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 A study of non-stationary air distribution that occurs in a skip shaft with rope reinforcement when two lifting vessels move along it
was made. The theoretical analysis of air distribution was carried out using numerical simulation of an unsteady turbulent air flow in
the shaft section using the Ansys Fluent software package. To describe the movement of skips, the dynamic grid approach was used, 
based on the deformation and rebuilding of internal grid cells during the calculation process. Based on the calculated non-stationary 
distribution of aerodynamic parameters near the moving skips, the total aerodynamic forces acting on the skips were calculated. 
They were used further to analyze the horizontal vibrations of the skips, taking into account the restrictions imposed by the lifting, 
balancing and guide ropes. Within the framework of the accepted model simplifications, it was obtained that the maximum values of 
the aerodynamic forces acting on the skips were observed for the time interval corresponding to the passage of two skips next to each 
other, in this case the section of the mine shaft overlapped to the maximum. A short-term increase in the aerodynamic force acting 
on the skip during this period of time led to the appearance of skip oscillations in the horizontal plane. It was shown that the 
maximum peak value of the horizontal aerodynamic force component significantly depended on the allowance for the movement of 
skips. This indicated that the analysis of skip oscillations in the wellbore under the assumption of instantaneously resting skips was 
incorrect. Further, based on the calculated aerodynamic loads on the skips in the course of a series of numerical experiments, the 
maximum horizontal displacements of each of the skips were determined as a function of the air velocity in the shaft. On the basis of 
the displacements obtained, approximating dependences for the maximum displacements of the skip were constructed depending on 
its mass and the average air velocity in the shaft.
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 Проведено исследование нестационарного воздухораспределения, возникающего в скиповом стволе с канатной
армировкой при движении по нему двух подъемных сосудов. Теоретический анализ воздухораспределения проводился с
помощью численного моделирования нестационарного турбулентного течения воздушного потока на участке ствола в 
программном комплексе Ansys Fluent. Для описания движения скипов использовался подход динамических сеток,
основанный на деформировании и перестроении внутренних ячеек сетки в процессе расчета. Исходя из рассчитанного 
нестационарного распределения аэродинамических параметров, около движущихся скипов вычислялись суммарные 
аэродинамические силы, действующие на скипы. Они использовались далее для анализа горизонтальных колебаний
скипов с учетом ограничений, накладываемых подъемными, уравновешивающими и направляющими канатами.
В рамках принятых модельных упрощений получено, что максимальные значения аэродинамических сил, действующих
на скипы, наблюдаются для промежутка времени, соответствующего прохождению двух скипов друг около друга, – в этом 
случае максимально перекрывается сечение шахтного ствола. Кратковременное возрастание аэродинамической силы,
действующей на скип в этот промежуток времени, приводит к появлению колебаний скипа в горизонтальной плоскости. 
Показано, что максимальная величина пика горизонтальной компоненты аэродинамической силы существенно зависит 
от учета движения скипов. Это указывает, что анализ колебаний скипов в стволе в предположении о мгновенно
покоящихся скипах является некорректным. Далее, исходя из рассчитанных аэродинамических нагрузок на скипы в ходе
серии численных экспериментов, определены максимальные горизонтальные смещения каждого из скипов как функции
скорости воздуха в стволе. На основании полученных смещений построены аппроксимирующие зависимости для 
максимальных смещений скипа в зависимости от его массы и средней скорости воздуха в стволе.  
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Introduction 
 

The current trend to increase the volume of 
underground mining, as well as the increasing branching 
of mining systems in underground horizons leads to the 
need to supply more air to shafts and mines [1–3]. One of 
the options for increasing the amount of air supplied to the 
mine is the use of skip shafts, which are most often neutral 
in terms of ventilation [4]. As the depth of mining 
operations increases, the required skip lifting height also 
increases, and the operation of hoisting ropes becomes 
more complicated due to torsion, longitudinal and 
transverse vibrations [5, 6]. 

