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Power loss analysis of gear transmission in a transmission system is of great significance to improve the efficiency of the power
system, and load-independent power losses are an important part of the power losses of gear transmission. Based on the
computational fluid dynamics (CFD) method, the hydrodynamic models of internal and external gear pairs are established. By
analyzing the pressure field and the velocity field, the windage and squeezing power losses and the pressure and viscous power
losses, the influence of rotation speed and tooth width on flow field characteristics, and load-independent power losses of internal
gear pair are studied. In addition, we compare the flow field characteristics and the load-independent power losses between
external and internal gear pairs and discuss the difference between them. -e results show that the pressure and fluid velocity in
the meshing area of the gear pair are greatly affected by rotation speed and tooth width, and the load-independent power losses
increase with the increase of rotation speed and tooth width. At the same rotation speed, the transmission ratio and number of
teeth, windage, and squeezing power losses of the external gear pair are smaller than those of the internal gear pair. Compared with
the internal gear pair, the external gear pair has more advantages in controlling the load-independent power losses. -e difference
of the load-independent power losses of the two meshing modes mainly comes from the viscous power losses of the wheel gear of
internal gear pair. -is paper provides a basis for the selection of the gear meshing mode and the analysis of load-independent
power losses of the transmission system.

1. Introduction

-e transmission system plays a pivotal role in trans-
portation, aviation, energy, and other industries. As one of
the important components of the transmission system, the
efficiency has been paid more and more attention in its
design process, and the demand for high-efficiency trans-
mission is also increasing [1]. -e power losses of gear
transmission in the transmission can be classified into load-
dependent and load-independent power losses with refer-
ence to their dependence from the transmitted load [2].
Furthermore, the total power losses can be divided into load-
dependent and load-independent power losses of the gears

(PVG and PVG0) and bearings (PVB and PVG0), load-inde-
pendent power losses related to the seals (PVD0), and other
general power losses related (PVX), such as those of clutches
or synchronizers.

PV � PVG + PVG0 + PVB + PVB0 + PVD0 + PVX. (1)

-is paper is focused on the load-independent power
losses of gears, which can be further divided into churning
(PVG0,C), windage (PVG0,W), and squeezing power losses
(PVG0,S) [3]. -e churning power losses are mainly related to
the pressure and viscous effects of the oil-gas mixture on the
moving gears, which are greatly affected by the lubricant
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quantity and properties and the working state of the gears.
-e windage power losses are similar to churn power losses
in essence, which are only related to the effect of a single fluid
(air or oil) to the moving gears. When a pair of gears are
engaged, the increase and decrease of the meshing clearance
will produce a high-pressure area and low-pressure area in
the meshing area and separation area, and then, oil
squeezing will occur. -e fluid will produce pressure gra-
dients and additional axial flows, and a pair of gears will
produce additional power losses, that is, squeezing power
losses.

PVG0 � PVG0,C + PVG0,W + PVG0,S. (2)

In the early stage, international scholars have carried out a
lot of theoretical and experimental research on the load-in-
dependent power losses of the transmission. Mauz [4] studied
the load-independent power losses of the transmission and
proposed what is considered to be the most complete em-
pirical formula, but its scope of application is still limited.
Boness [5] used a smooth disk instead of a cylindrical gear,
experimentally studied the influence of disk diameter and
lubricating oil immersion depth on gear resistance moment,
and obtained the empirical formula of gear resistance mo-
ment. Hóhn et al. [6] concluded through experimental re-
search that reducing the oil level of the gearbox can reduce the
resistance moment and churning power losses, but the
temperature of the gearbox will increase. Seetharaman et al.
[7, 8] hypothesized that the load-independent losses are
mainly composed of two parts.-e first part is the loss caused
by the gear rotation agitating oil, and the second part is the
loss caused by the continuous oil squeezing in the gear
meshing area. Changenet et al. [9, 10] analyzed several
established formulas for churning power losses. It was found
that the validity of the formulas depended on the Reynolds
number, and a new theoretical model was proposed. Schaffner
et al. [11] established a rotating multibody model of auto-
mobile manual transmission. It was found that, with the
increase of input speed, the churning losses of gears increased,
while with the increase of oil temperature, the churning losses
decreased. Neurouth et al. [12] measured the churning losses
of a single spur gear and a single helical gear by experiment,
analyzed the influence of the flange on the churning losses in
gearbox, and proposed a method to determine the position of
the flange.

