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1 Introduction

Chapter 1

Introduction

Aircraft engines require the most advanced technology to provide propulsion for a safe mobility that promotes
people’s global interaction while taking the global environment into consideration. Gas turbines, which have
excellent characteristics as aircraft engines, will maintain an important position in the future through the in-
corporation of environmentally friendly technologies such as sustainable aviation fuel (SAF) and fuel efficiency
improvements. To improve fuel efficiency, it is necessary to increase the efficiency of aircraft engines, and therefore,
the efficiency of gear systems.

This chapter shows the importance of reducing the fluid dynamic loss of the gear system based on recent trends
in aeroengine gear systems, and the possibility and problems of improving the efficiency of the gear system based
on the status of conventional research. It also shows the necessity of clarifying and classifying the fluid dynamic

loss phenomena to solve these problems and sets research objectives.

1.1 Research Background

1.1.1 Importance of Improving the Gear System Efficiency in the Trend of Shifting to a Geared
Aeroengine and Airframe Electrification

1.1.1.1 Overview of the Gear System
(1)  Basic Configuration of the Gear System
Figure I=1 shows an example of an aircraft, and Figure CI=A shows an example of an aircraft engine

installed under the wing.

Fig. 1.1-1 A typical aircraft (Boeing 787) [] Fig. 1.1-2 An aeroengine mounted below an aircraft
wing [2]



1 Introduction
1.1 Research Background

Figure I=3 shows an example of a lubricating oil system. The systems shown in Fig. [CI=3 are the oil
pressurized by an oil pump (feed oil), in brown; the return oil after lubrication, in green; and the seal air
(air flowing from the air passage toward the bearing chamber to seal oil from entering the air passage of
the gas turbine), in blue. The main components of the lubricating oil system are an internal gear box that
extracts power from the engine shaft with a gear, an accessory gearbox that transmits power from the
internal gear box to the auxiliaries, and an oil cooler for cooling the lubricating oil. A schematic of this

lubricating oil system is shown in Fig. [T=2 .

Fuel-cooled oil cooler Air-cooled oil cooler
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NZ7 Vi +
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& \Y/ Oil pump pack
i Accessory gearbox
Pressure filter Y\ ‘ \‘
Oil differential ‘ nesd oy
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Fig. 1.1-3 A detailed oil system in an aeroengine [3]
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Fig. 1.1-4 Schematic of the oil system Fig. 1.1-5 Gears and equipment in the accessory

gearbox [B]



1 Introduction
1.1 Research Background

The oil is sucked from the oil tank by an oil pump, pressurized, and sprayed onto the accessory gear and
internal gear. The lubricated oil accumulates in the lower part of the gearbox housing, is sucked out by a
scavenge pump, is cooled by an oil cooler, and returns to the oil tank. The oil pump and scavenge pump
in Fig. I=2 are included in the “Oil pump pack” in Fig. I=3 . The accessory and internal gears in Fig.
[T=a correspond to the gears of “Accessory gearbox” and “Internal gearbox” in Fig. ITI=3 , respectively.
The oil cooler in Fig. TI=4 corresponds to “Fuel-cooled oil cooler” and “Air-cooled oil cooler” in Fig.
=3 .

Basic Gearbox Configuration and Design Parameters

Figure CI=3 shows the detailed configuration of the accessory gearbox. The accessory gearbox is powered
by a drive shaft (radial driveshaft), changes direction with a bevel gear, and distributes power with spur
gears. The accessory gearbox drives the aircraft electrical generator, low-pressure fuel pump, hydraulic
pump, oil pump, and centrifugal breather for collecting oil from the seal air flowing into the accessory
gearbox.

Figure =0 shows a simplified version of the basic gearbox configuration from Fig. II=3 , including the
gear shaft, gear, oil jet, shroud, breather, scavenge pickup, and housing. Figure =0 also shows the main

design parameters, which are outlined below.

e Gear shaft
The main design parameters are the transmitted power, speed, and torque.

o Gear
The gear diameter and tooth width are designed to satisfy the durability according to the torque and
rotational speed, and the main parameters are gear diameter, tooth width, gear aspect ratio (tooth
width / gear diameter), reduction ratio, module, number of teeth, helix angle, and pressure angle.

e Oil jet
An oil supply jet is installed to lubricate the friction surface (to reduce the coefficient of friction at the
contact surface and protect it) and to cool the heat generated on the friction surface. The maximum
oil temperature is set to prevent the oil from deteriorating or igniting due to heat. The temperature
of the oil supply jet and the temperature difference between the oil supply and the exhaust oil are
determined so that the oil temperature does not exceed the maximum allowable. The oil supply
pressure is designed so that the oil can reach the tooth surface of the gear rotating at high speed.

e Shroud
In aeroengine gears, a high gear peripheral speed (gear rotational speed) is set to reduce the torque and
miniaturize the gear. Therefore, the relative speed of the contact surface between the gears increases,
and the frictional heat generation increases. A large amount of oil must be supplied to reduce the
generated heat and to satisfy the restriction of the difference in oil supply and scavenged temperature
to prevent the deterioration of the oil [d]. Therefore, in the gearbox, a power loss (fluid dynamic loss
of air and oil) occurs due to the high-speed air flow generated by the gear churning a large amount of
oil. In extreme cases, oil accumulates inside the gearbox, causing the oil level of the oil tank to drop
abnormally (the “oil gulping” phenomenon). To suppress this fluid dynamic loss and prevent the oil

gulping phenomenon, a shroud is set in the gear.
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1.1 Research Background

Gear shafts Breather

Transmitted power,
Rotational speed,
Torque

Internal pressure in the gearbox

Oil jets

Diameter, Width,
Gear aspect ratio (width/diameter),
Reduction ratio, Module,

Number of teeth,

Helix angle, Pressure angle

Enclosed area,
Clearances between the gear and the shroud

Oil supply rate,

Oil supply pressure,
Oil temperature,
Oil specifications

Housing

Inlet of scavenge pump

Fig. 1.1-6 Schematic configuration and typical design parameters in a gearbox

e Breather
The breather exhausts air out of the engine after oil is collected from the seal air. In general, oil and
air are separated by the rotational centrifugal force, which causes exhaust pressure resistance. This
exhaust pressure resistance increases the pressure inside the gearbox. When the pressure inside the
gearbox is high, the engine power to ensure the flow rate of the seal air increases. Therefore, it is
desirable that the exhaust pressure resistance of the breather be small.

e Scavenge pump inlet
One scavenge pump inlet is provided for each scavenge pump, and the position of the scavenge pump
inlet is designed so it can suck in oil even if the aircraft attitude changes.

e Housing
The weight and size of the housing must be minimized to improve fuel economy and ensure mountability
on the aircraft. However, if the clearance between the gear and the housing is too small, the increase in
fluid dynamic loss of air and oil and the occurrence of oil gulping phenomena are of concern. Therefore,
an appropriate design is necessary.

To reduce the fluid dynamic loss in the gearbox, the gear and shroud design is important and will be

described in this chapter.

Characteristics of Power Loss in the Gearbox

Figure TI=7 shows an example of the loss fraction in a gearbox. The power loss of a gearbox is mainly
classified into gear friction loss, bearing friction loss, and fluid dynamic loss. The fluid dynamic loss is the
loss generated by churning air and oil in an area other than the gear contact surface (the internal area of
the housing including the gear periphery). In the design of aeroengine gears, the peripheral speed of the
gear generally exceeds 50 m/s to reduce torque and to minimize the gear. From Fig. [I=2 , it can be
observed that the fraction of fluid dynamic loss exceeds half of the total loss when the peripheral speed
exceeds 50 m/s. Therefore, a reduction in the fluid dynamic loss is important for improving the efficiency

of high-speed gear systems.



1 Introduction
1.1 Research Background

A~ L N 9

Power loss (kW)
(9%}

1 , Gear meshing loss

0 Bearing loss
10 20 30 40 50 60 70 80 90 100
Pitch line velocity of a gear (m/s)

Fig. 1.1-7 Breakdown of power loss in the gearbox (10-50 m/s: experimental results [8], 50-100m/s: extrapolation)

1.1.1.2 Impacts on Engine Efficiency of Improvement in Gear System Efficiency of Geared Engines

The geared engine is part of a trend toward higher engine efficiency. This section describes the fuel consumption
reduction effect of a geared engine and the importance of improving the gear system efficiency. Figure II=8
shows a geared turbofan, which is a turbofan engine with a reduction gear installed between the fan and the
low-pressure turbine.

Figure CT=9 shows the fuel consumption reduction effect of the higher bypass ratio of geared turbofans. Figure
[CI=9 depicts the bypass ratio on the horizontal axis and the fuel consumption on the vertical axis, comparing
the fuel consumption reduction effect of a conventional turbofan (direct drive turbofan) with that of a geared
turbofan. To achieve the higher bypass ratio, it is necessary to increase the ratio of the flow rate of the fan to
the flow rate of the engine core (gas turbine). To increase the flow rate of the fan, the fan diameter must be
increased, but the fan speed must be reduced so that the tip of the fan does not exceed the speed of sound. To
reduce the fan speed, it is necessary to reduce the speed of the low-pressure turbine, but due to the reduction in
blade load, the radius of the turbine (or the number of turbine stages) will increase. Therefore, the increase in
weight will adversely affect fuel consumption (red line in the figure). The geared turbofan can reduce the weight
penalty of the low-pressure core by increasing the rotation speed of the low-pressure turbine while reducing the
fan speed. Thus, fuel consumption can be reduced by increasing the bypass ratio even further (red dashed line
in the figure). As a result, the point of minimum fuel consumption decreases from “A” to “B” in the figure.

Further, geared turbofans suffer from power losses in the fan drive gear system itself and they increase in the
oil coolers that reduce the heat generated in the gear system. Figure I=I0 shows a comparison of the fuel
efficiency reduction effects of the geared turbofan and direct-drive turbofan. From the figure, power losses in
the gearbox (“Gearbox” in the figure) and power losses in heat exchangers (“Frame & heat exchanger losses”
in the figure) are estimated to be as large as the effects of a geared engine (“Improved BPR, Fan, and LPT
efficiency” in the figure). In the oil system, fuel-cooled oil coolers (FCOCs) and air-cooled oil coolers (ACOCs)
are equipped as oil coolers. The FCOC also preheats the fuel and makes effective use of exhaust heat from the

gear system. However, the oil cooling performance of the FCOC tends to decrease owing to the improvement
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in fuel efficiency. If the heat input to the oil increases, it is necessary to increase the heat transfer area of the
ACOC, which increases the size of the oil cooler and increases the resistance of the engine, resulting in poor fuel
economy. The feasibility of an oil system including oil coolers is an important issue related to the feasibility of a
geared engine.

A reduction in power loss of the gear system reduces the loss of the gear system itself and also reduces the
increase of the oil cooler. Assuming that the efficiency of a 40000 hp (30000 kW) class fan drive gear system
for turbofans is approximately 99.3% (0.7% loss) [®], a large 280 hp (210 kW) oil cooler would be required.
Meanwhile, if the power loss of the gear system could be reduced by 20%, a loss reduction of 40 kW in the gear
system and a reduction in oil cooler capacity would be possible. The effect of improving the engine efficiency by
reducing the power loss and oil cooler capacity of this gear system is equivalent to 0.3% (= 20% x (gearbox loss
0.7% + oil cooler loss 0.9%)). Therefore, it can be seen that a geared engine requires a large-capacity oil cooler

and is effective in reducing the power loss of the gear system.

