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Abstract
Introduction. The analytical phase of research on mine skip pneumatic winders has been passed, so the
theoretical provisions have to be tested by the methods of physical modeling which is aimed at confirming
the mathematical model adequacy and assessing the effectiveness of different types of sealing devices.
Research methods. Physical modeling phases have been formulated, including modeling by geometric
and aerodynamic similarity criteria, constructing aerodynamic characteristics of the installation,
carrying out experiments with non-contacting and combined seals, and calculating the values of the
installation volumetric efficiency based on the experimental data obtained.
Research results. The lifting time of the skip model with different masses of material and seal types has
been determined. The installation working points in the “flow rate—pressure” coordinate system have
been identified, and the values of the volumetric efficiency have been calculated for each working point.
Analysis of the results. A satisfactory convergence of calculated and experimental parameters of the
physical model has been established. The model's volumetric efficiency has reached a technically
acceptable level. The expected value of the experimental model’s volumetric efficiency has been
calculated according to the similarity constants.
Conclusions. The model's study revealed the convergence of the experimentally obtained volumetric
efficiency of the model with its calculated values and proved the applicability of the mathematical model
to experimental sample parameters calculation. The volumetric efficiency of the installation with both
non-contacting and combined seals is quite high allowing to recommend the studied sealing devices for
mine pneumatic winders.

Keywords: mine pneumatic lift; skip, experimental model; physical model; seal; leakage; volumetric
efficiency.

Introduction. Possible designs of skip pneumatic winders have been theoretically
studied since 2016. Over the past period, the prospects of their application have been
substantiated, the features of the vessel kinematics and dynamics have been analyzed,
thermodynamic processes in the winding pipeline have been considered. It has been
shown that the skip pneumatic winder (SPW) has significant advantages compared to
the cable one [ 1-3]. Work on SPW has currently reached the phase of physical modeling.
The mathematical model is almost completely described by the obtained theoretical
dependencies. However, to confirm its adequacy, it is important to carry out experiments
with the physical model since they make it possible to check the effectiveness of design
solutions accepted at the design stage.

An SPW designer is to face a serious issue of choosing a method of eliminating or
limiting the air leakage through the gap between the skip and the pipeline wall. Under
otherwise equal conditions, the power consumption of the power unit (pumping station)
depends on the performance of the seal. There are various types of seals [4], each of
which has advantages and disadvantages compared to the others. Physical modeling
makes it possible to test the effectiveness of a particular sealing agent in practice. In the
class of non-contacting seals, the simplest and most durable labyrinth [4, 5] is of great
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interest. The applicability of the labyrinth is due to the strict limitation of the medium
leakage through the guaranteed gap. Of the contact seals, the circlip (piston ring) is
preferable because its manufacture and replacement are rather simple [6—8].

The tasks of SPW physical modeling in this phase of development are as follows:

— to confirm the applicability of the mathematical model to SPW experimental
model (hereinafter referred to as the model) parameters calculation;

— to establish the usefulness of the labyrinth and circlips in the sample.

Research methods. Physical modeling includes a number of sequential steps:

— formulating the conditions of a physical model similarity to the sample;

— producing a physical model in accordance with the similarity conditions;

— identifying the control parameters obtained from the physical model tests;

— evaluating test results.

The physical model (FM) is adequate to the sample in case of geometric similarity
and equality of aerodynamic and thermodynamic criteria between them [9]. The steady
motion of the skip model is considered, therefore, time similarity is ensured.

Similarity conditions for aerodynamic criteria are the same as for fan units [10].
Similar to fans, at low Mach numbers (M < 0.6), the influence of the Reynolds number
is neglected, and the flow rate is taken as the main and only determining criterion for
similarity.

The differences between the physical processes in the model and the fan unit are:

— a higher difference (drop) of static pressure under and above the skip and the
associated change in air density;

— complex physics of processes in the lift line significantly affecting air physical
properties [11-13].

Taking into account the fact that in this phase of development it is impossible to
simulate thermodynamic processes, it was decided to limit ourselves to tests under the
conditions of the SPW discharge pipeline, where the temperature drops are minor, and
their effect on aerodynamics can be neglected. According to preliminary calculations,
the static pressure drop here does not exceed 0.1 bar (10 kPa), which makes it possible
to roughly consider air as an incompressible medium with a constant density.

