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Abstract: As it is widely employed in the aeronautical transmission system, a better understanding of
the oil jet lubrication behavior is vital to determine the total system energy consumption. Firstly, this
study presents related theoretical models such as the sum of oil jet resistance torque, impingement
depth, and wetted area of the oil film for calibrating the physical characteristics of the impact of the
oil jet on the gear flank. Then, in terms of the flow phenomenology of the liquid column for the
oil jet impact on an isolated spur gear, a detailed transient and spatial flow field analysis becomes
available, benefiting from an overset mesh method integrating with a volume-of-fluid (VOF) method.
Furthermore, not only the oil jet resistance torque, but also the impingement depth as well as the
spatial and temporal evolution of wetted surface by the oil film on the gear tooth given by numerical
investigations were compared well with the theoretical calculations.

Keywords: oil jet; windage; resistance loss; overset method; CFD; spur gear

1. Introduction

Motivated by severe GHG (greenhouse gas) emissions nowadays, the aircraft indus-
try is committed to reducing energy consumption, thereby continuously improving the
transmission efficiency of each gearing system in the aeroengine. Even though the gearbox
can have an efficiency of more than 99% [1], the power losses (i.e., no-load losses and
load losses) are still considerable in a magnitude 100 MW application [2]. The load losses
of gears are tied to the friction behavior of gear mesh, namely a mechanical power loss,
whereas the no-load losses are associated with motions of lubricant and air. The latter is far
from negligible at high speeds [3].

Two common lubrication methods are splash lubrication and oil jet lubrication. The
no-load losses of dipped lubricated gears mainly include fluid trapping and squeezing
power losses, and churning power losses [4–7]. For jet-lubricated gears, there are other
losses—impulse power losses and windage power losses, without churning losses [8,9]. The
impulse power losses are related to the momentum transfer when the high-speed oil stream
injected from the oil jet nozzle impacts the gear tooth surface. In a high-speed gearing
system, it is of significance to estimate the impulse losses with jet lubrication during the
design of gearboxes, considering the effects of geometry and working parameters. As an
example, Ariura et al. [10] have measured the impulse power losses of a spur gear system
with oil jet lubrication; their results suggested that the impulse power losses consist of the
power required to trap and accelerate the oil jet flow in the tooth space. The windage power
losses are associated with the pure air or air–lubricant pumping by the gear; especially in
the air–oil mixture, the gear suffers from a considerable windage power losses [11–14].

A pioneering study was conducted by Akin and his colleagues to firstly introduce
impingement depth on the gear tooth for predicting the lubrication and cooling perfor-
mance [15]. They also conducted experiments to validate the theoretical depth models
and pointed out that an optimal oil nozzle layout can provide a maximum impingement
depth, bringing better cooling effect. Similar studies were submitted by Dai et al.; they
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investigated not only the penetrating depth on spur/helical gear pairs [16], but also spiral
bevel gears [17] and face gears [18]. These scholars emphasized the relationship between
the nozzle layout and the theoretical impingement, but neglected the resistance torque or
the impulse power losses due to the action of oil flow impacting the gear surface.

Computational fluid dynamics (CFD) is capable of providing a more in-depth under-
standing of the oil/air flow and the associated power losses [19,20], and could describe the
fluid-dynamical phenomenon easily and accurately [21–24]. There are limited numerical
studies on oil jet behavior owing to the multiphase flow, complex gear structure, and tiny
oil flow. Fondelli et al. [25] investigated an oil flow impacting on a spur gear by leveraging
with the sliding mesh method. The corresponding resisting torque was obtained, and the
oil–gear interaction was categorized into four phases accordingly. The numerical results
reveal a good agreement with the theoretical resistance torque based on the momentum
theorem during the oil–gear interaction. Furthermore, they [26] explored the influence of
injection angle on the resistant torque; the results show that the increase in the oil jet angle
along with the gear rotation contributes to the decreases in the average resisting torque,
consistent with the algebraic model. A similar study by Keller et al. [27] is also reported
utilizing the sliding mesh method; it should be noted that the greatest innovation was the
use of five teeth instead of the whole gear for its oil jet lubrication analysis. Additionally, the
impact behavior of an oil jet on a spinning gear has been investigated via smoothed particle
hydrodynamics (SPH) [28,29], SPH is the most promising method in terms of superior
performance regarding computational effort and suffering from a lack of accuracy. Besides,
on the basis of the definition of the impingement depth, Kormer et al. [30,31] developed an
analytical model for quantifying the heat transfer convection coefficient of the oil film on
the spur gear under jet lubrication, well in accordance with experimental facts.