All the abovementioned research studies were based on
theoretical calculation or experimental test, and the pro-
posed models were obtained by fitting experimental mea-
surements under specific conditions, which greatly limited
its scope of application. With the development of computer-
aided analysis technology, the computational fluid dynamics
method has become a more reliable and effective method to
analyze the load-independent power losses of gears. Gorla
[13, 14] and Concli et al. [15–17] established the models of
windage power losses and churning power losses of a single
spur gear and gear pair, analyzed the influence of geometric
parameters and working parameters on power losses, and
verified the validity of the models with experiments. Liang
et al. [18, 19] used the CFD method to study the load-

independent power losses of a spur gear and helical gear
under different working conditions. Liu et al. [20] estab-
lished a CFD model of a single-stage gearbox, and the
analysis results showed that the simulation and experimental
data had good consistency, indicating that the CFD method
based on the finite volume method was an effective tool for
simulating the distribution of lubricating oil and the load-
independent power losses in the gearbox. Hu et al. [21]
studied the influence of dynamic motion of a gear pair under
splash lubrication on internal flow field and churning power
losses, and the results showed that dynamic motion of the
gear pair had a significant influence on churning power
losses and oil supply in the gear meshing area, and even the
gear pair may be in a state of loss of lubrication. Dai et al.
[22] analyzed the windage losses of a single-face gear with or
without shroud and the influence of face gear speed on
windage losses and concluded that shroud can effectively
reduce windage power losses. Concli et al. [23, 24] used a
new automatic mesh-partitioning strategy to extend the
applicability of CFD simulation in the simulation analysis of
internal lubrication and churning power losses of a planetary
gear pair under the condition of retaining the basic structure
of the planetary gear pair. Mo et al. [25] established the CFD
model for the coast flank and the drive flank injection lu-
brication on the asymmetric helical gear and analyzed the
influence of rotation speed and spray velocities on oil vol-
ume fraction and pressure under different injection modes.
-e research results of many scholars mentioned above
indicate that the CFD method is an effective method to
analyze and study the load-independent power losses of the
gearbox, which has been verified by experimental results.

Most of the existing research studies are focused on the
load-independent power losses of a single gear and an external
gear pair, and a few research studies on the load-independent
power losses of a planetary gear pair are mainly focused on the
working condition with a fixed ring gear.-ere is little research
on an internal gear pair, and there is no analysis of the influence
of external and internal meshing modes on the load-inde-
pendent power losses, which greatly limit the establishment
and improvement of the model of load-independent power
losses. -erefore, in this paper, the influence of rotation speed
and tooth width on the flow field characteristics and load-
dependent power losses of an internal gear pair is studied by
using the computational fluid dynamics method. -e effects of
internal and external meshing modes on flow field charac-
teristics and load-independent power losses are compared, and
the differences among them are discussed.

2. Gear Pair Computational Fluid
Dynamics Model

2.1. Fluid Computational Domain Model of the Gear Pair.
According to the structural size of a transmission, the
computational domain size is determined to be
ϕ160mm × 80mm.-e external and internal gear pairs with
the same transmission ratio and number of teeth are se-
lected. -e geometric parameters of gear pairs are shown in
Table 1. -e meshing clearance of a normal meshing gear
pair is very small, which is not conducive to the mesh of the
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fluid computational domain. In addition, in order to sim-
ulate the meshing motion of the gear pair, ensure the
continuity of the computational domain, and prevent the
mesh distortion in the meshing area caused by too small
meshing clearance, the model of the gear pair must be
simplified to a certain extent [14, 26, 27].

At present, common simplified processing methods
include the gear-separation method, tooth-face-moving
method, cutting-tooth method, and nontooth method [28].
-e basic tooth structure of gears is changed by both the
cutting-tooth method and the nontooth method, so that the
squeezing losses cannot be accurately simulated. Although
the gear-separationmethod retains the complete structure of
gear teeth, it increases the center distance of the gear pair and
changes the installation position of gears, which is limited in
engineering practice. -e relative position of gears is not
changed by the tooth-face-moving method, but the tooth
thickness is reduced appropriately to increase the meshing
clearance, so as to facilitate the meshing of the fluid com-
putational domain. -e tooth-face-moving method not only
does not change the gear installation position but also retains
the basic structure of the gear teeth, which is close to the real
situation and has good engineering applicability. -erefore,
this paper adopts the tooth-face-moving method to simplify
the processing of gear pairs. Fluid computational domains of
gear pairs are extracted and simplified, as shown in Figure 1.

For the computational fluid dynamics simulation of gear
pairs, the dynamic mesh approach is used, unstructured tet-
rahedron elements are used to mesh the flow field, and meshes
locally encrypted near the gear teeth, as shown in Figures 2 and
3. In the process of iterative calculation, the mesh changes due
to the boundary movement. -e spring-based smoothing
method and local cell remeshingmethod are used to update the
mesh. In the spring-based smoothing method, mesh edges are
idealized as springs connected between nodes. Before moving,
the spring system equivalent to the initial grid spacing is in
equilibrium. After the displacement of the grid boundary
nodes, a force proportional to the displacement will be gen-
erated. -e force is calculated by Hooke’s law. -is force will
destroy the original balance of the spring system, but under the
action of external force, the spring system will be adjusted to a
new position to achieve balance.

