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Abstract: With the increasing speed of aviation gear, windage loss has been the main component of
power loss. Reducing windage is of great significance to improving the transmission efficiency of
aviation spiral bevel gear. Firstly, the calculation model of enclosed spiral bevel gear was established,
and the basic physical mechanism of windage power loss was illustrated by numerical simulation, so
as to obtain the mechanical and energy characteristics of windage loss. Then, the influence of the
geometry and clearance parameters of the shroud on the windage loss was studied by orthogonal test,
variance analysis and optimization design. The mechanism of the shroud to reduce the windage loss
under the multi-factors was also studied, and their interaction was obtained. The results show that
the tooth surface clearance, heel clearance and meshing opening are significant factors, and the most
significant factor is the heel clearance. The non-significant factor is the interaction of each factor. The
least significant factor is the toe clearance. In other words, the windage power loss can be reduced to
the greatest extent by simultaneously reducing the meshing opening of the shroud and the clearance
value between shroud and the surface of the gear. Finally, based on the mechanism of reducing
windage loss of shroud, the optimization design principle affecting the structural performance of
shroud is put forward, which provides theoretical guidance for the practical application of shroud in
windage reduction engineering.

Keywords: computational fluid dynamics (CFD); spiral bevel gear; windage loss characteristics;
shroud; windage reduction mechanism

1. Introduction

Spiral bevel gears are used for transmission between two intersecting shafts. They have
the advantages of high bearing capacity, light weight, stable transmission, high efficiency,
low noise, good lubricity, etc., and are widely used in high-speed gear transmission systems
such as aviation systems, automobiles, and ships [1]. When the gear linear speed exceeds
50 m/s, the teeth of the high-speed rotating gear will form a strong forced vortex, high-
velocity field and centrifugal force field in the fluid domain of the gear box and then
generate pressure and viscous force on the gear surface, resulting in huge windage power
loss, which is the main component of the power loss of high-speed gear transmission [2,3].
In order to achieve energy conservation and emission reduction targets, windage reduction
is increasingly required for gear transmission efficiency. Therefore, for the high-speed
aviation spiral bevel gear, the influence of windage loss on transmission efficiency must
be considered.

Lord [4] attributed 40% of the typical failure of gearbox power loss to meshing loss,
50% to bearing loss and 10% to windage and lubricating-oil-churning loss. However, a
large number of experiments show that with the increase in gear linear velocity, the loss of
windage and lubricating oil churning becomes significant. Handschuh [5] pointed out that
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when the gear linear speed reaches 125 m/s, the windage loss of the gearbox accounts for
approximately half of the total power loss and can dominate other loss mechanisms.

Windage loss refers to the loss of aerodynamic resistance (including inertial resistance
and viscous resistance) caused by the rotation of gears in the air or oil–gas mixture [6].
Scholars [7,8] have proposed methods for predicting windage losses and provided potential
strategies to reduce them. Diab and Ville [9,10] experimentally studied the windage loss
of rotating spur gears in the air and obtained the analytic formula of the dimensionless
torque coefficient of windage loss by dimensional analysis and quasi-analytical method,
respectively. Anderson and Loewenthal [11,12] proposed an approximate method to
estimate the gear windage loss, which considered gear structure, working conditions, fluid
properties, etc., and determined gear radius and rotational speed as key parameters to
determine the windage loss. However, the linear velocity of the experimental gear was
limited to 40 m/s. Eastwick [13] studied the parameters affecting the windage loss through
experiment and theoretical technology, including gear size, geometry, structural form and
pitch speed. He believed that the windage loss could be reduced mainly from three aspects:
radial pumping effect, axial pumping effect and leakage flow related to the front tooth
wake. Ruzek [14] measured the windage power loss of a disc, spur gear pair and helical
gear pair by setting up a simple experimental platform. In order to avoid the interference
of gear mesh mechanical power loss, only the influence of air pressure and viscous force on
the windage of gear tooth surface and end face were considered. Lord [4] designed a test
facility for measuring the windage power loss of spur gears. The diameter range of spur
gears he tested was 90~200 mm, and the speed was 25,000 rpm. The conclusion indicates
that when the clearance is 1 mm, the windage power loss will be reduced to the lowest
level. Compared to the spur gear without shroud, the windage loss would be reduced
by 75%. Dawson [15] pointed out that for spur gears that rotate freely in air, air enters
the teeth from both sides. However, for bevel gears, the air enters the teeth from the toe
end and the tooth surface and is gradually thrown out along the direction of the tooth
length. If the shrouds were arranged on the toe and heel faces, tooth surfaces and axial
directions, the fluid mass flow rate through the shrouds into the gear would be reduced,
so that the efficiency of the shroud to pump fluid would be reduced, thereby reducing
the windage power loss. Johnson [16] experimentally studied the windage loss of a single
spiral bevel gear under different working conditions in air single-phase flow, indicating
that the shroud can reduce the windage power consumption by about 70%. He pointed out
that the characteristics of a spiral bevel gear are similar to those of a centrifugal fan in many
aspects. Winfree [17] obtained the windage loss data of a spiral bevel gear through a large
number of experiments. The results show that if a baffle is installed at the toe of the tooth,
the windage power loss will be reduced by 70%. If a shroud is installed, the windage power
loss will be reduced by 79%. If the linear speed of the gear exceeds 50.8 m/s, it is necessary
to install the shroud. He carried out experiments on the windage loss of a single spiral
bevel gear to determine the measures to reduce the windage loss and then applied these
theoretical methods to the meshed spiral bevel gear. The results show that the optimized
shroud has an obvious effect on reducing the windage loss [18].