For the moment, it is difficult to assess the oil jet power loss of the impact of the oil
jet flow on the gear flanks owing to its persistent short time. With regard to the design
practice and computational efforts, the oil jet behavior of the whole gear instead of a few
gears is more commonly invetigated. Therefore, this study first introduces the relevant
theoretical models to provide a deep understanding of the flow characteristics of the oil
jet lubrication for an isolated spur gear, allowing a measure of key parameters. More than
that, however, by leveraging an overset method integrating with the VOF method, the jet
flow of flow phenomenology can also be available. Subtracting the windage effects, the
comparison of the theoretical calculations with the numerical results was then performed
for the whole spur gear.

2. Theoretical Model

The investigated oil flow impacting on the gear tooth relates to some basic formulations
of gear motions explained subsequently.

2.1. Oil Jet in Crossflow

The lubricating oil flies from the nozzle and crosses the airflow surrounding the
rotating gear. The current flow phenomenon can be transferred to a problem of an oil jet
in crossflow. The circumferential airflow velocity is equal to the same order of magnitude
of the pitch line velocity (Uair ≈ 0.9Up), following the description of Fondelli et al. [25].
The empirical formula was proposed to predict the travel distance yd of the liquid column
before breaking up into droplets in a cross flow, as derived by Wu et al. [32,33]:

yd
dj

= 3.07q0.53 (1)

where q is the oil to air momentum ratio.

q =
ρoilU2

j

ρairU2
air

(2)
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where ρoil and ρair are the density of oil and air, respectively. Uj is the oil jet velocity.
Equations (1) and (2) were applied for the operating conditions in this paper. Equation (1)
integrating with Equation (2) is capable of estimating the travel distance, while the Weber
number characterizes the regimes of liquid breakup.

Wecf =
ρairUair

2dj

σ
(3)

where σ represents the surface tension coefficient of oil. The calculated travel distance yd
is clearly far greater than the small distance from nozzle exit to the outside diameter of
the gear (lo = 12.5 mm). The subatmospheric pressure results in the decrease in air density
as well as the aerodynamic forces exerting on the oil jet flow (q = 226 and Wecf = 22); no
significant oil jet breakup or deflection occurs before impacting on the gear surface.

2.2. Oil Jet Resistance Torque

A simple analytical model, developed by Fondelli [25,26], can estimate the resistance
torque in the presence of oil jet lubrication. With regard to Figure 1, the oil is accelerated
up to the pitch-line velocity by the rotating airflow as it approaches the gear. The resistance
torque can be expressed as

Tj =
π

4ωg
ρoilUjUp

(
dj
)2(Up − Uj sin β

)
(4a)

where ρoil is the oil density; ωg denotes the gear’s angular speed; Up and Uj are the velocity
of the pitch line and oil jet, respectively; and β is the oil jet angle for β > 0 in the rotation
direction (right), and vice versa, see Figure 2. This study considered that only the oil jet
angle β is set to zero, so the resistance torque can be simplified as

T0 =
π

4
ρoilωgUj

(
Rpdj

)2 (4b)
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Figure 1. Sketch of a typical oil jet flow in an air crossflow. Figure 1. Sketch of a typical oil jet flow in an air crossflow.
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Figure 2. Sketch of oil jet lubrication and cooling.

