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Abstract

During the operation of hydraulic excavators, the technical condition of pumps deteriorates due to wear,
leading to increased internal clearances, fluid leakage, a reduction in volumetric efficiency, and higher energy
losses, ultimately resulting in excessive fuel consumption. The objective of this study was to determine the
optimal service life of pumps, taking into account the growing fuel overconsumption during operation. The
following tasks were addressed: developing a mathematical model for pump ownership costs, incorporating
progressive fuel overconsumption; designing an algorithm and conducting computer simulations using
Simulink-Matlab; and assessing the increase in fuel consumption. The study examines the impact of the
technical condition of the main hydraulic pumps on fuel overconsumption using the Komatsu PC2000-8
hydraulic excavator as a case study. Based on the proposed pump operation cost model, which accounts
for the increase in fuel consumption over time, dependencies between fuel overconsumption and pump
wear were established. Computer modeling was performed in Simulink-Matlab and Excel based on the
developed calculation methodology and software algorithm. Relationships between the excavator’s fuel
overconsumption and the technical condition of the pumps were identified. A mathematical model for pump
ownership costs is presented, taking into account the progressive fuel overconsumption during operation,
along with the resulting equation for determining the optimal service life of pumps to minimize total costs,
including pump acquisition and fuel expenses. This expression considers the technical condition of the
main pumps, their rate of deterioration, fuel costs, and pump replacement costs. A fuel overconsumption
indicator was introduced, defined as the ratio of the difference between actual fuel consumption per
1 m? of excavated material and fuel consumption at nominal efficiency of the main pumps (nominal fuel
consumption) to the nominal fuel consumption. The application of this criterion, in conjunction with the
proposed equation for determining the optimal pump service life, allows for a data-driven selection of the
critical wear threshold for the main pumps, reducing total ownership and fuel costs by up to 17%, depending
on economic and mining-engineering conditions.
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FOPHbIE MALWLWHDbI, TPAHCINOPT U MALLMHOCTPOEHUE

HaydyHaqa cTaTba
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ruapaB/int4ecKoro 3KCKasatTopa Ha pacxoa Tonimea
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AHHOTaUuA