For an unstructured mesh area, the smoothing method
can be used to update the mesh. However, if the moving
boundary displacement is too large, the smoothing method
may lead to the degradation of mesh quality and even the
appearance of a negative volume mesh, leading to the di-
vergence or termination of the calculation. -e local cell
remeshing method will concentrate the meshes with

excessive distortion rate or excessive size change for local
mesh redivision and, then, replace the oldmesh with the new
mesh which meets the requirements.

2.2. Governing Equations of the Fluid Computational Domain
for theGearPair. -e governing equations of computational
fluid dynamics calculations are the Navier–Stokes equations.
-e Navier–Stokes equations include the mass conservation
equation and the momentum conservation equation, which
are as follows:
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Table 1: Geometric parameters of gears.

Gear pair Gear Number of
teeth z

Module m
(mm)

Pressure angle αn
(deg.)

Tooth width b
(mm)

Tip diameter da
(mm)

Center distance a
(mm)

External gear
pair

Pinion 36 1 20 15 38 72Wheel 108 1 20 15 106
Internal gear
pair

Pinion 36 1 20 15 38 36Wheel 108 1 20 15 110

Pinion

Wheel

Gear box

Fluid domain

Y
X
Z Y X

Z

Figure 1: Simplified computational domains of internal and ex-
ternal gear pairs.

Figure 2: Computational domain grid nodes on the surface of an
internal gear pair.

Figure 3: Computational domain grid nodes on the surface of an
external gear pair.
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where i, j� 1, 2, 3 denote three-dimensional flow, xi is the
Cartesian coordinate, ui is the velocity component, ρ is the
density, p is the pressure, μ is the viscosity, fi is the external
force, and −ρuiuj is the Reynolds stress tensor.

-e energy conservation equation is not considered
because under the assumption that the lubricating oil is an
incompressible fluid, the thermal influences can be neglected
in no-load operating conditions [13].

If the Navier–Stokes equations are solved directly, it will
consume a lot of computing resources, and it is difficult to be
widely used in engineering. In order to overcome this
problem, Reynolds [20] reduced the Reynolds-averaged
Navier–Stokes (RANS) equations to deal with the turbulent
fluctuation term in time. In these equations, the flow
quantities in the conservation equations are divided into a
time-weighted average term and an oscillating term. -e
oscillating term is known as the Reynolds stress tensor, and it
is unknown, so it is necessary to introduce the turbulence
model to solve the equations.

2.3. Turbulence Model in the Fluid Computational Domain of
the Gear Pair. Boussinesq tried to find a closed form of
equation (4) by introducing the concept of eddy viscosity.
-e Boussinesq vortex-viscosity hypothesis was used to
calculate the Reynolds stress tensor:

−ρui
′uj
′ � μt

zui

zxi

+
zuj

zxj

  −
2
3
ρδijk, (5)

where μt is the eddy viscosity. Once the eddy viscosity is
determined, the RANS equations can be expressed in a
closed form. Over the years, different turbulence models
have been developed, ranging from simple algebraic equa-
tions to 2nd-order differential equations.

During the meshing process of the gear pair, there will be
large velocity fluctuation in the gear box. -is kind of
fluctuation makes the momentum, energy, and concentra-
tion of the fluid medium change and causes the fluctuation
of material transportation. -e double-equation-renormal-
ized k-ε turbulence model (RNG k-ε turbulence model) can
deal with this kind of problem effectively. -e RNG k-ε
turbulence model is based on the turbulent kinetic energy
equation and the turbulent dissipation rate equation, as-
suming the relationship between eddy viscosity μt and
turbulent kinetic energy k and turbulent dissipation rate ε.
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Among them,
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In these equations, Gk is the generation of the turbulent
kinetic energy caused by the average velocity gradient; Gb is
the generation of the turbulent kinetic energy caused by the
influence of buoyancy; YM is the influence of the pulsating
expansion of the compressible turbulent flow on the total
dissipation rate; C1ε, C2ε, and C3ε are empirical constants; αk
and αε are the reciprocal of the effective Prandtl number of
turbulent kinetic energy and dissipation rate, respectively; R
is the improvement coefficient of model accuracy; and for
high Reynolds number problems, Cμ � 0.0845.

3. Numerical Calculation

In this paper, because the meshing process of the gear pair is
simulated and the dynamic mesh approach is used, the
transient solution is adopted.-erefore, the PISO (Pressure-
Implicit with Splitting of Operators) algorithm with high
accuracy and fast convergence speed, suitable for transient
and large mesh distortion problems, is selected to solve the
fluid governing equations. -e gradient is discretized by the
Least-Squares Cell-Based method suitable for turbulence,
the PRESTO (PREssure STaggering Option) scheme is used
for pressure interpolation, and the Second-Order Upwind
scheme is selected for momentum discretization.

Synthetic gear lubricant Klübersynth GH 6-220 is se-
lected for the meshing transmission of the gear pair. -e
main physical properties of the lubricating oil are shown in
Table 2.