The regulatory documents in force in Russia [7] states 
that in shafts intended only for lowering and lifting of 
loads, the maximum speed should not exceed 15 m/s. 
Physically, this is associated with fact that the following 
problems may occur at high airflow rates in shafts with 
lifting vessels [8–10]:  

1. Vibration of lifting vessels resulting in breakage and 
destruction.  

2. Vibrations in ropes.  
3. Possible collision of lifting vessels with rope guides 

in the middle of the shaft.  
4. Knocking against the cross timbers in the area where 

vehicles pass through. 
At the same time, in earlier regulatory documents, the 

maximum speed of lifting vessels was determined 
differently. For example, [11] presents the following 
formula for the maximum speed of lifting vessels when 
lifting and lowering loads along vertical shafts: 

 0.8 ,V H=  (1) 
where H – shaft height, m. 

In monograph [12] the main factors influencing the 
skip movement are the skip rotation around the vertical 
axis and translational movements in the horizontal plane. 
It has been made the assumption that the translational 
movement of skips in the lateral plane are caused mainly 
by the Coriolis force [13] and aerodynamic forces as a 
result of interaction of the skip with the air flow.  

Works [14, 15] describe the results of a large series of 
measurements - in more than ten mines equipped with 
cable guides. It was found that the Coriolis force is not the 
main source of skip vibrations, and the calculation 
methods proposed in [12] are imperfect. 

The paper [5] proposes a methodology for 
determining the parameters of multi-rope hoisting based 
on the study of dynamic phenomena in hoisting ropes. 
The conditions of deep mines (up to 2000-2200 m depth) 
are considered. The efficiency of multi-rope hoisting 
installations with reduced distance between ropes is 
investigated. 

In works [16, 17] the separate question of of lifting 
vessels vibration after passing near each other is 
considered. As a result of coupled modelling of air flow in 
the shaft and skip motion, it was obtained that with 
increasing air flow rate in the shaft, the maximum 
horizontal displacement increases according to a nonlinear 
law. At the same time, the works do not take into account 
the resistance from the guides and Coriolis force. 

In [18], a theoretical and experimental analysis of the 
lateral vibration acceleration of a steel skip rope at 
different air rates was carried out. It was obtained that the 
acceleration of transverse displacement and longitudinal 
vibration significantly increases with increasing speed, and 
due to the presence of transverse vibration there are more 
extremes of longitudinal vibration acceleration affecting 
the service life of the rope. 

 
 

Fig. 1. Geometric model 
 

In [19, 20] the problems of vibrating resonance of 
lowering skip and ropes without regard to aerodynamic 
effects from the flow side are investigated. It is noted that 
in practice a large amplitude of vibrations in the system 
"skip – ropes" can often occur, steady vibrations can be 
formed, and can lead to emergency scenarios. 

In [4] the aerodynamic loads on the skip during the 
passage of the channel of the main fan unit and during 
the passage of two skips near each other were 
determined by numerical modelling. It was concluded 
that even at sufficiently high air rate of 18 m/s 
(exceeding the permissible values) the aerodynamic 
effect of the air flow on the skip and rope is negligible. 
However, the dynamic characteristics of skips are not 
fully considered in this work. 

The purpose of the present work, continuing the 
previous studies [4, 21], is to analyse the force effects of 
the air flow on the skip with reference to the dynamic 
characteristics of the skip itself and the aerodynamic 
properties of the air flow. 
 

Methodology 
 

Determination of force effects from the air flow on the 
skip in this paper is carried out by numerical modelling in the 
ANSYS fluent software package. The geometrical model is a 
section of a mine shaft of length Ly (Fig. 1). The shaft has a 
diameter D and is a ventilation and skip, and therefore the air 
flow moves in the direction from bottom to top. The air flow 
is carried out in the mode of developed turbulence with an 
average velocity equal to Vv. At this section of the shaft there 
are also two skips moving in opposite directions with 
the same speed Vsp. The absolute coordinate system OXY is 
associated with the barrel, with the X axis pointed 
horizontally, and the Y axis is vertical. A flat two-dimensional 
problem is considered, and the selected design domain 
physically corresponds to the mid-section of the shaft. The 
skips have given geometrical dimensions – width (in the X 
direction) and height (in the Y direction).  