2.3. Windage Resistance Torque

To quantify the oil jet losses generated by the oil jet hitting the gear teeth, it is desirable
to extract the windage power losses from the total independent power losses for an isolated
spur gear. A quasi-analytical windage power loss on the gear sides and teeth has been set
up by Diab et al. [34], comparing favorably with experimental findings for different spur
gears, as reported

Pw =
1
2

Cwρairωg
3Ra

5 (5)

or, the windage resisting torque

Tw =
1
2

Cwρairωg
2Ra

5 (6)

where Cw = 2Cf + Ct, where the nondimensional number of torque coefficient Cf on the
front/rear faces is as follows:

C f =
2n1π

5 − 2m1

1
Re∗m1

(
R∗

R

)5
+

2n2π

5 − 2m2

[
1

Rem2
− 1

Re∗m2

(
R∗

R

)5
]

(7a)

where ni and mi: constant coefficient. i = 1, for laminar flows; i = 2, for turbulent flows.
Re*(≈3 × 10 − 5) is the critical Reynolds number to separate the laminar and turbulent
flows and R* is the corresponding critical radius. The nondimensional number of torque
coefficient Ct on the gear teeth is as follows:

Ct ∼= ξ
Z
4

(
bg

Rp

)[
1 +

2(1 + XA)

Z

]4
(1 − cos φ)(1 + cos φ)3 (7b)

and
φ = π/Z − 2(invαp − inv αA) (8)

where ξ is the reduction factor and XA is the profile shift coefficient. αP and αA denote the
pressure angle at the pitch and outside circle, respectively.

2.4. Wetted Length Tooth Surface

The lubricating oil injected from the nozzle hits the tooth surface and forms a film
with the action of airflow. Impingement depth, oil film, and surface area are the most
significant indicators to characterize lubrication and cooling performance. Following
Kromer et al. [30,31], the impingement depth can be calculated. This study focuses on the
situation where the oil jet angle β is set to zero. The impingement depth dimp denotes the
distance from the impact point of the oil jet flow on the gear flank to the outside circle (see
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Figure 3). Regarding the gear center as its center, the gear angle θj between the base circle
and an arbitrary point j on the gear surface is

θj =

[( Rj

Rb

)2

− 1

] 1
2

− arccos

(
Rb
Rj

)
(9)

where subscripts b, o, p, r, and imp represent the radius of base circle, outside circle, pitch
circle, root circle, and impingement point, respectively. Then, the angle of the leeward
side is

θlee = θo − θr (10)
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The gear angle of the bottomland can be calculated as

θbottom =
π

Z
− 2
(
θp − θr

)
(11)

The gear angle between the root radius and the impingement point on the windward
side is expressed as

θimp−r = θimp − θr (12)

Subsequently, the total gear angle rotating from the time the oil flow reaches the
addendum until it hits on the gear with the maximum depth is

θtot = θlee + θbottom + θimp−r (13)

Meanwhile, the flying distance of the oil jet can be determined as

F = Ro − Rimp (14)

Using Equations (13) and (14), the rotating speed of the gear is

n =
30Ujθtot

πF
(15)

One restriction for determining the impingement depth is that the impingement
point cannot exceed the tooth depth on the windward side. In other words, the radius
of the impingement points between the root radius and outside radius. Furthermore, the
impingement depth can be calculated using a bisection method.

Whereafter, the arc length si−o of the oil film on the spur gear can be defined as
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si−o =
Ro

2 − Rimp
2

2Rb
(16a)

By multiplying with the teeth number and rotating speed, the arc length per unit
time is

•
si−o =

nsi−oZ
60

(16b)

With an empirical model developed by Guo [35], the width of the film at the moment
the oil jet hitting the gear surface can be expressed as

W f ilm = 0.359dj

(Uj
.
si,o

) 1
2
(

ρoilUjdj

µoil

) 1
2

(17)

In this study, the width of the film Wfilm cannot exceed the tooth width bg, namely,
Wfilm ≤ bg.

The wetted surface on the windward side is the product of the arc length and the
width of the film, and can be described as

A f ilm = si−oW f ilm (18)

3. CFD Modeling

The aim of this paper is to study the process by the action of lubricating oil impacting
the rotating gear. To achieve this goal, the complicated gear train was simplified down to
an isolated gear with a nozzle, and the bearings, shaft, and seals were ignored.

