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Abstract: This study presents a systematic investigation on the thermal power charac-
teristics of linear conjugate internal gear pumps. Through analyzing the heat sources of
each friction pair in the internal gear pump, mathematical heat generation models for
key friction pairs are derived based on mechanical efficiency and volumetric efficiency.
Furthermore, the simulation model of the gear pump was established, and the losses of
the internal gear pump under different working conditions were calculated and analyzed.
The variation patterns of mechanical efficiency and volumetric efficiency under different
pressures and speeds are studied, revealing significant declines in both efficiencies under
complex operating conditions, with inefficiencies primarily occurring under low-speed
high-pressure and high-speed low-pressure scenarios. The results show that the deviation
between the simulation results of mechanical efficiency and the experimental value is less
than 1.6%, and the deviation between the simulation results of volumetric efficiency and the
experimental value is less than 1%. Variations in speed and pressure significantly impact
both mechanical and volumetric efficiencies, with notable efficiency drops observed under
low-speed/high-pressure conditions. In high-pressure environments, intensified radial
unbalanced forces lead to increased frictional heat generation.

Keywords: linear conjugate internal gear pump; thermal power characteristics; friction
pair analysis; efficiency loss

1. Introduction
The linear conjugate internal gear pump has been widely adopted in industries such as

injection molding machines, machine tools, and agricultural equipment due to its compact
structure, small footprint, excellent sealing performance, low noise characteristics, and
minimal flow pulsation [1–6]. However, this pump demonstrates less than 75% efficiency
under low-speed, high-pressure conditions and below 80% efficiency at high speeds. Under
low-speed operating conditions, insufficient lubrication in friction pairs leads to increased
heat generation, while under high-speed conditions, viscous friction losses in rotating
components surge significantly, resulting in severe thermal accumulation. This excessive
temperature rise may induce lubrication failure and accelerated wear, ultimately limiting
component performance [7].
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Thermal power characteristics represent one of the core parameters in the design and
performance evaluation of hydraulic power components, holding significant research value,
particularly for critical power elements such as hydraulic pumps [8–10]. When hydraulic
systems operate under high-speed and high-pressure conditions, the heat generated by
mechanical friction, volumetric losses, and fluid viscous shear significantly affects the
operational efficiency and reliability of components [11–14].

Firstly, as the core component of energy conversion, the non-uniform temperature dis-
tribution within hydraulic pumps may induce thermal fatigue of materials, seal aging, and
viscosity degradation of the hydraulic oil, consequently leading to reduction in volumetric
efficiency and increased vibration and noise [15–17]. Secondly, the accumulation and dissi-
pation characteristics of thermal power directly affect the system’s energy balance, where
improper thermal management strategies would exacerbate energy waste and shorten the
service life of components [18–20].

The research objects of hydraulic pump thermal characteristics are mainly plunger
pump and external gear pump. Grandall D investigated hydraulic pump efficiency from
the perspectives of volumetric efficiency and mechanical efficiency, establishing a mathe-
matical model and deriving theoretical calculation formulas [21]. Wang S studied the heat
generation and heat transfer mechanism of the hydraulic pump, established the thermody-
namic model of the hydraulic pump by using the control volume method, and accurately
predicted the temperature change caused by pump leakage and friction [9]. Iboshi, N
and Yamaguchi, A, aiming at the mixed lubrication characteristics of slipper pair of piston
pump, revealed the evolution law of power loss of friction pair with the increase in speed by
establishing average flow model and random rough contact theory [22]. Through ANSYS
(v.2021) static simulation, Dong Jicheng et al. revealed the mechanical characteristics of the
cylinder–disc friction pair of the radial piston pump with disc flow distribution under the
condition of 40 ◦C and accurately located the concentration area of equivalent stress and the
extreme value area of thermal deformation under two rotation modes [23]. Chang Liang
investigated the temperature rise effect of high-power-density 2D piston pumps. Through
thermal–hydraulic coupling modeling, experimental tests and Ansys transient thermal
simulation, he revealed the distribution law of thermal losses in the transmission system
and verified the consistency between the thermal model below 4000 rpm and the formula
for stirring losses [13]. Rituraj R studied the influence of fluid temperature change on the
performance of external gear pump, proposed a lumped parameter based thermal model,
revealed the limitations of isothermal assumption in inefficient conditions, and clarified the
temperature gradient distribution of fluid in the pumping process [24]. Sujan, D proposed
a fluid–solid–thermal coupling model for axial lubrication clearance of external meshing
gear machinery, which for the first time integrated the thermoelastic lubrication effect and
solid thermoelastic deformation mechanism and proposed a fluid mechanical efficiency
evaluation model for external meshing gear machinery [25]. Zardin, B quantified the tooth
tip, side clearance, journal bearing, and meshing losses of an external meshing gear pump
through numerical analysis of the gap geometry and pressure distribution and revealed the
dominant roles of side clearance and meshing losses under low pressure conditions, as well
as their dynamic response patterns with respect to rotational speed and viscosity [26]. The
dynamic simulation model of linear conjugate gear pump is established and verified by
orthogonal experiment. Chai H established a dynamic simulation model of linear conjugate
internal gear pump and used orthogonal experiments to demonstrate that the oil content,
oil temperature, and working pressure have a significant impact on the total efficiency [27].

