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This paper presents the results of testing a gear pump and simulating the state of'Support bushings with expanding
elements under load. The results of the gear pump tests showed that amyincrease in retational speed has a positive
effect on pump capacity, operating pressure in the system, and oil heatingtemperature. It was also established that,
on average, the operating pressure generated by a gear pump with a biaxial cennection is 1.2 times higher than that
of the standard Gear pump-50U3. The results of simulation of the gtate of support'bushings with expanding elements
under load demonstrated that an increase in pressure up to 15 bar (at 4500 rom) acting on the plate interacting with
the bushing leads to a significant increase in the reaction forégeyandfloads on the joint. It was established that the
elastic expanding element retains its geometric profile and mechanical properties under deformation. Overall, the
results of experimental testing and computer simulation confirmed theJeperability of the design of a gear pump with
a biaxial connection and expanding elements.

Keywords: gear pump, biaxial connection, expandinggelement, support bushing, operating pressure, numerical
simulation, oil temperature

HIGHLIGHTS

— Experimental testing confirmed higher operating pressure of the biaxial gear pump compared to a standard
Gear pump-50U3.

— The biaxial connection increased _average‘®perating pressure by about 1.2 times while maintaining stable
pump performance.

— Numerical simulation showed that expanding elements preserve geometry and mechanical properties under
load up to 15 bars.

— Combined experimental and the, finite element method results verified the operability and reliability of the
proposed gear pump design.

1 Introduction

In various branches of mechanical gngineering, along with other types of hydraulic pumps, gear pumps are widely
used. To a large extent, this isifacilitated by the operational reliability of gear pumps, their low maintenance
requirements, simplicitypof reversing, compact design, low weight, and relatively low cost, which favorably distinguish
them from other types of positive displacement hydraulic pumps [1,2,3].

Current researchien external’ gear pumps increasingly focuses on volumetric efficiency, internal leakage, frictional
losses, and numericahsimulation, particularly under high-pressure operating conditions [16,17,18]. It has been shown
that the deterioration ofWolumetric efficiency is closely related to pressure-induced deformation, clearance variation,
and leakage®paths inside the pump [16,17]. Numerical studies have demonstrated that radial and axial gaps play a
signifigant role in\leakage formation, pressure build-up, and outlet flow stability in external gear pumps [18,19]. In
addition, hydrauli€ fluid properties, including quality and viscosity, directly affect operating pressure, flow rate, oil
temperature, and’the overall volumetric efficiency of hydraulic systems [20]. These findings confirm the importance
of improving¥elearance compensation, stabilizing support bushings, and reducing leakage in modern gear pump
design.

However, in several cases, further expansion of the application field of gear pumps encounters serious difficulties.
Sufficiently effective design solutions that meet specific requirements and operating conditions in agricultural
machinery drives have not yet been found. Agricultural machines operate under the most severe, harsh, and
unfavorable operating conditions, which are characterized by [4,5,6]:

— awide range of climatic factors: ambient air temperature from minus 40 to plus 40°C; humidity from 54 to 81%
— high air dustiness (from 0.05 to 1 mg per 1 m?) and a large number of abrasive particles in the soil.
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— high dynamic loads on assemblies due to large and unstable soil resistance and the random nature of
loading.

The consequence of the influence of these factors is a sharp increase in wear of hydraulic device components,
assemblies, and units of agricultural machinery, an increase in the number of failures and breakdownsgas well as an
increase in fuel consumption [7,8]. Under these difficult conditions, improving the performancefof agricultural
machinery and ensuring its efficient operation is possible only by improving the design and manufagturing technology
of hydraulic devices, assemblies and units. A joint referred to as a “biaxial connection” has beefi’developed, which
led to the creation of a new pump design with high performance [9,10,11,12]. The essence of the biaxial connection
lies in the fact that the surface of the shaft or the bore of the bushing is manufactured in the form of an intersection
of two cylindrical surfaces with different diameters and with parallel axes offset by a certaif’eccentricity. Theoretical
studies show a number of advantages of the new connection compared to traditional jeintsh A design and
manufacturing technology for a new type of shaft-bore connection has been developed®This connection is of
particular relevance when applied in shaft-gear connections of hydraulic machines, in particular gear pumps. Using
the new shaft-bore connection makes it possible to solve the following tasks: ensuring maximum coaxiality of the
axes of the bores and shafts, i.e., maximum alignment of the bore axes with the"shaft axis or the axis of rotation;
ensuring the maximum contact area between the shaft and bore surfaces; and ensuring.parallelism of the axes of
shafts and bores.