1.1.1.3 Impact of Improvement in Gear System Efficiency on Engine Efficiency in Electrification of Airframe

As shown in Fig. [I=2 | an accessory gearbox is powered by an internal gear connected to the engine shaft
through a radial driveshaft. As shown in Fig. ITI=3 , an accessory gearbox is a power transmission mechanism
for driving auxiliary equipment such as the generator for the airframe, fuel pump, and hydraulic pump. In
recent years, the airframe has become more electrified in order to reduce its weight, and in particular the power
generation capacity has increased. The increase in power generation capacity is illustrated in Fig. ITI=11 . As
the transmission power of the internal and accessory gearboxes depends on the power required by the auxiliary

equipment, the loss of these gearboxes increases as the power generation capacity increases.

TSFC: Thrust Specific Fuel Consumption
BPR: Bypass ratio
L FPR: Fan Pressure Ratio

High 4 Noise
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Fig. 1.1-8 Geared Turbofan™ [6] Fig. 1.1-9 High bypass ratio and low fuel burn with
Geared turbofan™ (concept) (]
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Fig. 1.1-10 Relative comparison of fuel efficiency between a geared turbofan and direct-drive turbofan in the same

generation (estimation obtained using engine models constructed with publicly available data) [d]
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Fig. 1.1-11 Increase in aircraft power generation capacity (the black circles represent short to medium haul and
the red circles represent medium to long haul) [IT]

For example, one engine has a generating capacity of 500 kW, and two sets of bevel gears (in the internal and
accessory gear boxes) and one set of spur gears (in the accessory gear box) are considered as the main gears for
driving the generator. The efficiency of each of the two sets of bevel gears and the set of spur gears is assumed to
be 96%. Assuming that the efficiency of the gear system is improved by 20%, the power loss will be reduced by
12 kW. In addition, the efficiency of the gear system can be improved to reduce the cooler capacity. If the current
airframe is electrified in a similar manner to that of the B787 in the next generation of small and medium-class
aircraft, it has been estimated that the deterioration of the engine fuel economy will be approximately 1% [IT].

Therefore, it is important to improve the efficiency of the gear system.
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1.1.2 Development of Gear Systems in Aeroengines

This section describes the development of the “propeller driven / fan drive gear system,” which transmits
engine power to the propeller or fan via the gear system, the “accessory gear system,” which drives auxiliary

equipment, and the “special gear system,” which adds special functions to the airframe.

1.1.2.1 Development of Propeller Driven / Fan Driven Gear Systems

Many of the power gear systems that reduce engine speed and transmit power to the propeller or fan use
epicyclic gear systems (star gear or planetary gear systems), which are small in size and have a large reduction
ratio. This section briefly describes the development of the gear system, focusing on the example of the epicyclic
gear system. The development, from the 1920s to the appearance of geared turbofans in recent years, is shown

in Fig. CI=T2 . In the figure, the gear systems that have been used in commercial or defense applications are

shown.
Reduction
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|
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PT6 i
. (Pratt & Whitney i
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8 | Reduction gear oS [ | A ]
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Reduction gear

Reduction gear

1920s 1940s 1950s 2010s Year

Fig. 1.1-12 History of the engines with a planetary gear system for propeller drive or fan drive [G][I2][T3][I4][T5]

The epicyclic gear system of the Twin Wasp engine in the 1920’s and that of the Sakae engine in the 1940’s
are typical examples. Both were of approximately 1000 hp. The subsequent PT6 was of approximately 2000 hp.
The maximum power of the engine before the appearance of the geared turbofan ranged from 2000 to 5200 hp of

the T56 engine®l. There was a large power gap between the gear system of the geared turbofan and that of the

*1 There is a 14000 hp D-27 turbofan engine that uses an epicyclic gear system with a larger output, but the number of produced
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conventional gear systems, because the gear system of the geared turbofan ranges from approximately 16000 to
32000 hp.

To overcome this power gap, the technology had to be matured through several engine prototypes. Figure
[CT=T3 shows the history of the maturation of gear systems through some demonstrator engines equipped with
fan-driven gear systems. The horizontal axis in the figure indicates the age, and the vertical axis indicates the
risk. From the 1980s, Pratt & Whitney began the development to install gear systems in engines, and in 1987,
they produced a prototype 13000 SHP prop fan demo engine. Since then, they have produced a prototype 40000
SHP ADP demo engine [§] in 1993, a 11000 SHP ATFI (advanced technology fan integrator) demo engine in
2001, and a 31000 SHP GTF (geared turbo fan) demo engine in 2007 (renamed to the PW 1000G in 2008). It
took about 30 years from the start of development until the PW 1100G installed in the Airbus A320 started
operation in 2015, which indicates that there was a large technology gap in the use of high power gear systems.

From the above, it can be seen that the range of application of propeller drive and fan drive gear systems

has been extended by dramatically improving the drive power through many operational experience and demo

engines.
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Fig. 1.1-13 Development history of the Geared Turbofan™ [7]

1.1.2.2 Development of the Accessory Gear System

The accessory gearbox of an aircraft engine is basically constructed so that the engine shaft and the auxiliary
equipment are directly connected by a combination of gears. As a result, when the engine speed changes, the
engine speed of the auxiliary equipment also changes. As an exception, the generator is generally equipped with
a transmission mechanism for generating electricity at a constant frequency (rotating the generator at a constant
speed).

Figure II=T4 shows an example of a constant-speed generator (integrated drive generator, IDG). A schematic
of the transmission mechanism built into the constant-speed generator is shown in Fig. [I=T3 [I6][I7]. The

input gear is connected to an engine-driven accessory gear, and power is supplied. The rotational speed varies

engines is small and it cannot be said that it has a sufficient track record.
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according to the engine speed. The input gear is input to the epicyclic gear unit ((I) in Fig. ITI=13 ). This power
is transmitted to the hydraulic pump side of the hydraulic unit () in Fig. ITI=13 ). The oil discharge flow rate
of the hydraulic pump is adjusted by the control cylinder. The hydraulic motor rotates at a speed corresponding
to the oil discharge flow rate. By the combination of this hydraulic pump and hydraulic motor, the rotational
speed can be changed. The output gear of the hydraulic motor rotates the ring gear on the input gear side of the
planetary gear unit ((3) in Fig. II=14 ). The rotation of the ring gear on the output gear side of the planetary
gear unit is determined according to the rotation of the ring gear on the input gear side. The ring gear on the
output gear side drives the output gear ((4) in Fig. II=I4 ). The output gear drives the generator. As described

above, the IDG drives the generator at a constant speed by controlling the discharge flow rate of the hydraulic

pump.

Hydraulic unit

Fig. 1.1-15 Schematic of the constant speed drive mechanism of IDG [I7]
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A constant-speed generator with a different transmission mechanism is the traction drive IDG (T-IDG) [I].
This is shown in Fig. =18 . In Fig. CI=I8 (a), power is supplied from an engine-driven accessory gear. This
power is divided into a transmission mechanism ((Da in Fig. TI=IA (a)) and an epicyclic gear (Db in Fig.
[T=18 (a)). This power division is intended to minimize the weight and size of the transmission mechanism by
reducing the load on it. Figure II=18 (b) shows the transmission mechanism. The transmission is performed
by connecting different radii of one pair of opposed disks (r; and 79 in Fig. II=18 (b)) with power rollers.
The power input to the transmission mechanism ((Da in Fig. [CI=IA ) is changed in speed by the transmission
mechanism ((2) in Fig. =18 ). This power is combined with the power shown in ()b in Fig. =18 through
the epicyclic gear and is output to the generator (3) in Fig. TI=18 ). As described above, the T-IDG uses a

transmission mechanism that combines a disk and a roller to drive the generator at a constant speed.

Power roller
Input disk

2

(b) Speed change mechanism

(a) Power transmission path

Fig. 1.1-16 Traction drive IDG (T-IDG®)) [IR] and the constant speed drive mechanism

1.1.2.3 Special Gear System

Examples of gearboxes that add special performance to the aircraft are the V -22 Osprey for tiltrotor vertical
take-off and landing aircraft and the F-35 B for short takeoff vertical landing (STOVL) aircraft.

Figure =T shows the gear system of the V-22 Osprey equipped with a tilt rotor [I9]. The V-22 Osprey
takes off and lands vertically in the same manner as a helicopter, and after takeoff, it flies with the rotor shaft
directing forward. With this system, the helicopter does not require a runway, but has a flight speed and a flight
range approximately two times that of the CH-53 E, a helicopter of the same scale currently used by the U.S.
military. A key contributor to this realization is the tilt-rotor gear system shown in the right figure in Fig. [I=14 ,
which has a function to rotate the propeller shaft, a function to cancel the rotational moment of the propeller by
synchronizing the left and right propeller shafts, and a fail-safe function to drive both propellers with the other
engine even if one engine fails. This system has “Midwing gearbox assembly” in Fig. [CI=Id to connect the left

11
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and right gearboxes and “Idler gears” in “Proprotor gearbox” to connect the engine and propeller rotor shafts,
that increase the power loss of the gear system, in addition to a typical turboprop engine. Therefore, reducing

the power loss of the gear system is thought to be effective in improving the engine fuel efficiency.

Midwing gearbox
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Fig. 1.1-17 The tilt rotor gear system of V-22 Osprey [1Y]
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Fig. 1.1-18 The lift fan gear system of F35 fighter to assist the vertical takeoff and the landing [20][1]

Figure II=18 shows the gear system of the F35B Lightning II aircraft equipped with a system to drive a fan
for vertical takeoff and landing assistance [20] [Z0]. The F35B is stealthy and does not require a long runway,
so it is expected to improve the defense capability. The F35B takes off and lands while maintaining a balance
between front and rear by directing the engine nozzles downward and forcing air to flow downward from the fan
(lift fan) behind the cockpit. The front fan and rear engine are connected by a shaft, and the fan is driven by
the engine through a clutch when necessary. The lift fan consists of a double inversion fan and is equipped with
bevel gears that face each other and rotate in reverse to drive the fan. This bevel gear has a high rotation speed.
Therefore, reducing the power loss of the gear system is considered to be effective in improving the fuel efficiency
of the engine.
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1.1.3 Research on the Power Loss of the Gear System

1.1.3.1 Research on Sliding and Rolling Losses in Tribology at the Gear Contact Surface

(1)

Research on the Phenomenon of Power Loss at the Gear Contact Surface

(1)

(i)

Phenomenon at the Gear Contact Surface
From the conventional research on the phenomenon at the gear contact surface (e.g., [22] [23]), the
phenomenon at the gear contact surface is explained. Figure CI=T9 shows a schematic of the gear
contact condition. Figure II=T9 (a) depicts the gear contact condition on the contact line. The
number of teeth that are engaged changes according to the phase and moves up and down between
two integers (see Appendix BT for details). In this example, the case of going up and down between
2 tooth engagement and 1 tooth engagement is shown. When the number of teeth changes, the load
on the contact surface changes because the number of teeth that take the load changes. Figure [CI=19
(b) presents a schematic of the phenomenon at the gear contact position. At the gear contact position,
the material is deformed by the Hertz contact pressure and the surface comes into contact with a finite
width. Oil film exists between the surfaces. As shown in Fig. TI=T9 (b), friction power loss due
to the sliding speed of the contact surface (hereinafter, sliding power loss or sliding loss) and power
loss due to the pumping of oil at the rolling speed of the contact surface (hereinafter, rolling power
loss or rolling loss) occur on the gear contact surface. To calculate the power loss at the gear contact
surface with high accuracy, it is important to construct a formula corresponding to each phenomenon
of sliding power loss and rolling power loss, and to simulate the contact condition with different loads

and speeds depending on the place of contact.