Isothermal unsteady air flow is described by the 
continuity and Navier-Stokes equations [22, 23]: 
 

 ( ) 0,Vt
∂ρ + ∇ ⋅ ρ =
∂

  (2) 

 ( ) ( ) g,V VV pt
∂ ρ + ∇ ⋅ ρ = −∇ + ∇ ⋅ τ + ρ
∂

 (3) 
 
where V  – vector of air flow rate, m/s; p  – pressure, Pa; 
g  – vector of free-fall acceleration, m/s2; – shear stress 
tensor [24], Pa: 
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 ( ) ( ) ,T
tT V V = μ + μ ∇ + ∇  

 (4) 

where μ  – molecular viscosity of air, P·s; μ t  – turbulent 
viscosity, Pa-s. 

In the framework of the SST k-omega turbulence model 
used here [25, 26], the turbulent viscosity is represented as: 
 

 ( )
1

1 2

,
max ,2t

a k
a F

μ = ρ
ω ⋅ ⋅S S

  (5) 

 
where k  – specific turbulent kinetic energy, m2/s2; ω  – 
the specific energy of turbulent dissipation, 1/s; 1a  – SST 
model parameter; F2 - second smoothing function [27]; 
S – strain rate tensor, 1/s.  

Turbulent airflow characteristics k and ω  are 
determined by solving the two transfer equations: 
 

 ( ) ( ) ( )V τ V ,kk k k kt
∗∂ ρ + ∇ ⋅ ρ = ∇ ⋅ Γ ∇ + ⋅ ⋅∇ − β ρω

∂
 (6) 

 
( ) ( ) ( )

( )2
1 2

V

 2 S S 2 1 ,

kt
F k

ω

ω

∂ ρω + ∇ ⋅ ρω = ∇ ⋅ Γ ∇ +
∂

ρ+ α ⋅ ⋅ − βρω − − σ ∇ ⋅ ∇ω
ω

 (7) 

 
where kΓ  и ωΓ  – effective diffusion coefficients for 
turbulent characteristics of the medium k and ω ; F1 – the 
first smoothing function; α ,  β,  β∗  and 2σω – model 
parameters [25, 27]. 

At the entrance to the computational area (lower 
boundary), a uniform field of air flow rates, a given 
turbulence intensity, and the ratio of effective viscosity to 
molecular viscosity are set. At the outlet of the 
computational area, the static pressure is set. On solid 
walls, the condition of flow adhesion is set. The 
distribution of temperatures is uniform everywhere. 

The numerical solution of equations (2)-(7) with 
appropriate initial and boundary conditions is carried out 
by the finite volume method using the Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) algorithm 
[28, 29]. The second order of spatial discretisation and the 
first order of temporal discretisation are used for all the 
sought variables. To accelerate the numerical calculation, 
parallelisation is performed on four CPU cores. 

Modelling of skip motion is carried out within the 
framework of dynamic meshes approach [30, 31]. 
To smooth the deforming mesh, the Spring-based 
smoothing method [32] is used, which is based on the 
representation of mesh faces between any two nodes as 
interconnected springs of a given reinforcement. The 
Laplace smoothing method is also used, which adjusts the 
location of each mesh vertex at the geometric centre of 
neighbouring vertices [33]. 

At each time step of the numerical calculation 
algorithm, local rearrangement of the mesh near the 
moving skips is performed by the Local cell method 
[34, 35]. In this case, the programme agglomerates cells 
based on asymmetry, size and height criteria (adjacent 
zones of moving faces) before moving the boundary. The 
size criteria are specified using a given minimum length 
scale hmin and maximum length scale hmax. A maximum 
mesh asymmetry value is also set, indicating the desired 
mesh asymmetry.  