Unlike the authors’ previous studies, which mainly focused on internal leakage progesses, dimensional parameters
of support bushings, and clearance field selection in gear pumps with agbiaxial connection [9,10,11,12], the present
study investigates the operational behavior of support bushings with“€lastic expanding elements under load
conditions. The novelty of this work lies in the combined experimental testing and,finite element simulation of support
bushings equipped with expanding elements under different operating modes. In"particular, the study evaluates the
influence of expanding elements on operating pressure, oil temperature, and pump performance in comparison with
a standard Gear pump-50U3. This approach makes it possibleyto @assess not only the structural feasibility of the
proposed design, but also its functional reliability and stability underlaboratory operating conditions.

Figure 1 shows the arrangement of two support bushings in the housing bores of the gear pump and the operating

process.
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Fig. 1. Arrangement of tWie, support bushings in the housing bores of the gear pump and the operating process: a)
arrangement of two'Supportdushings in the housing bores of the gear pump; b) operating process

The gear pump includes (see Fig:): housing — 1; support bushings — 2; elastic expanding elements — 3; shafts — 4;
outer diameter of the 'stipport bushing — dp; diameter of the bore of the support bushing — do; I-/ and llI-lll — axes of
the pump housing bores;lhand /V — axes of the support bushing bores; e — eccentricity; Os and Os— centers of the
axes of the pump housing beres; O, and O, — centers of the axes of the support bushing bores; gears — 5; suction
cavity — A; dischargecavity — B.

The gear pump operateshas follows (see Fig. 1). The gear pump delivers oil (shown by arrows) from cavity A to cavity
B by megans-afitwo gears 5 rotating on two support bushings 2 installed with a clearance fit in the pump housing 1.
The bares in thelsupport bushings 2 assembled in the pump housing 1 are manufactured with an eccentricity e in the
direction of the ¢enter distance between the bores of the support bushings 2. When the support bushings 2 are
expanded, by the'elastic expanding elements 3, a guaranteed clearance is provided between the outer diameter of
the gear teeth of the gears 5 mounted on the support bushings 2 and the bore in the pump housing 1. As a result,
the clearance between the housing 1 and the bushing 2 is reduced, which contributes to an increase in the output
performance of the pump, since the pump capacity mainly depends on leakage of the working fluid through the
clearances formed between the tips of the gear teeth and the pump housing.

Figure 2 shows the support bushings of the gear pump with a biaxial connection of the second design version.
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Fig. 2. Support bushings of the gear pump with a biaxial connection of the second version: upport bushings with
a machined groove; b) elastic expanding elements; c) assembled support bushings d), €)' assembled gear pump
with a biaxial connection

2 Materials and methods

The testing was carried out under the conditions of the educational and resea i pase of the Department
of Technological Machines and Equipment of Kazakh Agrotechnical Research ity named after Saken Seifullin.
For laboratory testing, the experimental gear pump with a biaxial connection wastinstalled and fixed on a special
device for testing a gear pump with a biaxial connection, which was mieunted on the carriage (instead of the tool

holder) of a lathe. Figure 3 shows the mounted device for testing gear plimps based on a lathe.

2.1 Testing of an experimental gear pump with a biaxial connection ‘a
0

Fig. 3. Mounted device for testing gear pumpsibased on a lathe: a) front view; b) top view; 1 — lathe; 2 — three-jaw
chuck; 3 — driving pulley; 4 — V-b 5 — driven pulley; 6 — plate; 7 — carriage; 8 — hose; 9 — pressure gauge; 10 —
valve (shut-off cock); 11 — tanks; 1 racket; 13 — hose; 14 — bolts; 15 — flange; 16 — gear pump with a biaxial

connection

The testing of the experimental gear pump with a biaxial connection was carried out in the following stages:

— Idle run test. The of installation, the reliability of fastening of the gear pump with a biaxial

of the hydraulic system of the device (correct operation of the valve, pressure gauge,
and abse f oil leakage).

gauge readings were recorded. The sequence of the experiment was repeated by setting the rotational speed
n the rahge n=500+3000 rpm. Variation of the rotational speed of the gear pump was carried out by rotating
ee-jaw chuck, while the driven pulley with different diameters was installed. Using this methodology,
the pump capacity, operating pressure in the system, and oil heating temperature were determined. For the
purpose of comparing technological performance indicators, two gear pumps (a gear pump with a biaxial
connection and a standard Gear pump-50U3) were tested under the same operating modes. Measurement
of the oil heating temperature was carried out using a technical glass thermometer of the TTM direct type.