Research results. Geometric similarity and previously accepted assumptions make
it possible to obtain a set of dimensionless constants:

D sample ,
ST
model
_ Qsample _ 1,3,
ko =5 = ki
model ( 1 )
m
_ "'sample __ 73,
k, == = k2
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k _ ps sample :kL,
P
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where £, is the geometric similarity constant; &, is the cost similarity constant; &k is
the skip masses similarity constant; kp is the static pressure drop similarity constant;
D is the internal diameter of the pipeline; O the flow rate under the skip; m is the skip
mass; p, is the static pressure drop; “sample” index is the sample parameter; and
“model” index is the model parameter.
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Special attention is paid to the issue of the labyrinth local resistance coefficient {
impact on the value of SPW volumetric efficiency n .
The volumetric efficiency similarity constant &, is determined from the formula

ko= nvoLsample _ (Qsample - AQsample)Qmodel (2)
! nvoLmodel (Qmodel - AQmodel )Qsample ’

where AQ is the leakage through the gap in the labyrinth.
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Fig. 1. Circuit diagram of the physical model
of the installation
Puc. 1. Cxema ¢usnueckoi MOIENH YCTaHOBKH

There are two ways of finding &, . The first is based on the acceptance of the equality
of the model’s and sample’s efficiency, i.e. M, mpte = Nyolmoder- 110 this case, k = 1;
and with the help of the provisions of the mechanics of liquid and gas [14], formula (2)
is transformed into the equation:

ps sample ps- model
Dsamplcssamplc = Dmodclsmodcle’ (3)
Csample Cmodel

where 6 is the gap in the labyrinth.
From equation (3), in turn, the similarity constant of the local resistance coefficient
is obtained:
2 2 4
k — Csample — ps sa.mpleDsa.mpleSSample _ kpkL _ i

: Cmodel px modelD2 82 ké - ké - kL . (4)

model - model
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According to the second variant, the local resistance coefficients of the sample and

FM are equal: C

sample = Cmodel

’2 p sample
Qsample - pC 2 T[D samplessample
k =

= (. Then expression (2) takes the following form:

- .
Q = 2psamplc P Dsamplcssamplc k
sample P kp C

Since in this version, & = f(Q,
a similarity constant.

Asufficiently highn,, . determines the value
of  the coefficient Coample = 10.
The geometric similarity constant adopted for
physical modeling is k, = 10. According to the first
variant, the equality £ = 1 can be obtained under
Cooder = 100 (4), which is technologically very
difficult. Therefore, in FM, the second option is
realized, as a result of which n, o <M, o1 ampte O)-

Similarity constants are implemented in the FM
design (1).

The FM circuit diagram is shown in fig. 1.
Designations: / — blower; 2 — lift line (hereinafter
— pipeline); 3 — skip; 4 — delivery pipe; 5 — inlet
(measuring) air duct; 6 — gate valve; 7 — manometer
(M), 8 — anemometer (A4).

Vortex blower MT 03-M1C-230 Erstevak
provides flow rate up to 80 m*h and pressure up to
110 mbar. Excess static pressure is measured with
a b.Well manometer, the flow rate is recorded
with a Testo 416 vane anemometer, and skip lifting
time is recorded by an electronic stopwatch
“Integral S-01”. The lift line is made up of sections of
polypropylene pipes with a diameter of 110 x 2.4 mm
and a length of 1 m each. The number of sections
varies from one to six.

Blower /, delivery pipe 4, inlet air duct 35, the
lower section of the pipeline 2, and the measuring
instruments form the pumping station.