Research on Sliding Power Loss at the Gear Contact Surface
The sliding power loss at the gear contact surface is calculated by the following expression: friction
coefficient x tangential load x peripheral speed (peripheral speed = rotational radius x angular speed).
In estimating the sliding power loss, it is important to estimate the friction coefficient. Figure T3
shows the Stribeck curve, which is commonly used as the relationship between the lubrication
condition of the contact surface and the friction coefficient. In the boundary lubrication condition
(left side of Fig. ), the friction due to the metal contact of the surface roughness protrusions
becomes dominant. In this case, the oil film is thinner than the surface roughness, so the effect on
the friction coefficient is small. In the hydrodynamic lubrication condition (right side of Fig. ),
the oil shear resistance becomes dominant because the thickness of the oil film is sufficiently thicker
than the surface roughness. The lubrication condition of the gear contact surface is mixed, between
the boundary and the hydrodynamic lubrication conditions, as illustrated in Fig. TI=21 . In the gear
contact surface, the oil film thickness is in the same order as the surface roughness, as shown in Fig.
[T=21 . The boundary lubrication condition caused by the contact of the surface roughness protrusions
and the hydrodynamic lubrication in which the contact surface is separated by the oil film coexist.
The friction coefficient in the mixed lubrication condition is affected by the load, sliding speed, and
viscosity of the fluid, as shown by the horizontal axis parameter in Fig. . Many studies have
been conducted on the estimation method of the sliding friction coefficient at the gear contact surface.

For example, Anderson et al. [22] constructed a model using the log function to estimate the friction
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coeflicient of the unsteady contact condition at a certain phase and location. In addition, Li and
Kahraman et al. [23] constructed a model that approximates the real phenomenon of sudden changes
in the number of gear teeth meshing using transient elastohydrodynamic lubrication (Transient EHL).

In both cases, there are experimental constants for fitting the friction coefficient to the experimental

results.
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(i) Research on Rolling Power Loss at the Gear Contact Surface

As shown in Fig. TI=19 (b), the rolling power loss at the gear contact surface is a loss generated
by the pumping action between the contact surfaces. The rolling power loss is proportional to the
flow rate of oil (= distance between the contact surfaces (oil film thickness) x contact surface length
x rolling speed). Estimating the oil film thickness is important in estimating the rolling power loss.
Numerous studies have also been conducted on methods for estimating the oil film thickness. For
[22] constructed an empirical formula for estimating the rolling power
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()

loss by calculating the oil film thickness, taking into consideration the load, speed, material, radius
of curvature, etc. of the contact surface. A method for directly solving the Reynolds equation to

determine the oil film thickness (Li and Kahraman et al. [23]) has also been proposed.

Research on Reduction of Power Loss at the Gear Contact Surface

As methods for reducing power loss at the gear contact surface, reduction of the gear module (reduction
of tooth height), super finish of the tooth surface, and change of oil are mentioned.

Figure CI=Z2 presents an example in which a gear module is reduced in size [5]. Compared to the gear
on the left side, the gear module on the right side is smaller. Smaller gear modules reduce power losses
because the distance from the pitch circle to the tip of the tooth and the distance from the pitch circle to
the base of the tooth decrease, and the relative speed between the tooth surfaces decreases. Figure [CI=23
shows an example of super finish of the tooth surface. The power loss is reduced when the tooth surface
is super finished because the area in the boundary lubrication decreases, thereby reducing the coefficient
of friction on the contact surface. In the example of Petry-Johnson and Kahraman [6], the power loss

reduction effects of smaller gear modules and tooth surface super finishing were experimentally shown.

Fig. 1.1-22 Example of the reduction of the gear Fig. 1.1-23 Example of super finished tooth surfaces

module for small sliding loss on gear contact sur-  [25]
faces [6]

Regarding the change of oil, when the viscosity of oil is lowered, the sliding friction coefficient at the gear
contact surface and sliding power loss tend to increase because the mixed lubrication condition of the
Stribeck curve (Fig. ) approaches the boundary lubrication condition, while the rolling power loss
tends to decrease because the oil film thickness becomes thinner. It was experimentally shown that whether
the increasing trend or decreasing trend is dominant depends on the surface conditions of the tooth surface

such as the surface roughness of the gear [A].

1.1.3.2 Research of Fluid Dynamic Loss of Air and Oil in Areas Other than Gear Contact Surfaces

This section summarizes the previous research on the fluid dynamic loss of air and oil in the area around the

gear other than the gear contact surface (including all areas other than the gear contact surface).
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Overview of Research on the Fluid Dynamics of Air and Oil

Figure presents a summary of previous studies. As indicated in Section T, the fraction of fluid
dynamic loss increases under conditions where the gear peripheral speed exceeds 50 m/s. Therefore, the
previous research under this condition was summarized.

The horizontal axis in the figure is divided into three parts according to the number of gears of the research
target. The left area corresponds to a single gear, the middle area to two gears (one meshing), and the
right area to three or more gears (two or more meshings). In each area, the research on the right side is
more recent. The gear is composed of two or more meshing gears for power transmission purposes, so the
research on them seems to be dealing with phenomena equivalent to those of a real gearbox. The larger the
number of gears, the more complicated the phenomena, and the more difficult the research is. The areas in
the figure are divided according to these concepts. The higher the peripheral speed, the more complicated
the phenomena, and the more difficult the research becomes. The maximum values of the peripheral speed
in each research are also shown.

In the upper table of Fig. , the meanings of symbols are shown. With regard to experiments (O and
@ in the figure), there are many studies on single gears, two gears, and a gear system, and at the same time,
power loss models (1 and M in the figure) have often been proposed. With regard to flow visualization
(A and A in the figure), there are some examples using single gears, but there are few examples using two
gears, and no examples using more than three gears are found. With regard to velocity measurement of air
flow (V in the figure) and two-phase flow measurement (measurement of oil fraction and mixture velocity,
shown as 4 in the figure), there are examples using single gears, but no examples using more than two
gears are found. With regard to numerical simulations (computational fluid dynamics, ¥¢ and % in the
figure), there are simulations with airflow or two-phase flow using single gears, and the airflow simulations
focused around the gear meshing area. There seems to be no simulations with two-phase flow of air and
oil using two or more gears.

The following sections describe the following in detail: (2) method for measuring fluid dynamic loss, (3)
visualization of air and oil flows, (4) measurement of oil fraction and mixture velocity of two-phase flow,
(5) fluid dynamic loss model, (6) theory of fluid dynamic loss, (7) numerical simulation method of fluid
dynamic loss, (8) research on reduction of fluid dynamic loss, (9) reference cases of fluid dynamic loss, and

(10) summary of the studies on fluid dynamic loss.

Method for Measuring Fluid Dynamic Loss

To measure the fluid dynamic loss of a gear system, first the total power loss of the gear system is measured.
Total power loss includes friction power loss (at the gear contact surfaces, bearings, and seals) and fluid
dynamic loss. Therefore, the fluid dynamic loss is calculated by subtracting the friction power loss from

the total power loss.

(i) Measurement of the Total Power Loss of the Gear System
There are four methods for measuring the total power loss of a gear system. Figure CI=23 shows the
schematic of ()—(3).
(@) Oil Temperature Difference Method of Oil Supply and Scavenged Oil Temperatures
In this method, the fluid dynamic loss is obtained from the measurement results of the difference
between the oil supply and scavenged oil temperatures of the gear system and the oil supply flow
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rate (e.g., Akazawa et al. [26] and Anderson et al. [27]). The method is affected by the temperature
measurement error of the thermocouple and other devices, the error due to the heat radiation from
the gearbox, and the error due to the time delay of the temperature change between the oil supply
and scavenged oil temperatures, but is widely used as a simple method.

Measurement Method by Torque Meter

In this method, the torque generated by the power loss is directly measured using a torque meter
(e.g., Johnson et al. [P8] and Massini et al. [29]). It is affected by the error of the torque meter and
the power loss between the location of the torque meter and the gearbox (intermediate bearing,
for example), but relatively high accuracy measurement is possible.

Method for Measuring Power Loss of Driving Motor

This method uses the efficiency of the driving motor (e.g., Winfree [30]). Although it is simple,
the accuracy of the efficiency of power loss in the motor is relatively low. Thus, measurement
errors are large, and it is often used for the rough evaluation of power loss.

Measuring Method from Change in Moment of Inertia during Free Deceleration

In this method, angular acceleration is obtained from the relationship between the time change of
the rotational speed after the motor driving force is turned off, and power loss torque is obtained
by multiplying the angular acceleration by the moment of inertia of the gear (e.g., Dawson [31]

and Delgado et al. [32]). This method appears to be infrequent and less common.

Helical gears Gear mesh

Oil jet
temperature

Power loss
heats oil

Scavenged oil
temperature

of the motor Gear shaft Bearings

Fig. 1.1-25 Schematic of the power loss measure- Fig. 1.1-26 Examples of gear shafts and bearings

ment method

(ii) Evaluation of Friction Power Loss in Gear Contact Surfaces, Bearings, and Seals

Figure shows an example of a gearbox for evaluating the power loss at gear contact surfaces,

bearings, and seals. In high-speed gearboxes, gears and bearings are often placed close to each other

to increase the natural frequency of the shaft. Power loss at gear contact surfaces is evaluated in

Sect

ion I3 (or Appendix BT for details). The following methods are used to evaluate power losses

in bearings and seals.

@

Method using Power Loss Evaluation Equations for Each Gear Contact Surfaces, Bearings, and Seals
In this method, the power loss is calculated according to the load and rotational speed using the

power loss evaluation equation for each gear contact surfaces, bearings, and seals (e.g., [6]). The
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loss evaluation equations are often provided by manufacturers. This method is widely used because
it is easy to use.

(@) Method using Power Loss Measurement Results without Gear
In this method, power loss measurement results without gears, that is, with shafts, bearings, and
seals only, are used for evaluating bearing and seal losses (e.g., Johnson n et al. [Z8] and Delgado
et al. [32]). This method is used for single gear tests because it is limited to drive gears only
(driven gears cannot rotate).

(3) Method for Separating the Gear Chamber from the Bearing and Seal Chamber
In this method, the gear chamber and the bearing and seal chamber are separated, and in each
chamber, the power loss of only the gear can be calculated by using the oil supply and scavenge
temperature difference method described in (i)(1) (e.g., Akazawa et al. [26]). This power loss
includes the power loss at the gear contact surface, so it must be subtracted by another method.

This method is not common because the gearbox needs to be specially designed.

(i) Separation of Fluid Dynamic Loss into Aerodynamic Loss and Oil Dynamic Loss
The fluid dynamic loss calculated using either of the above methods can be further divided into the
aerodynamic loss and the oil dynamic loss. As a method for separating the aerodynamic loss and the
oil dynamic loss, the oil dynamic loss is calculated by subtracting the loss at zero oil supply (which
is equal to an oil dynamic loss of zero) from the total loss, and the aerodynamic loss is calculated
by subtracting the loss at the gear contact surfaces, bearings, and seals from the remaining loss (e.g.,

Johnson et al. [28]).

(3) Visualization of Air and Oil Flows

Examples of visualization of airflow and oil flow are shown in Fig. IT=27 .

(i) Visualization of Airflow
Regarding the visualization of airflow, Massini et al. [83] used particle image velocimetry (PIV) to
visualize the flow around the spur gear (Fig. TI=22 (a)). In Fig. TI=27 (al), the velocity near the tip
of the tooth is close to the peripheral velocity of the tooth tip, whereas the velocity tends to decrease
sharply with radial distance from the tooth tip. In Fig. TI=22 (a2), the flow in the axial direction is
generated from the edge of the tooth toward the center, and after colliding near the center, the flow

ejected in the radial direction is captured.

