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Key words: Existing mine air heaters (MAH) that heat the air supplied into downcast shafts during the cold period are equipped with a
air curtain, main ventilation fan, heat channel. A part of the air from a MAH goes through a heat channel. Another part is sucked through a pit head by
downcast shafts, upcast shafts, general depression created by a shaft main fan. That raises a problem of mixing of two air streams, which disturbs thermal
outside air leakage, mine air regime in the shafts and could lead to violation of safety rules, in particular, create a breach of sealing of intertubular seals.
heater. Besides, there is a concern of energy saving during ventilation at underground mining enterprises. One of the reasons for

energy efficiency reduce during air supply to a mine are external leaks appeared during ventilation by a suck method.

The article presents proposed solution for both problems using air curtain. During air preparation in the cold period, it is
proposed to place air curtain in an air downcast shafts above the junction of a heat channel and a shaft. That is done in order
to prevent air infiltration (sucking) through a pit head. According to the paper air curtain should be used in the ventilation
shaft to decrease outside air leakage in order to increase energy efficiency of a main fan performance. It is determined
during mathematical modelling (in SolidWorks Flow Simulation software) of ventilation and air preparation that air curtain
can increase efficiency of MAH and decrease energy consumption on ventilation.

Kniouesvie cnoea: B cymecTByOIMX MaXTHIX KanopupepHsix ycranoskax (LIKY), mpenHasHadeHHBIX MUl HArpeBa BO3AyXa, IOAaBaEMOr0
BO3/IyIlIHAs 3aBECa, INIaBHAS B BO3J[yXOIOJAIOIINE CTBOJBI B XOJOJHOE BPEMS roja, MCIoib3yeTcs KanopudepHsiid kanan. Yacts Bosayxa u3 LIKY
BEHTHJIATOPHAs YCTAHOBKA, nojiaeTcsi Mo KaJlopu(epHOMY KaHally, a 4acTh IOJICACBIBAETCS 4Y€pe3 HAJIAXTHOE 3aHME 3a CuYeT OOIIeIaXxTHOH
BO3/lyXOIOJAOIIHIA CTBOII, JITIPECCUH, CO3/IaBacMOi ILIaXTHOM IVIaBHOI BeHTWIATOpHOW ycTaHoBkoit (I'BY). Ilpm sTomM Bo3HMKaeT mpobiema
BEHTHJILIMOHHBIN CTBOJ, CMEIICHUS 3THX ABYX IIOTOKOB BO3/yXa, BCICACTBUE YETO HAPYIIACTCS TEILUIOBOII PEKUM B CTBOJIAX, YTO MOXKET NPHBECTH
BHEIITHUE YTEUKH BO3/IyXa, K HapyIICHHIO MPaBUJI OE30ITaCHOCTH, B YACTHOCTH K HAPYLIEHUIO TePMETH3aIlNH MEKTIOOMHTOBBIX yIuloTHeHHH. Taxoke Ha
mIaxTHas KanopudepHas HOJ3EMHBIX TOPHOJOOBIBAIOIIMX HPEANPUATUAX 0CO00 OCTPO CTOMT BOHPOC SHEProCOEpPEKEHMs NP NPOBETPUBAHHU.
yCTaHOBKa. OJHO} M3 NPHYUH CHIKEHHA SHEProd((eKTHBHOCTH Ipoliecca MOJa4yd BO3IyXa B PYAHHUK SBIACTCS HAIMYHE BHEIIHHX

yTe4eK, BO3HUKAIOIIMX PH MPOBETPHBAHUH O BCACBIBAIOIIEMY CIIOCO0Y.

B crarbe npuBezieHO TpeuTaraeMoe pellieHHe 00eHX 3a/1ad IOCPEICTBOM IIPUMEHEHHs BO3MYIIHO# 3aBeckl. IIpy ocyliecTBiIeHHH
BO3/IyXOIOJTOTOBKH B XOJIOJHOE BPEMsI I0Jja MPEUIAracTcsi BO3AYLIHYIO 3aBECy Pa3MeIIaTh B BO3LYXOMIOAIOIIEM CTBONIC BBIIIE
MeCTa COPSDKCHIS KATOPU(EPHOTo KaHaTa cO CTBOJIOM IS PEILITCTBIS HH(IIBTpaiiy (I0C0ca) BO3AyXa Yepe3 Ha[IIaxTHOS
3manne. Bo3nyliHyio 3aBecy B BEHTHIALMOHHOM CTBOJIC B HACTOSIIEH CTAaThe NpEIaraeTcsi MCIIONB30BaTh JUIL CHIDKCHHUS
BHEIIHUX YTEUEK BO3IyXa C LIeNbIO MOBBIIICHI SHeproddexruBHoCTH paborst I'BY. B x01¢ MaTeMaTH4eCKOro MOZCIHPOBAHIS
mpouecca HPOBETPHBAHMA M IIOATOTOBKM Bo3myxa (B mporpamvuoM makere SolidWorks Flow Simulation) ycraHOBIEHO,
YTO TPUMEHEHHE BO3/YIIHOI 3aBEChl B BO3IYXOINOAIOIIEM CTBOJIC IMO3BOJIMT MOBBICHTH 3(dexTuBHOCTE paboTs! LIKY,
a B BEHTHIIALIMOHHOM CTBOJIE — CHU3HTb 3aTPaThl 2ICKTPOSHEPIHH Ha IIPOBETPHBAHHE.
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Introduction