However, current research exhibits notable limitations: existing thermodynamic stud-
ies on external gear pumps also inadequately support the optimization requirements of
internal gear architectures. Quantitative descriptions of friction pair power loss under
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high-speed conditions remain insufficient. Additionally, the influence of external oper-
ating conditions such as rotational speed and pressure on thermal equilibrium remains
inadequately clarified.

In this study, the thermal efficiency of conjugate linear internal gear pump is analyzed. A
systematic investigation into the heat generation mechanism is carried out, focusing on the
power loss mechanisms of friction pairs. Numerical heat generation models are established
for key friction pairs, including the gear and ring gear, gear shaft and crescent plate, sliding
bearings, and end faces, with an in-depth analysis of their volumetric and mechanical loss
mechanisms. Subsequently, a Simulink-based simulation model is developed to analyze
the numerical models. The results indicate that mechanical and volumetric losses increase
significantly at lower rotational speeds, while mechanical efficiency and volumetric efficiency
improve under high-pressure conditions, the inefficiency mainly occurs in the two operating
conditions of “low speed high pressure” and “high speed low pressure”. Finally, volumetric
efficiency, mechanical efficiency, and housing temperature are tested under different operating
conditions on a linear conjugate internal gear pump test rig, experimentally validating the
simulation results, and the deviation between the simulation and the experiment is less
than 1.6% at high speed. This study establishes a numerical model for heat generation in
internal gear pumps, accompanied by analysis and experimental validation, laying a research
foundation for future reduction in gear power loss.

2. Model of Friction by Heat Produced by Internal Gear Pump
The linear conjugate internal gear pump operates as a strictly fixed-clearance hydraulic

device, where the rotational motion of the driving gear induces ring gear movement, with
pressure isolation maintained through a stationary crescent plate. The thermal generation
mechanisms in this pump primarily stem from three sources: volumetric losses due to
fluid leakage, viscous dissipation in the working fluid, and mechanical friction losses at
solid–solid contact interfaces.

The volumetric losses caused by leakage consist of six components as depicted in
Figure 1. These include A is leakage from the high-pressure outlet to the suction port
through the clearance between the crescent plate and the ring gear, B is leakage through the
gap between the crescent plate and the gear, C is leakage via the axial clearance between the
gear and the housing end face, D is leakage through the axial clearance between the ring
gear and the housing end face, E is leakage across the meshing clearance between the gear
and the ring gear, as well as F is leakage through the radial annular gap between the ring
gear and the housing. The composition of this leakage flow is complex, primarily consisting
of the flow supplied by the hydrostatic support ports and the flow of high-pressure fluid
passing through the axial end face of the ring gear.
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Figure 1. Schematic diagram of volume loss tracing of internal gear pump.
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The mechanical loss caused by friction mainly consists of 7 parts as shown in Figure 2.
1 is friction loss between gearring and crescent plate, 2 is radial ring clearance friction loss
between gear ring and shell, 3 is friction loss between gear and crescent plate, 4 is sliding
bearing friction loss between gear shaft and shell, 5 is sealing friction loss between gear ring
end face and shell, 6 is sealing friction loss between gear end face and shell, 7 is mechanical
loss caused by fixed rolling bearing installed on gear shaft.
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Figure 2. Schematic diagram of mechanical loss tracing of internal gear pump.