(ii) Visualization of Oil Flow
The visualization of oil flow in the gearbox is generally conducted by making the housing of the
gearbox transparent and capturing images using stroboscopic photography or a high-speed camera.
Figure TI=27 (b) to (e) show examples of oil flow visualization.
(1) Visualization of Oil Jet for Lubrication to Gear Tooth Surface
Visualization of oil jets for lubrication of gear tooth surfaces can be conducted by stroboscopic
photography at the same time as oil jet injection (Townsend et al. [34]) or a high-speed camera
(e.g., Massini et al. [35]; shown in Fig. ITI=24 (b)), which captures the tangential scattering of
oil after it reaches the tooth surface.
19



1 Introduction
1.1 Research Background

" (al) Peripheral o me | o -
vf:lloc):it;nSpO frr;s x (a2) Axial velocity, 100 m/s*  (b) A visualization of the oil jet

with a spur gear, 100 m/s*
(a) PIV measurement results (Massini et al. [35])

with a spur gear (Massini et al. [33])

discharging from the shroud slot
with a bevel gear, 50 m/s*
(Johnson et al. [28])

| il sucked in
/ (* Gear
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Oil bending : e
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(d) Visualizations of oil from the gear mesh \R\;wmm Face width

oA
of spur gears, 50 m/s* (Ariura et al. [36]) (e) Hand sketches of oi supplied from both ends,

helical gears, 60 m/s* (Houjoh et al. [37])

Fig. 1.1-27 Examples of flow visualization

(2 Visualization of Oil Outflow from the Gear Shroud (Gear Enclosure to Reduce Fluid Dynamic Loss)
Regarding visualization of oil flow from a gear shroud, there is an example of visualization of oil
flow from a bevel gear shroud (Fig. TI=21 (c)) by Johnson et al. [28]. The oil adhering to the
inner surface of the gear shroud is observed to flow tangentially from the shroud opening.

(3 Visualization of Oil Behavior in the Gear Meshing Part
Regarding visualization of the behavior of oil in the gear meshing part, Ariura et al. visualized
the outflow of oil from the spur gear meshing by stroboscopic photography [36] (Fig. TI=2a (d)).
They observed the oil jetting out in the axial direction from the gap between the tip clearance of
the gear (the gap between the tip and the valley of the gear). In another example [37] (Fig. II=27

(e)), in which Houjoh et al. visualized the flow of oil in the helical gear meshing part by injecting
dye, dye injected from the leading side of the helical gear teeth flowed in the axial direction, while

dye injected from the opposite side (trailing side) flowed in a limited area.

(4)  Measurement of Oil Fraction and Mixture Velocity of Two-Phase Flow
Regarding the flow velocity measurement of airflow, the velocity distribution was measured by the PIV
measurement [83] of Massini et al. described above. For the measurement of the oil fraction and the
mixture velocity of two-phase flow of air and oil, there are examples of LePrince et al. [B8] and Neuroth et
al. [39] (peripheral speed of approximately 60 m/s) measuring the aeration rate of the oil stagnating in the

lower part of the gearbox by X-ray. This measurement setting is shown in Fig. . In this example, as
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Fig. 1.1-28 A setting of the oil aeration measurement with a X-ray sensor for a spur gearbox, max gear peripheral
speed of 58 m/s (Neurouth, et al. [B9])

the oil supply to the gear is conducted by churning up the oil (which is called oil bath lubrication, splash
lubrication, or dip lubrication), a large amount of oil exists in the lower part of the gear box, and the
maximum aeration rate in the oil reaches approximately 20% in the maximum peripheral speed, 60 m/s.
It was shown that the higher the aeration rate into oil was, the higher the liquid level and the larger the
fluid dynamic loss of the gear.

There seems to be no research in which the oil fraction and mixture velocity of the two-phase flow of air

and oil were measured around the oil jet, gear meshing part, or shroud.

Fluid Dynamic Loss Model

The fluid dynamic loss model, whose main purpose is the prediction of loss, consists of a base loss equation
and experimental constants to fit the experimental results. The following shows power loss models for
aerodynamic loss and oil dynamic loss in previous studies, and compares the breakdown of power loss in

the loss model. The units of symbols in the equation are SI units unless otherwise indicated.

(i) Aerodynamic Loss Model

(1) Difference between the Gear Meshing and Gear Peripheral Parts
Regarding the phenomenon of the gear meshing part, Houjoh et al. [37] measured the transient
pressure at the tooth bottom and showed that the pressure rose sharply near the start of the
tooth meshing and dropped sharply near the end of it. Because of this transient pressure, the
aerodynamic loss of the meshing gear is greater than the sum of the aerodynamic loss of two gears.
For example, Delgado et al. [B2] reported that the loss of the meshing spur gear is 6-12 times
larger than the sum of the loss of the two gears. Therefore, it is necessary to consider the gear
meshing part and the gear peripheral part separately.

(@ Aerodynamic Loss Model around Gear Periphery (or Single Gear)
Dawson [B1], Diab et al. [40], and Massini et al. [33] present examples of empirical equations for
the aerodynamic loss in a single spur gear.

Dawson’s empirical equation for the aerodynamic loss of a spur gear [31] is shown below.
P =N%?(0.16D* + Ds*>? B M,"1%) x 107200\ (1.1)

where P is the aerodynamic loss (for ® = 1) (kW), N is the rotational speed (rpm), Dy is the
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Gear 1

Gear 2

tooth bottom diameter (mm), B is the tooth width (mm), M, is the gear module (mm), ® is the
ratio of fluid density to air density (for air, ® = 1), and A is the shroud coefficient (= aerodynamic
loss when the gear is shrouded / aerodynamic loss without shroud).

The empirical equation for the aerodynamic loss of a spur gear by Diab et al. [40] is shown below.

1
P=Tw= C’Mipairwgrpf’ (1.2)
B 0.8
Cy =60 Reio'25 (7"_) Zio'4cflange (13)
p
w’f'pz
Re = (1.4)
Vair

where T is the torque, w is the rotational angular velocity, C)s is the rotational moment coefficient,
Pair is the air density, r;, is the pitch radius, Re is the rotational Reynolds number, B is the tooth
width, z is the number of teeth, cfiange is the coefficient of influence of the flange (disk) close
to the gear side wall (cfiange = 1 without the flange), and v, is the kinematic viscosity of air.
Massini et al. [33] obtained the rotational moment coefficient Cp; from the experimental result
of the spur gear, and it was compared with the experimental Eq. =3 of Diab et al. The results
showed that it deviated from the experimental result by the setting way of the flange influence
coefficient cyjange-

Regarding the aerodynamic loss in helical gears and spur gears, Dawson [B1] showed from exper-
imental results that the aerodynamic loss in a helical gear is smaller than that in a spur gear.
Meanwhile, Voeltzel et al. [A1] showed that comprex experimental results on the influence of
the helix angle exist, in which the aerodynamic loss of the helical gear becomes larger or smaller
than that of a spur gear. Thus, the aerodynamic loss in a helical gear has not been sufficiently
investigated.

Aerodynamic Loss Model in the Gear Meshing Part

Regarding the aerodynamic loss model of the gear meshing part, there is a method of solving
the aerodynamic loss caused by the volume change between the teeth in the gear meshing by
constructing a control volume of inviscid compressible air in a network. As an example of this

network, an application to spur gears of Diab et al. [dZ] is shown in Figure .

Radial direction

Gear width

Pocket No.2

Pocket No.1

Axial direction

(a) Air trapping phenomena (b) An example of the flow network in a gear mesh

Fig. 1.1-29 Air trapping phenomena and an example of the flow network in a gear mesh (Diab, et al. [d2])
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The aerodynamic loss is calculated as the loss caused by the inflow and outflow from the gear side
through the calculation of the unsteady pressure of each volume in the isentropic process. Similar
examples are presented in Seetharaman [A3] (spur gear), Talbot [d4] (helical gear), and Erkilic [45]
(bevel gear). Diab et al. [42] named the aerodynamic loss in gear meshing as “Trapping loss” and
Seetharaman et al. [43], Talbot et al. [44], and Erkilic et al. [45] named the loss as “Pocketing
loss.”
(ii) Oil Dynamic Loss Model

Regarding the oil dynamic loss model, the gear meshing part and the gear peripheral part are considered

separately as in the aerodynamic loss model.

(@ Oil Dynamic Loss Model at the Gear Periphery (Single Gear)
The fluid dynamic loss of air and oil in the gear periphery of Matsumoto et al. [46] is given by the

following equation.

P =3.80 x 1072ND,? {0.006 +0.02 (B>048 n <h> } o' (15)
Dy Dy
where N is the rotational speed (rpm), D, is the pitch diameter (mm), B is the tooth width
(mm), h is tooth height (mm), and ®’ is the density of the surrounding fluid (kgf/mm3). In the
above equation, the estimation of ®’ is important; however, the calculation equation for ®’ is not
shown. Massini et al. [B5] showed the experimental results of the rotational moment coefficient C)y
(defined as Eq. I3) when an oil jet was injected into a single spur gear. However, no experimental
equation was shown.
(@ Oil Dynamic Loss Model in the Gear Meshing Part

Ariura et al. [B6] compared the oil dynamic loss in a set of spur gears at a speed of up to 50 m/s
with the theoretical calculation result that the oil injected was accelerated to the gear peripheral
speed by gear meshing. The result showed that the calculated results agreed with the experimental
results when the oil supply flow rate was small. This is the oil dynamic loss due to the acceleration
of the oil when the oil is injected in the tangential direction of the gear meshing, and the oil that
has flowed into the gear tip clearance at the oil jet speed vjes is blown off at the gear peripheral
speed v,. It is theoretically obtained as the change in momentum when the oil is accelerated. This

is shown in the following equation [38].
P =Tw = poiQsrpw (vp — Vjet) (1.6)

where py;; is oil density and Qs is the volumetric flow rate of oil.

Matsumoto et al. [@6] modeled the oil dynamic loss in the gear meshing part as the loss caused by
the acceleration of oil in the part for a pair of helical gears with a peripheral speed of 90 to 180
m/s. The equation for the oil dynamic loss was constructed based on the theoretical Eq. I8, and
an experimental coefficient was introduced to fit it to the experimental results.

(3 Oil Dynamic Loss Model including the Gear Meshing and Gear Peripheral Parts

In the fluid dynamic loss model of air and oil including gear meshing part and gear peripheral part,
the loss calculation equation (per gear) for a pair of meshed spur gears obtained experimentally

by Anderson et al. [A7] is shown below.

B
P=282x10""(1+23— ) N%% %6 (0.0280i + 0.019) (1.7)
r p
P
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IR 0il dynamic loss
[ Aero dynamic loss

Windage loss Table 1.1-1 Gearbox conditions for comparison of loss components
Changenet, et al. | Matsumoto, et al.
Windage Parameter Unit | Pinion ‘ Wheel | Pinion ‘ Wheel
loss Pitch line velocity | m/s 162 166
10sS oil Gear type - Single helical Double helical
+ Oil 1oss Number of teeth - 32 ‘ 113 34 ‘ 99
Module mm 6.8 6
Oil acceleration loss Pitch diameter mm | 2195 | 775 225 | 655
(a) Changenet, et al.  (b) Matsumoto, et al. Tooth face width | mm 390 400 190 X 2
Fig. 1.1-30 Comparison of loss compo- Pre.ssure angle - 20 20
Helix angle ° 7.5 24.9

nents (estimation obtained using loss
models) [46][gR]

where B is the tooth width, r, is the pitch radius, IV is the rotational speed (rpm), and fie; is
the oil viscosity (cP). Support bearing loss was also included in Eq. IZ2. The total loss can be
calculated by summing the loss using Eq. [ for each gear.

(ii) Comparison of Loss Breakdown of the Fluid Dynamic Loss Model

Figure II=30 shows an example of the breakdown of fluid dynamic losses. In Fig. II=30 (a), the
breakdown of losses by Changenet et al. [AR] is shown. In Fig. TI=30 (b), the breakdown of losses by
Matsumoto et al. [46] is exhibited. Table ICI=N presents a comparison of the experimental conditions
(a) and (b) in Fig. ITI=30 . From this table, both conditions are considered to be approximately
equivalent.