The detailed flow mechanism of the fluid around the gear will help with designing an
efficient shroud configuration to reduce air power loss. With the development of computer
technology, the computational fluid dynamics methods have been used to predict the flow
field characteristics in the gearbox [19–21]. Hill [22] specifically described the important
physical characteristics of the three-dimensional flow field near the tooth region, and the
influence of the shroud geometry structure on a single spur gear was studied by CFD.
Comparing to the experimental data from NASA, it was found that the gear windage
power loss is mainly due to the pressure on the involute gear surface rather than the shear
force, with or without a shroud. Massini [23] first measured the related parameters of
the windage loss of a single spur gear under free lubrication by experiment and then
measured the velocity and vector diagram of flow fluid by using Particle Image Velocimetry
(PIV) technique. The results verified that CFD numerical simulation is an effective tool
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for predicting windage power loss. This was one of the first experiments to realize the
visualization of flow field near high-speed gear by PIV technology. Simmons [24] studied
the windage power loss of a single spiral bevel gear (with or without shroud) and meshing
gear pairs by experimental and numerical simulation analysis. The results showed that
the Cm-Re characteristics of bevel gears with shroud were similar to those of cones with
shroud. Rapley [25] conducted parametric research on the clearance of spiral bevel gear at
the inlet, outlet and end face of shroud by CFD. The torque coefficient and static pressure
obtained by simulation analysis were close to the experimental results.

It is worth noting that the current research on gear windage loss is mainly focused on
macro-fluid mechanisms and geometric parameters. There are few comprehensive studies
on the effects of various shroud combinations on the flow characteristics and aerodynamic
resistance loss characteristics of spiral bevel gears. The research on the windage loss
characteristics of spiral bevel gears and the windage reduction mechanism of shroud is not
deep enough, and a feasible structural optimization design method of shroud in practical
engineering application has not been put forward. In this paper, aiming at the input-
stage spiral bevel gear transmission in the main reducer of a helicopter, the mechanism
of reducing the windage loss of the shroud is studied by CFD based on the mechanical
and energy characteristics of the windage loss of the spiral bevel gear. Based on that, the
structural optimization design principle of the shroud is proposed.

2. Computational Fluid Dynamics Analysis Method
2.1. Fluid Governing Equations

The spiral bevel gears involved in this calculation are placed in a given gearbox. The
fluid domain is the sum of the region between the gear pair and the shroud and the region
between the shroud and the gearbox. Transient analysis is used to solve the flow field. The
governing equations of fluid domain are as follows [26]:

(1) Mass conservation equation

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (1)

(2) Momentum conservation equation

∂(ρui)

∂t
+

∂
(
ρuiuj

)
∂xj

= − ∂p
∂xi

+
∂
(
τij
)

∂xj
+ Smi, (2)

where i, j = 1, 2,3 for three-dimensional flows; ui is the velocity of i th coordinate axis; ρ is
the fluid density; t is time; p is the fluid pressure; Smi represents external forces; τij is the
stress tensor.

The energy conservation equation is not considered, as it is assumed that thermal
influences can be neglected in no-load operating conditions [27].

2.2. Turbulent Model Equation

Two important dimensionless numbers (Reynolds number and Mach number) in the
flow field are the main parameters affecting fluid motion.

(1) The Reynolds number is:

Re =
ρvl
µ

, (3)

where ρ, v, l and µ are the density, flow velocity, characteristic length and dynamic viscosity
coefficient of the fluid, respectively.

The speed of spiral bevel gear in the input stage of a helicopter main reducer can go
up to tens of thousands of revolutions per minute, and the Reynolds number can go up to
106, so it is easy to achieve a strong turbulent flow pattern.
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(2) The Mach number is:
Ma =

v
a

(4)

where v and a are the velocity of the fluid and local sound velocity, respectively.
Due to the characteristics of high-speed rotation of the aerospace gear, the SST (Shear

Stress Transfer) k-ω turbulence model of the two-equation model based on the vortex
viscosity hypothesis is selected. The SST k-ω model has good application characteristics in
the inverse pressure gradient and separation flow, so it is used to describe accurately the
gear tooth surface’s resistance to and separation effect on the airflow [28].