In the process of oil-immersed lubrication of gear pair
transmission, the gears will be affected by the pressure and
viscosity of surrounding fluid, resulting in the resistance
moment and load-independent power losses:

M � r × Fp + r × Fν
P � M · ω,

 (8)

where P is the load-independent power losses; M is the
resistance moment vector; r is the distance vector; Fp is the
pressure force vector; Fν is the viscous force vector; and ω is
the angular velocity vector of the gear.

4. Analysis of Flow Field Characteristics and
Load-Independent Power Losses of the
Gear Pair

Taking the internal gear pair as an example, the influence of
rotation speed and tooth width on the flow field charac-
teristics and the load-independent power losses of the in-
ternal gear pair was studied by analyzing the pressure field
and velocity field, windage and squeezing power losses, and
pressure and viscous power losses.

4 Mathematical Problems in Engineering



4.1. Influence of Rotation Speed on Flow Field Characteristics
and Load-Independent Power Losses. -e influence of ro-
tation speed on the flow field characteristics and the load-
independent power losses of the internal gear pair is ana-
lyzed. Figures 4–6 show the distribution and change of static
pressure in the middle section of the meshing area, the tooth
surface of the pinion gear, and the tooth surface of the wheel
gear when rotation speed of the pinion of the internal gear
pair is 2000 rpm, 3000 rpm, and 4000 rpm, respectively. It
can be illustrated from Figure 4 that, during the meshing
process of the internal gear pair, the rapid decrease of the
volume at the inlet of the meshing area leads to the rapid
increase of the pressure, while at the outlet of the meshing
area, the rapid increase of the volume leads to the rapid
decrease of the pressure, which is also confirmed by Burberi
[27]. At the same time, the local high pressure area is formed
at the inlet of the meshing area, and the local low pressure
area is formed at the outlet of the meshing area, as shown in
Figures 5 and 6. Also, on the tooth surface, there are two
distinct pressure peaks in the middle areas of the high-
pressure area and the low-pressure area, and the pressure
difference between the high-pressure area and the low-
pressure area increases with the increase of rotation speed.

Figures 7 and 8, respectively, show the velocity
nephograms of the middle section and axial section of the
meshing area when rotation speed of the pinion of the
internal gear pair is 2000 rpm, 3000 rpm, and 4000 rpm.
According to the viscous condition, the velocity of the fluid
adhering to the gear is equal to the circumferential velocity,
which is confirmed by the fluid velocity distribution in
figures. Due to the agitation of the gears to the lubricating oil
and the viscous effect of the lubricating oil on the gears, the
velocity of lubricating oil increases with the increase of
rotation speed, and the oil with high velocity is mainly
concentrated in the meshing area and the vicinity of gear
teeth. Because the inner gear in the gear pair has the outer
profile, the oil velocity near the outer profile of the inner gear
is higher. In the meshing area, due to the change of volume,
the oil is squeezed and sucked, resulting in the high speed
flow of the oil, and the velocity of the oil squeezed and
sucked increases with the increase of rotation speed. -e
velocity disturbance at the outlet of the meshing is more
significant than that at the inlet, as shown in Figure 7. In the
axial direction, due to oil is squeezed and sucked in the
meshing area of the gear pair, obvious axial velocity dis-
turbance is brought, as shown in Figure 8.

It can be illustrated from Figure 9(a) that, as predicted by
theory, the load-independent power losses generated by an

internal gear pair are greater than the sum of the load-in-
dependent power losses generated by two single gears. In the
case of full immersion lubrication, the rotation of a single
gear in lubricating oil is only affected by the windage power
losses, and the windage losses increase with the increase of
rotation speed. In the gear pair, the reduction and expansion
of the meshing area will cause the squeezing and sucking of
lubricating oil. Due to the viscous effect of lubricating oil,
additional power losses will be caused, that is, squeezing
power losses, which increase with the increase of rotation
speed. Figure 9(b) shows the proportions of windage power
losses and squeezing power losses in the load-independent
power losses of the internal gear pair. At different rotation
speeds, the proportions of squeezing power losses in the
load-independent power losses of the internal gear pair are
52.89%, 45.04%, and 43.31%, which means that the pro-
portion of squeezing power losses in the load-independent
power losses decreases with the increase of rotation speed.