The cells corresponding to the boundary layers of 
each of the skips and the shaft walls are not deformed or 
rearranged during the numerical calculation. In this case, 
the set of boundary layer cells of each skip moves 
together with the corresponding skip as a single non-
deformable solid body.  

The flow calculation is performed in a two-dimensional 
formulation for the above described two-dimensional 
geometrical domain. Methodologically, this idealisation is 
related to the desire to conduct and debug a complex and 
resource-intensive numerical algorithm with dynamic 
meshes on a relatively simple two-dimensional model. In 
further research, the authors also plan to consider the 
three-dimensional case. 

As a result of interaction of the moving skips with 
the air flow, non-uniform load is formed on the non-
deformable walls of the skips, which changes with time. 
To analyse skip movements under the action of 
aerodynamic load from the air stream, the total vector 
forces F1 and F2 acting on the skips are calculated. 
When calculating these forces, the third spatial 
dimension of the skips, previously not explicitly taken 
into account at modelling two-dimensional air flow in 
the shaft, is considered. They are used to determine 
lateral movements of the skips, satisfying the following 
equation [16]: 
 

 
2

( ) ( )
2 ,X cori

i i i i i
Xm k X F Ft

∂
= − + ±

∂
 (8) 

 
2

( )
2 ,Yi

i i i i
Ym k Y Ft

∂
= − +

∂
 (9) 

 
where mi – mass of i skip, kg; Xi and Yi – displacements of 
the i-th skip in the direction of X and Y axes, respectively, 
m; ( )cor

iF  – Coriolis force, N; k – transverse equivalent 
"spring" stiffness resulting from interaction of the skip with 
hoisting and balancing ropes, guide ropes.  

The equivalent spring reinforcement of the ropes in 
relation to the horizontal displacements of the skip can be 
found by the formula [17, 36]: 

 
1 2 1 2

,L H T
R H T

T L T Tk n n nL L L L= + +  (10) 

where nR – number of guiding ropes per skip; TL – tension 
of guide ropes at the skip height in the shaft, N; L – total 
length of guide ropes, m; L1 – distance between the shaft 
mouth and the hoisting rope suspension gear, L2 – distance 
between the balance rope suspension gear and the sump, 
m; nH – number of hoisting ropes per skip, TH – tension of 
the hoisting rope during transportation, N; nT – number of 
balancing ropes for one skip; TT – tension of the balancing 
rope during transportation, Pa. 

In the most pessimistic scenario, it is assumed that 
the tension of the guide and balance ropes is only due 
to their own weight. In this situation, the main 
contribution to the expression (10) will be made by the 
summand No. 2 on the right. And when substituting it 
into equation (8), the latter in mathematical form and 
physical meaning will be very close to the equation of a 
mathematical pendulum of variable length [37, 38]. 
In this case, it is important to additionally take into 
account in equation (8) the summand characterising the 
Coriolis force. In equation (8) it is written with variable 
sign, as far as, depending on the direction of skip 
movement along the shaft it can have both positive 
effect (damping horizontal oscillations) and negative 
one. The hoist rope tension is determined only by the 
weight of the skip, and the effects of skip 
acceleration/deceleration are not taken into 
consideration (for the centre part of the shaft this 
assumption is quite reasonable). 

The approach used here does not bear in view 
vibrations in the ropes themselves, which may arise as a 
result of interaction with the vibrating skip and with the 
air flow. 
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Numerical calculation of time dependencies Xi(t) and 
Yi(t) is carried out using the finite difference method, an 
explicit scheme of the second order of accuracy with 
respect to the time step [39, 40]. According to these 
dependences it is possible to determine the maximum 
values of horizontal displacements of skips during their 
movement along the skip. It is assumed that the most 
unfavourable moment leading to destabilization of the 
skips position in space is when skips pass each other. 