According to [28], the turbulent kinetic energy equation (k equation) and turbulent
dissipation rate equation (ω Equation) are:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σk3

)
∂k
∂xj

]
+ Pk − βρkω + Sk, (5)

∂(ρω)

∂t
+

∂(ρωui)

∂xi
=

∂

∂xj

[(
µ +

µt

σω3

)
∂ω

∂xj

]
+ α3

ω

k
Pk − β3ρω2+2(1 − F1)ρ

1
ωσω2

∂k
∂xj

∂ω

∂xj
+Sω (6)

where:  µt = ρ a1k
max(a1ω,SF2)

Pk = µt

(
∂ui
∂xj

+
∂uj
∂xi

)
∂ui
∂xj

− 2
3

∂uk
∂xk

(
3µt

∂uk
∂xk

+ ρk
)

where k is turbulent kinetic energy; ω is dissipation rate; σk and σω are Prandtl numbers
corresponding to turbulent kinetic energy k and dissipation rate ω, respectively; β, β3, α3,
a1 are the model correlation constants; xi and xj are the cartesian coordinate displacement
component; ui is the velocity component; Pk is the turbulence generation term caused by
viscous forces; F1 and F2 are mixed functions; S is the strain rate tensor value; Sk and Sω

are user-defined generalized source items.

2.3. The Dynamic Mesh Model

Because of the complex shape change of the flow field in the process of gear motion,
in order to be able to more accurately describe the movement of the flow field, dynamic
mesh technology is used to simulate the flow field movement. The dynamic mesh can
automatically adjust the distribution of the internal grid nodes according to the motion and
deformation of the boundary. The flow field around the gear changes with time when the
gear rotates at high speed.

For the unsteady flow problem, the solution domain can be divided into i intercon-
nected grids, and the volume of each grid is ∆(vol)i. If each grid has j surfaces, the surface
area of the grid is represented by Si,j. For each grid control body, the mass conservation
equation in integral form is [29]:

d
dt

∫
∆(vol)i

ρd(vol) + ∑
j=1

∫
Si,j ρ(

⇀
V −

⇀
WSi ) · d

⇀
S i = 0 (7)

where Si is the perimeter of the i-th grid;
⇀
S i is the circumferential boundary with direction;

⇀
V is the flow velocity vector;

⇀
WSi is the velocity vector of the solution domain perimeter.

During the solution, the result of the grid boundary movement causes the mesh vol-
ume changes. For each grid, there is a geometric conservation equation of the integral form:

d
dt

∫
∆(vol)i

d(vol)i = ∑
j=1

∫
Si,j

⇀
WSi · d

⇀
S i (8)



Machines 2022, 10, 390 5 of 22

When solving the flow field density,
⇀
WSi on the common boundary of adjacent grids

is the same, and each time step ∆t is advanced:

∆
∫

∆(vol)i
d(vol)i = ∆t · ∑

j=1

∫
Si,j

⇀
WSi · d

⇀
S i (9)

∆
∫

∆(vol)i
ρd(vol)i = −∆t · ∑

j=1

∫
Si,j ρ(

⇀
V −

⇀
WSi ) · d

⇀
S i (10)

The average mesh density (ρi) of this time step is:

ρi =

∫
∆(vol)i

ρd(vol)i∫
∆(vol)i

d(vol)i
(11)

3. Calculation Model of Flow Field in Gearbox
3.1. CFD Model

The basic parameters of aviation spiral bevel gear in the helicopter main reducer are
shown in Table 1.

Table 1. Basic parameters of spiral bevel gear.

Parameters Pinion Gear

Number of teeth 27 74
Larger end face modules/mm 3.85

Pressure angle/◦ 20
Helix angle/◦ 35

Crossed-axis angle/◦ 69.77
Tooth width/mm 38
Tip diameter/mm 112.42 287.45
Rotation direction Anti-clockwise Clockwise
Speed n/(r/min) 20,900 7626

Due to the complex structure of the helicopter main reducer, in order to avoid the
interference of other parts in the reducer, the windage loss of spiral bevel gear in the closed
gearbox and the windage reduction mechanism of shroud are studied. In order to reduce
the complexity of numerical simulation and improve the simulation efficiency, the gearbox
structure is subjected to a simplification (ignoring web plate hole, bearings, flange structure,
fixings, etc.). The top-down parametric modeling method is adopted in UG. According to
Litvin local synthesis method [30], several tooth surface coordinate points can be obtained
from the tooth surface equation of the gear pairs, and then the tooth surface shape can be
obtained by fitting these coordinate points, so as to establish the model of spiral bevel gear.
The final three-dimensional model of the gearbox and the coordinate system is shown in
Figure 1.

Figure 1. Three-dimensional model of spiral bevel gears.
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The shroud is installed between the gear and the gearbox to completely cover the gear.
Regardless of the influence of the tiny structure of the gearbox, the flow field model of
the computational fluid domain can be obtained through the Boolean operation between
the gearbox and the gear pair, as shown in Figure 2. As can be seen from Figure 2,
when installing the shroud, the fluid domain is composed of two parts: inner and outer
fluid domains.

Figure 2. Computational flow domain model with shroud.

3.2. Meshing

Due to the complex tooth shape of spiral bevel gear, the fluid deformation at the tooth
surface is large. In order to facilitate the reconstruction of the flow field mesh and make
the mesh better adapt to the geometry, the unstructured tetrahedral element mesh of the
initial model is discretized based on the finite volume method. In this case, mesh was
divided in ANSYS-ICEM CFD software. To improve the precision and reliability of the
simulation results, verification of the mesh dependency has been undertaken to ensure
that discretization errors are quantified and minimized. This was done by comparing the
windage moment at a rotating speed of 10,000 rpm. The number of these meshes and the
windage moment values measured are shown in Figure 3.