Computational fluid dynamics analysis provides a new
way to analyze the load-independent power losses, which are
divided into pressure and viscous power losses. Figure 10
shows the variation of the pressure and viscosity losses of
pinion and wheel gears in the internal gear pair with rotation
speed of the pinion and their proportions in the torque losses
and the power losses. -e pressure and viscous torque losses
of both the pinion and wheel in the internal gear pair in-
crease with the increase of rotation speed of the pinion,
which is consistent with the variation trend of pressure and
velocity distribution in the computational domain, as shown
in Figure 10(a). In the torque losses of the pinion of the
internal gear pair, the proportion of pressure and viscous
torque losses varies little with rotation speed, and the
proportion of pressure torque losses is larger. -e propor-
tion of pressure torque losses increases with the increase of
rotation speed, but the viscous torque losses still occupy the
main position in total torque losses. Figure 10(c) shows the
proportion of pressure power losses and viscous power
losses in the load-independent power losses of the internal
gear pair. At each rotation speed, the proportions of viscous
power losses in the load-independent power losses of the
internal gear pair are 61.22%, 57.41%, and 54.55%, respec-
tively, that is, the proportion of viscous power losses in the
load-independent power losses decreases with the increase
of rotation speed.

4.2. Influence ofToothWidthonFlowFieldCharacteristics and
Load-Independent Power Losses. -e influence of the tooth
width on the flow field characteristics and the load-inde-
pendent power losses of the internal gear pair is analyzed.
Figures 11–13 show the distribution and variation of static
pressure in the middle section, the tooth surface of the
pinion, and the tooth surface of the wheel in the meshing
area when the rotation speed of the pinion gear is 2000 rpm
and the tooth width is 20mm, 25mm, and 30mm, re-
spectively. It can be illustrated from Figure 4(a) and Fig-
ure 11 that, with the increase of tooth width, the pressure
difference between the high-pressure area and the low-
pressure area in themeshing area increases gradually. On the

Table 2: Main physical properties of the lubricant.

Parameter Symbol Klübersynth
GH6-220

ISO VG — 220
Density at 15°C (kg/m3) p 1060
Kinematic viscosity at 40°C (mm2/s) ] 220
Kinematic viscosity at 100°C (mm2/s) ] 40
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(a) (b) (c)

Figure 4: Pressure contours in the middle section of the meshing area of an internal gear pair: rotation speed of the pinion at (a) 2000 rpm,
(b) 3000 rpm, and (c) 4000 rpm.
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Figure 5: Tooth surface pressure contours of the pinion of an internal gear pair: rotation speed of the pinion at (a) 2000 rpm, (b) 3000 rpm,
and (c) 4000 rpm.
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Figure 6: Tooth surface pressure contours of the wheel of an internal gear pair: rotation speed of the pinion at (a) 2000 rpm, (b) 3000 rpm,
and (c) 4000 rpm.
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tooth surface, with the increase of tooth width, the area of
the cluster high-pressure area and low pressure area grad-
ually increases, as shown in Figures 12 and 13.

Figures 14 and 15, respectively, show the velocity
nephograms of the middle section and axial section of the
meshing area when the rotation speed of the pinion of the
internal gear pair is 2000 rpm and the tooth width is 20mm,
25mm, and 30mm. According to the viscosity condition, as
only the tooth width condition of the gear pair is changed, the

flow velocity of lubricating oil near the gear pair with a different
tooth width is basically unchanged, which is proved in Fig-
ure 14. However, with the increase of tooth width, more lu-
bricating oil is stirred by the gear pair. When the tooth width is
20mm, the velocity disturbance at the outlet of the meshing
area in the middle section is more significant than that at the
inlet, as shown in Figure 14(a). However, with the increase of
tooth width, the velocity disturbance at the outlet of meshing
area in themiddle section gradually decreases.-erefore, in the

(a) (b) (c)

Figure 7: Velocity contours in the middle section of the meshing area of an internal gear pair: rotation speed of the pinion at (a) 2000 rpm,
(b) 3000 rpm, and (c) 4000 rpm.

(a) (b) (c)

Figure 8: Velocity contours in the axial section of the meshing area of an internal gear pair: rotation speed of the pinion at (a) 2000 rpm, (b)
3000 rpm, and (c) 4000 rpm.
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Figure 9: Influence of rotation speed of the pinion on (a) the power losses of the pinion and wheel in an internal gear pair and (b) the
windage and squeezing power losses of an internal gear pair.
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axial direction of the meshing area, the velocity disturbance at
the edge of the gear teeth is greater than that at the central
position, and the axial velocity distribution rule is less affected
by the tooth width, as shown in Figure 15.

When the tooth width of the gear pair is changed, the load-
independent power losses caused by an internal gear pair are
still greater than the sum of the load-independent power losses
caused by two single gears, as shown in Figure 16(a). -e
windage and squeezing power losses of the internal gear pair
increase with the increase of tooth width, as shown in
Figure 16(b). Under different tooth widths, the proportions of
squeezing power losses in the load-independent power losses of
internal gear pair are 52.89%, 53.14%, 55.95%, and 64.58%,
which means that the proportion of squeezing power losses in
the load-independent power losses increases with the increase
of tooth width.