3.1. Geometry

A representative spur gear with an entire 360◦ geometry was defined, using the
attributes as summarized in Table 1. The nozzle exit of the oil jet was directed radially
(β = 0), located at a small distance of 12.5 mm from the addendum circle, as discussed in
Section 2.1.

Table 1. Main physical properties of the modeled gear.

Variable Symbol Value

teeth number Z 38
jet diameter dj 1 mm
gear width bg 10 mm

gear pitch diameter dp 126.7 mm
pressure angle αp 20◦

distance from nozzle exit to the gear outside diameter lo 12.5 mm

An assumed temperature of 25 ◦C at atmospheric pressure was set as the operating
temperature in this study, and the model was isothermal. Hence, the density and viscosity
of lubricating oil are 889 kg/m3 and 1.06 kg/ms, respectively. The density and viscosity
of air are 1.225 kg/m3 and 1.7894 × 10−5 kg/ms, respectively. The surface tension is
0.07 N/m.

3.2. Computational Domains and Numerical Setup

The overset mesh method provides unique advantages for the rotating motion of
complex objects in many cases [36,37]. The overset mesh technology was exploited to
achieve the rotating of the spur gear. A sketch of the simplified computational domain of
the isolated gear with an oil jet nozzle, as depicted in Figure 4, includes two parts: one is
the component domain wrapping the isolated spur gear, and the other is the background
domain for the whole fluid field arranged an oil jet nozzle. More descriptions can be
referred to in [33].
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As shown in Figure 4, the boundary condition of the velocity inlet was applied to
the nozzle exit located in the background zone, while the pressure outlet was imposed on
the outside surfaces of the background zone. All walls were set as the no-slip condition.
All surfaces of the spur gear were defined as a whole, and the component zone wrapping
the spur gear was rotating. ANSYS Mesh was adopted to divide tetrahedral meshes for
the whole domains consisting of the component and background zone, as Figure 5 clearly
shows. Most importantly, however, the size of the component mesh is very similar to that
of the background. Local grid refinement in this study was imposed on the gear surfaces.
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A reliable commercial CFD software Fluent is introduced to address the oil–air two
phase phenomenology of oil jet lubrication. The explicit VOF method was selected to
study the oil–air two phase flow, the fluids were regarded as isothermal, and the air was
treated as incompressible (Mach number < 0.3). The air and lubricating oil were defined
as the primary and second phases, respectively. Their corresponding physical properties
were described in the previous section. The SST k-ω turbulence model—currently most
compatible for low Reynolds number flows—was adopted with the dimensionless wall
parameter y+ less than 5. The scaled residuals were monitored and were less than 10−4 for
every equation.

To determine the suitable element size and subtract the windage resisting moment,
a mesh independence analysis was conducted by comparing the theoretical moments
of the spur gear calculated from Equation (6) at the rotating speed of 9000 r/min. The
numerical results of different mesh elements are summarized in Table 2. Compared with
the theoretical resisting torque (Tw = 0.0911 Nm, at 9000 r/min) obtained by Equation (6),
the numerical values including pressure and viscosity contribution exerting on the gear
surfaces decrease by 4.83% from coarser to medium (from group 1 to 3), while they only
increase by 1.54% from medium to dense. Consideration is given to the fact that the oil–air
two phase flows would acquire a denser mesh, thus the dense-size grid in group 4 was
preferred in this study. In addition, this study aims to quantitatively analyse the oil jet
resistance torque with subtracting the windage resistance torque from the total resistance
torque. In fact, the total time of the actual gear rotation in numerical investigations in this
study is too short to form the air–lubricant mixture surrounding the gear; therefore, the
fluid surrounding the gear can be regarded as pure air.

Table 2. Numerical results of resisting torque versus mesh element.