The working fluid used in the experimental tests was a mineral hydraulic oil corresponding to the ISO VG 46 viscosity
grade. For this class of hydraulic oil, the typical kinematic viscosity is approximately 46 mm?/s at 40 °C. Before each
test run, the initial oil temperature was maintained within 20-21 °C.
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The operating pressure was measured using a technical pressure gauge with a measurement range of 0-25 MPa
and an accuracy class of 1.5. Qil temperature measurements were performed using a direct-reading TTM-type
technical glass thermometer with a measurement range from 0 to 100 °C and an accuracy of +1 °C.

The obtained results are presented in Tables 1,2,3,4.

Table 1. Results of the study of the biaxial gear pump

Spindle Start time of oil End time of oll Total oil pumping Pumped fluid il te ature,
speed, rpm discharge, sec discharge, sec time, sec volume, liter °
500 7 344 337 32 21
1000 8 176,5 168,5 32 21
1500 9 93 84 32 22
2000 2 65,2 67,2 24
2500 3 45 42 25
3000 6 39,5 33,5 2 27
Table 2. Results of the study of the standard Gear pump- 3
Spindle Start time of ol End time of oil Total oil pumping umped fluid Oil temperature,
speed, rpm discharge, sec discharge, sec time, sec ume, liter °C
500 9 355,5 5 50 21
1000 10 183 50 21
1500 11 108 107 50 23
2000 5 78,4 73,4 50 24
2500 6 56 48 50 24
3000 7 45,5 9,5 50 25

The difference in pumped fluid volume during,the experi
For the standard gear pump, a pumped volum
In contrast, the biaxial gear pump equipped with
50 liter to additionally assess thermal
bushings under prolonged operating con

| tests was associated with different testing objectives.
32 liter was sufficient to evaluate the main operating characteristics.
tic expanding elements was tested using a pumped volume of
perature growth, and the operational behavior of support

Table 3. Results'of the study of the biaxial gear pump
Rotational speed n, rpm
Valve position 50 1000 1500 2000 2500 3000
Pressure P, MPa
Fully open 3 5 6 7 9 10
Half-clos 4,2 6,1 8,5 10,3 13,5 15
Sli 5,2 8,7 12 16,8 20,8 24
Table 4. Results of the study of the standard Gear pump-50U3
Rotational speed n, rpm
e position 500 1000 1500 2000 2500 3000
Pressure P, MPa
Fully open 0,75 1,6 3,8 4,5 7,4 8,2
Half-closed 0,86 21 53 6,4 9 12,7
Slightly open 1 24 6,2 7,9 13,6 16,8
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Figure 4 shows the graph of the influence of the rotational speed on the oil heating temperature in the system.
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30
25 —
20 —_—T | ——Gear pump with
sliding element
15
10 ——Gear pump-50U3
5
0 n, rom
500 1000 1500 2000 2500 3000
Fig. 4. Graph of the influence of rotational speed on the oil heating ure in the system
Figure 5 shows the graph of the influence of the rotational speed on the pressurgyin the system.
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Fig. 5. Graph of the influence of rotati peed on the pressure in the system

Figure 6 shows the graph of the influence of otational speed on the pressure in the system at the half-closed
position of the valve (shut-off cock).
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00 1000 1500 2000 2500 3000

Fig. 6. Graph of th uence of rotational speed on the pressure in the system at the half-closed position of the
valve (shut-off cock)

e graph of the influence of the rotational speed on the pressure in the system at the slightly open
e (shut-off cock).
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Fig. 7. Graph of the influence of rotational speed on the pressure in the system slightly open position of the
valve (shut-off cock)

Fig. 9. Calculated part: support bushing with a plate (expanding element)

After o support bushing file in the Siemens NX CAD system, work on triangulation of the part was
performe g the finite element method (FEM). A 3D tetrahedral FEM mesh was selected for triangulation of the
part. For the finite element simulation, the support bushing was modeled as a structural steel component with a
Young’s modulus of 2.1-10" Pa and a Poisson’s ratio of 0.30. The elastic expanding element was modeled as a
spring steel component with a Young’s modulus of 2.0-10" Pa and a Poisson’s ratio of 0.29. These material
properties were assigned in the Siemens NX Advanced Simulation environment to evaluate the stress-strain state of
the bushing and the expanding element under load.

Figure 10 shows the FEM mesh of the bushing part with a plate.
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Fig. 10. FEM mesh of the support bushing with a plate

After triangulation, dynamic loads in the form of periodic pressure were applied
were also specified on the inner surface of the bushing, since the bushing and
shaft—gear. The interaction between the elastic expanding element and the s
sliding contact. This contact type was selected because, under load, the expa element transmits pressure to
the bushing surface while allowing limited relative displacement along the contact Zéne. Such an approach makes it
possible to more realistically reproduce the mechanical interaction betw the plate and the bushing compared with
a fully bonded contact model. The pressure load applied to the plate wa osed in two stages: 10 and 15 bar at
rotational speeds of 1000 and 1500 rpm, respectively.

