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Abstract
Introduction. The article considers the issues of mine drainage study, including the working processes
of the centrifugal pumps pumping “unclarified” water in arduous underground conditions. Such
problems resolution is of high practical and scientific importance.
Methods of research. Scientific and practical experience in the field of mine drainage was analyzed and
generalized. The centrifugal pump modes were considered and promising research tasks in this field
were outlined. Thus, the continuous income of groundwater to mine workings requires the uninterrupted
operation of pumps. One of the most common types of mine-drainage plants is a multistage centrifugal
pump which fulfills its functions to the full if properly operated. However, “unclarified” water pumping
requires a new technique for centrifugal pump optimal modes determination in such service conditions.
Result and analysis. The study of hydraulic, volumetric, and mechanical efficiency dependency on pump
modes, the analysis of working processes within centrifugal pumps when operating on “unclarified”
water, and the procedure and calculation of TsNS (multistage centrifugal pump) head-capacity curve
were presented in the paper to justify the effectiveness of the presented solutions and conclusions.
Scope of results. It is recommended that the research results are introduced in all enterprises conducting
underground mining operations with the mine drainage.
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Introduction. Effective and safe operation of underground mines depends on the
proper operation of the mine-drainage system that dewaters the mine [1]. Mine drainage
is the most important secondary process of underground ore mining because the
malfunction of pumps reduces mining safety and increases the running expenses within
the cost of production. It is common knowledge that the increase in mineral extraction
volume results in a higher concentration of mining operations, increased extent of mine
workings and the depth of mining, and, as a consequence, increased water inflow
to mine workings. The efficiency of water drainage, in its turn, depends not only on
hydrogeological and mine engineering factors but also on the mine-drainage plants
applied. Underground water-collecting hollows (sumps) should be regularly clarified
from debris so that the mine-drainage plant functions properly [2]. Untimely cleaning of
pumping plant sumps results in the active capacity reduction and pumped water
contamination with debris, which reduces the pump overhaul period by 2 or 3 times.
Besides, sump cleaning is currently a complex and labor-intensive technological process
associated with partial flooding of a mine working and requiring the removal of load and
haul machines from service, which reduces the efficiency of mining [3]. The cost of
power resources grows and creates a need for new energy-saving technologies
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development for both mine water pumping and water-collecting hollows cleaning.
So, it is highly relevant for the enterprises that perform underground mining operations
to increase mine drainage operational efficiency and develop effective mine water
pumping technologies and water-collecting hollows clean-up facilities [4].

Multistage centrlfugal pumps with each stage consisting of an impeller and a guide
vane are most common in mine drainage practices. Not a single existing pump is capable
of transforming all the power obtained from the electric motor into useful efficiency.
This circumstance is due to major losses caused by several negative effects within
the pump [5].

The efficiency factor n indicates which part of shaft power N, (motor power) is used
by the pump to obtain the useful efficiency N, i.e. for liquid motion through the pipeline:

Nsh Nsh , ( )

where p is the density of the liquid, kg/m3; O and H are the effective capacity and head of
the pump, m%/s and m respectively.
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Figure 1. Determining the optimal mode of a pump
Pucynok 1. Onpenesnenye ONTUMAIBHOTO peKHMa paboThl Hacoca

In its turn, the efficiency factor of the centrifugal pump depends on pump capacity.
Pump capacity at which the efficiency factor is maximum is called optimal. The regime
of pump operation under the optimal capacity is also called optimal (Figure 1).

To calculate the general efficiency factor of the pump more accurately, it is necessary
to consider the negative effects within the pump that reduce its power. The essence of
such processes is exacting and is going to be considered further in the paper. The main
aim at the stage of pump design is to reduce the negative effects by developing a design
that ensures lower power losses [5—7].

The impact of the negative effects on the pump efficiency is estimated with the help of
the volumetric, hydraulic, and mechanical efficiency factors and calculated by the
formula:

=M, Q)

Volumetric efficiency n, is the ratio between the effective capacity Q, i.e. the volume
of'the liquid flowing from the pump to the pipeline per second, and the theoretical capacity
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O, which is the volume of the liquid flowing through the impeller per second, and is
determined by the formula:

Q

== 3
O ©

Nv

Effective capacity is lower than the theoretical since a part of liquid passing through
the impeller doesn’t enter the pipeline but percolates between the body and the impeller
and re-enters the impeller. Thus, a particular amount of liquid uselessly circulates within
the pump. It is possible to improve the efficiency factor by applying an improved groove
seal [6-8].

The preliminary value of volumetric efficiency for centrifugal pump operating in
optimal regime is determined by the formula:

n, =(1+0.68 %), )

where n_ is the speed coefficient.