Group Mesh Elements Resisting Torque Error

1 2,601,757 0.0970 Nm 6.48%
2 3,199,241 0.0982 Nm 7.79%
3 7,950,886 0.0926 Nm 1.65%
4 9,250,270 0.0912 Nm 0.11%

4. Results and Discussion
4.1. Comparison with Experimental Findings

As shown in Figure 6, the oil jet resistance torques calculated by Equation (4b) for
the spur gear (m = 3 mm, Z = 42, bg = 20 mm) are compared with experimental findings
given by Ariura et al. [10]. Ignoring a few points at a low oil flow rate where experimental
uncertainties are highest, the calculations coincide well with the experimental values,
especially for high pitch line velocity and oil flow rate. Therefore, this study is concerned
mainly with the case of oil jet lubrication with high pitch line velocity (about 40 m/s)
and oil jet lubrication (over 20 m/s). In addition, the comparison indicated that the oil jet
resistance torque is mostly caused by the power required to change the direction of the oil
flow and reaccelerate it. The comparison also suggests that Equation (4b) can be used to
predict the oil jet resistance torque.
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sequently change little. Removing the volatile data at the beginning, the numerical torque 
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4.2. Prediction of Oil Jet Loss

The numerical investigations were performed with a fixed time step with a rotating
speed n of 6000 r/min and oil jet velocity Uj of 20 m/s, that is to say, Uj/Up ≈ 0.50. Limited
by the computational efforts, the simulations were stopped as the torque peak showed little
fluctuation within 8%. The resisting torque changing with the rotating time is depicted
in Figure 7. The calculation time of the numerical investigations is about 8 h and 20 min
on our own Workstation (AMD EPYC 7302 16-Core Processor, 3.00 GHz). Every peak
in Figure 7a is related to an impact process of oil jet flow on the gear tooth. It is found
that, in the first quarter of the period, the impacts suffer from start-up effects, while they
subsequently change little. Removing the volatile data at the beginning, the numerical
torque from 2.372 ms to 3.668 ms was left, as shown in Figure 7b.
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Divided by the theoretical resistance torque T0 (0.0352 Nm) calculated from Equation (4),
the main torque values in Figure 7b are listed in Table 3. The average time interval ∆t is
about 0.2592 ms, while the theoretical impact time per tooth 60/(n ∗ Z) is 0.2631 ms. The oil
jet hitting the tooth flank happens in a flash, and the momentum transfer between the oil jet
flow and the gear surface occurs in a very short time, leading to a resistance torque peak.
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Table 3. Main torque peak values (n = 6000 r/min, Uj = 20 m/s).

Time Node Value Torque Peak Value

ta 2.612 ms Ta 5.765 T0
tb 2.872 ms Tb 6.346 T0
tc 3.136 ms Tc 5.920 T0
td 3.412 ms Td 6.256 T0
te 3.668 ms Te 6.734 T0

The integral average value Tavg of total resistance torque in Figure 7b in the range
of 2.372 ms to 3.668 ms is 0.0770 Nm. Subtracting the windage resistance torque Tw
(0.0411 Nm), the net resistance torque resulting from the oil impacting the gear tooth
is 0.0359 Nm. The absolute difference between the numerical and theoretical torque is
0.0007 Nm (corresponding power loss is 0.4398 W), while the relative difference is 1.99%.
Calculation shows that the numerical results coincide well with analytical values for the case
of the oil column hitting the gear surface without an obvious liquid breakup phenomenon.
Meanwhile, at the rotating speed of 6000 r/min and oil jet speed of 20 m/s, the windage
power loss (25.8297 W) is almost equal to the average oil jet loss (22.5566 W). Combining
Equations (4)–(6), the oil jet loss is proportional to the rotating speed of the spur gear to
the power two and the pitch radius of the gear to the power two, while windage loss is
proportional to the rotating speed of the spur gear to the power three and the pitch radius
of the gear to the power five. Predictably, the windage power loss rises faster than the oil
jet loss with the increase in the rotating speed and pitch radius of the spur gear.

Moreover, the numerical investigations were also conducted with the rotating speed n
of 6000 r/min and oil jet velocity Uj of 25 m/s, that is to say, Uj/Up ≈ 0.63. As before, the
numerical torque from 2.568 ms to 3.888 ms is shown in Figure 7. Divided by the theoretical
resistance torque T0 (0.0440 Nm) calculated from Equation (4), the main torque values in
Figure 8 are listed in Table 4.
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Table 4. Main torque peak values (n = 6000 r/min, Uj = 25 m/s).