Figure 3. Windage moment against total mesh elements.

As shown in Figure 3, in order to prevent the mesh from being too dense and increasing
the computation amount, and to avoid the mesh being too sparse and decreasing precision,
the local encryption optimization was carried out for the mesh near the tooth surface,
the heel and toe faces and the gear shaft surface. There are at least 2~3 layers of mesh
elements at the minimum gap of the gear meshing area. At the same time, in order to
obtain high-quality mesh, it is necessary to smooth the mesh. The maximum mesh size of
the fluid domain is 5 mm, and the boundary layer size is 0.5 mm at tooth surface and end
face. The thickness of boundary layer is 5 layers. Finally, the number of mesh elements in
the entire fluid domain of the calculation model is about 7.12 million, and there are about
0.89 million nodes.

3.3. Boundary Conditions and Solution Settings

When the gear rotates at a high speed, oil injection is generally used to lubricate
and cool the gear teeth. At this time, the internal flow field of the gearbox is composed



Machines 2022, 10, 390 7 of 22

of two-phase flow of lubricating oil and air. This paper mainly studies the formation
mechanism of windage and the windage reduction characteristics of the shroud. In order
to reduce the computing time and computer resources, consider using a single medium
(air) under average conditions instead of oil–gas two-phase flow.

The CFD dynamic mesh technology is used to solve the model, and the mesh file
is imported into FLUENT for solution. Assuming that air is incompressible fluid, the
pressure-based coupling algorithm solver under transient analysis is used. The surface
of the gear and gearbox are set as the fixed wall condition without sliding, and the near
wall area is treated by the wall function method. The tooth profile of the gear pair is set
as the motion boundary through the user-defined function. The speed of pinion and gear
are 20,900 rpm and 7626 rpm, respectively. The rotation direction is shown in Figure 1.
The dynamic mesh item is activated, and the Remeshing and Smoothing items are turned
on. All the settings are left on Smoothing as default. In Remeshing, the size function is
turned on, and the minimum reconstruction size is set to the minimum mesh cell size of the
gearbox. Considering the mesh on the deformed boundary interface, Local Face is turned
on, and the other items are left as default. In order to improve the calculation speed and
accuracy, the momentum equation adopts the second-order upwind discrete scheme, while
the turbulent kinetic energy and turbulent dissipation use the first-order upwind discrete
scheme. At the same time, in order to improve the convergence, the relaxation factor is
adjusted appropriately. The time step of transient analysis is set as 2 × 10−6 s, and the
number of steps is 10,000. After initialization, the iterative solution is carried out.

4. Windage Loss Characteristics of Spiral Bevel Gears

All the analytical results in this section are obtained when the gears are unshrouded.

4.1. Windage Formation Mechanism of Gears

When the gear is rotating at high speed, the gear pushes and drags the fluid of the
surface to form a strong air vortex. Figure 4 shows the velocity vector of the air flow field
around the gear. It can be seen from Figure 4 that the flow direction of the fluid is opposite
to the rotation direction of the gear.

Figure 4. Velocity vector of fluid around gear.

As can be seen from Figure 4, the gear drives the fluid around it to flow at a high
speed. The fluid far from the tooth tip continues to flow in the original direction, while
the fluid near the tooth tip is sucked into the gap between the teeth and forms a vortex in
the tooth space. The vortex moves in reverse in the tooth space and collides with one side
tooth profile, resulting in different pressure distribution on both sides of a tooth. One tooth
surface is shown as pressure surface (as shown in Figure 5a), and the other tooth surface
appears as suction surface (as shown in Figure 5b).
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Figure 5. Pressure distribution of fluid on teeth.

Figure 5 shows that fluid exerts different pressure on the two opposite tooth surfaces
of each tooth, that is, there is differential pressure force. This differential pressure force
introduces a torque opposite to the rotation direction of the gear. In order to keep the gear
rotating at a constant speed, the corresponding power needs to be consumed, which is
expressed as the windage power loss during the gear rotation.

4.2. Mechanical Characteristics of Gear Windage Loss

The gear windage power loss is caused by the interaction force between the fluid and
the gear, which can be divided into two parts: the pressure of the fluid on the surface of the
gear and the friction force (or viscous force). When the gear rotates at a high speed in the
flow field, the pressure distribution of the fluid on the gear tooth surface is as shown in
Figure 6.

Figure 6. Pressure distribution of fluid on gears.
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During the meshing movement of the gear pair, the maximum pressure appears on
the teeth in the meshing area. Since the meshing zone of the spiral bevel gear is point
meshing, a possible reason for this situation is that the air in the tooth space is squeezed
while the tooth is gradually entering into the meshing area, resulting in a large pressure
value here. The pressure on the surface of the gear teeth in the out-of-meshing area is small
and negative. That is because the air around the teeth to be separated has been removed or
squeezed out. The space between the gear teeth increases rapidly, resulting in a smaller
pressure value here.