In addition, this approach assumes that the skip does 
not rotate around its centre of mass and has only two 
degrees of freedom, Xi and Yi. Consideration of the 
rotational degree of freedom is supposed to be realised in 
further studies of the authors. 

 
Results and discussion 
 
The parameters of the problem used for numerical 

calculations are summarised in Table 1. 
A series of numerical experiments were carried out at 

different mesh parameters, aerodynamic parameters of the 
problem. The duration of one calculation was from 5 to 12 h. 
(depending on the selected parameters). The calculations 
were performed on a personal computer equipped with a 6-
core Intel Core i7-8700K CPU (3.70GHz) and 16 GB of RAM. 
The results of numerical simulation were visualised in the 
ANSYS CFD-Post software module and in Wolfram 
Mathematica. 

Figure 2 shows the calculated distribution of air rate 
magnitudes at different time moments with an average air 
rate in the shaft equal to 2.5 m/s. 

In this situation, skips move faster than the air flow. As 
can be seen from Fig. 2, behind skip No 1, going down the 
shaft, an unstable non-stationary structure of air flows is 
formed caused by the periodic breakdowns of the air flow 
from the sharp edges of this skip. At the same time, a similar 
effect is not observed for the upward skip No 2. This 
conclusion is valid in a wide range of studied mesh 
parameters and time steps (see Table 1). This can be verified 
by plotting the time dependences of the horizontal (X) 
component of the aerodynamic force acting on the skips at 
different time steps (Fig. 3) and different space steps 
(Fig. 4). The aerodynamic force components were plotted by 
Ansys CFD-Post basic commands [41, 42] – they take into 
account both the total airflow pressure acting along the 
normal to the skip wall and the shear friction resistance due 
to air viscosity and acting tangential to the wall. 

Figs. 3, 4 also show the characteristic peak of 
aerodynamic load at the moment of time about 12 s. This 
peak is caused by the passage of two skips relative to each 
other. The time dependences of aerodynamic forces for 
both skips in the vicinity of the peak are described 
approximately the same for the considered set of spatial 
and temporal steps. At the same time, this peak is the main 
source of horizontal vibrations of the skips [16] as they 
move along the shaft, while relatively small deviation of 
aerodynamic forces over the remaining time interval have 
little effect on these vibrations. A similar vibratory 
character of the time dependences for the aerodynamic 
forces was also obtained in [16, 17].  

The peak magnitude depends significantly on the 
average air flow rate in the shaft (Fig. 5). 

The increase in peak amplitude with increasing air 
flow rate is evident for both skips. The amplitude of flow 
disruption vibrations also increases, which is especially 
noticeable for the descending skip (see Fig. 5, b). At high 
air rates (12.5 m/s) flow stalls also start to occur for the 
upward skip, whose movement is co-directed with the air 
flow. This indicates that the phenomenon of flow 
breakdown is determined first of all by the speed of the 
skip relative to the air flow. 

 
 

Fig. 2. Magnitude distribution of the rate 
of air flow around moving skips 

 
Table 1 

 
Numerical parameters of the problem 

 
Parameter Value

Shaft diameter, m 8
Length of the shaft section under consideration, m 150
Shaft length, m 1000
Skip width (along X), m 2.5
Skip width (along Z), m 2.3
Skip height (Y), m 10
Weight of unloaded skip, tonnes 19
Weight of loaded skip, tonnes 49
Number of hoisting ropes per skip 2
Number of balancing ropes for one skip 4
Number of guiding ropes per skip 4
Horizontal equivalent spring stiffness of ropes of 
unloaded skip, kN/m 2.01 
Horizontal equivalent spring stiffness of the loaded 
skip ropes, kN/m 5.16 
Speed of skip movement, m/s 5
Air rate at the inlet, m/s 2.5–15
Turbulence intensity at the inlet 5 %
Ratio of effective viscosity to inlet molecular viscosity 10
Modelling time, s 24
Time step, s 0.0025–0.02
Maximum number of sub-steps in time 70
Minimum permissible relative error of connection 10-4