A sketch of the skip model is shown in fig. 2.

ample > P, sample
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Fig. 2. Skip model
Puc. 2. Moaenb ckuma

Skip body 2 is a 3D printed capsule made of 4BS thermoplastic (fig. 2). In the end sections
of the body, grooves / with a width of 5+0.2 mm are made for installing circlips /. Edges 3,
together with the inner faces of the end sections, form 13 labyrinth chambers.
The calculated coefficient {_ of local resistance created by the labyrinth is 11 [5].
Circlips with a cross section of 5 x 5 mm are also 3D printed from 4BS thermoplastic.
The first stage of FM testing was installation aerodynamic characteristics
measurement, the diagram of which is shown in fig. 1 in the form of a functional
dependence p_ . (O,.40)- This task was performed in accordance with the standard

methods (GOST 10921 - 2017. Radial and axial fans. Methods of aerodynamic tests).
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The aerodynamic characteristics (hereinafter referred to as the characteristics) is
curve / in fig. 3. For the convenience of analytical calculations, it is approximated with
a high accuracy by a linear dependence (line 2 in fig. 3).

The second stage was to lift a skip with a variable load weight and record the lifting
time.

Ps model, hPa
70
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@ Working point when lifting with a labyrinth seal
Working point when lifting with a combined seal
@ Theoretical working point

Fig. 3. The results of experimenting with the physical model:
I — installation characteristics; 2 — characteristics approximation
Puc. 3. Pe3ynpTaThl 5KCIEPUMEHTOB ¢ (QU3NUECKON MOJIENBIO:
11— XapaKTCpUCTHKA YCTAHOBKH, 2- anmnmpoKcumManus XapakKTEPpUCTUKH

The masses m__,.;, kg, of the skip made up a series: 1.0; 1.7; 2.0; 3.0; 3.7. For each
mass, a series of five lifts with a non-contacting seal in the form of a labyrinth and five
lifts with a combined seal in the form of circlips and a labyrinth was performed.
Aerodynamic and mechanical resistance to the skip movement was considered
insignificant, which made it possible to find p N, analytically using the formula

s model”

4mmodelg
ps model — _~2 2 (6)
TEDCZ model
where g is the gravitational acceleration, g = 9.81 m/s%; D, _ . is the outer diameter of
edges 3,D, 4= 0.104 m.

The results of measurements and calculations of working points in experiments on
the FM with a hoist height H = 4 m are presented in table 1, 2 and in fig. 3.

Thep, . valuescalculated by formula (6) made it possible to find the corresponding
values of the blower performance Q_ .., from the characteristics of the installation.
Using the measured duration of the hoist 7, .. under the steady motion, the values of
the speed v_ ., of the skip were determined for the corresponding values of p

Then, using the expression

s model”

2
— 360071-‘Dc modelvmodel ~ 2830D2 )

h.model — ¢ model ~'model
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useful actual air flow rates, m3/h, were found corresponding to each mass of the skip
from the series, and the values of the installation actual volumetric efficiency were
calculated:

@ O

n vol.model —
Qmodel

Table 1. Experimental results (Iabyrinth seal)
Ta6auna 1. Pe3yabTaTsl 3KCIepUMEHTOB (YIUIOTHEHHE JJA0HPUHTHOE)

Skip mass m, kg
Parameter

1.00 1.67 2.03 3.00 3.70
Ps model, hPa 11.5 19.3 234 34.6 42.7
th.model, S 2.16 2.71 2.78 4.02 5.93
U model, M/s 1.80 1.42 1.37 0.94 0.63
Ohmodel, m3/h 55.2 43.5 41.9 28.8 19.3
Omodel, m’/h 64.2 59.9 56.2 48.6 43.2
T]E:J;model 0.86 0.73 0.75 0.59 0.45
n(f)l " 0.80 0.73 0.68 0.55 0.44
Motmogers 70 +7.5 0 +10.3 +7.3 +2.3

Index (a) — actual, index (c) — calculated (theoretical).

Taking into account the coefficient C, the leakage AQ m3/h, through the

labyrinth gap was determined for each value of p__ ,.::

2
AQmodel = 3600}% model \/@,
pC.
where F,

0 model 18 the area of the gap in the labyrinth, ) .., =2.63 - 10 m?; p is the air

density, p = 1.2 kg/m3. After that, the calculated (theoretical) volumetric efficiency

N o Of the installation was calculated:

model®

(c) 1— AQmodel

nvoLmodel = N
Qmodel

Comparison of 0 . and the corresponding N . (table 1) gives an idea of

the mathematical model adequacy. It can be seen that the actual efficiency is not lower

(a) (c)

than the calculated one. The relative deviation of M s from Mg (ON ) noger 10

table 1) is in the range of 0—10.3%.