Safety rules [1] prescribe to heat the air sent to the
shaft up to the temperature of not lower than +2 °C in
the cold season. At that, the whole volume
of air entering the shaft across the entire section should
have the same temperaure. However, studies
conducted in [2, 3] have shown that these rules are not
observed in practice. That is caused by the fact that
two air streams enter the air-supplying barrel. Those
streams are heated in a shaft heater, fed through a
calorific channel and sucked through a pit head due to
the general shaft depression. Consequently, the air
coming from the shaft heater is heated to a much
higher temperature than required, which often leads to
a significant increase in set air temperature in a shaft.
At the same time, there are areas in the air supplying
shafts where the air temperature is slightly higher than
+2 °C. That indicates low efficiency of the existing
method of controlling the air preparation process and
the possibility of violation of the temperature regime
in a shaft.

An increase in temperature of the air supplied
to the mine leads to an increase in energy
consumption spent for shaft heater, i.e. to their
irrational use [4, 5].

According to the [6], there are from 30 to 50 %
of the total electric energy consumed for
ventilation by underground mining enterprises.
Therefore, development of ways to increase energy
efficiency of the main fan is another important task
for the industry.

The situation described above, in addition to
over-consumption of energy resources during the
operation of a shaft heater and deterioration of
safety conditions of production, causes an
associated problem such as occurrence of the
negative general mine natural draft [7-14]. That
happens when the warm air injected into the
supplying shafts tends to rise upward and cooled
air in mine tends to lower down. This problem is
relevant for shallow (up to 500 m or less)
underground mining enterprises.

Besides, there is a problem characteristic of an
inflate method such as occurrence of external air
leaks [15], caused by the reason given next. Air is
fed through the air supply shafts 1 to the mine by
the discharge created by the main fan 2 located on
the ventilation shaft 3 (Fig. 1). In addition to the
air inflated into the mine, in such a ventilation
scheme external air is also sucked into the main
fan channel 4 through the mouth of the ventilation

shaft 5, which, when mixed with the total flow, is
again discharged into the atmosphere. Therefore,
in addition to useful work (fresh air injection), the
main fan performs useless work, caused by
external air inflation (external leaks).

%
/>\ Underground part
S of the mine
/

VA .
/| Extraction
_# areas (panels)

Fig. 1. Simplified scheme of mine ventilation
that works on the inflate method

The magnitude of leaks (on example of potash
mines), according to [16], is in the range of 9 to
51 %, i.e. there are mines where efficiency of the
main fan is only 49 %. In this regard, a reduction
of external leaks is one of the main directions in a
complex of measures to reduce the costs of mining
enterprises for ventilation of underground mining
enterprise.

Description of the proposed method
of ventilation and air preparation

In order to improve the efficiency of air
preparation and reduce the cost of -electricity
consumed by the main fan, it was proposed in [17]
to install an air curtain in the air supply and
ventilation shafts (Fig. 2). A curtain in an air supply
shaft has to ensure a reduction in the infiltration
(suction) of the outside cold air through the
overhead building. In this case less energy required
for the work of a shaft heater. As a result, it will
ensure normalization of the air mixing process in a
shaft [18, 19]. An air curtain in the ventilation shaft
is necessary to reduce external air leaks [15].

Effectiveness of the process against the
external air leaks (suckers) directly depends on the
choice of the location of the air curtain in a shaft,
parameters of fans that consists it of, and their
mutual arrangement.
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A double side curtain was
considered ineffective, because

previously
external air

leakages in the ventilation shaft decreased slightly
[15]. The reason for low efficiency of the
1

~
'

air curtain is that the air flows from fans are
directed against each other and interfere with each
other. In this case, almost no energy remains to
counteract external air leaks in the air curtain.