Mesh cell size, m 0.12–0.3
Minimum length scales hmin, m 0.15
Maximum length scales hmax, m 0.3
Target mesh asymmetry 0.6
Number of boundary layers 5
Y+ (defined after preliminary modelling) 42–210
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Fig. 3. Time dependences of the horizontal component 
of the aerodynamic force acting on the rising (a) 

and lowering (b) skips at different time steps 
 

 
 

Fig. 4. Time dependences of the horizontal component 
of the aerodynamic force acting on the rising (a) and lowering (b) 

skips at different number of cells of calculation meshes 
 

The maximum value of the peak of the horizontal 
component of the aerodynamic force depends 
significantly on the skip motion. If the problem is 
solved with the assumption of instantaneous rest of 
each skip at each moment of time, the resulting 
aerodynamic loads will be different (Table 2, fixed 
mesh). In this case, the discrepancies between the 
different solutions (with and without consideration of 
the skip dynamics) are very large (sometimes the 
solutions differ by a factor of 10). This is associated 
with the fact that at the instantaneous rest of each of 
the skips at each moment of time, the piston effect 
 

 
 

Fig. 5. Time dependences of the horizontal component 
of the aerodynamic force acting on the rising (a) 
and lowering (b) skips at different rate of air flow 

 
created by the skips during movement is not taken into 
account and significantly determines the rate of the air 
flow between the skips at the moment when they are at 
the same altitude mark.  

Fig. 6 shows the total pressure distributions near 
two skips at the moment they pass near each other. The 
total pressure in this situation is a relative value (since 
zero static pressure is recorded at the outlet of the 
design area), and therefore negative values of total 
pressure are observed in local zones. The fields 
correspond to the average rate of the air flow in the 
shaft equal to 15 m/s. 6, a, corresponds to the 
consideration of the real speed of the skip and dynamic 
reconstruction of the mesh. The case in Fig. 6, b, 
corresponds to the assumption of the instantaneous rest 
of each of the skips. Pressure distributions near the 
sidewalls of skips vary significantly in these two 
situations. In the case of a fixed mesh (see Fig. 6, b) 
in the upper part of the skips there are low pressure 
zones (blue), which are asymmetrically distributed on 
the sides of the skip and make a significant contribution 
to the calculation of the total force acting on the skip 
on the airflow side.  

If we analyse the variation of the vertical component 
of the aerodynamic force acting on the skip during its 
movement, for both skips it varies in the range from 0 
to 350 N (in the range of air flow rate from 2.5 to 
15 m/s). This is a quite small value compared to the 
unloaded weight of the skip (19 tonnes). This indicates 
that much more significant vertical (longitudinal) 
vibrations will be formed during acceleration and 
braking of the skip, while the aerodynamic factor in this 
case is negligible. For this reason, equation (9) will not 
be analysed here. 

The situation is different for the horizontal vibrations 
of skips, where the aerodynamic effect of the air flow can 
be significant. To analyse the horizontal vibrations of each 
of the skips, a numerical solution of the differential 
equation (8) was obtained providing for the time 
dependencies calculated above in Fig. 5. 5. The time step 
was taken equal to 0.1 s.  
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Fig. 6. Distribution of total pressure near skips 
for dynamic meshes (a) and fixed meshes (b) 

 

 
 

Fig. 7. Dependences of the maximum amplitudes of horizontal 
vibrations of skips on the air flow rate 

 
Table 2 

Comparative Analysis of Horizontal Components 
of Aerodynamic Force at Different Problem Formulations  

Peculiarities 
of the problem 

formulation 
Skip 

Air rate, m/s 
5 10 15 

Dynamic meshes № 1 204.6 411.3 936.9
№ 2 92.8 153.3 211.0

Fixed mesh № 1 174.0 696.48 1535.4
№ 2 323.8 1300.5 2968.2

 
Fig. 7 shows the calculated dependences of the 

maximum amplitudes of horizontal skip vibrations on the 
air flow rate. The dots indicate the results of individual 
numerical experiments, and the dashed lines indicate 
piecewise linear interpolation of the solution between the 
points. As can be seen from the figure, the growth of the 
vibration magnitude follows a nonlinear law with 
acceleration. This  agrees well with the works [1, 17]. 