Figure 17 shows the variation of pressure and viscosity
losses of the pinion and wheel gears in the internal gear
pair with tooth width and their proportions in the torque
losses and the power losses. -e pressure and viscous
torque losses of the pinion and wheel in the internal gear
pair increase with the increase of tooth width, which is
consistent with the variation trend of pressure and ve-
locity distribution in the computational domain, as shown
in Figure 17(a). In the internal gear pair, the proportions
of pressure torque losses of the pinion and wheel increase
with the increase of tooth width. However, the pressure
torque losses are the main factor in the pinion gear, while
the viscous torque losses are the main one in the wheel gear.
Under the condition of each tooth width, the proportions of
viscous power losses in the load-independent power losses of
the internal gear pair are 61.22%, 51.21%, 49.67%, and 43.07%,
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Figure 10: Influence of rotation speed of the pinion on (a) the pressure and viscous torque loss of the pinion and wheel of the internal gear
pair and (b) its contribution to the torque loss and (c) the pressure and viscous power loss of the internal gear pair.
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Figure 11: Pressure contours in the middle section of the meshing area of an internal gear pair: tooth width at (a) 20mm, (b) 25mm, and (c)
30mm.
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Figure 12: Tooth surface pressure contours of the pinion of an internal gear pair: tooth width at (a) 20mm, (b) 25mm, and (c) 30mm.
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Figure 13: Tooth surface pressure contours of the wheel of an internal gear pair: tooth width at (a) 20mm, (b) 25mm, and (c) 30mm.
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Figure 14: Velocity contours in the middle section of the meshing area of an internal gear pair: tooth width at (a) 20mm, (b) 25mm, and (c)
30mm.

0.000 0.877 1.755 2.632 3.510 4.387 5.265
Velocity [ms–1]

(a)

0.000 0.877 1.755 2.632 3.510 4.387 5.265
Velocity [ms–1]

(b)

0.000 0.877 1.755 2.632 3.510 4.387 5.265
Velocity [ms–1]

(c)

Figure 15: Velocity contours in the axial section of the meshing area of an internal gear pair: tooth width at (a) 20mm, (b) 25mm, and (c)
30mm.
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Figure 16: Influence of tooth width on (a) the power losses of the pinion and wheel in an internal gear pair and (b) the windage and
squeezing power losses of an internal gear pair.

10 Mathematical Problems in Engineering



respectively, that is, the proportion of viscous power losses in
load-independent power losses decreases with the increase of
tooth width, as shown in Figure 17(c).

5. Comparative Analysis of Flow Field
Characteristics andLoad-IndependentPower
Losses of External and Internal Gear Pairs

Figures 18–20 show the distribution and variation of
static pressure in the middle section of the meshing area,
the tooth surface of the pinion, and the tooth surface of

the wheel when the rotation speed of the pinion of the
external gear pair is 2000 rpm, 3000 rpm, and 4000 rpm,
respectively. It can be illustrated that the pressure dis-
tribution in the meshing area of the external gear pair is
similar to that of the internal gear pair. At the inlet of the
meshing area, the local high-pressure area is formed due
to the decrease of the fluid volume, and the local low-
pressure area is formed at the outlet of the meshing area
due to the increase of the fluid volume. -ere are also two
distinct pressure peaks in the high-pressure area and the
low-pressure area, and the pressure difference between
the high-pressure area and the low-pressure area
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Figure 17: Influence of tooth width on (a) the pressure and viscous torque loss of the pinion and wheel of the internal gear pair and (b) its
contribution to the torque loss and (c) the pressure and viscous power loss of the internal gear pair.
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increases with the increase of rotation speed. However,
compared with the internal gear pair, the range of
pressure sudden change at the inlet and outlet of the
meshing area of the external gear pair is smaller.

In order to clearly observe the region of sudden pressure
change, the pressure nephograms of the pinion tooth

surfaces in the external and internal gear pair were expanded
under 4000 rpm, as shown in Figure 21. From the figures, the
length of the sudden pressure change region of the tooth
surface can be observed more obviously. -e length of the
sudden pressure change region of the external gear pair is
about 6∼7 gear teeth, and the length of the sudden pressure
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Figure 18: Pressure contours in the middle section of the meshing area of an external gear pair: rotation speed of pinion at (a) 2000 rpm, (b)
3000 rpm, and (c) 4000 rpm.
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Figure 19: Tooth surface pressure contours of the pinion of an external gear pair: rotation speed of pinion at (a) 2000 rpm, (b) 3000 rpm, and
(c) 4000 rpm.
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Figure 20: Tooth surface pressure contours of the wheel of an external gear pair: rotation speed of pinion at (a) 2000 rpm, (b) 3000 rpm, and
(c) 4000 rpm.
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change region of the internal gear pair is about 8∼9 gear
teeth. It can be predicted that the difference of the length of
the sudden pressure change region will bring the difference
of the resistance moment of the pinions.