Time Node Value Torque Peak Value

ta 2.832 ms Ta 6.986 T0
tb 3.092 ms Tb 7.538 T0
tc 3.362 ms Tc 7.631 T0
td 3.622 ms Td 7.503 T0
te 3.888 ms Te 7.365 T0
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The average time interval ∆t of about 0.2628 ms is very close to the theoretical impact
time per tooth 60/(n ∗ Z) of 0.2631 ms. The integral average value Tavg of total resistance
torque in Figure 8 in the range of 2.568 ms to 3.888 ms is 0.0878 Nm. Subtracting the
windage resistance torque Tw (0.0411 Nm), the net resistance torque caused by the oil
impacting the gear tooth is 0.0467 Nm. The resistance torque absolute difference and
the relative difference are 0.0027 Nm and 6.14%, respectively. Combined with the above
analysis, the theoretical resistance torques are actually somewhat below the numerical
results. The main reasons for this are listed as follows. The range of airflow is about 1.0 and
1.5 times the gear radius, as in Figure 9. The closer to the spur gear, the larger the air velocity,
especially in the tooth space. As the oil jet flow passes through the airflow surrounding
the gear, the liquid column is accelerated to some extent. Meanwhile, as in Figure 1, the
oil column does not breakup without ligaments and lots of droplets; the phenomenon of
surface breakup still exists to produce a small number of droplets accelerated in the gear
tooth space, and most of these drops finally impact the gear surfaces.
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4.3. Wetting Behavior

First, the fourth typical impact period is recalled from Figure 7b. As illustrated in
Figure 10, five characteristic points are used to make a concrete analysis. Correspondingly,
the general observable jet flow of flow phenomenology is provided in Figures 10 and 11,
while the wetting behavior of the oil film on the middle gear tooth is depicted in Figure 12.

Based on these five characteristic points, different flow phases distinguishable before
and after the impacts on the middle gear tooth were searched for. First, at point 1 as shown
in Figures 11a and 12a, the jet flow has cut off the interaction with the front tooth along the
rotational direction and penetrated the tooth space between the preceding tooth and the
current tooth. No obvious impact is observable. The resistance torque on the spur gear is
only slightly above the windage resisting torque (see Figure 10), and the wetted surface on
the middle tooth is nearly zero.
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Second, at point 2 as illustrated in Figures 11b and 12b, the impact between the jet
flow and the gear surface occurs. The wetting behavior of the oil jet can be understood
from three aspects—oil jet resistance torque, impingement depth, and wetted area. As
can be seen from Figure 11b, the impact point reaches the deepest, where it recalls the
well-known impingement depth as well as the radius of the impingement point; meanwhile,
the resistance torque reaches its peak (see Figure 10). According to Section 2.3, the radius of
the impingement point calculated using a bisection method is 63.9 mm, while the numerical
radius by extracting the precise pixel coordinates in Figure 11b is about 64.6 mm; the
difference is only 1.1%. Thus, the impingement depth is about 2.8 mm. Based on Equation
(16), the arc length of the oil film on the spur gear is 3.1 mm. In accordance with Equation
(18), the width of the film at the moment the oil jet hitting the gear surface is 1.9 mm, while
the width by extracting the coordinates in Figure 12b is about 2.0 mm; the difference is
only 5.26%. The wetted surface is approximately rectangle, thus the area on the basis of
Equation (19) is 5.89 mm2.
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Then, from point 3 to point 4, the jet flow impacts on the gear flank until it cut
off the interaction with the current gear tooth. Once the impact started, the oil quickly
splashes/spreads over the tooth, along with the rapid increase in the wetted area of the oil
film until it reaches the maximum at point 4, as shown in Figures 11 and 12. In this case,
around 37% of the gear width is covered with an oil film. No de-wetting phenomenon is
observed, and small amounts of oil are still flung off without a doubt. This effect can be
negligible in this study. Finally, at point 5 as illustrated in Figures 11e and 12e, the jet flow
was completely away from the proceeding gear tooth, and was about to arrive at the latter
gear tooth, similar to point 1.