The circlips, as expected, significantly improved seal performance (table 2, fig. 3).
The lifting speed of the skip, effective air flow and volumetric efficiency of the unit
have increased. The leakage is caused by the loose fit of the circlips to the inner wall of
the pipeline due to inaccuracies in the shape of its cross-section.

Based on the similarity constants, M, Was calculated for labyrinth and
combined seals under a pressure in the discharge pipeline p ;. = 10 kPa and different
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values of the productivity O_ . of the pumpling station. The calculation results are
summarized in table 3 and illustrated by the graphs in fig. 4.

To reduce the power consumption of SPW, it is advisable to limit n g . to
a sufficiently high value. Let the minimum allowable volumetric efficiency

[N,] = 0.95. The combined seal ensures the fulfillment of the condition
Nyorsample = [Myor] 10T Oy = 11.5 m/s, and the labyrinth — for O >20 m¥/s.

sample —

Table 2. Experimental results (combined seal)
Ta6nuua 2. Pe3yJibTaThl IKCIIEPUMEHTOB (YIJIOTHEHHE KOMOMHUPOBAHHOE)

Skip mass m, kg
Parameter

1.00 1.67 2.03 3.00 3.70
Ps model, hPa 11.5 19.3 23.4 34.6 42.7
fh.model, S 2.08 2.35 2.54 3.28 3.75
O model, MY/s 1.87 1.64 1.50 1.15 1.00
Oh.model, m’/h 57.2 50.1 45.8 35.1 30.5
Omodel, m’/h 64.2 59.9 56.2 48.6 43.2
n® 0.89 0.83 0.81 0.72 0.71

Analysis of the results. When evaluating the experimental results, the features of
physical processes in FM should be taken into account. The specificity of acrodynamic
phenomena consists in multiple factors influencing the nature of a gaseous medium
flow. Therefore, all analytical calculations are of an approximate nature. In addition,

MNvol.sample
1.00

0.95

0.90

0.80

5 10 15 20 Qumples M/8

Combined seal

Labyrinth seal

Fig. 4. Dependence between the sample volumetric efficiency on the flow rate
Puc. 4. 3aBucumocts 06vemuoro KI1J] oOpasma ot pacxona

scaling in terms of similarity, which theoretically ensures the adequacy of the model to
the sample, inevitably introduces its own errors in practice. The cumulative influence
of these factors results in a discrepancy between the results of physical experiments and
the forecast based on theory.

Considering the above, the results of modeling should be considered quite
satisfactory, as reflected in table 1 and fig. 3. The actual values of the model volumetric
efficiency correspond to the calculated ones with an accuracy adequate for aerodynamics.
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The excess of n°) . over N . is explained by the fact that the labyrinth seal

implemented in the model has a greater aerodynamic resistance as compared to the
calculated one.

Table 3. Calculated values nyolsample under pssample = 10 kPa
Ta6auua 3. PacueTHble 3HAYEHUS Nvol.sample PH Ps sample = 10 kIla

Productivity Qumple, m*/s
Seal type
5 10 15 20
Labyrinth 0.80 0.90 0.93 0.95
Combined 0.88 0.94 0.96 0.97

The use of circlips in the seal significantly reduced leakage (table 2, fig. 3).
Leakage through the combination seal is due to the pipe cross-section shape error.

Conclusions. The tasks set for SPW physical modeling have been fulfilled.
The model study results are as follows.

The convergence of the experimentally obtained volumetric efficiency of
the model with their calculated values proved the applicability of SPW mathematical
model to calculate the experimental sample.

The volumetric efficiency values of the installation both with a non-contacting
seal in the form of a labyrinth and with a combined seal with circlips as a contact
component make it possible to consider devices of both types as promising in terms
of SPW use.
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duzunueckoe MOACIUPOBAHME CKHIIOBOM MHEBMONOALEMHOM YCTaAaHOBKH

Jleontnes A. A.l, Tayrep B. M.!, Bosixos E. B.!, Anac B. E.!
! Vpanbckuii rocyapcTBEeHHBIN TOpHbIN yHuBepeuTeT, ExarepunOypr, Poccus.