Figure 11 shows the application of loads and boundary condition

e plate. Boundary conditions
er liner are mounted on the
vas defined as frictional

the investigated bushing part with a plate.

ary conditions to the bushing part with a plate

The study was carried out in two stages. A h stage, different input data were specified. Figure 12 shows the
segments of the measurement re of the loads acting on the plate and the effect on the bushing housing, on the
basis of which graphs of the pressur ect results were constructed.

easurement segment — along an arc from the minimum reaction to the maximum reaction on the
inner surface of the bushing over a length of 10 mm

Figure 13 shows the state of the model after rotation of the shaft—gear of the gear pump with a biaxial connection at
the specified input data. Input data:

— rotational speed — 1000 rpm;
— pressure load — 10 bar.
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Fig. 13. Model showing the state of the product under a pressure r@ 0 bar at 1000 rpm

Figure 14 shows the graph of the load measurement segment from the lower pa the plate to its middle along an

arc with a radius of 17 mm over a length of 10 mm.
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Fig. 14. Load measurement segment fi art of the plate to its middle along an arc with a radius of 17
m over a length of 10 mm
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Fig. 15. ows a model displaying the reaction force of the plate acting on the bushing under a pressure load
of 10 bar at 1000 rpm

Figure 16 shows the graph of the load measurement segment along an arc from the minimum reaction to the
maximum reaction on the inner surface of the bushing over a length of 10 mm.
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Fig. 16. Load measurement segment along an arc from the minimum reac
inner surface of the bushing over a length of 10

Figure 17 shows the state of the model after rotation of the shaft—gear e gear pu

the specified input data. Input data:
— rotational speed — 1500 rpm;
— pressure load — 15 bar.

Figure 18 shows the graph of the load measu
arc with a radius of 17 mm over a th of 10 mm.
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Fig. 18. Load measurement segment from the lower part of the plate to its middle along an arc with a radius of 17
mm over a length of 10 mm

Figure 19 shows the state of the model displaying the reaction force of the plate acting on the bushing under a

pressure load of 15 bar at 1500 rpm.
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Fig. 19. Model showing the reaction force of the plate acting on the bushing under a pressureload of 15 bar at
1500 rpm

Figure 20 shows the graph of the load measurement segment along an ar€, from " thefminimum reaction to the
maximum reaction on the inner surface of the bushing over a length of 10 mm.
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Fig. 20. Load measurement segment along an‘arc from the minimum reaction to the maximum reaction on the
inner surface'offtherbuishing over a length of 10 mm

The reaction force values shown in Figures@6 and 20 correspond to local nodal reaction forces obtained along
selected measurement segments ©f the finite element mesh. Therefore, these values should not be interpreted as
the total resultant force acting on thetentire support bushing. The curves characterize local contact response zones
between the expanding element and thelbushing surface. For a complete assessment of the bushing loading state,
local reaction force distribution should be considered together with stress distribution and deformation patterns.

3 Results and discussion

Tests of the gear pump with a biaxial connection equipped with support bushings with expanding elements showed
positive results.

To improve the comparative analysis of pump performance, the volumetric efficiency of both the standard gear pump
and the biaxial gearfpumpawas additionally evaluated. The volumetric efficiency was determined as the ratio between
the experimentally“measured flow rate and the theoretical pump flow rate. The actual flow rate was experimentally
determined from the ratio between the pumped fluid volume and the pumping time. The obtained results showed that
the biaxialgear pump equipped with elastic expanding elements demonstrated higher volumetric efficiency compared
to the gtandardjpump under identical operating conditions. The improvement in volumetric efficiency is associated
with reduced internal leakage due to more stable support bushing positioning and partial compensation of operational
clearanees. Based on the experimental data, the actual flow rate of the biaxial gear pump increased more intensively
with rotationakspeed than that of the standard pump. This indicates improved volumetric performance of the proposed
design. The increase is mainly explained by reduced internal leakage and more stable positioning of the support
bushings due to the elastic expanding elements. According to the calculated values, the volumetric efficiency of the
biaxial gear pump increased by approximately 8-12% compared with the standard Gear Pump-50U3.