Speed coefficient is the criterion of two pumps similitude that operate in optimal
regimes [9]. Speed coefficient of the pump which develops head H, m, in the optimal
regime, and capacity O, m%/s, and the impeller of which rotates with frequency n, rpm,
is determined by the formula:

ng =3.65n(\/§/H0‘75). (5)

Speed coefficient is connected with the ratio of the impeller inlet and outer diameters,
i.e. it defines the structural type of the pump.

Speed coefficient provides an idea of the efficiency factor of the pump working in
an optimal mode. More precisely, the higher the speed coefficient, the more space-
saving the pump and its efficiency factor are. Pumps with high speed coefficient are
therefore more efficient.

Hydraulic efficiency factor is the ratio between the effective capacity H actually
developed by the pump and the theoretical head /, that would be developed by the pump
without any hydraulic losses:

M= (6)

Hydraulic losses are conditioned by liquid friction against the surface of the pump and
friction in the vortex flux perturbations. Vortex perturbations are conditioned by the
following:

— flux impact on the blades. Liquid flow initially moving progressively runs against
the rotating blades and undergoes the impact, which results in strong vorticity;

— blade stall. In the ducts between the blades, liquid outflow from the surface of a
blade towards an adjacent blade is recorded, which conditions the development of vortices
in the ducts between the blades;

— turns, narrow and wide spots inside the body. The variation of velocity and direction
of liquid fluxes in turns, narrow and wide spots inside the body cause the development of
vortices.
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Figure 2. The coefficients of pump characteristics recalculation from water to viscous liquids
PucyHok 2. KoahuimeHTsI nepecuera XxapakTepUCTHK HACOCA C BOJBI Ha BA3KHE JKHIKOCTH
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Mechanical efficiency factor is the ratio between the blades power and shaft power or,
in other words, mechanical losses composed of friction losses in bearings, stuffing boxes,
and balancing rings of the impeller, as well as losses of the impeller external surface
friction against the liquid:

_ P8Oy, .

T Nsh (7)

Statistical data reveals that the values of the mechanical efficiency factor of the
centrifugal pumps operating in the optimal mode are within the interval of 0.92 and 0.99.
For this reason, for preliminary calculation, it is accepted that n = 0.96. However, this
value is correct for water pumping [10, 11].

Considering the expressions, the general efficiency factor of the pump in the design is
calculated by the formula [12]:

-1

-2/3
n= 1+0.68(3.65n \@J H pgOuntly _

H0475 H[h Nsh
~2/3
0
= HpgQ, | Ny, +0.68N, [3.6511 1:[/;5 . (8)

The content of debris in water influences each separate indicator of the efficiency
factor. Their impact on the total efficiency factor, therefore, requires practical and scientific
estimates.

Materials and methods. The head-capacity curve of a pump gives an idea of the
pump’s capabilities and depends not only on the pumped liquid density but also on its
viscosity. The higher the viscosity, the lower the head-capacity curve is constructed.
Manuals present head-capacity curves for water pumps. Characteristics from a manual
should therefore be recalculated (reconstructed) according to a particular method to pump
the liquid with the viscosity different from the viscosity of water [9-11, 13] (Hydraulic
vehicle design guide (for construction norms and regulations SNiP 2.05.07-85) /
Promtransniiproekt. Moscow: Stroiizdat,; 1988).

The characteristics of the pump tested on water are recalculated to determine its indicators
when pumping liquids with higher viscosity in accordance with GOST 6134 — 2007
“Rotodynamic pumps. Test methods”.

Figure 2 presents the nomogram from GOST 6134 — 2007 for determining the obtained
water characteristic recalculation coefficient when pumping viscous liquid. Values
presented in Figure 2 are obtained as a result of Hydraulic Institute Standards (HIS)
testing.

The procedure of working with the nomogram is as follows: it is necessary to find the
value corresponding to the optimal capacity on the lower scale of the nomogram (capacity
0, m’/s) and go up to the value of the head (per one pump stage) in the optimal capacity
mode, then move horizontally (left or right) up to the required viscosity value, and after
that in an upward direction again to the intersection with the curves of the recalculation
coefficient C,,, C;; = /' (0), as shown by the dotted line in Figure 2. The points of the
dotted line and the indicated dependencies intersection will determine the values of
coefficients CQ, C,.
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Pump capacity, head, and efficiency factor for viscous liquid is calculated by to the
formulae:

Qviscous = QCQ’ (9)

Hviscous = HCH . (10)

An example of constructing a head-capacity curve is presented below. Initial data for
viscous liquid at a 260 m horizon are as follows: the normal water inflow is 426.5 m3/h,
the maximum water inflow is 527 m%/h.