In Fig. [I=30, “Oil trapping loss” and “Oil acceleration loss” are the oil dynamic loss®2, and “Windage
loss” is the aerodynamic loss containing oil mist.

A comparison of (a) and (b) in Fig. II=30 shows a significant difference in the fraction of the oil
dynamic loss and aerodynamic loss, which is considered to depend on which experimental coefficient
is used to fit to the experimental results because both the oil dynamic loss and the aerodynamic loss

contain experimental coefficients.

(6)  Theory of Fluid Dynamic Loss
The theory of aerodynamic loss using the rotational moment coefficient is presented above in (5) (Eq. [3).
The theory of oil dynamic loss is the theoretical equation of the loss due to acceleration of oil, as presented
above in (5) (Eq. [A).

(7)  Numerical Simulation Method of Fluid Dynamic Loss

Figure [I=31 shows an example of conventional studies on the numerical simulation (computational fluid

*2 In the loss breakdown of Matsumoto et al. [d6], the oil acceleration loss is divided into the peripheral acceleration and the
axial acceleration. The peripheral acceleration corresponds to the “oil acceleration loss” in the loss breakdown of Changenet
et al. [€R]. The axial acceleration is considered to be substantially similar to the “Oil trapping loss” caused by the axial inflow
and outflow.
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(al) Calculation mesh

t . ! .
(overset grid) (a2) Relative streamlines and (b 1.) Calculation H}esh . =
isosurface of a high pressure region ~ (morphing and remeshing grid) 2 pressure contour
(a) A CFD result around a spur gear, (b) A CFD result around a gear mesh,
173 m/s* (Hill et al. [49]) 60 m/s* (Fondelli et al. [51])

(d1) Calculation mesh
(morphing and
remeshing grid)

(d2) Isosurface of oil with speed cc;ntour

(c1) Calculation mesh (c2) Isosurface of oil and path line
(Adaptive mesh refinement) with speed contour (d) A CFD result of dipped lubrication gears,

(c) A CFD result of an oil jet to gear tooth, > 50 m/s” 38 m/s” (Concli & Gorla [56])

(Fondelli et al. [53]) (* Gear peripheral speed)

Fig. 1.1-31 Examples of previous CFD results

dynamics, CFD) of a gearbox. In the following, the numerical simulation methods are classified into those
of airflow for a single gear, airflow for a meshing gear pair, two-phase flow of air and oil for a single gear,

and two-phase flow of air and oil for a meshing gear pair.

(i) Numerical Simulation Method of Airflow for a Single Gear
Numerical simulation of the airflow for a single gear can be conducted by either modeling a part of
the gear to reduce calculation time and solving it by setting a periodic condition at the peripheral
direction boundary (e.g., Voeltzel et al. [A1]) or solving it for the whole gear (Hill et al. [29] (Fig.
=31 (a)), Massini et al. [33]).
When the whole gear is solved, the boundary condition of the gearbox can be modeled. Massini et al.
[33] showed that the gearbox boundary conditions caused asymmetrical flow in the width direction of

the spur gear, which was in good agreement with the PIV measurement results (Fig. TCI=22 (a2)).

(ii) Numerical Simulation Method of Airflow for a Meshing Gear Pair
As an example of simulating only the gear meshing part of the meshed gear, Al et al. [60] and Fondelli
et al. [61] (Fig. CI=31 (b)) used the method of morphing and remeshing the calculation mesh as the

gear moves, and they showed that the change in pressure at the tip clearance in the gear meshing part
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agreed well with the measurement by Houjoh et al. [37].

Concli et al. [52] provided an example of a simulation of a whole gear including meshing using this
method. In this example, the peripheral speed was of up to 38 m/s, which is lower than the 50 m/s
targeted in this research. There seems to be no example of a simulation of a whole gear including
meshing with a peripheral speed of more than 50 m/s. This is considered to occur because the
computational load in the gear meshing part is high, and the numerical convergence of the calculation
deteriorates when the phenomenon becomes complicated as the peripheral speed increases.

The method of solving the equations for inviscid compressible air by setting the control volume at the
gear meshing part shown in Fig. can be regarded as local CFD at the gear meshing part. The

reason is that the method numerically solves the governing equations for fluid dynamics, as in CFD.

(ii) Numerical Simulation Method of Two-Phase flow of Air and Oil for a Single Gear

An important design aspect for a two-phase flow of air and oil is how the oil jet reaches the tooth
surface to allow its lubrication and cooling.

Figure CI=3T (c¢) shows an example [53] of Fondelli et al., in which the advection equation of the volume
fraction of oil was solved by adding the volume of fluid (liquid) information to the calculation cell
(volume of fluid (VOF) method), and the mesh size of the gas—liquid interface was automatically refined
in the calculation mesh (adaptive mesh refinement (AMR) method). The oil jet impinged on the tooth
surface, and then the spread of the oil film in the tooth root and tooth width directions was calculated.
Examples of other simulation methods for the oil jet are the smoothed particle hydrodynamic (SPH)
method used by Keller et al. [64] and the lattice Boltzmann method used by Ambrose et al. [55].

(iv)  Numerical Simulation Method of Two-Phase Flow of Air and Oil for a Meshing Gear Pair

Figure ITI=30 (d) shows an example of Concli et al. [66] using the VOF method for the gas-liquid
interface and morphing/remeshing for the boundary fitting mesh. This example also has a peripheral
speed of up to 38 m/s, which is lower than the 50 m/s targeted in this research. As a result of the
calculation, the phenomenon that the oil surface is splashed up by the gear can be simulated. Liu et
al. [67] also simulated using the SPH method (peripheral speed of 20 m/s). The SPH method does not
require a calculation grid, making it easy to model the gear meshing part. The SPH method requires
that all regions have the same particle size, and the particle size must be smaller than the tip clearance
in order for the particles to enter the gear mesh.Therefore, the calculation time increases.

All of the above are examples with peripheral speeds of 50 m/s or less, and there seems to be no example
of simulating the two-phase flow of whole gears including gear meshing part at a peripheral speed of
50 m/s or more. This is considered to be because the computational load in the gear meshing part
is high and the numerical convergence of the calculation deteriorates when the phenomenon becomes
complicated as the peripheral speed increases. This simulation is more complex than airflow simulation

because a two-phase flow is solved.

Research on Reduction of Fluid Dynamic Loss

In the research on the reduction of fluid dynamic loss, the effective loss reduction effect was obtained

through experiments of a single gear and a gear system simulating a real gearbox for aeroengines. The

research is divided into the reduction of aerodynamic loss and the reduction of fluid dynamic loss of air
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and oil.

(i) Reduction of Aerodynamic Loss

To reduce the aerodynamic loss, it is effective to enclose the gear with a shroud and to reduce the air

pressure inside the gearbox.

(@) Reduction of Aerodynamic Loss by Enclosing Gear in Shroud
Figure TI=32 (al) shows an example of a shroud installed on a single spur gear (Dawson [3T]).
Installation of the shroud has been shown to reduce the aerodynamic loss by up to 66%E. As a
mechanism for reducing the loss of the shroud, it has been shown that the shroud suppresses the
pumping work of the gear shown in Fig. TI=32 (a2) (intake of air from the axial direction and
discharge of air to the radial direction).

(@) Reduction of Aerodynamic Loss by Reducing Air Pressure inside the Gearbox
With regard to the reduction of aerodynamic loss by reducing the internal pressure in the gearbox,
Weiss et al. [d] conducted an experiment with a double helical gear pair and a peripheral speed of
150 m/s with a vacuum pump. As a result of decompressing the inside by the vacuum pump, it
was shown that the fluid dynamic loss of air and oil was reduced by 1/3 and the total power loss
including friction power loss was reduced by half.
Houjoh et al. [58] showed that a reduction in aerodynamic loss approximately proportional to the
air pressure reduction inside the gearbox can be obtained by setting the inside of the gearbox to
negative pressure®™ using an external vacuum pump (an experiment with a spur gear pair, with
peripheral speed of 60 m/s).
The aeroengine gearbox can reduce the aerodynamic loss when the gearbox internal pressure is

lowered in accordance with the external pressure during cruising at high altitude.

(ii) Reduction of Fluid Dynamic Loss of Air and Oil
To reduce the fluid dynamic loss of air and oil, it is effective to enclose the gear with a shroud.
Nevertheless, it is necessary to have an oil discharge opening to prevent oil from stagnating inside the
shroud. The effect of reducing the loss depends on the shape and location of the opening. In addition,

reducing the oil supply flow rate is another effective method for reducing the loss.

(@) Reducing the Fluid Dynamic Loss of Air and Oil by Enclosing the Gear with a Shroud with Appropriate
Oil Discharge Openings
An example of installing a shroud in a single bevel gear (peripheral speed of 140 m/s) is shown
in Fig. TI=32 (b) (Johnson et al. [28]). It has been shown that the design of appropriate oil
discharge openings in the shroud reduces the fluid dynamic loss of air and oil by approximately
23%. However, the reduction rate of loss is smaller when the oil discharge openings in the shroud

are too small or too large.

*3 Although the peripheral speed is 30 m/s, the rotational Reynolds number is equivalent to that of an aeroengine gear because
the gear diameter is larger (300 to 1160 mm) than that of a general aeroengine gear (approximately 100 to 200 mm). Therefore,
Dawson’s results are considered applicable to aeroengine gears.

*4 Tt has been reported that negative pressure inside the gearbox can be produced by the pumping work of the gear itself instead
of that of the vacuum pump. However, the aerodynamic loss increases in this case.
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An example of installing a shroud in a helical gear train for a tiltrotor aircraft (five meshing helical
gears, peripheral speed of 120 m/s) is shown in Fig. TI=32 (c) (Handschuh et al. [59]). It was
shown that installing a shroud reduces the fluid dynamic loss of air and oil by approximately 40%.
Figure CI=32 (d) presents an example of a shroud installed in a gear system that simulates the
F-35 STOVL’s bevel gear system for driving the lift fan (three bevel gears, peripheral speed of
130 m/s, Winfree [30]). The installation of the shroud reduces the fluid dynamic loss of air and
oil by up to T0%E. The large loss reduction effect is thought to be due to the fact that the
counter-rotating bevel gears are installed facing each other and close to each other, so that when
there is no shroud, the surrounding fluid flow generated by gear rotation is large.

The shape for loss reduction in the epicyclic reduction gear systemE¥ for geared turbofans is shown
in Fig. I=32 (e) (Sheridan et al. [60]). The fluid dynamic loss can be reduced by installing a

baffle between the star gears and by surrounding the ring gear with a gutter.

Tangentially/radially outwards —239%,
// (Fluid dynamic loss)
— —+— Axially inwards
- _U_
—66% (Aerodynamic loss) 3 t Ny AR
(al) Gear shroud (a2) Pumping effect of gear

(a) A shroud for a spur gear (Dawson [31]) (b) A shroud with a slot for a bevel gear (Johnson et al. [28])

Fan drive gear system

LueReduction of
= fluid

l‘ —40%  gears
(Fluid dynamic

0ss) Gear test rig Baffle Scavenge Diaynamic loss
Gesalr1 shrgugs eticat " Geoar ds Baffle and gutter
(c) Shrouds for a oo gear i (d) Shrouds for a bevel gear train (¢) Baffles and a gutter for a star
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Fig. 1.1-32 Examples of experimental reduction of fluid dynamic loss by shrouding [G][2R][80][31)[69] [60]

(@) Reduction of Fluid Dynamic Loss of Air and Oil by Reduction of Oil Supply Flow Rate
Regarding the fluid dynamic loss of air and oil due to the reduction of oil supply flow rate, the
example of Reynolds et al. [B1] is shown in Fig. ITI=33 . In the cruising operation range of an
aircraft (“Typical cruise power range” in the figure), the fluid dynamic loss of air and oil (“Windage
churning and pumping” in the figure) could be reduced by reducing the oil supply flow rate in

accordance with the decrease in transmission power.