Figures 22 and 23, respectively, show the velocity
nephograms of the middle section and axial section of the
meshing area when thr rotation speed of the pinion of the
external meshing gear pair is 2000 rpm, 3000 rpm, and
4000 rpm. Figure 22 shows that the velocity distribution in the
meshing area of the external gear pair is similar to that of the
internal gear pair. -e velocity of lubricating oil increases with

the increase of pinion speed, and the velocity of lubricating oil
near the gear teeth is higher. -e velocity disturbance at the
meshing outlet is more significant than that at the meshing
inlet, and there is also a significant axial velocity disturbance in
the meshing area. -e external gear pair and the internal gear
pair have the same circumferential velocity, while the inner
gear of the internal gear pair has the external profile, so the
lubricating oil velocity near the external profile of the inner gear
of the internal gear pair is higher.

As shown in Figure 24(a), the load-independent
power losses caused by an external gear pair are also
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Figure 21: Tooth surface pressure contours of an (a) external gear pair pinion and (b) internal gear pair pinion.
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Figure 22: Velocity contours in the middle section of the meshing area of an external gear pair: rotation speed of pinion at (a) 2000 rpm, (b)
3000 rpm, and (c) 4000 rpm.
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Figure 23: Velocity contours in the axial section of the meshing area of an external gear pair: rotation speed of pinion at (a) 2000 rpm, (b)
3000 rpm, and (c) 4000 rpm.
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Figure 24: Influence of rotation speed of the pinion on (a) the power losses of the pinion and wheel in an external gear pair and (b) the
windage and squeezing power losses of an external gear pair.
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Figure 25: Continued.
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greater than the sum of the load-independent power
losses caused by two single gears, which is the same as that
of the internal gear pair. Windage power losses and
squeezing power losses of the external gear pair increase
with the increase of rotation speed of the pinion, which is
the same as that of the internal gear pair. Figure 24(b)
shows the proportions of windage losses and squeezing
losses in the load-independent power losses of the ex-
ternal gear pair. At different rotation speeds, the pro-
portions of the squeezing power losses in the load-
independent power losses of the external gear pair are

46.74%, 42.91%, and 38.18%, respectively, that is, the
proportion of the squeezing power losses in the load-
independent power losses decreases with the increase of
rotation speed. Compared with the internal gear pair, the
windage losses and squeezing losses of the external gear
pair are smaller than those of the internal gear pair at the
same rotation speed, and the proportion of squeezing
power losses in the load-independent power losses of the
external gear pair is smaller.

Figure 25 shows the variation of the pressure and viscosity
losses of the pinion and wheel gears in the external gear pair
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Figure 25: Influence of rotation speed of the pinion on (a) the pressure and viscous torque loss of the pinion and wheel of the external gear
pair and (b) its contribution to the torque loss and (c) the pressure and viscous power loss of the external gear pair.
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Figure 26: Comparison of (a) torque loss and (b) power loss of external and internal gear pairs.
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with rotation speed of the pinion and their proportions in
torque losses and the power losses. -e pressure and viscous
torque losses of the pinion and wheel in the external gear pair
increasewith the increase of rotation speed of the pinion, which
is consistent with the change trend of the pressure and velocity
distribution in the computational domain, as shown in
Figure 25(a). In the torque losses of the pinion and wheel of the
external gear pair, the proportions of pressure and viscous
torque losses vary little with rotation speed. Although the

circumferential speed is the same, compared with pinion, the
proportion of viscous torque losses of the wheel is larger. At
each rotation speed, the proportions of viscous power losses in
load-independent power losses of external gear pair are 43.52%,
45.23%, and 43.73%, which mean that the proportion of vis-
cous power losses in load-independent power losses varies little
with rotation speed. Compared with the external gear pair and
the internal gear pair, it is found that the proportions of the
pressure and viscous torque losses of the pinion in the two
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Figure 27: Comparison of pressure and viscous power loss between the (a) pinion and (b) wheel in external and internal gear pairs.
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meshing modes are basically the same, while the proportion of
the viscous torque losses of the wheel in the internal gear pair is
higher.

Figure 26 shows the variation of torque losses and load-
independent power losses of external and internal gear pairs
with rotation speed of the pinion. Load-independent power
losses of external and internal gear pairs increase with the
increase of rotation speed of the pinion, but present a non-
linear relationship. Under the same transmission ratio and
number of teeth, the load-independent power losses of the
internal gear pair are larger than those of the external gear
pair, and the difference of the power losses increases with the
increase of rotation speed of the pinion, as shown in
Figure 26(b). It is found that the difference of the torque losses
of the pinions in the twomeshingmodes is small, while that of
the wheel is larger in the internal gear pair.-erefore, it can be
considered that the difference of power losses between the two
meshing modes mainly comes from the wheel gear, and the
contribution of the pinion gear is less.