B mpoiiecce skcIutyaTaluy TMAPABINYECKUX IKCKABATOPOB BCJIENCTBME M3HOCA M3MEHSIETCS TeXHUUYecKoe
COCTOSTHVME HACOCOB. YBEJIMUMBAIOTCS 3a30PbI, IEPETOK KUIKOCTH, CHIDKaeTcst 06beMHbIi KIT, Bo3pacTamoT
TIOTEPU SHEPTUM, UTO MPUBOIUT K TIEPEPACXOIY TOIUINBA. L]e/Ibi0 pabOThI SIBJISJIOCH OIpeieieHI e PaliyIOHAITb-
HOTO CpOKa 3KCIUTyaTaluy HACOCOB C YYETOM Iepepacxojia TOIUIMBA, KOTOPhI BO3pAcTaeT B MPOIeCcce IKC-
rryaTauuy. PeneHbl 3ajaun: co3gaHmne MaTeMaTMUeCKO MOJeny 3aTpaT Ha BilaJeHye HaCcOCOM C YYeTOM
repepacxofia TOIUIMBA, BO3PAaCTAIONIET0 B IIPOIlecce IKCILTyaTaluy, pa3paboTka aJiropuTMa M KOMITbIOTEP-
HOTO MopenMpoBaHus B mporpamme Simulink-Matlab, orienka yBenmueHus: pacxofa TOIUIMBA. B crathe Ha
npuMepe ruapaBandeckoro skckaBatopa Komatsu PC2000-8 mokazaHO BAMsSIHME TEXHUUECKOTO COCTOSIHUSI
ITIaBHBIX HACOCOB I'MIPaBIMYECKOTO HKCKaBaTOPa Ha Mepepacxop ToruimBa. Ha ocHOBe mpepjiaraeMoii Mmogenn
3aTpar Ha IKCIUTyaTalMio Hacoca C yueTOM ITOBBIIIeHMS pacXo/ia TOTUIMBA B ITPoIlecce SKCILTyaTalluy Moxyde-
HbI 3aBUCUMOCTH ITIepepacxofia TOTUIMBA OT TEXHUYECKOTO COCTOSTHUS HacocoB. [To pa3paboTaHHbIM METOIUKE
pacueTa ¥ ITporpaMMHOMY aJITOPUTMY BbITIOTHEHO KOMITbIOTEpHOE MOZeMpoBaHKe B mporpammax Simulink-
Matlab u Excel. [TosyueHbI 3aBUCMMOCTY TIEPEPaCXo/ia TOTUIMBA TUAPABIMUYECKOTO SKCKaBATOPa OT TeXHUYE-
CKOTO COCTOSTHMSI HAacocoB. [IpecTaBiieHbl MaTeMaTnyeckast MOJe/lb 3aTpaT Ha BaZieHMe HACOCOM C YIeTOM
Mepepacxofa TOIUINBA, BO3PACTaloIIero B Mpollecce SKCILTyaTaluy, 1 MoTyueHHOe Ha ee OCHOBE BbIpakeHue
II7IST OTIpeNieIeHNsT PalMOHATIbHOTO CPOKa KCIUTyaTal[MM HACOCOB JIJISI MMHMMM3AIMM 3aTpaT Ha IpuobpeTe-
HlMe HaCOCOB ¥ TOIUIMBA, YUUThIBaIOLee TeXHUUeCKOe COCTOSTHYE ITITaBHbIX HACOCOB, CKOPOCTb €ro M3MeHeHMsl,
CTOMMOCTb TOIUIMBA U 3aMeHbl Hacoca. [IpenoskeH Moka3aTesb, XapaKTepU3YIoluii epepacxor TOIIMBa,
ompe[ensieMblii OTHOLIEHMEM PAa3HUIBI MeXAY (HakTMIecKMM pacxofoM TOILIMBA Ha 1 M3 3KCKaBUPyeMOii
TOPHOJ MacChl ¥ PaCXO/IOM TOIUIMBA MTPM HOMMHAMbHBIX 3HaueHMsxX KIIJI 0CHOBHbBIX HACOCOB (HOMMHA/IbHBIM
pacxofoM) K HOMMHAIBHOMY Pacxofy. Vcronb30BaHme IpejijiaraeMoro KpUTepust COBMECTHO C BbIPaskeHMeM
IJIS1 OTIpeie/ieHNsl palyOHaIbHOTO CPOKA SKCIUTyaTalMy HacOCOB MO3BOIUT OG0CHOBAHHO BbhIOMpATh 3HaUe-
HMe TMpefebHOTO COCTOSIHMSI OCHOBHBIX HACOCOB M YMEHBIIUTh CYMMapHbIe 3aTpaThl Ha BjiaJleHMe HaCOCOM
¥ Ha pacxop, TOrmBa 10 17 % B 3aBUCUMOCTY OT 9KOHOMMYECKIUX U TOPHOTeXHUYeCKUX (HhakTOpOB IKCILTyaTa-
LMY C YYETOM IKOHOMUYECKUX Y TOPHOTEXHUYECKUX (DAKTOPOB IKCILTyaTaLVN.
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Introduction

Leakage of the working fluid in the discarge
mechanism of positive displacement pumps in the
hydraulic drive of mining excavators is inherent in
the design phase and, on average, accounts for 5% of
the operating flow rate at working pressure. A lower
leakage volume results in deteriorated lubrication
and cooling conditions for the components of the dis-
charge mechanism, leading to overheating and even-
tual pump failure. The leakage volume is directly de-
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pendent on the clearance size in the pump discharge
mechanism [1-3]. As the components wear, the clea-
rances in the discharge mechanism increase, leading
to higher leakage of the working fluid, a decrease in
pump efficiency, and an increase in fuel consump-
tion. The aim of the study was to determine the op-
timal service life of pumps, taking into account the
excess fuel consumption that increases during op-
eration. The impact of increasing leakage on the
productivity of a mining excavator can be assessed
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through the volumetric efficiency of the hydraulic
machine. As established in previous studies, the ef-
fect of pump wear on energy consumption occurs
in two stages: 1. The power reserve of the drive ful-
ly compensates for the energy losses caused by in-
creasing internal leakage in the pump. At this stage,
the machine's productivity remains unchanged, but
the specific energy consumption per cubic meter of
mined material increases; 2. The power reserve of
the drive is insufficient to compensate for the ener-
gy losses due to volumetric leakage in the pump, re-
sulting in a decrease in machine productivity, while
the specific energy consumption per cubic meter of
mined material continues to rise. During operation,
including in axial piston pumps of hydraulic exca-
vators, component wear increases internal clearan-
ces, allowing fluid to leak through them. This leads to
energy losses and increased (excess) fuel consump-
tion. Replacing pumps based on the increase in excess
fuel consumption can help reduce total fuel costs and
ownership costs over the pump's operational lifetime.
Establishing an optimal service interval for the pump
will enable timely replacement planning and better
forecasting of future expenses [4-6]. Determining the
relationship between “excess” fuel consumption and
the technical condition of the pump (leakage volume)
will allow for defining the most optimal volumetric
efficiency range, considering minimal productivity
losses, excess fuel consumption, and ownership costs.