In order to make a clear and in-depth analysis of the heat generation mechanism, we
trace the heat generation mechanism in the form of power loss generated by the moving
friction pair.

2.1. Source Analysis of Heat Generation in the Ring Gear-Housing Radial Tribological Pair

During the rotation of the gear ring, the pressure generated by the high-pressure liquid,
the meshing force of the gear and gear ring transmission, and the sum of the extrusion force
generated by the forced movement are in the eccentric motion state relative to the annular
space of the shell. At the same time, in order to compensate for the negative effect caused by
the radial unbalanced force, the static pressure support notch is usually opened on the shell,
and its mechanism is similar to that of the dynamic and static pressure lubricating bearing [28].
The oil film model of ring interface friction pair of gear ring shell is shown in Figure 3.
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Figure 3. Oil film model of annular interface friction pair of gear ring housing.

The friction pair at the ring gear-housing interface is analogous to that of a bearing
journal. By referencing the rotational frictional resistance and leakage flow characteristics
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of bearing journals, the mechanical losses and volumetric losses at the sliding interface
between the ring gear and housing can be quantitatively determined. The friction force and
mechanical loss of the sliding friction pair at the annular interface of the gear ring housing
are expressed by Equations (1) and (2):

Ff 1 =
∫ B

2

−
B
2

∫ 2π

0

(
η

rω

h
+

h
2r

∂p
∂ϕ

)
rdϕdH (1)

Pf 1 =
rω

1000

∫ B
2

−
B
2

∫ 2π

0

(
η

rω

h
+

h
2r

∂p
∂ϕ

)
rdϕdH (2)

where B is the ring gear thickness; r is the ring gear radius; h is the oil film thickness; η is coefficient
of viscosity; p is the hydrodynamic film pressure; ω is the ring gear peripheral velocity.

The total leakage flow and total volumetric loss at the interface of the gear ring housing
are can be calculated using Equations (3) and (4), as follows:

Q1 = 16
psr2

s
3ηD2B(B − 2rs)

[c(1 + ε cos θx)]
3r2 (3)

PQ1 = 16∆p1
psr2

s
3ηD2B(B − 2rs)

[c(1 + ε cos θx)]
3r2 (4)

where ps is the hydrostatic support groove pressure; rs is the radius of the hydrostatic support
groove; D is the inner diameter of the housing; c is correction factor; ε is the dynamic eccen-
tricity; θx is angular coordinates of hydrostatic support groove; ∆p1 is the difference pressure
between hydrostatic bearing groove and oil suction port; c is correction factor.

2.2. Source Analysis of Heat Generation in the Radial Friction Pair Between Gear Ring and Housing

The clearance between the gear/ring and the crescent plate plays the role of high-
pressure oil seal and oil suction and drainage port transport, and its leakage direction is
opposite to the rotation direction. However, in actual operation, only a few sealing lines are
used for sealing, which leads to a sudden increase in leakage flow at low speed. Conversely,
the thin-walled oil film in the gap during high-speed rotation suppresses the leakage but
increases the friction loss [29]. The motion of the friction pair between the gear/ring and
the crescent plate is shown in Figure 4.
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Figure 4. Oil film sketch: (a) between gear ring and crescent plate moving friction pair; (b) between
gear and crescent plate moving friction pair.
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The velocity of oil movement in the clearance between gear and crescent plate under
different operating conditions can be governed by Equation (5):

u1 =
∆p2/z1

2µseg1

[(
rg1 − rg2

)
y1 − y2

1

]
− vag(1 −

y1

rg1 − rg2
) (5)

where z1 is the number of gear teeth involved in sealing; seg1 is the tooth tip thickness of
the gear; µ is the dynamic viscosity of the hydraulic oil; y1 is the arbitrary distance between
the gear tooth tip and the crescent plate; vag is the linear velocity at the gear tooth tip; rg1 is
the inner radius of the crescent plate; ∆p2 is the pressure difference between the suction
and discharge ports; rg2 is the radius of the gear tooth tip.

Equations (6) and (7) describe the leakage flow and volumetric loss between the gear
and the friction pair of the crescent plate.