*5 The test gears were not meshed (the tooth tip circles were close together) and were driven separately by a motor or another

gear.
*6 It consists of a sun gear, star gears, and a ring gear. The star gears do not revolve.
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Fig. 1.1-33 Examples of reduction in fluid dynamic loss achieved by reducing the oil flow rate (estimation obtained
using lubrication system model) [G1]

(9) Reference Cases of Fluid Dynamic Loss

Examples of fluid dynamic losses investigated are a single helical gear with peripheral speed of 280 m/s for
the experiment of aerodynamic loss (by Handschuh et al. [62]) and a spur gear pair with peripheral speed

of 142 m/s for the experiment of fluid dynamic loss of air and oil (Delgado et al. [G3]).

(10) Summary of the Studies on Fluid Dynamic Loss

A classification of fluid dynamic loss and loss reduction methods based on previous studies is presented in
Fig. =34 .

Oil jets | Reduction of oil flow rate

Gears

Oil acceleration loss
Small gear module,

Super finish of

tooth surface . : Windage loss Present classification of

fluid dynamic loss
by previous research

(including oil mist)

Power loss around gear mesh
(“Trapping loss” or
Gearbox housing “Pocketing loss”)

Reduction of internal (including oil mist) .
air pressure

Fig. 1.1-34 Classification of fluid dynamic loss and methods for loss reduction in a high-speed gearbox

As shown in the right half of the figure, fluid dynamic losses are classified into oil acceleration loss caused

by oil acceleration in the gear meshing part, aerodynamic loss (or windage loss) at the gear periphery, and

fluid dynamic loss at the gear meshing part (sometimes called “Power loss around gear mesh,” or “Trapping

loss,” or “Pocketing loss”). As shown in the left half of the figure, the methods for reducing fluid dynamic
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loss include making the gear module smaller, super finishing of the tooth surface, installing a shroud to

the gear, reducing the air pressure in the housing, and reducing the oil supply flow rate.

1.1.4 Examples of Research in Other Industries

(1)

Reduction Gear System for Industrial Gas Turbines

In industrial gas turbines, a reduction gearbox is equipped between the turbine shaft and the motor because
there is a difference between the optimal rotational speed of the turbine and the optimal rotational speed
of the motor. The examples already shown in Weiss et al. [d] (maximum peripheral speed of 150 m/s),
Akazawa et al. [26], and Matsumoto et al. [46] (peripheral speed of 100-200 m/s) are examples of reduction
gearboxes for industrial gas turbines. In these reduction gearboxes, the gear of the reduction gear exceeds 50
m/s because the rotational speed of the turbine shaft is high. Therefore, the research results on reduction
gearboxes for industrial gas turbines are thought to be applicable to aeroengine gear systems and are

introduced in the above section on previous research.

Automotive Field

As the gear peripheral speed of automobile transmissions is approximately 20 m/s or less, the fraction of
friction power loss on the tooth surface to the total power loss is large, and the fraction of fluid dynamic
loss is small. However, research on reducing fluid dynamic loss has been actively conducted owing to the
fierce competition for fuel economy.

In automotive transmissions, oil is stored in the lower part of the housing, and the gears and bearings
are lubricated by scooping up of oil with gear rotation (splash lubrication or dip lubrication). In splash
lubrication, it is important to control the lubrication condition of each bearing by scooping up of oil and
to minimize the power loss due to oil churning.

Luke et al. [64] (a single spur gear with peripheral speed of 30 m/s was examined for different oil and
liquid levels), Kolekar et al. [65] (a simple spur gear with a peripheral speed of 30 m/s was examined by
changing the internal pressure from vacuum to 2 atm), and Seetharaman et al. [66] [64] (a meshing spur
gear pair with 20 m/s peripheral speed was examined for different liquid levels and gear speeds) present
examples of equations based on experimental measurements of the fluid dynamic loss of splash lubrication.
Regarding the numerical simulation for splash lubrication, Concli et al. [66] (peripheral speed of 38 m/s)
and Liu et al. [68] (peripheral speed of 20 m/s) used the finite volume method to solve fluid conservation
equations, the VOF method to capture the liquid surface, and the boundary fitting calculation mesh (the
mesh is moved (morphed) and reconstructed (remeshed) as the gear rotates). As a result, the fluid dynamic
loss agreed well with the experimental results.

As an example of numerical simulation using methods other than the finite volume method, Liu et al. [57]
(peripheral speed of 20 m/s) used the SPH method to simulate the splash lubrication of a spur gear pair
(described in Section I3 (4) (iv)).

As an example of measuring the aeration rate into oil in a two-phase flow of air and oil, LePrince et al.
[88] and Neuroth et al. [39] measured the aeration rate of oil remaining in the lower part of the gearbox by
X-ray (both measured at a peripheral speed of approximately 60 m/s) (described in Section T332 (4)).

An example of velocity measurement in a two-phase flow of air and oil is provided in Hartono et al. [GY]
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(peripheral velocity of 1.6 m/s). In this example, PIV was used to measure the flow velocity distribution

around the gear and the air bubbles around the gear as it rotated.

Nuclear Power, Mineral Resources, and Environmental Measurement (Multiphase Flow Measurement) Fields
Multiphase flow measurement is important for heat transfer phenomena in nuclear reactors in the field of
nuclear power, flotation machines in the field of mineral resources, and dust measurement in the field of
environmental measurement.

Isokinetic suction, a type of multiphase flow measurement, is a method for adjusting the suction velocities
of a probe to be equal to the surrounding flow velocities, which is used in dust measurement. An example is
presented in Makino et al. [70] (average particle diameter of 2-4.5 pm, air flow rate of 6-21 m/s). Makino
et al. also investigated the influence of non-isokinetic suction (where the suction velocity and the flow
velocity differ).

Yang et al. [70] (liquid volume fraction of 86%—96%, flow rate of 6 m/s) and Namie et al. [[72] (liquid
volume fraction less than 0.15%, flow rate of 34-63 m/s) provide examples of applications of the isokinetic
suction method to gas—liquid two-phase flows.

Other gas—liquid flow measurement methods include the optical method (using two optical fibers to detect
changes in light transmittance) and the electrical resistance method. Ishikawa et al. [73] (liquid volume

fraction of 30% to 70%, flow rate of 1-16 m/s) conducted experiments with these methods.

1.2 Possibility and Challenges of Improving the Gear System Efficiency

Under the circumstances where various efforts have been made to reduce the power loss of gear systems, the

scope and method for further reducing the loss is described in this section.

1.2.1 Possibility of Low-Power-Loss Design in Gear-Strength and Lightweight Designs

The possible design parameters that can be changed for low-power-loss design are the gear aspect ratio and

shroud shape, and the possibility of low-power-loss design by the optimization of these parameters is presented.

(1)

Possibility of Low-Power-Loss Design by Optimization of Gear Aspect Ratio

(i) Selectivity of Gear Design Parameters in AGMAE? Gear Strength Design Standard
Figure XN shows various failure regimes encountered by gear teeth. In the low-speed gear, wear
becomes important, and in the high-speed gear, tooth surface fatigue (pitting) or tooth surface scoring
become important. Tooth surface scoring can be mitigated by reducing the gear module (gear tooth
height) or the surface roughness of the tooth surface. Therefore, tooth surface fatigue is considered to
be the most important design criteria.
As an index for the magnitude of the surface pressure load on the gear tooth surface, there is a K
value shown by the following equation (from AGMA Standard 218.01 [i75]).

2T (ma + 1) 18)

" BD,2\ mg

*7 American Gear Manufactures Association
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where T is the torque, D, is the pitch circle diameter of the pinion gear, B is the tooth width, and
mg is the gear ratio (= number of wheel gear teeth / number of pinion gear teeth > 1.0). From Eq.
1.8, it can be observed that the K value depends on the gear specifications and the transmitted load.
To avoid gear tooth surface fatigue, the K value is designed not to exceed the recommended value
(e.g., that presented in Dudley [[76]) determined by applications, materials, life, machining accuracy,
and achievements. Transmitted load and gear ratio are required specifications in many cases, and it
is difficult to change them. Meanwhile, under the condition that BD,,2 (tooth width x pitch circle
diameter?) is constant, designers can select the tooth width and pitch circle diameter (or gear aspect
ratio = tooth width / pitch circle diameter). That is, it is possible to select the gear aspect ratio so

as to have a low power-loss.

Fatigue breakage
—_— \

Pitting

Load

No failure Scoring

~
7

Speed

Fig. 1.2-1 Various failure regimes encountered by gear teeth [74]

(ii) Selectivity of Gear Design Parameters in Gear Weight Calculation

Figure C2Z=2 shows a cross section of a general aeroengine gear. In Fig. 22 (b), for reducing the
weight, the width of the web is smaller than the width of the teeth, and a weight reduction hole is set

on the web. The outline of each dimension is shown below with reference to Bhandari [I77].

<— B tr — & B >
[ N P l-. JE\ N — [ -
7 7
| / webt 1.4 5a, T
f S H = — d
y 77777 //7///// e —)Z PrTITIT. I
b T & T af
Dp | - e Da1-1D, Dy | oA Da1-1{D,

(a) Typical gear (Gear A) (b) Typical gear with rim, hub, web, and weight reduction holes (Gear B)

Fig. 1.2-2 Typical gear parameters

e Pitch circle diameter D, = Mgz (M, is the gear module, z is the number of teeth)

e Tooth tip diameter D, ~ M,(z + 2)
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e Tooth base diameter Dy ~ My(z — 2.5)
e Shaft outer diameter D,, shaft inner diameter D,
e Tooth Width B
e Rim thickness ¢, = 2M, ~ 3M,
e Web thickness by = 0.2B ~ 0.3B
e Hub outer diameter d; = 1.5D, ~ 2.0D,,
e Rim inner diameter d3 = Dy — 2t,
e Diameter of weight reduction hole on web dy = (ds — d1)/4, number of holes ny,
e Pitch circle diameter of weight reduction holes dy = (ds + dy)/2
The weight of Figure T2Z=2 (a) is given by the following equation.

Weight of Gear A = % (Dp2 — Da12) B (1.9)

Similarly, the weight of Fig. I2=2 (b) is given by the following equation. Except for the weight of the

shaft, the median value was used if it has a range of values.

Weight of Gear B = Z (Dy? = Day?) B — Z {(Dp — 2% 25M,)% — (1.75Da)2} (B - 0.25B)

—np— 1

™ (Dp — 2% 2.5M, — 1.75D,
4

)2 x 0.25B (1.10)
The second term on the right side is the weight reduction effect of reducing the thickness of the web,
and the third term is the weight reduction effect of the weight reduction holes on the web. The shaft
outer diameter D, and shaft inner diameter D,; are considered not to be changed if they are the same
transmitted power. Equations U and IO are approximately proportional to BDp2, assuming that
the module M, and the number of weight reduction holes n;, are the same. That is, if BDp2 (tooth
width x pitch circle diameter?) is constant, the weight of the gear becomes almost constant. Therefore,
under the condition that BDp2 (tooth width x pitch circle diameter?) is constant, the designer can
select the tooth width and pitch circle diameter (or gear aspect ratio = tooth width / pitch circle

diameter). That is, it is possible to select the gear aspect ratio so as to have a low power-loss.