Fig. 2. Ventilation and air preparation according to the proposed method: a — air curtain in the air supply shaft; b — air curtain in
the ventilation shaft: / — outside air (cold); 2 — air supplying shaft; 3 — shaft air heater; 4 — heated air; 5 — heater channel; 6 — pit
head of air supplying shaft; 7 — air curtain; § — air discharged from the air curtain; 9 — the gauge of air rate; /0 — temperature and
pressure (or density meter); // — main fan; /2 — ventilating shaft; /3 — air passing from the ventilation shaft; /4 — main
ventilation excavations; /.5 — main fan channel; /6 — pit head of ventilation shaft; /7 — surface complex of the main fan

In order to solve this problem, it was suggested
in [20] that the flows of counter-directed fans have
to be separated by a partition located in the shaft
and the air streams have to be directed at a certain
angle a (Fig. 3).

In order to reduce external air leaks through the
mouth of the shaft, air curtain fans have to provide
the necessary output and pressure. For that, for
example, a fan of local ventilation of VME-6
of nonexplosive design can be used. That is used
in mines for ventilation of spur excavations.
If requested, the fan can be manufactured with a
noise silencer.

There are several methods for calculating air
curtains based on different approaches [21-24],
which for many years remain unchanged. The task
of these methods is to determine the speed of the
air flow behind the curtain and establish the
relationship between the speed and air flow inside
that. For example, the velocity in [25] is found by

Outside leakages
(suction)

Fig. 3. Principle of the air curtain at the shaft throat:

1 — fans of the curtain; 2 — air suppluing boxes;

3 — pipelines (air ducts); 4 — intake of air; 5 — longitudinal

partition; 6 — longitudinal partitions (along the perimeter of
the section in the light); 7 — level of armour shaft
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adding the velocities of the air and flow jet that
hits the curtain. The law of conservation of
momentum is used in [24]. At that, usually it is
considered that the velocity of the air flow entering
the curtain is known [24-27].

Next, the required capacity and pressure of the
fan installed on each half of the air curtain are
calculated.

The procedure for calculating
the parameters of air curtain fans

Initially, when determining the parameters of
the air curtain, it is necessary to set the following
initial data that is as follows:

1. The cross-section of the shaft at the
installation site of a curtain (clear cross-section of
the shaft) Sgpati, m>.

2. Average speed of the air flow without
regards to the action of the air curtain v, and
required in respect to its action v, m/s.

3. Length of a shaft section Ly, that fans of
the air curtain are installed on.

Value of mine ventillation pressure drop (Pa)
on a shaft section between junction with a main fan
channel (a heater channel) and the surface is
determined by the formula

hy = aByn LapanVo ’

2
Sshaft

where a is for a coefficient determining the type of
the shaft (cage, skip) [5, 28]; Pspare 1S for perimetr
of the shaft at the installation site of a curtain
(clear cross-section of the shaft), m.

Depending on how much external air leakage
(suction) it is supposed to be reduced, the value
that it is necessary to increase the aerodynamic
drag by (N-s*/m®) at the shaft section between the
junction with a main fan (a heater channel) and the
surface is determined.

2 2
AR = B (goz ¢ ) ’
1

where R, . 1s for aerodynamic resistance of a

shaft section between the junction with a main fan
(a heater channel) and the surface, N-sm® [5, 28],
_ B Loan

shaft — S3
shaft

external air leakages (suction) in case of no air
curtain, m’/s, Qo = voSsnatr; O 1s for volume rate of

; Qo is for volume rate of

external air leakages (suction) at the required air
speed (v1) on current section, m’/s, 01 = Vi Sshati-

The required air velocity (m/s) outlet from the
air curtain fan slot is determined by the formula

v = G,v, _ (GOVO_GIVI)
*\2p,.S, \2(0,465P,, /(273,15+1,,))S,”

where G; is for the air mass flow rate at the i-th
point, kg/s,G; = Oipi; Go, G and G, are for mass
flow rate of external air leakages (suction), with no
action of the air curtain, with its action and
outgoing from the air curtain, kg/s; S is for the
surface of a slot of the air curtain fan through
which the air flow is discharged; pac, Pac, fac and
Voo are for density (kg/m?®), pressure (mmHg) and
temperature (°C) of the air, outlet from the air
curtain, and its speed (m/s).

In the case when temperature and air pressure
can not be determined, air density is assumed equal
to 1,2 kg/m’.

Performance of the air curtain is regulated by
changing the area of the slot of S and/or by
changing the air discharge angle from its fans.
A frequency-controlled fan control drive can also
be used.