Q2 = B

[
∆p2

12µseg1z1

(
rg1 − rg2

)3 −
vag

(
rg1 − rg2

)
2

]
(6)

PQ2 = B

[
∆p2

2

12µseg1z1

(
rg1 − rg2

)3 −
vag

(
rg1 − rg2

)
2

]
(7)

The frictional loss between gear and friction pair of crescent plate can be expressed by
Equation (8):

Pf 2 =
∫ rg1−rg2

0
µ

∂u1

∂y
dy (8)

The velocity of oil movement in the gap between the tooth ring and the crescent plate
under different operating conditions can be expressed by Equation (9):

u2 =
∆p2/z2

2µseg2

[
(re1 − re2)y2 − y2

2

]
− veg(1 −

y2

re1 − re2
) (9)

where z2 is the number of teeth of ring teeth involved in sealing; seg2 is the thickness of
gear tip; y2 is arbitrary distance between ring tooth tip and crescent plate; veg is the linear
velocity at the gear ring tooth tip; re1 is the outer radius of tooth plate; re2 is the radius of
the gear ring tooth tip.

The volumetric loss between the gear ring and the friction pair of the crescent plate is
expressed by Equation (10), as follows:

PQ3 = B
[

∆p2
2

12µseg2z2
(re2 − re1)

3 −
veg(re2 − re1)

2

]
(10)

The frictional loss between the gear ring and the friction pair of the crescent plate be
governed by Equation (11):

Pf 3 =
∫ re2−re1

0
µ

∂u2

∂y
dy (11)

2.3. Source Analysis of Heat Generation in the Friction Pair Between the Rotating Shaft System
and Crescent Plate

The gear shaft of linear conjugate internal meshing gear pump is supported by deep
groove ball bearings, and both ends of the sliding friction pair formed by the journal and the
wear-resistant bearing sleeve. As shown in Figure 5. The friction heat generation source consists
of two parts: the rolling friction of the bearing and the contact friction of the sliding pair.
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Figure 5. Thermal analysis diagram of plain bearing and rolling bearing.

The frictional loss of deep groove ball bearing can be calculated using Equation (12),
as follows:

Pf 4 = ωaxisµbFe f ddc/2 (12)

where ωaxis is speed of bearing rotation; µb is the coefficient of friction of the bearing; Fe f is
the external load applied to the bearing; ddc is the inner diameter of the bearing.

The frictional loss of the gear shaft sliding can be expressed by Equation (13), as follows:

Pf 5 =
dacwac

2000
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2

−
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2

∫ 2π
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(
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2h

+
h

dac

∂p
∂ϕ

)
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2
dϕdH

+
∫ B2

2

−
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2

∫ 2π
0

(
η
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h

dac

∂p
∂ϕ

)
dac

2
dϕdH


(13)

where B1 is upper sliding bearing length; B2 is lower sliding bearing length.

2.4. Heat Generation Source Analysis of Axial End-Face Tribopair in Rotaing Shaft System

The end face friction pair formed by the end face of the gear ring/gear and the shell
of the linear conjugate internal meshing gear pump can be modeled as a sloped flow
of parallel rotating disks, and the total leakage flow is formed under the joint action of
pressure flow and shear flow. In the four-quadrant condition, the direction of pressure flow
leakage and shear flow leakage should be determined according to the operating quadrant.

The leakage flow of the end friction pair can be expressed by Equation (14):

∆q1 =
h3

1∆p2

µ

 β1h + β1t

6 ln
(

r f 1/ra

) +
β2h + β2t

6 ln
(

R/r f 2

)
 (14)

where h1 is the end surface oil film thickness; β1h is the envelope Angle of the high pressure
cavity of the outer gear, β2h is the envelope Angle of the high pressure cavity of the inner gear
ring; β1t is the envelope Angle of the transition cavity of the outer gear; β2t is the envelope
Angle of the transition cavity of the inner gear ring; r f 1 is the radius of the root circle of the
outer gear; r f 2 is the radius of the root circle of the inner gear ring; R is the radius of the outer
wall of the inner gear ring; ra is the radius of the inner wall of the outer gear.
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The volumetric loss of the end face friction pair is expressed by Equation (15):

Pq1 =
h3

1∆p2

µ

 β1h + β1t

6 ln
(

r f 1/ra

) +
β2h + β2t

6 ln
(

R/r f 2

)
 (15)

The mechanical loss of the end face friction pair is expressed by Equation (16):

Pf 1 =
πµω2

1
h1

(
r4

f 1 − r4
g2

)
+

πµω2
2

h1

(
r4

e2 − r4
f 2

)
(16)

where ω1 is the rotation angular velocity of the external gear.