In the considered case, the amplitudes of vibrations in 
absolute magnitude reach 40 cm for an unloaded skip going 
downwards and 13 cm for a loaded skip going upwards. 
These are rather high values, but it should be taken into 
account that the obtained vibration amplitudes strongly 
depend on the equivalent reinforcement of the ropes in 
relation to the horizontal movements of the skip, while the 
latter were chosen based on the most pessimistic estimation. 
When the equivalent rope reinforcement is increased by 

2 times (e.g. by tensioning the guide ropes) the amplitude of 
vibrations for the unloaded skip decreases to 21 cm 
(by 47 %), and for the loaded skip - to 10 cm (by 10 %). 

Further, using the least squares method [43, 44] 
approximating nonlinear degree dependences for the 
calculated points from Fig. 7 were obtained: 

 
2

1
1

0.018 ,вVX m=  (11) 

 
2

2
2

0.022 ,вVX m=  (12) 

where X1 – maximum horizontal displacement of 
unloaded skip No.1, m; X2 – maximum horizontal 
displacement of unloaded skip No.2, m; m1 – the mass of 
unloaded skip No. 1, tonnes; m2 – the mass of loaded 
skip No. 2, tonnes Vв – average cross-sectional rate of air 
flow, m/s. 

Dependences (11)-(12) were obtained for the case of 
skip speed of 5 m/s. It is assumed that this parameter 
should also strongly influence the value of horizontal 
displacements of skips, however, this issue is not 
investigated in the present work, but is the subject of 
further research. In future it is planned to investigate 
the influence of skip speed and geometrical 
characteristics of the skip on the peculiarities of its 
horizontal vibrations, as well as to evaluate the 
influence of interfaces with horizons and main fan 
channel on horizontal vibrations. The issues of stability 
of air distribution in shafts with moving skips are also 
of practical interest [45, 46], as well as the regularities 
of transfer of harmful impurities (dust) emitted from 
the skip surfaces [47–49]. 
 

Conclusion 
 

Within the framework of the research described in the 
article the algorithm for calculation of aerodynamic loads 
on skips moving along the ventilation-skip shaft is 
proposed. The algorithm is based on the numerical 
solution of the continuity, Navier-Stokes and transfer 
equations of turbulent characteristics of the air flow in 
ANSYS Fluent software, and also implements dynamic 
rebuilding of the calculation mesh in the process of 
modelling the movement of skips and air flow.  

Data on aerodynamic loads are used to calculate the 
total aerodynamic forces acting on skips during their 
movement. It was obtained that the maximum value of 
the peak of the horizontal component of the aerodynamic 
force depends significantly on the skip movement. This 
indicates that the analysis of skip vibrations in the 
shaft under the assumption of instantaneously resting skips 
is incorrect. 

It was determined that the maximum values of the 
aerodynamic force occur when two skips pass each other – 
in this case, the cross-section of the mine shaft is 
overlapped as much as possible Short-term increase of 
the aerodynamic force acting on the skip leads to 
vibration of the skip in the horizontal plane. The 
maximum amplitude of vibration increases with the 
increase of air rate in the shaft. For an unloaded skip the 
maximum amplitude of vibration is higher than for an 
unloaded skip. The effective reinforcement of the ropes 
in relation to the horizontal vibrations of the system has 
a significant effect on the maximum amplitude of skip 
vibrations, and therefore special attention should be paid 
to setting this parameter in practical calculations of skip 
movement in the air space of the shaft. 
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