Results of simulation
of the air preparation process using
the air curtain in the air supply shaft

Prior to the use of an air curtain in an air
supply shaft, it is necessary to determine the
effectiveness of the proposed method, for which
the SolidWorks Flow Simulation software used for
mathematical modelling of air curtain effect on the
ventilation and air preparation process was
performed in the package [29].

The Fig. 4 shows the results of modeling the
processes of air preparation according to the
method adopted currently (Fig. 4a) and using the
air curtain (Fig. 4b).

As it seen from the figure, the proposed
method allows to solve the previously mentioned
problems arising during air preparation.

There are no zones with a temperature close to
+2 °C in the air supply shaft when using an air
curtain. That means the threat of violation of safety
rules is eliminated. At the same time, a shaft heater
will require a smaller amount of energy resources,
i.e. cost of air preparation will be reduce. In
comparison with the volume of energy resources
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used for operation of a shaft heater, the costs of
electric power used to operate the air curtain are
incommensurably small.

| 2

Lhwabhoaan

i o

Temperature [°C]

8 .
R Y W) W) W) N N ) Y

=

Fig. 4. Distribution of air temperature along the cross-
section of the air supplying shaft at different depths by
mixing cold and warm air using an air curtain installed
at the shaft throat: cold air —20 °C (20 m’/s), warm air
+8 °C (147 m’/s): a — with no air curtain in the air
supply shaft; b — air curtain in the ventilation shaft

Air heated unifirmly will reduce the overall
value of air temperature throughout the section
of the air supply shaft. In that case, either negative
temperature drops between the shafts will be

h, Pa
2
1
hZ
h Efficiency
hy 08\
0.7 Y 10°
y o
g X O
X°
0.6 7—10°
-, { =1
0 O 0, 0, m's
a

decreases or their direction will be reversed
(positive temperature drops). Reducing the volume
of air supplied to the mine will lead to the fact that
the operating mode of the main fan will need to be
transferred to the area of higher pressures. Under
the action of positive natural draft, on contrary,
a greater volume of air will be supplied to the
mine. That means the operating mode of the main
fan can be switched to the lower pressure range.

There is a similar situation occure when
adjusting for the reason described next. In case
there is no general mine natural draft (general mine
temperature drop), curve of mine characteristics
occupies a certain position 1 (Fig. 5). At that, the
main fan should provide an air supply Q;. An
operating mode of the main fan is in this case is
chosen according to the operating point (the point
of intersection of the curves of mine characteristics
and fan characteristics) that falls into the area of
maximum efficiency.

The change in the absolute value of general
natural draft will lead to the change in position of
the curve of the mine to a certain position 2 (with
a negative general natural draft on the Fig. 5a, with
a positive general natural draft on the Fig. 5b).

Switching of the fan to another characteristic
will result to the change in its performance: with
negative natural general mine draft impact (-4,) 0°
(see. Fig. 5a); with positive natura general mine
draft impact (+h,) —10° (see. Fig. 5b). At such a
regulation, an amount of air O, will be supplied to

h, Pa
1
2 Efficiency
hl
h, .
hy 10°
S
0°
\ N -100
\ X
_200
0
o fl " 0,0,  O.ms
b

Fig. 5. Change in a position of the curve of mine characteristics: @ — under the action of negative general
mine natural draft; » — under the action of a positive general mine natural draft
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the mine more than the required Q;, which entails
additional energy costs. To avoid additional costs
of electricity is possible by adjusting the angle of
installation of an axial distributor to a certain
position X° (see Fig. 5). However, in terms of
execution it is quite difficult. Taking into account
the fact that the general mine natural draft changes
constantly and fairly within a wide range [12], it
can give an error when adjusting the angle of
installation of axial distributor's blades. In
addition, switching of the fan to another operating
characteristic ~ will inevitably decrease the
efficiency (see Fig. 5). Due to that, an axial
distributor will consume more electricity.

Changes in performance of the main fan can
be achieved by adjusting the rotational speed of a
fan impeller. For that an adjustable electric drive
can be used. Performance of an electric drive
will maintain required capacity due to speed and
current feedback [30]. In this case, a drive control
system will be adjusted so that the fan operates
at the maximum efficiency. However, such
regulation ensure overall natural draft that will
have a significant impact on the operation of the
main fan.

Results of simulation
of the ventilation process with the air
curtain in the ventilation shaft

During the mathematical modeling of the
operation of the air curtain in the ventilation shaft
(Fig. 6), it was established that under the accepted
conditions external air leakages will be decreased from

0
Ve 444.36 m¥/s

~

383.37 m¥/s

a

60.43 to 26.27 m’/s (by 43.5 %), and 444.36 m’/s
will be needed for performance of the main fan
instead of 409,46 m’/s.