3. Simulation of Thermal Power Characteristics
3.1. Simulation Model

To thoroughly investigate the energy dissipation mechanisms in linear conjugate in-
ternal gear pumps, a simulation model for analyzing mechanical and volumetric losses
was developed based on the MATLAB/Simulink(2024b) platform, with the simulation
framework illustrated in Figure 6. The precise calibration of geometric dimension param-
eters played a critical role in the simulation modeling process. As shown in Table 1 the
dimensional and geometric parameters in the table are measured by the German Zeiss
coordinate measuring instrument, and the measuring accuracy is 1 micron.

Table 1. Heat tracing simulation parameter table of internal gear pump.

Physical Parameter Symbol Value Unit

Hydraulic oil kinematic viscosity µ 43 mm2/s
Gear tooth root radius rf1 21.5 mm

Ring gear tooth root radius rf2 38 mm
Number of contacting teeth (gear-crescent plate) z1 4 -

Number of contacting teeth (ring gear-crescent plate) z2 7 -
Gear pair thickness B 27 mm

Gear tip circle radius ra1 29.8 mm
Ring gear tip circle radius ra2 30.38 mm

Ring gear outer wall radius R 46 mm
Gear shaft radius r 14 mm

Gear tip-crescent plate clearance δ1 70 µm
Ring gear tip-crescent plate clearance δ2 70 µm

Ring gear-housing radial clearance δ3 46 µm
Gear shaft-sliding vane clearance δ4 64 µm
Gear-housing end face clearance δ5 20 µm
Gear shaft-sheet contact length l 28 mm

Ring gear-housing leakage clearance length L 144.44 mm

3.2. Simulation Results and Analysis
3.2.1. Simulation Analysis of Mechanical Losses Under Rated Operating Conditions

As shown in Figure 7, the mechanical losses of the internal gear pump exhibit pos-
itive correlations with both rotational speed and pressure yet demonstrate significantly
higher sensitivity to speed variations compared to pressure. Under a constant speed of
2000 r/min, the mechanical losses increased by 0.69 kW as the pressure rose from 0 to
21 MPa. Conversely, at a constant pressure of 21 MPa, the mechanical losses escalated by
0.92 kW when the rotational speed increased from 0 to 2000 r/min. Comparative analysis
with piston pumps revealed distinct mechanical loss characteristics: piston pumps exhibit
reduced mechanical losses under high-pressure conditions due to improved lubrication
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in friction pairs, whereas gear pumps show continuous mechanical loss growth with in-
creasing pressure. This phenomenon is primarily attributed to the deteriorated lubrication
and intensified frictional heating at the ring housing annular interface caused by amplified
radial unbalanced forces. These findings conclusively identify rotational speed variation as
the dominant factor influencing mechanical losses.

 

Figure 6. Matlab/Simulink power loss simulation model.

3.2.2. Volumetric Loss Analysis Under Rated Operating Conditions

As depicted in Figure 8, the volumetric losses of internal gear pumps exhibit positive
correlations with both rotational speed and pressure yet demonstrate substantially higher
sensitivity to speed variations compared to pressure fluctuations. Under constant-speed
operation at 2000 r/min, the volumetric losses increase by 1.19 kW as pressure escalates from
0 MPa to 21 MPa. Conversely, under constant pressure conditions at 21 MPa, the volumetric
losses show a 0.68 kW increment when rotational speed rises from 0 to 2000 r/min.
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Figure 7. Mechanical loss distribution cloud map of internal gear pump.