At the same time, due to the viscosity of the fluid, when the gear rotates in the flow
field, it will also be affected by the resistance force (i.e., frictional and/or viscous) of the
fluid, as shown in Figure 7. This viscous force, like the differential pressure force, will also
cause reverse torque, thus consuming the system power.

Figure 7. Viscous force distribution of fluid on gears.

Comparing Figures 6 and 7, it can be seen that the pressure of fluid on gear is 2~3
orders of magnitude higher than that of viscous force, whereby the gear windage loss is
mainly caused by the pressure of fluid on gear, while the power consumed by viscous force
accounts for only a small part. The windage torque of the gear in CFD post-processing
module is extracted, and the variation trend of differential pressure moment and viscosity
moment with the rotational speed are plotted on the same diagram, as shown in Figure 8.

Figure 8. Moment compared against different speeds of the pinion.

When the gear rotation drives the surrounding air to flow, the effects of fluid inertia
and viscosity on the total power loss are differential pressure torque and viscous torque,
respectively. Figure 8 shows that the differential pressure effect is the main contributor to
the power loss of the entire windage. With the increase in the rotational speed, the flow
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field velocity increases, the Reynolds number increases, and the turbulence becomes more
intense. The more intense the fluid action on the gear, the greater the differential pressure
torque and viscous torque.

The windage power loss of spiral bevel gear is mainly composed of the windage loss
of tooth surface and heel and toe faces. In the CFD post-processing module, the fluid
differential pressure moment and viscous moment on each surface of the gear and its
rotating shaft are obtained. The composition and calculated values of the windage moment
on each surface of the gear are shown in Table 2.

Table 2. Composition of total windage moment of gear.

Acting Surface Pressure Moment
(N·m)

Viscous Moment
(N·m)

Windage Moment
(N·m)

Gear shaft −9.06 × 10−6 −0.0012 −0.0012
Toe face −4.55 × 10−5 −0.014 −0.014

Heel face −1.3 × 10−5 −0.026 −0.026
Tooth surface −0.95 0.017 −0.93

Total −0.951 −0.025 −0.97

It can be seen from Table 2 that the pressure torque and viscous torque on the tooth
surface work together, while only viscous torque is on the end face. The torque values of
the heel and toe faces of the gear are one order of magnitude smaller than that of the tooth
surface. Therefore, the tooth surface torque is the main source of the windage torque of the
gear, accounting for more than 95% of the total windage loss.

4.3. Energy Characteristics of the Gear Windage Loss

From the mechanical point of view, the power loss of the gear windage loss is caused
by viscous force and differential pressure force. From the perspective of energetics, the
energy loss of gear windage power is partially converted into thermal energy in the fluid
and gear tooth surface, heel and toe surface and gearbox wall surface. The other part is
dissipated into the turbulent movement of fluid in the gearbox. The flow field distribution
in the gearbox is shown in Figure 9.

Figure 9. Cont.
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Figure 9. Flow field distribution inside gearbox.

The air flow in the chamber where the gear is located is relatively stable, and the
turbulent movement is relatively mild, generally presenting a motion state of slow flow
with the rotation of the gear. The turbulent motion of the air in the chamber where the
pinion is located is more intense and mainly concentrates on the side along the tangential
direction of the pinion at the meshing point of the gear pair. It can be seen from the velocity
streamline that the fluid rotates along with gears in the direction of gear rotation and
converges at the top of the gearbox, after which most of the fluid enters the mainstream
of the pinion. There is no steady area in the entire gearbox due to the turbulent state of
the fluid.

The gear windage power loss is characterized by the kinetic energy loss caused by the
windage moment during the high-speed rotation. When the gearbox is closed, the kinetic
energy lost is converted into heat energy mainly through the friction between the fluid and
the solid wall surface and the viscous force between the fluid particles. Since the friction
between fluid and solid wall is very low, most of the energy is converted into heat energy
through the viscous force between fluid particles, resulting in the increase in fluid turbulent
kinetic energy.

5. Mechanism of Reducing the Windage Loss of Shroud and Structural Design Principle
5.1. Calculation of Gear Windage Power Loss

The windage torque exerted by the fluid on all surfaces of the gear can be obtained
using CFD-POST. According to the mechanism of gear windage power loss, the viscous
force and pressure on the surface of each cell are different. Therefore, the windage torque on
a certain wall can be obtained by calculating the vector sum of the torque of the pressure and
viscous force on the specified axis on all elements of the wall. The calculation formula is:

T =
n

∑
i=1

(
r × Fp

)
+

n

∑
i=1

(r × Fv), (12)

where T is the windage moment of the gear (N·m); Fp is the pressure vector on the element
surface (N); Fν is the viscous force vector on the element surface (N); r is the setting axis
vector; n is the number of cells on the selected surface.

The formula of the windage power loss of gear pair is:

Pw =
2

∑
i=1

(Twf + Twt + Tws + Twh)Ωiπ/30 (13)

where Twf, Twt, Twh and Tws are the windage torque of the tooth surface, the toe surface,
the heel surface and the gear shaft surface, respectively; Ω is the rotation speed (r/min); i
takes value 1 to indicate the pinion and 2 to indicate the gear.
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5.2. Orthogonal Test Design

The shroud divides the fluid computing domain inside the gear box into two fluid
domains, as shown in Figure 2. During the simulation, fluid can connect the two fluid
domains through the meshing opening of the shroud and the gap between the shroud and
the gear shaft for material and energy exchange.