Due to the change in a structure of air flow in
the region of air curtain two recirculation circuits
are created. Circuits provide additional
aerodynamic resistance at the throat of ventilation
shaft from zero to the junction with the ventilation
channel, thereby reducing the amount of external
leaks. In this case, the shaft ensures maximum
efficiency of the air curtain.

Due to the change in a structure of air flow in
the region of air curtain two recirculation circuits
are created. Circuits provide additional
aerodynamic resistance at the throat of ventilation
shaft from zero to the junction with the ventilation
channel, thereby reducing the amount of external
leaks. In this case, the shaft ensures maximum
efficiency of the air curtain:

—amount of air supplied to the mine should not
be less than the estimated amount of air required
for airing the mine;

—cost of an air curtain should not exceed
the cost of the main fan for external air
leakages;

— cost of one cubic meter of fresh air supplied
to the mine should be minimal.

The Fig. 7 shows characteristics of the main
fan, characteristics of the mine network, operating
points without the action of the air curtain
(operating point A) and with the reduction
of surface leakages with the air curtain (operating
point C).

30
27
=24

19 L oo—.

paap———
SLIVO— — —|

Velocity [m/s]

409.46 m’/s
.4

383.37 m¥/s
b

Fig. 6. Result of mathematical modeling of the distribution of air flows in the ventilation shaft:
a — with no air curtain in the air supply shaft; b — with an air curtain in the ventilation shaft
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Fig. 7. Aerodynamic characteristics: Riegks1 1S for
aerodynamic resistance of external leakages of the air
before the installation of air curtain; Rijeas 1S for
aerodynamic resistance of external leakages of the air
after the installation of air curtain; R,z is for
aerodynamic resistance of the ventilation network
before instalation of the air curtain; Ry,¢ is for
aerodynamic resistance of the ventilation network after
instalation of the air curtain; R,, R, are for
aerodynamic resistance of the mine before and after
instalation of the air curtain; 4, B, C are for fan
operating points for various operating modes; F is for
the amount of fresh air entering the mine

Several results are obtained by the action of air
curtain such as aerodynamic resistance of the shaft
section increases from zero to the junction with the
ventilation shaft, which increases the aerodynamic
resistance of external air leakages from Ricus1 to
Ricaks (see Fig. 7). At the same time, the
aerodynamic resistance of the mine R,, Ry
remains the same and the aerodynamic resistance
of the ventilation network increases from Ry, ¢ to
Rin.s which the main fan operates for.

The operating point A of the main fan propeller
moves along the aerodynamic characteristic of the
fan to the point B. After the movement of the
operating point of the the main fan propeller B to
point C by changing the angle of installation of the
main fan vanes, the amount of fresh air that enters
the mine Q,, remains the same (F) and consumed
electric power of the main fan decreases.

The amount of electricity (kWh) saved as a
result of the air curtain in the ventilation shaft,
according to [31], is determined by the formula

T |:QmAf hmf _ Qxldjfh:nt :| _ 2TQ&1AC ha,c

10001, M,

o 1 Ooonm nmf T'{mf

where 7 is for the fan operating time per year, h;
Nm 1s for the efficiency of the main fan electric
motor, p.u.; Oy, hm s are for efficiency of the main
fan, m’/s, and its pressure, Pa; Q,., h,. are for
efficiency of the air curtain propeller, m*/s, and its
pressure, Pa; nm. is for efficiency of the electric
motor of the air curtain, p.u.; Nm. 1s for the static
efficiency of the air curtain propeller, p.u.

For each specific case the value of the saved
energy have to be calculated. However, it is
obvious that use of the air curtain in the ventilation
shaft in order to increase the energy efficiency of
ventilation is powerful.

Conclusion

It was established during the mathematical
modeling that there is almost uniform heated air
observed on its cross section when an air curtain is
used for air preparation in an air supplying shaft. At
the same time, it is possible to lower the temperature
of the outgoing flow from the main fan by reducing
the volume of sucked air through the supernumerary
building of the air supplying shaft. As a result of that
energy costs spent for air preparation is reduced.

By reducing the temperature of air entered the
air supply shafts, negative (increasing positive)
thermal depressions (general mine natural draft)
will decrease between them. As a result, it is
possible to reduce the main fan performance.

In addition, reduce in external air leakages allows
reducing the productivity of the mine while
maintaining the supply of the required air volume in
the mine. Decrease in leakages can also be achieved
by instalation of the air curtain in the ventilation shaft.

Thus, the proposed method of ventilation will
not only allow air preparation in a safe mode, but
also reduce energy costs.
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