Table 1. Rated data of the 260 m horizon external network
Ta6uuna 1. lanHble pacyeTa BHeLIHel ceTn ropu3onta 260 m

Point number
Indicator
1 2 3 4 5
0, m3/h 0 75 150 225 300
H,m 267.00 288.21 351.83 457.86 606.30

The design head of multistage centrifugal pump TsNS(K) 300-360 installed at a given
horizon is calculated using the following formula (with certain restrictions):

H, H . +H_ . +H .
Hd —__ g _ horizon suction overwind , (1 1)

n n

where H, is the geodetic pressure head, m; H,

horizon

is the depth of the water level,

H, ...=260m; H . 1is the geodetic suction head, /. =25m; H . . is the
overwind height, 4. ,=2.5m.

The calculations found that A, = 300 m.
The characteristic of the external network for viscous liquid (for the lengthiest branch
of the external network):

P,—-P
H eowore = Hy + 2 _110.0083x%
Pliquid8
2
x 7\/ lsuction + 7\/ lpressure + Zésuetion + 2&])!‘655111‘6 Q (12)
suction ds pressure ds d4 d4 36002 2
suction pressure suction pressure ng

where P, P, are the pressures in feed and receiver tanks, kPa; p;, ;, is the density of the
pumped liquid, t/m3; A A is the friction factor of the suction and pressure

suction® ““pressure

pipelines respectively; / / is the length of the respective pipelines, m,

suction® “pressure
/ =164.85m; / =1730.28 m; d, d is the diameter of the suction and

suction > “pressure suction® ~“pressure

pressure pipelines, m; X ..o EE . 18 @ total of the coefficients of all local resistances
in the suction and pressure pipelines.
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The rated value of linear hydraulic resistance coefficients for the pipelines is found by
the formula:

- 0.0195 (13)
Ip
where D is the diameter of the pipeline, m. Thus, A ... = 0.0347; kpressme =0.02878.
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Figure 3. The head-capacity curve of the 260 m horizon for “clarified” water
Pucynoxk 3. HanopHast xapakTepucTtuka ropu3onTa 260 M rpu rnepekauuBaHuU «OCBETICHHOI BOJIbI

As aresult, we get a dependency of the mine-drainage plant network for one pump per
column: H, =267 + 0.003770>.
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Figure 4. The head-capacity curve of the 260 m horizon for “unclarified” water
Pucynok 4. HanopHas xapakTepucTHKa ropu30HTa 260 M Ipu NepeKauuBaHUN «HEOCBETICHHON» BOJbL

We summarize the calculation data for the external network in Table 1.
Further, correction factors are determined to recalculate the head-capacity curve of the
TsNS(K) 300-360 pump operating on water.
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According to the graph (Figure 3), at the point where external network and pump
characteristics intersect, head and capacity values per one pump stage are as follows:
H,=60m, O, =290 m¥%h = 0.8 m%s.

We determine the correction factors C, = 0.88; C,; = 0.87 through the nomogram
(Figure 2).

Results and discussion. After the correction factors and external network data have
been determined, the pressure characteristic of the 260 m horizon is reconstructed when
pumping “unclarified” water (Figure 4). Pump performances are recalculated, and the
results are summarized in Table 2.

Table 2. Recalculating the operating parameters of TsNS(K) 300-360 multistage centrifugal
pump
Ta6uuna 2. Ilepecyer 3xcniIyaTalimoHHbIX Noka3areieii Hacoca IIHC(K) 300-360

Point number
Indicator
1 2 3 |4 s ] 6
When pumping water for one step
0, mh 0 75 150 225 300 375
H,m 67.0 68.0 67.5 66.0 60.0 48.5
When pumping water for six steps
0, m*h 0 75 150 225 300 375
H,m 341.70 346.80 344.25 336.60 306.00 247.35
When pumping “unclarified” water for one step
0, m*h 0 66 132 198 264 330
H,m 58.3 59.2 58.7 57.4 522 422
When pumping “unclarified” water for six steps
0, m’h 0 66 132 198 264 330
H,m 304.3 301.7 299.5 292.8 266.2 215.2

It should be noted that to construct the head-capacity characteristic curve (Figure 4),
the calculations were carried out under the condition that the pump was new and not
subject to wear. When operating on “unclarified” water [12—15], the real characteristic of
the pump will rest even lower along the y-axis.

Conclusion. The research results are as follows:

— when the pump operates on “unclarified” water, the actual mode is beyond the
optimal zone of the pump;

— if productivity falls, the operating time of all dewatering pumps increases by three
times due to the constant water inflow;

— if the depth and productivity of the mine and therefore water inflows increase,
the risk and threat of flooding increases (the time for pumping out normal water inflow is
20 hours, and the enterprise will require additional measures to increase the drainage
capacity, which will lead to additional capital costs).