(i) Possibility of Low-Power-Loss Design by Optimization of Gear Aspect Ratio
As described above, the strength and weight of the gear can be maintained by keeping the tooth width
x pitch circle diameter? constant in the gear strength design standard and the gear weight calculation
equation. Therefore, under the condition that the tooth width x pitch circle diameter? is constant, the
designer can select the tooth width and pitch circle diameter (or the gear aspect ratio = tooth width
/ pitch circle diameter). Optimization of the gear aspect ratio can be considered one of the important

points of low-power-loss design and will be discussed in this research.

Possibility of Low-Power-Loss Design by Shroud Optimization

Among the aspects of design improvement shown in the summary of loss reduction methods (Fig. ),

the installation of the shroud can be relatively easily included in the design because the design of the housing

is not changed and the weight penalty is small. As shown in Fig. ITI=37 , the optimal shroud shape needs

to be obtained depending on the gear specification. The optimization of the shroud is considered to be

an important point of the low-power-loss design, and will be discussed in this research together with the
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optimization of the gear aspect ratio.

1.2.2 Challenges in Low-Power-Loss Design of Gear Systems in Preliminary Design of Aeroengines

The gear aspect ratio optimization, which was shown as one of the key points of the low-power-loss design, has a
large impact on the surrounding structure, and it includes aspects such as a change in axial distance of shafts and
a change in the gearbox housing. Thus, it is important to consider it in the preliminary design stage of the gear
system. For gear strength design, there are practical standards that include theoretical equations with empirical
constants based on real phenomena, such as design standards for tooth surface strength and bending strength
(e.g., AGMA 218.01 (1982) [I78]) or design standards for tooth surface scuffing (e.g., AGMA 217.01 (1965) [79]).
These standards ensure high reliability and accuracy by accumulating continuous improvements (e.g., AGMA
2001-D04 (2004) [R0] for tooth surface strength and root bending strength, and AGMA 925-A03 (2003) [1] for
tooth surface scuffing). For the lightweight design of gears, structural optimization based on strength analysis and
vibration analysis enables examination of lightweight shapes with high accuracy. For the low-power-loss design,
the conventional research described in Section [ clarifies certain phenomena and reduces losses. However, as
there is no standard with high accuracy and reliability such as the AGMA strength design standard, strength and
lightweight designs tend to be prioritized. Therefore, there is room to reduce losses through an overall optimal
design, including a low-power-loss design, from the preliminary design stage.

Standardization of low-power-loss designs is necessary to establish the corresponding standards, and under-
standing of loss phenomena is indispensable for the standardization. Regarding gear friction loss and power
loss in bearings and seals, as described in Section ITIZ3I, it can be considered that the standard loss calcula-
tion methods have been generally constructed based on understanding of these phenomena. However, regarding
fluid dynamic loss, as described in Section II=332, the difficulty in understanding it is extremely high due to
the nonlinearity of the two-phase flow of air and oil and the complicated boundary conditions of meshed gears.
Consequently, there is no common understanding of fluid dynamic loss phenomena, which is important for stan-
dardization of low-power-loss designs. In the next section, the problem of understanding fluid dynamic loss

phenomena will be clarified.

1.3 lIssues in Understanding the Phenomena of Fluid Dynamic Loss

For the inclusion of low-power-loss design from the preliminary design stage of a gearbox, it is necessary for
the low-power-loss design standard to have the same accuracy and reliability as the strength design standard.
Therefore, it is important to understand the phenomena of fluid dynamic loss of the gearbox. To understand the
fluid dynamic loss phenomena, their classification is the first priority. For this purpose, a theory of fluid dynamic
loss, a loss model, an experimental measurement method, and a numerical simulation method are necessary. The

corresponding issues are described below.

1.3.1 Issues in the Classification of Fluid Dynamic Loss

As shown in Fig. TI=34 , fluid dynamic loss is generally classified into “Oil acceleration loss,” “Windage
loss,” and “Trapping loss or Pocketing loss.” To standardize these loss categories to a level where differences in

opinion among researchers (e.g., Fig. TI=30 ) do not occur, it is necessary to understand the phenomenon of fluid
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dynamic loss. However, neither the theory of fluid dynamic loss, the loss model, the experimental measurement
method, nor the numerical simulation method have reached the required level to understand the phenomena.
This is because of the extremely high difficulty due to the high-speed two-phase flow of air and oil and the
complicated boundary conditions of gears including gear meshing. That is, it seems to be difficult to understand
the phenomena by any single method, including theory, experimental measurement, or numerical simulation.
Therefore, it is necessary to use these methods complementarily to collect clues to understand phenomena and

to increase the reliability of loss classification.

1.3.2 Issues in the Fluid Dynamic Loss Theory and Loss Model

Regarding the theory of fluid dynamic loss, as described in Section TI=32 (5) and (6), there are methods
using the rotational moment coefficient and the theoretical equation for the oil acceleration loss. Meanwhile, as
described in Section T332 (5), it is considered necessary to divide the fluid dynamic loss of the gear into the
loss at the gear meshing part and that at the gear peripheral part because the difference in the loss of each part
is large. Therefore, it is necessary to construct a theory at the gear meshing part and the peripheral part, for
both aerodynamic loss and oil dynamic loss.

As presented in Section I3 (5), various empirical equations have been proposed for fluid dynamic loss
models. These equations focus on fitting the total loss with that in the experimental results, and the knowledge

on the classification of fluid dynamic loss is not sufficient.

1.3.3 Issues in the Experimental Measurement Methods for Fluid Dynamic Loss

To understand the phenomena of fluid dynamic loss, we need an “experimental measurement method of the loss”
to understand the phenomena from the characteristics of the loss, a “flow visualization method” to understand
the phenomena qualitatively, a “measurement method of oil fraction and mixture velocity of two-phase flow” to
understand the two-phase flow of air and oil quantitatively, and an “experimental classification method of the
loss” to validate the loss model based on the classification of fluid dynamic loss. Each issue with the method is

described below.

(1)  Issues in the Experimental Measurement Method of Fluid Dynamic Loss
As shown in Fig. CI=4 , the fraction of fluid dynamic loss increases in high-speed gearboxes. Nonetheless,
friction loss of gears, bearings, and seals still accounts for a certain fraction. Therefore, measurement errors

in the friction loss cause measurement errors in fluid dynamic loss, as detailed below.

(i) Fraction of Friction Loss of Gears, Bearings, and Seals to Total Power Loss in a Gearbox
As for the fraction of bearing loss, for example, Reynolds [61] (Fig. II=33 ) and Changet et al. [4g]
showed that bearing power loss accounts for approximately 20% of the total power loss. The fluid
dynamic loss of the gearbox is calculated by subtracting the friction loss of the gears, bearings, and
seals from the total power loss of the gearbox. Therefore, it is necessary to measure the friction loss

of the gears, bearings, and seals accurately.

(ii) Temperature Dependence of Friction Loss of Gears, Bearings, and Seals
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perimental results, oil type: MIL-PRF-23699) gear mesh and rolling bearing (Experimental equations

are used. See Appendix B for more detail.)

The equation of ASTME¥ D341-77, which is the relationship between temperature and kinematic

viscosity of oil, is shown below.
logyo {logo (v +0.7)} = A — B x logy (7 + 273.15) (1.11)

where v is the kinematic viscosity of oil, A and B are the coefficients of the lubricant, and .7 is the

temperature (°C). Solving this equation for the kinematic viscosity v gives the following equation.

V(7)) =101 —0.7

(1.12)
C, =A— B xlog, (T + 273.15)

Figure I3=1 shows an example of the relationship between oil temperature and kinematic viscosity.
It can be observed that the kinematic viscosity varies largely with temperature.

According to the simplified equation of Hohn et al. ([82], see Appendix BT for details), the friction
loss of gear mesh is proportional to the —0.05th power of the viscosity of oil. Therefore, the friction
loss of gear mesh changes as the temperature changes and the viscosity of oil changes. According to
the simplified equation of Palmgren [R3], the friction loss of a rolling bearing is proportional to the 2/3
power of the kinematic viscosity of oil (see Appendix B2 for details). The temperature dependence of
the friction loss of a seal depends on the product. In the case of mechanical seals, thermal deformation
occurs due to the temperature changes of gear shafts and gearbox housing, which changes the extension
of the spring and the spring load. The changes in spring condition may cause friction loss change in the
seal (see Appendix B3 for details.). Figure I3=2 shows the oil temperature dependence of the friction
loss of the gear and the rolling bearing. The friction loss is shown as a relative value based on that at
40°C using the viscosity chart of oil shown in Fig. IZ3=11 . The simple equation [82] of Héhn et al. was
used to calculate the friction loss of the gear mesh, and the simple equation [83] of Palmgren was used
to calculate the friction loss of the bearing. It can be observed from the figure that the temperature

dependence of the friction loss of the bearing is large.

*8 ASTM International, formerly American Society for Testing and Materials
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(i) Temperature Error due to the Effect of the Heat Capacity of the Gearbox
It takes time for the gearbox to reach the steady temperature because of its large heat capacity. In
particular, it is difficult to reach a constant temperature distribution in the periphery of the gearbox
because the temperature increases slowly in the periphery. This is because the heat input is small
compared with the heat capacity. Therefore, it is often determined that the temperature distribution
has reached a steady state when the temperature change in the high-temperature part of the gearbox
becomes moderate (e.g., [69]). In this case, the temperature of the bearings and seals at the periphery of
the gearbox may differ owing to the influence of ambient temperature, operating conditions, operation
history, etc. Differences in temperature lead to measurement errors in the friction loss of bearings and

seals, as described in (ii) above.

From the above, it was found that the development of a measurement method that can decrease the
measurement error of the power loss due to the friction between the gears, bearings, and seals was an issue

for high-accuracy measurement of the fluid dynamic loss of the gearbox.

Issues in Flow Visualization Methods

For the PIV method [B3], one of the methods for visualizing airflow, the laser light sheet should not be
blocked by the oil mist. In the conventional research of methods for visualizing oil flow in a gearbox
[2R][35][86][37] (Section [I3), a gearbox housing with a sufficiently wide space around the gear was used
to prevent the oil mist in the gearbox from blocking the camera’s sight. However, the gearbox of an actual
machine has a small housing owing to its compact size and light weight, and a large amount of oil mist is
thought to be circulating in a narrow space around the gear. Therefore, when visualizing a condition close
to the flow in the gearbox of an actual aeroengine, the development of a method for visualizing the inside

of the gearbox in a condition where the oil mist is thick is an issue.

Issues in the Measurement Method of Qil Fraction and Mixture Velocity of a Two-Phase Flow

The method [B8] [3Y] (Section II3) for measuring the oil fraction of two-phase flow using X-rays is not
suitable for measuring the two-phase flow in the gearbox because it requires an X-ray oscillation probe and
a receiver to be installed in pairs, and because the spatial resolution is poor due to large sensing part of
the probe. The optical two-phase flow measuring method [[73] (Section ITI4) is not suitable for measuring
the two-phase flow in a gearbox because it is not possible to measure oil particles smaller than the distance
between the optical fibers, and because there is the possibility of breakage of the fibers due to high-speed
flow. The electrical resistance method is not applicable because oil is non-conductive.

The isokinetic suction method has a narrow measurement experience for the gas—liquid ratio and the
mixture velocity in the measurement examples [[71] [[72], but it is possible to correct the error even in the
case of non-isokinetic suction [[70]. Because the probe is sufficiently rigid to withstand a high-speed flow,
it is highly possible that the isokinetic suction method can be applied to the measurement of a two-phase
flow of air and oil in a gearbox. Therefore, the development of a measurement method that can be applied
to a wide range of gas—liquid ratio and mixture velocity conditions for two-phase flow in a gearbox is an

issue.