The orthogonal test can use the less representative data to analyze the influence of
various factors on the test results. In orthogonal test: windage moment is the test index;
the clearance between shroud and gear surface, namely tooth surface clearance (A), heel
clearance (B), toe clearance (C) and meshing opening (D), are the test factors. The physical
significance is shown in Figure 10.

Figure 10. Schematic diagram of test factors.

Variance analysis method is adopted to determine the influence of each factor. First,
the fluctuation range of each factor is determined, as shown in Table 3. Since the three
clearance values are adjacent to each other in spatial structure, that is, the values of factors
B and C are restricted by factor A, the correlation relationship between factors should be
considered. The interaction between factor A and B is denoted as A × B, and the interaction
between factor A and C is recorded as A × C, as shown in Table 4.

Table 3. Factor levels.

Level Value

Factors

A
Tooth Surface
Clearance /mm

B
Heel Clearance /mm

C
Toe Clearance /mm

D
Meshing Opening /◦

1 7 7 7 45
2 3 3 3 30

Table 4. Basic parameters of the header.

Factors A B A × B C A × C Blank D

Column number 1 2 3 4 5 6 7
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The standard orthogonal table L8(27) is established, and the numerical simulation
analysis of the combination of 8 groups’ factors is carried out to obtain the corresponding
calculated values of windage moment, as shown in Table 5.

Table 5. Orthogonal table of simulation analysis results.

Test Number A B A × B C A × C Blank D Windage Moment/(N·m)

1 7 7 7 7 7 7 45 0.629
2 7 7 7 3 3 3 30 0.543
3 7 3 3 7 7 3 30 0.434
4 7 3 3 3 3 7 45 0.511
5 3 7 3 7 3 7 30 0.502
6 3 7 3 3 7 3 45 0.560
7 3 3 7 7 3 3 45 0.468
8 3 3 7 3 7 7 30 0.417

Then, the windage moment values of each factor at each level are added, denoted
as Si. Then its average value is calculated and recorded as Si. Finally, the range of each
factor is calculated and recorded as Rj. The influence of each factor on the test results can
be obtained by arranging the range values of each factor at each level in order, as shown in
Table 6.

Table 6. Analysis of variance.

Factors
Columns

A B A × B C A × C Blank D

S1 2.117 2.234 2.057 2.033 2.04 2.059 2.168
S2 1.947 1.83 2.007 2.031 2.024 2.005 1.896
S1 0.529 0.558 0.514 0.508 0.51 0.515 0.542
S2 0.486 0.457 0.501 0.507 0.506 0.501 0.474
Rj 0.042 0.101 0.012 0.001 0.004 0.014 0.068

Note: Influence order: B > D > A > A × B > A × C >C; Optimal levels: B2, D2, A2, C2;Optimal combination:
B2D2A2C2.

As shown in Table 6, the primary and secondary order of the influence of various
factors on the windage power loss of gear is B > D > A > A × B > A × C > C. The significant
factors are B, D and A, that is, the heel clearance, meshing opening and the tooth surface
clearance. The most significant factor is B, the interaction factors of A × B and A × C are
not significant factors, and C is the least significant factor. The optimal level of each factor
is 2. In other words, the smaller the clearance between the shroud and the gear and the
smaller the meshing opening of the shroud, the smaller the windage loss.

5.3. Optimization Design of the Shroud Geometry Structure

By comparing Tables 2 and 5, it can be seen that the minimum windage moment of
the gear is reduced by about 57% after adding the shroud. The existing research data show
that for a single gear, the shroud with the best effect can reduce windage power loss by
70~75% [19]. Therefore, it is necessary to study the optimal structural parameters of the
shroud by analyzing the mechanism of reducing the windage loss of the shroud.

The meshing opening size of the shroud is mainly affected by the geometrical structure
parameters of the two meshing gears, and the minimum opening value is the minimum
space value that meets the normal meshing of the gear pair. The optimum clearance value
between the shroud and a gear can be obtained by optimization design. In order to make
the calculation results comparable, the windage moment obtained from the orthogonal test
is dimensionless, and the dimensionless coefficient Cm of the moment is obtained by the
following formula [10]:

Cm = T/
(

0.5ρΩ2r5
)

(14)
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where T, Ω and r have the same meaning as in Equations (12) and (13); ρ is the fluid density.
The least-square method is used to fit the functional relationship between the dimen-

sionless coefficient of windage moment and the clearance between the shroud and a gear. It
is assumed that the variables of the tooth surface clearance value, the heel clearance value
and the toe clearance value are x1, x2 and x3, respectively. The polynomial function is fitted
by the nonlinear regression method of MATLAB, and the expression of Cm is obtained as
follows:

Cm = 0.910 × 10−2 + 2.136 × 10−4x1

+1.544 × 10−3x2 + 2.251 × 10−3x3

+0.989 × 10−5x1
2 − 2.135 × 10−5x2

2

−1.366 × 10−4x3
2 − 4.983 × 10−5x1 ∗ x2

+1.896 × 10−6x1 ∗ x3

(15)

In order to display the change in function values with variables more intuitively,
Matlab slice graph is used to describe the four-dimensional graph of the fitting function, as
shown in Figure 11.