Pecgpepam
Beeoenue. Paboma Hao wiaxmHolMu CKUNOBLIMU NHEEMONOOLEMHBIMU YCIMAHOBKAMU NPOULLA CIMAOUIO
AHATUMUYECKUX UCCIe008aHUll. Bo3HUKIA HeoOX00UMOCMb NPOGEPKU MEOPEMUYecKUX NONOACCHULL
Memooamu puzULecKo20 MOOETUPOBAHUsL, 3A0a4U KOMOPO2O COCMOSM 8 NOOMBEPICOEHUU AOEKBAMHOCU
MamemamuyecKkot MoOenu U 8 OYyeHKe dPPHeKmusHOCMU PAZTULHBIX MUNOE YAIOMHIIOUUX YCMPOUCMS.
Memoouxa npogedenusn uccnedosanus. Cihopmynuposanvl 5mansi Guu4ecKo2o MoOeIUPOBaAHUsl, 8 MOM
yucie Uu320mosienue Mooenu Nno KPUMmepusiM 2eoMempuieckoe0 u adpoouHaAMUYEecKo20 nooodusl,
nocmpoenue  aspoOUHAMUYECKOU  XAPAKMEPUCMUKU  YCMAHOBKU, NPOGeOeHUe IKCNEPUMEHMO8 ¢
OEeCKOHMAKMHBIM U KOMOUHUPOBAHHLIM VIIOMHEHUAMU U @bluucienue 3navenuil obvemnozo KIIJ
VCMAHOBKU HA OCHOBE NONYYEHHBIX IKCHEPUMEHMATIbHBIX OAHHBIX.
Pesynvmamut uccnedosanus. Onpeodenena OaumenbHOCHb nepuood No0bemMa MOOeU CKUNA C PA3TUYHLIMU
maccamu mamepuana u munamu yniomuenuti. Onpedenenvi pabouue mouKku YCMAHOBKU 6 CUCmeMe
KOOpOUHAM «pacxo0—0deieHuey, Gbluucienvl 3navenus obvemnozo KII npumenumenshHo K Kasicoou
paboueti mouxe.
Ananuz  pesynomamos.  Ycmanogiena — y008IeMEOPUMENbHAS. — CXOOUMOCMb — PACHEMHbIX U
IKCNEPUMEHMATbHLIX napamempos gusuyeckou mooenu. Obwvemnviii KIT/] modenu docmue mexHuuecku
npuemaemo2o yposus.. Ilo koncmanmam nodobus paccuumana odcudaemas genuduna oovemno2o KITT
IKCHEPUMEHMATILHO20 00PA3YA WAXIMHOU NHEEMONO0LEMHOL YCIMAHOBKU.
Bb1600b1. Pesyibmamol ucciedo8anusi MOOEIU GblAGUIYU CXOOUMOCTb IKCREPUMEHMANbHO NOTLYYEHHbIX
obwvemuvix KIIJ] modenu ¢ ux pacuemuvimu 3HAUEHUAMU U OOKA3AIU NPUMEHUMOCTb MAMEMAMUYECKOU
Mooenu 0l pacyema napamempos IKCnepumMeHmaibino2o oopasya. Oowvemuviti KII/] yemanosku kax ¢
OeCKOHMAKMHbIM, MAaK U ¢ KOMOUHUPOBAHHLIM YHIOMHEHUEeM OOCMAMOYHO GbICOK U NO3605em
PEKOMEHO08aMb  UCCIeO06AHHbIe YIIOMHUMEIbHbIE YCIMPOUCMEd K UCHONb306AHUIO 6 YCHMAHOBKAX
WAXMHO20 NHEBMONOObeMd.

Kniouessie cnosa: wiaxmuulii BHe6MONOObEM,; CKUN; IKCHEPUMEHMAbHbLI 00paszey, gusuyeckas Mooens,
ynromuenue, ymeuxa, obvemuwii K11/
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