3.2.3. Power Loss Analysis at Extreme High Speed

As shown in Figure 9, internal gear pumps exhibit two distinct low-efficiency zones. In
the low-speed high-pressure zone, insufficient hydrodynamic film load capacity in friction
pairs and weakened velocity sealing effects lead to a reduction in volumetric efficiency.
Conversely, the high-speed low-pressure zone suffers from deteriorated mechanical effi-
ciency due to sharp growth in frictional power consumption of moving components and
degradation of lubrication performance. The study demonstrates that at the rated speed
of 2000 r/min, pressure elevation from 7 MPa to 21 MPa dominates total loss modulation
with a 1.37 kW increase, while speed variation between 500 r/min and 2000 r/min induces
a weaker influence of only 0.899 kW increment. Notably, under extreme high-speed con-
ditions at 3500 r/min, rotational speed sensitivity surpasses pressure effects: accelerating
from 2000 r/min to 3500 r/min at constant 21 MPa results in a 1.99 kW loss surge, signifi-
cantly exceeding the 1.529 kW increase caused by pressure elevation from 7 MPa to 21 MPa.
It can be obtained that the power loss under the extremely high speed condition is more
sensitive to the speed change.
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4. Experimental Verification
4.1. Experimental Scheme

To verify the accuracy of the above summarized simulation model, a comprehensive
performance test bed for linear conjugate internal gear pump was constructed, as shown in
Figure 10. It uses servo motor direct drive structure, built-in speed torque sensor to monitor
input parameters in real time and sets the flow rate and pressure difference sensor in series
at the inlet and outlet, respectively. The proportional valve loading system is used to
simulate working conditions, and the auxiliary oil filling system is used to provide 2–3 bar
oil suction pressure. The layout of the test bench is shown in Figure 10a, Composition of
the piping system of the test bench is shown in Figure 10b, Composition of the electrical
system of the test bench is shown in Figure 10c. The experimental system of power loss
and thermal balance is shown in Figure 11, which integrates surface-mounted temperature
sensor and shell opening oil film pressure detection module and uses a thermal imager to
obtain the temperature field distribution of the shell under different working conditions.
Flow sensors, speed torque sensors, pressure and other sensor data are connected to the
controller through the expansion module, and the upper configuration software is used to
record and store the data. The key sensor technical parameters are shown in Table 2.
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Figure 10. Comprehensive performance testing test bench for internal gear pumps. (a) Layout of the
test bench; (b) Composition of the piping system of the test bench; (c) Composition of the electrical
system of the test bench.
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Figure 11. Introduction to the experimental testing plan for power loss and thermal balance.

Table 2. Power loss and thermal balance temperature experimental testing sensor parameter.

Sensor Type Range Accuracy Manufacturer Illustration Ref.

Speed-Torque sensor 0–200 N·m ±0.2% FS ZEMIC (Beijing China)

Temperature sensor 0–100 ◦C ±0.15 ◦C Matsushima (Kitakyushu Japan)

Flow sensor 5–150 L/min ±0.5% of reading Hydrotechnik (Limbaugh Germany)

Oil temperature sensor −50–200 ◦C ±0.2% FS Hydrotechnik (Limbaugh Germany)

Pressure sensor 0–250 bar ±0.2% FS Hydrotechnik (Limbaugh Germany)

Thermal imager −20–350 ◦C ±2% FS Hikvision (Beijing China)

The power loss and efficiency test data of the hydraulic pump are calculated based on
the following equations:

ηm =
(pout − pin)Vg

2πTin
× 100% (17)

ηv =
qout

qin
× 100% (18)
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The total efficiency of hydraulic pump is the product of volumetric efficiency and
mechanical efficiency:

ηtol = ηmηm × 100% (19)

4.2. Experimental Results and Analysis

For comparative analysis, as shown in Figure 12, three characteristic pressure conditions—
7 MPa, 14 MPa, and 21 MPa—were selected. At the speed of 300 r/min, the difference between
the simulated and experimental values of 7 MPa mechanical efficiency is 0.88%, the difference
between the simulated and experimental values of 14 MPa mechanical efficiency is 1.18%, and
the difference between the simulated and experimental values of 21 MPa mechanical efficiency
is 5.11%. Mechanical efficiency demonstrates a declining trend across all pressure levels as
rotational speed increases from 600 r/min to 3500 r/min. Notably, under 21 MPa conditions,
mechanical efficiency paradoxically increases when rotational speed drops below 500 r/min.
This phenomenon arises from amplified gear ring eccentricity under high pressure, which
reduces the minimum oil film thickness between the gear ring and housing. Furthermore,
diminished hydrodynamic lubrication effects at low speeds intensify friction at the gear ring
housing interface, resulting in pronounced discrepancies between simulated and experimental
mechanical efficiency values.
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Figure 12. Experimental validation of mechanical efficiency under all operating conditions.