Figure 11. Slice graph of Cm fitted function.

The fitted polynomial function is optimized. According to the actual size of the gearbox
space, this paper sets the maximum value of the clearance value (x1, x2, x3) to 7 mm. The
optimization problem of this test is converted to the following mathematical problems:

Optimization variables: X = [x1, x2, x3]
The objective function is:

f (x1, x2, x3) = minCm (16)

The constraints are:

s.t.


0 < x1 ≤ 7
0 < x2 ≤ 7
0 < x3 ≤ 7

(17)

Solving the above optimization mathematical problems, the optimization result of the
objective function is obtained as follows:

When x1 = 3.74 × 10−4, x2 = 5.18 × 10−5 and x3 = 3.55 × 10−5, the minimum value of
objective function is:

f (x1, x2, x3) = Cm(min) = 0.009

In summary, when the clearance values x1, x2 and x3 are close to 0 mm, the dimension-
less moment coefficient is the smallest, that is, the windage power loss is the smallest. In
other words, the smaller the clearance between the shroud and the gear, the smaller the
windage power loss and the better the effect of reducing the windage power loss.

Therefore, it can be seen that the geometry structure of the shroud makes the spatial
volume around the rotating gear smaller, the clearance between the shroud and a gear is
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smaller, the air flow between the teeth is lower, the turbulent kinetic energy of the fluid
is lower, and the energy dissipation caused by the energy dissipation is lower, that is,
the windage power loss of gear is the lowest. However, if the clearances between the
shroud and the gear are too small, when the gear speed is very high, even if the stiffness
of the shroud itself is very great, the gear will also absorb the shroud to the bottom of
the gear. Consideration should be given to the influence of axial displacement caused
by vibration during the gear rotation, errors in manufacturing and installation of shroud,
deformation of shroud and the amount of lubricating oil required for gear cooling and
lubrication. Combined with the actual working conditions, the stiffness of the support parts,
the transmission power of the gear, the material properties and the existing manufacturing
technology and according to practical experience, the minimum value is about 1 mm and
the meshing opening is 30◦. This is more in line with the engineering application than the
references [4,16,18].

5.4. Windage Reduction Mechanism of Shroud

Eight groups of simulation analysis results of orthogonal test are taken as examples to
study the windage reduction mechanism of the shroud. The fluid velocity field distribution
inside the gearbox is shown in Figure 12.
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Compared to Section 3.3, it can be seen that after installing the shroud, the air velocity
in the fluid domain between the shroud and a gearbox decreases significantly. The air in
the outer fluid domain enters into the inner fluid domain through the meshing opening
of the shroud and the clearance between the shroud and the gear shaft surface, and then
the air rotates with the gear and moves continuously towards the heel of the gear along
the contour. At this time, part of the air re-enters the outer fluid domain from the meshing
area of the gear pair. Therefore, there must be continuous exchange of material and energy
between the internal and external fluid regions.

The turbulent kinetic energy is estimated by turbulence intensity and average velocity.
According to [31], the calculation method is:

k = 3
2 (U · I)2

I = 0.16(Re)−0.125 (18)

where k is the turbulent kinetic energy, I is the turbulence intensity, U is the average velocity
and Re is the Reynolds number.

According to [31], the calculation method of turbulent dissipation rate is:

ε = C0.75
µ

k1.5

l

l = 0.07L
(19)

where ε is the turbulent dissipation rate, l is the turbulent scale, Cµ is the empirical constant
and L is the characteristic length, which in this case is the radius of the gear.

The turbulent kinetic energy and turbulent dissipation rate of the fluid domain can
be obtained by the calculation of fluent post-processing. The volume, turbulent kinetic
energy and turbulent dissipation rate of the fluid domain in the orthogonal test are shown
in Table 7.

Table 7. Volume, turbulent kinetic energy and turbulent dissipation rate of the inner fluid domain (N)
and external fluid domain (E) (mass-weighted integral (MWI) and mass-weighted average (MWA)).

Test Number Fluid Domain Volume/
m3

Turbulent
Kinetic Energy/
kg·m2/s2 (MWI)

Turbulent
Dissipation Rate/
kg·m2/s2 (MWI)

Turbulent
Kinetic Energy/
m2/s2 (MWA)

Turbulent
Dissipation Rate/

m2/s3 (103) (MWA)