Methods

In a hydraulic excavator, all primary and auxiliary
operations are performed using a hydraulic drive. The
primary operations, which include digging, swing-
ing to dump, bucket unloading, and swinging back
to the face!, are carried out using variable-displace-
ment axial piston pumps, commonly referred to in
technical literature? [7-9] as main or primary pumps.
Wear of the converting and displacing mechanisms
in high-pressure hydraulic pumps leads to increased
clearances and distortion of the geometry of compo-
nents operating in sliding or rolling contacts. As clea-
rances increase, hydraulic fluid leakage rises, causing
a decrease in the pump's volumetric efficiency and an
increase in energy consumption for performing useful
work, as confirmed by previous studies [10-12]. Ulti-

! GOST R 55165-2012. Mining equipment. Open-pit
single-bucket excavators with a bucket capacity exceeding 4 m>.
General technical requirements and test methods.

? Zang K.K. Substantiation and selection of hydraulic
system cooler parameters for a mining hydraulic excavator
operating in the Socialist Republic of Vietnam. [Author’s
abstract of the dissertation for the degree of Cand. Sci. (Eng.)].
Moscow: MISIS; 2021. 21 p.
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mately, this process results in excess fuel consump-
tion of the internal combustion engine. Replacing
the pump resolves the issue of fuel overconsumption
but entails additional costs. To achieve the objective
of determining the optimal service life of pumps, the
following tasks were formulated: developing a mathe-
matical model for pump ownership costs, accounting
for fuel overconsumption that increases over time,
designing an algorithm and conducting computer
modeling in Simulink-Matlab, evaluating the increase
in fuel consumption over the pump’s service life.

The study examined the impact of the technical
condition of HPV375 axial piston pumps on the fuel
consumption of the Komatsu PC2000-8 mining hy-
draulic excavator. Within the scope of the research, it
was assumed that energy losses in the friction pairs
of the excavator's mechanisms remain constant and
were therefore not considered in the calculations.

The main pumps of the excavator’s hydraulic sys-
tem supply hydraulic fluid to the hydraulic motors of
the working equipment and the swing mechanism.
Depending on the phase of the excavator’s work cy-
cle, some hydraulic motors may remain idle or, con-
versely, operate under maximum load. The load on
the excavator’s mechanisms determines the working
pressure in the hydraulic system, and, in turn, the
magnitude of internal leakage and friction forces in
the pump's discharge mechanism changes propor-
tionally to pressure variations. Thus, to accurately as-
sess energy losses in the main hydraulic pumps, it is
necessary to consider the properties of the excavated
rock mass, the temperature of the hydraulic fluid, the
level of fluid leakage, as well as the velocities and ac-
celerations of moving components [13, 14].

Leakage through the clearances of the axial pis-
ton pump mechanisms depends on several factors,
the most significant being the pressure difference
between the inlet and outlet of the clearance and
the flow resistance of the clearance, which is deter-
mined by its shape and cross-sectional area. Under
otherwise identical conditions, leakage increases with
rising pressure differential. This occurs during the
displacement of hydraulic fluid from the pump’s wor-
king chamber. During the filling phase of the working
chamber, leakage is nearly absent.

Leakage in the working chambers of the
HPV375+375 pump’s discharge mechanism can be
represented as four main components: fluid bypass
in the annular clearance between the plunger and the
working chamber wall Q,, leakage in the spherical
joint connecting the plunger base to the slipper pad,
leakage through the flat clearance between the slipper
pad and the swashplate, leakage at the contact surface
between the cylinder block and the valve plate Q,,.
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These leakages are not only unavoidable by design
but also essential, as the hydraulic fluid lubricates
component surfaces subjected to forces generated by
working pressure, thereby reducing wear.

When calculating fluid bypass through the clea-
rance between the plunger and the working chamber
wall, it is essential to consider that due to lateral forc-
es arising during the transmission of torque from the
drive shaft to the plunger group, the plunger assumes
an eccentric position in the working chamber, despite
tight tolerances and high manufacturing precision.
The fluid flow rate in the eccentric annular clearance
is determined by the following equation [15, 16]:

d I (p, - d h
o =TGPl | g g0y TGY g
& 1201 2

where d, - pump plunger diameter, m; h, — average
clearance between the plunger and the working cham-
ber wall, m; p,, p, — working pressure of the pump and
casing pressure, respectively, Pa; u — dynamic vis-
cosity of the working fluid, Pa-s; » = e/h, - elative
eccentricity of the plunger in the working chamber;
e — plunger eccentricity relative to the cylinder walls,
m; v — plunger velocity, m/s; | - length of the plunger
section inside the cylinder at a given moment, m:

[=1,+R(1-cosmt)tgy, (2)

where [, — average length of the plunger section in-
side the cylinder, m; R - radius of the working cham-
ber axes, m; o — angular velocity of the cylinder block,
rad/s; y - tilt angle of the swashplate, degrees.