The maximum pressure in the system of 25 MPa was achieved at a rotational speed of n = 3000 rpm with the valve
(shut-off cock) in the slightly open position (see Fig. 7). With the valve fully open, the maximum pressure in the
system was 10 MPa at a rotational speed of n = 3000 rpm (see Fig. 5).

With the valve in the half-closed position, the maximum pressure in the system was 15 MPa at a rotational speed of
n = 3000 rpm (see Fig. 6). Depending on the rotational speed n, the oil heating temperature in the system was in the
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range of 22-27 °C (see Fig. 4). The maximum oil temperature T = 27 °C was also observed at a rotational speed of
n = 3000 rpm, while the minimum temperature value was observed at a rotational speed of n = 500 rpm (see Fig. 4).

It was established that an increase in the rotational speed has a positive effect on pump capacity, operating pressure
in the system, and oil heating temperature. It was also found that, on average, the operating pressure,generated by
the gear pump with a biaxial connection is 1.2 times higher than that of the standard Gear pump-50U3 pump (see
Tables 1 and 2). The increase in operating pressure should be interpreted as a comparison of pressure values
obtained under identical rotational speeds and the same valve positions for both pumps. Theréfore, the, obtained
results characterize higher achievable pressure under comparable laboratory operating conditions rathemthan a
complete shift of the overall pump characteristic curve.

During the testing process, no oil leakage or air accumulation in the high-pressure hose was_detected, and the
pressure gauge operated properly.

An increase in pressure to 15 bar (at 1500 rpm) acting on the plate interacting with the bushing leads to a significant
increase in the reaction force and loads on the joint (see Figs. 16 and 18). The increase in forc&€sgan be explained by
the fact that it is directly proportional to the applied pressure and the contact areagilewever, an excessive increase
in the reaction force and load is undesirable, since this leads to an increase in gliding friction between the plate and
the bushing, which accelerates wear of the contact surfaces. It is also known [13{1458]pthat high pressure and
rotational speed can cause vibrations, material fatigue, and deformation.

The increase in the reaction force of the plate acting on the bushing AR with an in¢rease in pressure to 15 bar is
directly proportional to the effective contact area and is determined by theyexpression:

AR =1.5- 106 - Sef (1)
where Sef is the projected area of the contact surface.

The pressure force acting on the plate and transmitted to the bushing dgpends on the effective area Sef (the projection
of the contact area onto a plane perpendicular to the pressurejvector). The increase in the reaction force due to
pressure is calculated using the formula above:

AFp = P Serf (2)
At a pressure of 15 bar, this value amounts to 1.5 - 103N per square meter of area.

The loading conditions of the bushing in a specific zane, where the load on the inner surface increases along an arc
with a radius of 17 mm and a length of 10 mm (seé Figs£17 and 19), indicate a non-uniform stress distribution. The
contact zone has a curvilinear nature, and it is importantto take into account stress concentration and wear.

The FEM results are consistent with the experimental findings. The simulation showed that the elastic expanding
element retained its geometric profile and méehanical properties under load, while providing local contact interaction
with the support bushing. This behavior explainsithe experimentally observed increase in operating pressure of the
biaxial gear pump compared with the standardgGear’Pump-50U3. The expanding element contributes to clearance
compensation between the bushing and theypump housing, which reduces internal leakage paths and improves the
functional stability of the pump. At the same time, the increase in local contact pressure explains the slight rise in oil
temperature observed during the tésts. Therefore; the combined experimental and FEM results confirm the functional
performance validation and design robustness of the proposed biaxial gear pump with elastic expanding elements.

4 Conclusions

The results of testing the ‘@ear pump with a biaxial connection showed that:

— the obtained values ofyoperating pressure generated by the proposed gear pump design with a biaxial
connection at various valve positions demonstrate that, on average, they are 1.2 times higher than the
operating pressure of a standard gear pump. This is achieved due to a larger contact area and more uniform
load distribution between the gear teeth in the gear pump with a biaxial connection.

— the slightiimcrease in oil temperature by approximately 1.8-2 °C in the biaxial gear pump may be associated
with increased,local mechanical interaction between the elastic expanding element and the support bushing
surface. Since the expanding element reduces the clearance between the bushing and the housing, local
¢ontagthpressure and sliding friction may slightly increase. However, the observed temperature rise remained
within a'small range and did not lead to critical overheating. Therefore, the proposed clearance compensation
mechanism can be considered thermally stable under the tested operating conditions.

As a result of modeling the state of support bushings with expanding elements under load, it was established that
the elastic expanding element maintains its profile and mechanical properties under deformation.

Overall, the results of experimental testing and computer simulation confirmed the operability of the design of the
gear pump with a biaxial connection and expanding elements.
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