1
E 0.024 0.087 116.1 30.2 40.2
N 0.032 0.017 44.8 4.4 11.3

2
E 0.025 0.085 112.0 28.6 37.5
N 0.031 0.019 43.9 5.0 11.4

3
E 0.027 0.073 102.9 22.4 31.7
N 0.029 0.015 33.2 4.2 9.2

4
E 0.028 0.073 91.1 21.7 27.2
N 0.028 0.017 42.7 4.9 12.2

5
E 0.025 0.068 105.7 22.0 31.3
N 0.031 0.015 45.4 3.9 9.9

6
E 0.026 0.066 105.7 20.7 33.1
N 0.030 0.014 45.4 3.9 12.3

7
E 0.028 0.062 87.8 18.1 25.5
N 0.028 0.011 32.6 3.2 9.5

8
E 0.029 0.060 83.0 16.9 23.5
N 0.027 0.011 31.2 3.3 9.3

The turbulent kinetic energy represents the intensity of the turbulent motion inside the
gear box. The turbulent dissipation rate represents the amount of the fluid kinetic energy
lost due to the turbulent motion of the oil–air mixture. As shown in Table 7, the turbulent
dissipation rate of the outer fluid domain is more than twice that of the inner fluid domain
under the same test number. The turbulent kinetic energy of the outer fluid domain is much
greater than that in the inner fluid domain. The turbulent motion of the outer flow domain
is more intense than that of the inner fluid domain, but the fluid velocity in the inner fluid
domain is higher, and it is the source of kinetic energy of the outer flow domain. Therefore,



Machines 2022, 10, 390 18 of 22

reducing the volume of the inner fluid domain means reducing the kinetic energy source
of the fluid of the outer flow domain, so as to reduce the velocity of the fluid in the outer
flow domain. In the simulation results of orthogonal testing, the turbulent flow energy
distribution in the gearbox is shown in Figure 13.

With the continuous reduction of the clearance between the shroud and the gear,
the average turbulent kinetic energy of the flow field near the gear surface decreases
accordingly, as shown in Figure 13. This is because when the air in the inner fluid domain
obtains kinetic energy from the gear, the shroud reduces the turbulent kinetic energy of
the air in the inner fluid domain, reduces the pressure and viscous force acting on each
surface of the gear and finally reduces the windage loss of the gear. At the same time, it
can be seen that in all the tests, the turbulent kinetic energy near the meshing region is the
greatest in the whole flow field, which is caused by the complex boundary movement and
energy exchange in the meshing region.
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In summary, when the volume of the inner fluid domain is constant, the larger the
meshing opening of the shroud, the greater the gear windage loss. The turbulent kinetic
energy and turbulent dissipation rate of the inner and outer fluid domains decrease with
the decrease in the volume of the inner fluid domains when the meshing openings of the
shroud are the same. This means that with the reduction in the volume of the inner fluid
domain, the sum of the turbulent motion of the inner and outer fluid domain becomes less
intense, which reduces the kinetic energy of the fluid loss in the turbulent motion, so as to
reduce the windage loss.

The energetic mechanism of the shroud reducing the windage loss can well explain
the variance analysis results of the data in References [7,8,17]: the heel clearance is the most
significant factor affecting the gear windage loss, because compared to other parameters,
reducing the unit heel clearance can reduce the volume of the internal fluid domain most.
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The toe clearance is not a significant factor, because when the unit toe clearance is reduced,
the volume of the internal fluid domain decreases the least.

5.5. Structural Optimization Design Principle of Shroud

According to the windage reduction mechanism of the shroud, the following structural
optimization design principles of the shroud are obtained:

(1) Shroud should minimize the effect of axial and radial pumping fluid by gears, that
is, minimize the distance between the shroud and gear profiles, so that the volume of fluid
domain directly affected by gear rotation can be reduced. The specific measures that can be
taken include reducing the tooth surface clearance, heel clearance and toe clearance. If the
manufacturing process and installation conditions allow, the clearance between the shroud
and the gear shaft surface, heel side and toe side can also be reduced. The significance of
the clearance is in Figure 14, which shows a sectional view of a gear with shroud.

Figure 14. Sectional view of gear with shroud.

(2) The mass and energy exchange between the inner and outer fluid domains sep-
arated by the shroud should be reduced as much as possible. Specific measures can be
taken to reduce the area of the connecting surface between the two fluid domains, such
as reducing the size of the meshing opening of the shroud and the clearance between the
shroud and the upper shaft surface and so on.

6. Conclusions

(1) This paper has presented a methodology for evaluating windage for a pair of
shrouded spiral bevel gears using a parametric solid 3-D model. The distribution trend of
velocity field and pressure field around the gear obtained by simulation in this paper is
consistent with the experimental results of references [1,5,10].

(2) The goals of this work have been to validate the numerical and modeling ap-
proaches used for these applications and to develop physical understanding of the aerody-
namics of gear windage loss.

(3) The essence of gear windage loss is that the differential pressure torque and friction
torque of the fluid, acting on each surface of the gear, make the gear lose part of its dynamic
energy, which will be transformed into the kinetic energy and heat energy of the fluid
around the gear.

(4) For all configurations of gears studied, the dominant physical mechanism con-
tributing to windage losses is the pressure field associated with diversion and impingement
of the high speed relative flow on the leading tooth surface.

(5) Based on the windage reduction mechanism of the shroud, this paper studied the
optimization design principle of the shroud through orthogonal test and variance analysis,
which revealed that the windage of the gear pair was the smallest when the gap of the
windshield was 1 mm and the meshing opening was 30◦.
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