The axial velocity of an individual piston relative
to the cylinder is determined by:

v =mRtgysinwt. (3)

Leakage of the working fluid through the clear-
ance between the piston and the slipper is calculated
using the following expression [17]:

tgh, |}’
tgh,

(P, —Dy)
where h,,, - clearance between the piston and the slip-
per, m; p,, p, — pressure in the slipper chamber and in
the pump casing chamber, respectively, Pa; B, B, — de-
sign angles of the piston and slipper, rad.

Leakage calculations for other components of the
axial piston pump follow a similar approach.

The current GOST 13823-78 standard speci-
fies failure criteria only for fixed-displacement axial
piston pumps and does not establish limits for va-
riable-displacement pumps with a control system
powered by the main flow. However, according to
existing engineering practices, there comes a point

o nhsp

<D,

4

p =
SH(tgz B, —tg’ B, +2In
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when further operation of a variable-displacement
axial piston pump becomes impractical, including due
to excessive fuel consumption. For mining hydrau-
lic excavators, the failure threshold of variable main
pumps should be determined considering both mi-
ning-technical and economic operating conditions [18].

Results and discussion

A comprehensive mathematical model, incor-
porating the listed leakage formulas for the critical
components of the fluid discharge mechanism in
axial piston pumps of the hydraulic system in a min-
ing excavator, was developed in Simulink-Matlab.
In recent years, Simulink-Matlab, along with other
popular CAD and CAE systems, has been widely and
successfully used for digital prototyping of equip-
ment operating processes in the mining industry [19].
Additionally, the model included constraints and con-
ditions that directly and indirectly affect the leakage
volume of the working fluid in the clearances. These
include: pump working chamber cycle parameters,
design parameters of the discharge mechanism, time
and load parameters of the mining hydraulic excava-
tor’s duty cycle, temperature of the hydraulic fluid.

As part of the numerical experiment, the volu-
mes of hydraulic fluid leakage were determined for
high-pressure pumps in the hydraulic system of a mi-
ning hydraulic excavator, considering different levels
of discharge mechanism wear: from a new pump (clea-
rances h, =h,=h, =h=5pm)toapump in operation
for several years (clearances h, = h,, = h, = h, =20 um).

he fuel overconsumption values correspon-
ding to pump leakage losses are presented in Table 1.
The graphs showing the dependence of fuel over-
consumption on hydraulic fluid temperature for four
levels of discharge mechanism wear (Fig. 1) indicate
that as clearances increase, fuel overconsumption
rises exponentially. For example, at a hydraulic fluid
temperature of 70°C increasing the clearance size in
the discharge mechanism of an axial piston pump by
a factor of 2, 3, and 4 results in fuel overconsumption
due to hydraulic fluid leakage increasing by factors of
8,27, and 64, respectively. This relationship can be ex-
pressed by the function x = y.

The fuel overconsumption during working ope-
rations, depending on the clearance between the pis-
ton and the cylinder block at different hydraulic fluid
temperatures, is shown in Fig. 2.

The impact of hydraulic fluid temperature on
power losses in a hydraulic excavator was analyzed
in [20]. However, that study did not consider the effect
of pump technical condition on power losses.

It should be noted that a power loss of 1 kWh re-
sults in an excess fuel consumption of 207-218 g.
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Table 1

Fuel overconsumption during primary duty cycle operations depending on the clearance
between the piston and cylinder block

Fuel overconsumption, L/h x1073
templt;ll};ture, Digging Swing to dump : Bucket unloading Swing to face

oC Clearance size, pym

5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
20 46 98 226 | 448 24 28 36 52 28 34 50 78 18 18 22 30
40 82 208 | 510 | 1.036| 36 44 66 102 42 58 94 156 26 30 38 54
60 138 | 406 |1.040|2.146| 48 66 110 | 186 60 90 164 | 294 34 42 60 92
80 224 | 720 |1.896|3.946 | 64 98 178 | 316 | 80 | 138 | 274 | 510 | 44 58 92 152
100 342 | 1.178 | 3.156 | 6.604 | 82 138 | 272 | 506 | 104 | 200 | 428 | 826 | 56 80 | 136 | 234