5. Conclusions

A detailed investigation of the flow phenomenology of the jet flow impinging on the
tooth surface of an isolated spur gear under oil jet lubrication is presented in this study. The
related theoretical models are introduced to quantify the resistance torque, impingement
depth, and wetted area of oil film on the gear flank, providing simple tools for rapidly
estimating the jet lubrication behavior, particularly the oil jet resistance torque and initial
wetting area of oil film. Not only that, an unstructured overset mesh technique integrated
with the VOF method was used to investigate in detail the transient and spatial flow field
characteristics of the oil jet impacts on the gear surface. The estimations calculated by
theoretical models and numerical results show high consistency, with the deviation of
the oil jet power loss around 6%, the radius of the impingement point about 1.1%, and
the width of the oil film approximately 5.26%. In view of these, it is indicated that these
physical models are sufficiently accurate to deeply understand the jet lubrication behavior.
It is also suggested that the overset mesh method integrated with the VOF method can be
regarded as one alternative to pursuing the research on oil jet lubrication behavior. Based
on this study, on the one hand, the total no-load power loss generated from the impact
behavior of the oil jet flow on the gear flank and the windage behavior can be quickly
and effectively predicted, and this can offer a theoretical basis in the thermal design of the
gearing system; on the other hand, the estimation of the initial wetting area of oil film on
the gear surface can provide a valuable reference for improving the lubrication and cooling
performance of spur gears.
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However, this study only concerns the impacts of the liquid column of an oil jet flow
on an isolated spur gear under jet lubrication. Further work can be done to investigate the
complex oil jet–gear interaction flow phenomenon in a spiral bevel gear-pair, with oi jet
liquid column breakup in consideration.
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Nomenclature

Afilm wetted surface of the oil film on the windward side [m2]
bg gear width [m]
Cf nondimensional number of torque coefficient on the front/rear faces
Ct nondimensional number of torque coefficient on the gear teeth
Cw nondimensional number of windage resisting torque
dp gear pitch diameter [m]
dimp impingement depth [m]
dj jet diameter [m]
F flying distance of the oil jet [m]
inv αP, inv αA involute function
lo distance from the nozzle exit to the gear outside diameter [m]
n rotating speed of the gear [r/min]
ni, mi constant coefficient. i = 1, for laminar flows; i = 2, for turbulent flows
Pw windage power loss [W]
q oil to air momentum ratio
Q rate of oil flow [m3/s]
R* critical radius to separate the laminar and turbulent flows [m]
Ra outside radius [m]
Rb base radius [m]
Re* critical Reynolds number to separate the laminar and turbulent flows
Rn radius of the nozzle exit [m]
Ro outside radius [m]
Rp pitch radius [m]
si-o arc length of the oil film [m]
•

si−o arc length of the oil film per unit time [m/s]
T0 oil jet resistance torque (β = 0) [N·m]
Tj oil jet resistance torque [N·m]
Tw windage resisting torque [N·m]
Uair circumferential airflow velocity [m/s]
Uj oil jet velocity [m/s]
Up pitch line velocity [m/s]
Wecf Weber number
Wfilm width of the film [m]
XA profile shift coefficient
yd calculated travel distance of the oil flow [m]
Z teeth number
αP, αA pressure angle at the pitch and outside circle, respectively [rad]
β oil jet angle [rad]
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θbottom gear angle of the bottomland [rad]
θimp gear angle between the base circle and the circle of the impingement point [rad]

θimp-r
gear angle between the root radius and the impingement point on the windward
side [rad]

θj gear angle between the base circle and an arbitrary point j on the gear surface [rad]
θlee gear angle of the leeward side [rad]
θo gear angle between the base circle and outside circle [rad]
θp gear angle between the base circle and pitch circle [rad]
θr gear angle between the base circle and root circle [rad]

θtot
total gear angle rotating from the time the oil flow reaches the addendum until
hits on the gear [rad]

µoil oil viscosity [Pa·s]
ξ reduction factor
ρair air density [kg/m3]
ρoil oil density [kg/m3]
σ surface tension coefficient of oil [N/m]
ωg angular velocity of the gear [rad/s]
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