forces 
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 and 
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 in spring supports of the gondola № i are obtained from systems (4) and (5) and are transferred to nonlinear differential system (1). The rest obtained elastic forces, i.e. the rest elements of the arrays 
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 are used for finding the coordinates of the concentrated masses of the ropes – equations (2) and (3).

All mathematical equations (1 ÷ 6) are solved using software MATLAB ([6]).

2.3. Description of the Lateral Wind Loads
There are no limiting conditions about the function of lateral wind loads. It can be set either like a mathematical sin-function, as it is suggested in [11], or like an experimental data of the velocity of the lateral wind ([4]), as it is done in the cited numerical experiment. The equations of obtaining the concentrated wind forces as a function of wind velocity are also given in [9] and [11]. The displacement of the loaded by the wind section can also change in time.

3. NUMERICAL SIMULATION

For simulation the geometric data and specifications of a bicable gondola ropeway which is in operation for some years have been used. The main geometric data is: 
[image: image83.wmf]m

L

800

=

 - horizontal distance between the towers (fig. 1); 
[image: image84.wmf]m

H

300

=

 - vertical distance between the towers (fig. 1); 
[image: image85.wmf]m

l

250

=

 - horizontal distance between two gondolas. (fig. 1). There can be not more than 15 sitting or standing passengers in each gondola. The lateral wind load is applied in the second section, which is laid between 200-th and 300-th metres of the explored span. The simulation lasts while gondola № 1, which is nearest to the left tower in the beginning of the simulation, passes through the span. The velocity of all gondolas along the track rope is constant and equal to 5m/s.
The graph of the velocity of the wind, during the entire simulation, is shown in fig. 4. 
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Figure 4: Graph of the velocity of the wind during the entire simulation
The graphs of the DoFs of all three gondolas that are inside the span during the period of 10-th to 50-th second are shown in fig. 5. During that period the coordinate x changes from 45 to 295m for the gondola № 1, from 297 to 547m for gondola № 2 and from 549 to 799m for gondola № 3. There are 7 sitting and 1 standing passengers in gondola № 1, 5 sitting and 8 standing passengers in gondola № 2 and only 5 sitting passengers in gondola № 3. The fifth graph shows the horizontal movement of the mass center the cabin 
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Figure 5: Graphs of all DoFs of the gondolas, when there are three gondolas inside the span
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Figure 6: Graphs of all DoFs of the gondolas, when there are four gondolas inside the span
The following figure shows the characteristics of the aerial transport system in the following approximately 10 seconds. There are four gondolas inside the span. The first three gondolas continue their way along the track rope and gondola № 5 enters the left side of the span. There are 4 sitting and 8 standing passengers in it. 
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Figure 7: Graphs of DoFs of the concentrated mass at the middle of the track rope (x=400m)
The horizontal and the vertical vibrations of the concentrated mass, which is in the middle of the track rope, are shown in fig. 7. 
4. CONCLUSIONS
The following conclusions can be made:
1. The angles of lateral oscillation of the gondolas are most important in obtaining the horizontal vibrations of their mass centres. The graphs of DoF 
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 for all gondolas are similar to the graphs of coordinate 
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2. The vibrations of the concentrated mass in the centre of the track rope are similar to DoFs 
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 of gondola № 2, which is closer to that mass. So the vibrations of concentrated masses of the ropes are strongly influenced by the laws of vibration of DoFs 
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 of the closest gondola.
3. It is recommended to regard the influence of masses of the ropes for precise dynamic calculations, because it strongly reduces the amplitudes of the vibrations. 
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Legend:







SL – mass center of the carriage;



SG – mass center of the hanger; 



SК – mass center of the cabin;



SP – mass center of the passengers;



Q – connecting point between the track rope and the gondola;



P – connecting point between the hauling rope and the gondola;



WL – applying point of the lateral wind force acting at the carriage;



WG – applying point of the lateral wind force acting at the hanger;



WK – applying point of the lateral wind force acting at the cabin;















- dead weight forces Gi



- lateral wind forces Wi



- elastic forces form the ropes Ri



- DoFs of the gondola φ, yT, zT
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