AG,L/h

0 10 20 30 40 50
HF temperature t, °C

—1

-2

60 70 80 90 100 110

—3 -4

Fig. 1. Power losses at different clearance widths: 1 — 5 ym; 2 - 10 um; 3 — 15 ym; 4 — 20 ym

In Chan V. H.’s study®, a mathematical model was
developed to calculate the ownership cost of the main
hydraulic excavator pump and the expenses associa-
ted with excess fuel consumption:

v v: T2
V=2Z+Z —"Z+—’;T— +£, (5)
flm,2 m, 3| T

where Z, - pump operating costs, RUB/h; Z, - fuel
costs at the initial moment of operation, RUB/h C -
pump replacement cost, RUB; n, — volumetric effi-
ciency of the pump at the initial moment of opera-
tion; v, — rate of volumetric efficiency degradation,
%/h; T - service life, h.

Based on the proposed model, an expression was
derived to determine the replacement interval:

2n,C
T =, /v—Z (6)
n 8

5 Chan V. H. Optimization of pump replacement intervals
for mining hydraulic excavators operating in Vietnam. [Author’s
abstract of the dissertation for the degree of Cand. Sci. (Eng.)].
Tver; 2024. 21 p.

/1

Using the calculated replacement interval will
help minimize pump acquisition costs and fuel con-
sumption throughout the pump’s operational life un-
til replacement.

From the equation, it is evident that the replace-
ment interval increases proportionally to the square
root of the pump replacement cost and decreases with
lower fuel costs and higher volumetric efficiency deg-
radation rates during operation.

Furthermore, the equation indicates that the fixed
operating costs of the pump do not affect the optimal
replacement interval (Fig. 3).

To evaluate fuel overconsumption, the study pro-
poses the K, indicator, which characterizes excess fuel
consumption and is determined by the ratio of the dif-
ference between the actual fuel consumption per cubic
meter of excavated material G;and the fuel consump-
tion at the initial volumetric efficiency G, to the fuel
consumption at the initial volumetric efficiency:

% G, -G,
ef G °

n
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Fig. 2. Fuel overconsumption during working operations:
a - digging; b - swing to dump; ¢ — bucket unloading; d — swing to face

< <
~ ~~
. =
C) ~
< ~

: : : : : : 100 = : ' : : :

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

Pump replacement interval T, hx10* Pump replacement interval T, hx10*
—1 —2 —3 ——4 —e—5 —=—6

Fig. 3. Impact of the replacement interval for main pumps:
a - on fuel overconsumption; b — on fuel costs and pump replacement costs:
1-v,=0.5-10%%/h;2-v,=1-10%%/h;3-v,=1.5-10%%/h;4-v,=1-10"%/h, C,, = 800 000 RUB,
D=35RUB/L; 5-v,=1-10%%/h, C,,= 800 000 RUB, D = 70 RUB/L; 6 - v,=1-10°%/h, C,,= 1 600 000 RUB, D = 35 RUB/L
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The K, value is zero when the nominal and actual
fuel consumption are equal, i.e., at the initial moment
of operation. If the actual fuel consumption becomes
twice the nominal value (which is not permissible in
operation), the coefficient reaches one.

Using the proposed fuel efficiency coefficient and
the derived equation for pump replacement inter-
vals will enable data-driven decisions regarding the
definition of critical pump conditions and optimal
replacement timing. This approach can reduce total
pump ownership and fuel costs by up to 17%, depen-
ding on the economic and mining-technical operating
conditions.

Conclusion
1. Using the developed algorithm and computer
modeling in Simulink-Matlab, a relationship was es-
tablished between fuel overconsumption, hydraulic
fluid viscosity, and clearance size in the HPV375 axial
piston pump of the Komatsu PC2000-8 excavator.
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2. A mathematical model was developed for pump
ownership costs, accounting for increasing fuel over-
consumption over the pump’s service life. Based on
this model, an expression was derived to determine
the optimal pump service life, aimed at minimizing
pump acquisition and fuel costs, while considering
the technical condition of the main pumps, its degra-
dation rate, fuel price, and pump replacement costs.

3. Anew indicator was proposed to characterize fuel
overconsumption, defined as the ratio of the difference
between actual fuel consumption per 1 m® of excavated
material and the fuel consumption at the initial pump
efficiency to the fuel consumption at initial efficiency.

4. Implementing the proposed fuel overconsump-
tion indicator and the equation for pump replacement
intervals will allow for more accurate planning of re-
placement timing and future expenditures. Additio-
nally, this approach can reduce total pump ownership
and fuel costs by up to 17%, depending on economic
and mining-technical operating factors.
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