As pressure increases, the discrepancy between simulation and experimental results
gradually widens under low-speed conditions; while rising rotational speed enhances
hydrodynamic lubrication effects in the oil film, reducing gear ring displacement and sig-
nificantly improving mechanical efficiency. When operating at rotational speeds exceeding
600 r/min, the maximum discrepancy between simulated and experimental mechanical
efficiency remained within 1.6% across all tested pressures, validating the accuracy of the
mechanical loss model.
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As evidenced by Figure 13, the experimental volumetric efficiency exhibits a character-
istic “steep initial increase followed by gradual growth” trend when rotational speed rises
from 300 r/min to 3500 r/min under varying pressures. A similar trend was observed for
mechanical efficiency. At 300 r/min, the deviations between simulated and experimental
volumetric efficiencies measured 0.83% at 7 MPa, 1.45% at 14 MPa, and 2.95% at 21 MPa.
When the rotational speed is lower than 600 r/min, the simulation results of volumetric
efficiency show significant discrepancies from the experimental results, and the greater the
rotational speed, the larger the difference. This is due to the large eccentric movement of
the gear ring under the speed operation condition, and the sealing clearance of the gear
ring shell interface becomes larger, resulting in increased leakage. On the other hand, at low
speed, the axial end face leakage direction of the gear ring is opposite to the speed direction,
which also results in increased leakage. Higher rotational speeds enhanced hydrodynamic
lubrication effects, reducing gear ring deflection and sealing clearance while improving
sealing performance. At rotational speeds surpassing 600 r/min, the discrepancy between
simulation outputs and empirical measurements was constrained within a 1% tolerance
threshold under multi-stage pressure conditions of 7 MPa, 14 MPa, and 21 MPa, which
systematically validated the predictive accuracy of the leakage dissipation model.
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Figure 13. Experimental validation of volumetric efficiency under all operating conditions.

Figure 14 shows the experimental total efficiency contour map of the internal
gear pump under full operating conditions. The efficiency distribution reveals that
two distinct low-efficiency zones predominantly exist: (1) a low-speed/high-pressure
zone (0–800 r/min, 16–22 MPa) where efficiency drops to approximately 70–75%, primarily
due to insufficient hydrodynamic film load capacity and weakened velocity sealing effects
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resulting in volumetric losses; and (2) a high-speed/low-pressure zone (3200–4000 r/min,
7–10 MPa) where efficiency decreases to around 75–80%, mainly caused by increased fric-
tional power consumption and degraded lubrication performance. These experimental
findings validate our simulation results presented in Section 3.2.3 and are further sup-
ported by the mechanical efficiency and volumetric efficiency comparisons shown in
Figures 12 and 13. The close agreement between simulated and experimental values for
both mechanical efficiency (deviation < 1.6%) and volumetric efficiency (deviation < 1%) at
high speeds confirms the reliability of our thermal power characteristics model for internal
gear pumps across various operating conditions.
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Figure 14. Experimental validation of overall efficiency under all operating conditions.

5. Conclusions
This study conducted a systematic analysis of the thermal efficiency of linear conjugate

internal gear pumps. The heat generation mechanisms were clarified, and numerical loss
models for key friction pairs within the gear pump were developed.

Based on the mathematical model, the simulation model of internal gear pump is
built in Simulink. Simulation demonstrated that both mechanical loss and volumetric
loss increase with the increase in rotational speed and pressure. Moreover, the mechan-
ical loss is more sensitive to rotational speed. The inefficiency mainly occurs in the two
operating conditions of “low speed and high pressure” and “high speed and low pres-
sure”. At high speed, the deviation between the simulated and experimental values of
mechanical efficiency was less than 1.6%, and the deviation between the simulated and
experimental values of volumetric efficiency was less than 1%. The experiments further re-
vealed that mechanical efficiency and volumetric efficiency demonstrate decreasing trends
with rising rotational speed, while significant efficiency deterioration occurs under low-
speed/high-pressure conditions. This phenomenon primarily originated from insufficient
hydrodynamic effects in lubricant films and exacerbated eccentricity of ring gears.

Future research should focus on both refining the simulation model and expanding its
application scope. A comprehensive investigation of ring gear eccentricity effects on the
friction pair’s tribological behavior will provide fundamental insights for optimizing gear
pump performance.
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