By comparing the viscosity and pressure power losses of
pinion and wheel gears in external and internal gear pairs, it is
found that the pressure and viscous power losses of the pinion
of the internal gear pair is greater than that of the pinion of the
external gear pair, but the difference is small. In the internal
gear pair, the pressure power losses of the wheel are less than
those of the wheel of the external gear pair, while the viscous
power losses are greater than those of the wheel of the external
gear pair, as shown in Figure 27. -erefore, the difference
between the two meshing modes is mainly due to the viscous
power losses of the wheel of the internal gear pair.

Figure 28 shows, more clearly, the proportions of pressure
and viscous power losses in the load-independent power
losses in external and internal gear pairs. It can be illustrated
that the proportions of pressure and viscous power losses in
the load-independent power losses of external gear pair vary
little with rotation speed, and the proportion of pressure
power losses in the load-independent power losses is larger.
However, the proportion of viscous power losses in the load-
independent power losses of internal gear pair decreases with
the increase of rotation speed. However, under the current
rotation speed condition, the viscous power losses are still in
the dominant position. -e pressure power losses of the
external gear pair are greater than those of the internal gear
pair, and the viscous power losses of the internal gear pair are
greater than that of the external gear pair, as shown in
Figures 10(c) and 25(c). -erefore, the difference of power
losses between the two meshing modes mainly comes from
the viscous power losses, and they are viscous power losses of
the wheel gear. According to the analysis of the pressure field
and the velocity field, the reason for the difference of power
losses is the meshing mode and the special structure of the
wheel gear of the internal gear pair.

6. Conclusions

Based on the computational fluid dynamics method, this
paper establishes the simulation models of internal and
external gear pairs, analyzes the influence of rotation speed

and tooth width on the flow field characteristics and the
load-independent power losses of internal gear pair, and
compares and analyzes the difference between the flow field
characteristics and the load-independent power losses be-
tween the external and internal gear pairs. -e following
conclusions have been drawn from this study:

(1) In the meshing process of the gear pair, the pressure
change area suddenly appears in the meshing area.
-e higher the rotation speed is, the larger the tooth
width is and the more intense the sudden pressure
change is. -e velocity of lubricating oil in the
computational domain increases with the increase of
rotation speed, and the lubricating oil moving at high
speed is mainly concentrated in the meshing area
and near the gear teeth. When the rotation speed is
the same, the lubricating oil near the external profile
of the wheel has a higher flow velocity due to the
external profile of the wheel in the internal gear pair,
so it will be subject to greater viscous resistance.

(2) -e load-independent power losses of the internal
gear pair increase with the increase of rotation speed
and tooth width, but present a nonlinear relation-
ship. In the case of the same rotation speed, trans-
mission ratio, and number of teeth, compared with
the external gear pair, the load-independent power
losses of the internal gear pair are greater, and the
additional power losses are mainly from the wheel
gear, and the contribution of the pinion gear is
relatively small. -erefore, the external gear pair has
more advantages than the internal gear pair in
controlling the load-independent power losses.

(3) -e windage losses and squeezing losses of the in-
ternal gear pair increase with the increase of rotation
speed and tooth width, but the proportion of
squeezing losses in the load-independent power
losses decreases with the increase of rotation speed
and increases with the increase of tooth width. At the
same rotation speed, transmission ratio, and number
of teeth, the windage losses and squeezing losses of
the external gear pair are less than those of the in-
ternal gear pair, and the proportion of the squeezing
losses of the external gear pair in the load-inde-
pendent power losses is smaller.

(4) With the increase of rotation speed and tooth width,
pressure power losses and viscous power losses of the
internal gear pair increase, but the proportion of
viscous power losses decreases. -e pressure and
viscous power losses of the external gear pair in-
crease with the increase of rotation speed, but the
proportions of viscous power losses and pressure
power losses are basically stable. In the current ro-
tation speed range, the proportion of pressure power
losses in the load-independent power losses in the
external gear pair is higher, and that of viscous power
losses in the load-independent power losses in the
internal gear pair is higher. -e difference of load-
independent power losses between the two meshing
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modes is mainly due to the viscous power losses of
the internal gear pair. -e reason for the difference
lies in the meshing mode and the special structure of
the wheel of the internal gear pair.

Abbreviations

a: Center distance
b: Tooth width
da: Tip diameter
fi: External forces
Fp: Pressure force vector
Fν: Viscous force vector
i: Direction index
j: Direction index
m: Module
M: Resistance moment vector
p: Pressure
PVB: Load-dependent power losses of bearings
PVD0: Load-independent power losses of seals
PVG: Load-dependent power losses of gears
PVG0: Load-independent power losses of gears
PVG0: Load-independent power losses of bearings
PVG0,C: Churning power losses
PVG0,S: Squeezing/pocketing power losses
PVG0,W: Windage power losses
PVX: Other general power losses
r: Distance vector
ui: Velocity component
xi: Cartesian coordinate
z: Number of teeth
αn: Pressure angle
μ: Viscosity
μt: Eddy viscosity
]: Kinematic viscosity
ρ: Density
ω: Angular velocity vector
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