As aresult of the calculation, it can be concluded that the multistage centrifugal pumps
TsNS operation on “unclarified” water is unsafe and requires technical and technological
measures to clarify the water before it enters the pumps.
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HccnenoBanue BHEIIHUX M BHYTPEHHUX Pa00o4MX MPOLECCOB FOPHBIX MAIINH
npu padore Ha «HeOCBETJIEHHOH» Bojie B M0/13¢MHBIX YCJI0BHAX

B b. M. ykuH A. . uToB A. M. Hujos C. H.
Ta66acos B. M.}, Kypoukun A. M., Ma:xutos A. M.!, Ko os C. H.!
! MarHuTOropcKuii rocynapcTBeHHbIH TexHindeckuii yausepeuret um. I. Y. Hocosa, MarauToropek, Poccust.

Pegpepam
Beedenue. Bcmambe paccmompensl 60NPOChl UCCAE008AHUsL 20PHO-UAXMHO20 B0000MIUBA, GKIIOUAIOWUE
uzyueHue pabouux npoyeccog YeHmpoOEelCHbIX HACOCHBIX YCMAHOBOK, 00eCneuuaiowux nepekaixy
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«HEOCBEMNIEHHOUY 800bl 8 MAICENbIX NOO3EMHBIX YC06UsX. Pewienue smux eonpocoe 6 nacmosiuyee spems
UMeem 6biCOKVIO NPAKMUYECKYIO U HAYYHYIO 3HAYUMOCTb.

Memoodonozus npogedenusn ucciedoeanus. Buinoninenvt ananus u 0606ueHUe HAYYHO-NPAKMUYECKO20
onvlma 6 061acmu 20PHO-UWAXMHO20 60000MIAUBA, PACCMOMPEHbL PENCUMbL PAOOMbL YEHMPOOENCHBIX
Hacocos u 0603HAYeHbl NePCReKmusHble 3a0auu Ucciedosanus 6 oanHoll obnacmu. Tax, nenpepvignoe
nocmynieHue 2pyHmogulx 800 8 GblpabOmKU waxmsl mpebdyem obecneuenus becnepedouinol pabomoi
HacocHblx yemano6ok. OOHUM U3 CaMbIX pACHPOCMPAHEHHBIX MUNOE B0000MIUBHBIX Y CIMAHOBOK SGISIOMCS
YeHmMpPOBeACHbIE CEeKYUOHHbLE HACOCHI, KOMOpble NpU NPAGUILHOU IKCHIYAMAayuu 6 NOIHOU Mepe
sbinonHsom céou Qynkyuu. OOHAKO NEPEeKauKa «HEeOC8eMIEHHOWY 800bl mpebyem pa3pabomku MemoouKu
no onpeodeneHuio ONMUMAIbHBIX PEXCUMO8 PABOMbl YeHMPOBENCHBIX HACOCO8 8 OUHHBIX YCIOBUSX PAGOMbI.
Pesynomamel u ux ananu3s. /s 060cHo8anus 3Qhexmuenocmu npeodsiodiCeHHblX peuleHull U 6bl80006
npeocmagnenvl: UCCIe008aHUs NO ONpedeeHUur0 3a8UCUMOCel 2UOPABIUYecKo20, 00beMHO20 U
mexanuueckoeo KIIJ] om pedxcumos pabomsl HAcoco8, aHamus pabouux npoyeccos, Npoucxoosuux 6
YeHmMPpOOENCHbIX HAcocax npu padome ux HA «HEOCBEMIEHHOU» 600e;, MemoouKa U pacuem HANnopHol
xapaxmepucmuxu yenmpobesicnoeo nacoca muna L[HC (yenmpobesichviii Hacoc CeKyuoHHbLIL).

Ob6nacmo npumenenus pe3yibmamos. Pe3yiomamol UCCLe008aHUL, BbINOIHEHHLIX 8 pabome,
PEKOMEHO08AHbL K BHEOPEeHUN) Olsi 6CeX NPeOnpusimuil, 6e0yuux noO03eMHble 2OpHble pabomuvl ¢
npUMeHeHUeM UAXmno20 60000MIUEA.

Knrouesnle cnosa: waxmmuvle yeHmpooexcHvle HacoChl;, ONMUMATLHbLE PEHCUMbL pabOmbl, Kodghguyuenm
nonesnozo  Oelicmeusi; HANOPHAS  XAPAKMEPUCMUKA, — 2UOpaGIuyeckue nomepu;  Kodphuyuenm
ObICMPOXOOHOCTIL.

Paboma evinonnena npu unamncosoii noodepcke zpanma Ilpesudenma Poccuiickoii ®Dedepayuu
Ne M/1-3602.2021.1.5.
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