37



1 Introduction
1.3 Issues in Understanding the Phenomena of Fluid Dynamic Loss

1.34

(1)

Issues in the Experimental Classification Methods of Fluid Dynamic Loss

The loss model of fluid dynamic loss in conventional studies is composed of loss equations and experimental
coefficients to fit the experimental results, and the difference in the loss fraction may be caused by the
selection of the experimental coefficients to be used to fit the experimental results (Section T332 (5)).
This difference in the loss fraction is considered to be due to the insufficient individual validation of the
loss elements of fluid dynamic loss. However, the experimental results of the elements of fluid dynamic
loss, which are necessary for the individual validation of these loss elements, do not seem to be available.
Therefore, the issue is to develop a method for experimentally classifying the fluid dynamic loss into loss

elements.

Issues in the Numerical Simulation Method for Fluid Dynamic Loss

Issues of Numerical Stability and Calculation Speed in the Numerical Simulation Method

A numerical simulation method that can solve a two-phase flow of air and oil with a boundary condition
including a gear meshing part is required in a real gearbox because oil jets are injected into multiple meshing
gears. However, no previous research has conducted such a numerical simulation (Fig. ). Therefore,
it is an issue to develop a numerical simulation method that overcomes the problems in previous studies. In
general, for the simulation of the gas-liquid interface, numerical pressure vibration occurs when the liquid
surface collides with a wall surface (e.g., [84]), which leads to numerical instability. In high-speed two-phase
flow in a gearbox, this numerical instability may be an essential cause. Furthermore, when applied to a
real gearbox, further numerical instability may occur by dispersing the gas-liquid interface throughout the
gearbox.

The VOF [63], SPH [64], and lattice Boltzmann [65] methods are used for numerical simulation of the
gas-liquid interface. For the calculation mesh system, the method of deformation (morphing) and recon-
struction (remeshing) of the mesh as the gear moves [b0] [51] [62] and the SPH method [57], which is a
calculation method that does not require a calculation mesh, are used. To apply these methods to a real
gearbox, it is necessary to use a high-speed calculation method because the size of the calculation mesh
increases due to the wide calculation area in the gearbox.

From the above, the numerical simulation method requires numerical stability to calculate the high-speed

two-phase flow in the gearbox and calculation speed to solve the wide area in a gearbox.

Issues in the Evaluation Method of the Numerical Simulation and Issues in the Loss Classification Method using
Numerical Simulation

Numerical simulation should be useful not only for prediction of fluid dynamic loss in real gearbox, but
also for clarifying phenomena and developing loss models. For example, numerical simulation is thought
to be able to clarify the characteristics of the behavior of airflow and oil flow in the gear meshing part
and gear peripheral part, and the relation with fluid dynamic loss. By modeling the relation between
the characteristics of phenomena and loss, a loss model based on the phenomena can be developed. To
achieve this, the construction of a proper evaluation method of the simulation results is an issue for utilizing
numerical simulation to understand phenomena and develop loss models.

To validate the loss model developed for each element of fluid dynamic loss, it is also necessary to develop
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a classification method of fluid dynamic loss into loss elements using numerical simulation.

1.4 Research Objectives
1.4.1 Research Objectives

Although various efforts have been made to design the power loss of gear systems, we believe that the stan-
dardization of designs with low power-loss has the potential to reduce losses. Strength and weight designs are
prioritized because there are no standards for general use with high accuracy in low-power-loss designs. To
standardize low-power-loss designs, the classification of fluid dynamic losses is important, and in this research we
will obtain evidence on the principle of phenomena for classification. The research objective of this research is
set to “Clarification and Classification of Fluid dynamic loss Phenomena of Two-Phase Flow of Air and Oil for
Standardization of Low-Power-Loss Design of High-Speed Gear Systems.”

In addition, to show the effect of standardization of low-power-loss designs, the following aspects are also
presented: a proposal of loss model based on the result of understanding of phenomena and classification of
fluid dynamic loss, the effect of representative parameters of the gearbox on fluid dynamic loss, and a practical
example of low-power-loss design by optimization of parameters.

The key points of understanding the phenomena of fluid dynamic loss and the key points of low-power-loss

design are explained in the next section as the concrete problems raised in this research.

1.4.2 Key Points of Understanding the Phenomena of Fluid Dynamic Loss and Key Points of Low-
Power-Loss Design (Raised Problems)

To concretize and clarify the research objectives, Fig. @[Z=1 shows the key points of understanding the
phenomena of fluid dynamic loss and the key points of low-power-loss design. The loss classification based on
the phenomena (“Q1” in Fig. [Z=1 ) is the most important point for understanding these phenomena.

To standardize low-power-loss designs, a fluid dynamic loss model based on loss classification is required. The
fluid dynamic loss model includes model coefficients, which can be analyzed to clarify the main features of loss
(“Q2” in Fig. [Z=1).

As key points of design improvement to show the effect of standardization of low-power-loss design, optimization
of the gear aspect ratio (tooth width / gear diameter (gear diameter ~ pitch circle diameter)) (“Q3” in Fig. IZ=1 )
and shroud optimization (“Q4” in Fig. IZ=1 ) are selected and their effects are shown. Optimization of the gear
aspect ratio is considered to be possible for low-power-loss optimization because the gear tooth surface strength
and weight are approximately proportional to tooth width x gear diameter?. Optimization of the shroud is
considered to be possible because the weight penalty of the shroud is small and therefore, it can be installed
relatively easily.

Table TZ=T presents the progress of the fluid dynamic loss model and model coefficients developed in this
research with respect to the conventional research. In Table IZ=1 , the gear area is divided into the gear meshing
part and gear peripheral part. From conventional studies, in the gear meshing part there is an air pocketing
loss (or air trapping loss) as aerodynamic loss and an oil acceleration loss as oil dynamic loss. In the gear
peripheral part, there is windage loss including aerodynamic loss and oil dynamic loss. The theory, loss model,

and coefficients to be developed in this research are as follows.
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For air pocketing loss (or air trapping loss), only a numerical analysis method has been proposed, so we
propose a new theory, loss model, and coefficient in this research.

A part of the oil acceleration loss can be calculated by theoretical equations [B6], and it is known that the
other parts can be modeled by the experimental coefficients using the theoretical equations [46]. However,
no experimental coefficients including the effects of shrouds were found, so we propose new experimental
coefficients in this research.

On windage loss, an empirical equation has been proposed [B1] for the aerodynamic loss excluding oil mist.
Nonetheless, as the coefficient of the empirical equation has dimension and is not common, the empirical
equation is reformulated by introducing the conventional rotational moment coefficient of a cylinder or
disk.

It has been proven that the oil dynamic loss in windage loss can be modeled using a magnification coefficient
for the aerodynamic loss [A6]. However, an empirical formula for the coefficient was not found, so we propose

a new one in this research.

In the future, a rational design method based on phenomena will be important for special gears with a peripheral

speed exceeding 50 m/s for aeroengines. We will improve the outlook through the “key points for understanding

phenomena” and “key points for improving designs” mentioned above. The solution to the problem in Fig. I2=1

is presented in Section E2.

1.5 Positioning from the Viewpoint of Tribology to Fluid Dynamic Loss for the

Subject of this Research

In this section, we show that the tribology of the torque transmission surface in the gear tooth and the fluid

dynamic loss in this research can be dealt with separately, and that the effect of the pressure applied to the tooth

surface for torque transmission on the global flow field is considered to be small.

(1)

Difference between Gear Tribology and Fluid Dynamic Loss

The object of the tribology of the gear is the torque transmission surface (contact surface), and the object of
the fluid dynamic loss research is the tooth surface and peripheral region, except for the torque transmission
surface.

The phenomena researched in the tribology of the gear are friction by the relative motion of the contact
surface and oil pumping work by the intake of oil into the contact surface (e.g., [27] [23]), as shown in Fig.
[5=1 . When the tooth surface comes into contact, the tooth surface deforms, and the pressure due to
Hertzian contact is generated with the width of the oil film (“Width of oil film” in Fig. I5=1). When there
is a relative velocity between the Hertzian contact surfaces (separated by the oil film thickness), power loss
due to friction occurs (“Sliding power loss” in Fig. ITh=1 ). As the Hertzian contact surfaces are separated
by the thickness of the oil film, power loss occurs due to oil drawing (“Rolling power loss” in Fig. [5=1)
into the Hertzian contact surfaces. Both the power losses are phenomena occurring at the Hertz contact

surface.
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Gear shafts Breather

Oil jets

Gear aspect ratio

(width/diameter)

Oil acceleration loss

Shrouds Windage loss

Clearances between (including oil mist)

gear and shroud,
shroud opening

Power loss around gear
mesh (“Trapping loss”
or “Pocketing loss™)

Inlet of scavenge pump

Housing (including oil mist) J

Key points for low-power-loss design Key points for understanding
the phenomena of fluid dynamic loss

L> [OX® Optimization of gear aspect ratio (width / diameter)
The optimal aspect ratio can be determined by using Phenomenon-based loss classification* €

the. equatlops of tooth surface strength anq gear * Most important
weight, which are approximately proportional to
tooth width X gear diameter?.

—> R8P Optimization of shroud shape Development of fluid dynamic loss models <

with model coefficients
It can be optimized flexibly,
because the weight penalty is small. Understanding the key parameters in loss

Fig. 1.4-1 Key points for understanding the phenomena of fluid dynamic loss and for low-power-loss design

Table 1.4-1 Key points in developing fluid dynamic loss models and model coefficients

[ : Need to be developed
[ : Need to be reformulated

Location | Air | oil Previous research
Classification Theory, model Coefficients
v A(I(erlzci:f frtallngilrfss No previous rescarch No previous research
pping (Numerical methods only) P
loss)*
A theoretical equation .
Gear (Ariura et al. [36]) . .
meshing A theoretical equation Experlmen;il ;:f)ef{ﬁments,
v |Oil acceleration loss x experimental ? types of helical gears,
coefficients without shrouding
M " | (Matsumoto et al. [46])
(Matsumoto et al. = New coefficient considering
[46]*%)
shroud effect is suggested.
. . Experimental coefficients,
An experimental equation
. 22 types of spur gear,
v for single spur gears
(Dawson [31]%%) 7 types of shrouds
Gear Windage loss (Dawson [31]**)
periphery (including oil mist) | An experimental equation
for air-only windage 1 .
v or air-only windage 1ss No previous research
X an experimental
coefficient

* Since the effect of oil has not been validated, only air should be included.
** The researches with the largest scope of validation were chosen.
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Fig. 1.5-1 Features of tribology on meshing gears (friction and oil ~ Fig. 1.5-2 Features of fluid dynamics
flow between contact surfaces) around a gear mesh (an experimental re-

sult for oil jetting from a gear mesh [36])

In the research of fluid dynamic loss, all areas other than the Hertzian contact surface are investigated.
For example, the phenomenon of oil flow in gear meshing is shown in Fig. [5=2 . In the into-mesh of gear
meshing, the volume between the gear and the gear decreases rapidly. As a result, oil jetting occurs from
the tip clearance (“Oil jetting from tooth tip clearance” in Fig. [5=2 ). In this case, the sudden change in
the flow caused by a sudden change in the gap between the teeth is important.

The differences between the above gear tribology and fluid dynamic loss are summarized in Table [Z5=1 .

Table 1.5-1 Differences in gear tribology and fluid dynamic loss between the gears

Items Tribology on gears Fluid dynamics on gears

L All surfaces except for
Target area Contact surfaces (torque transmission surfaces)
contact surfaces

Friction due to relative | Pumping work due to
Phenomena on power loss motion between the oil flow between the Flow dynamics of air and oil

contact surfaces contact surfaces

Sudden change in flow around
Feature Phenomena in oil film between contact surfaces g

gear meshing area (for example)

(2)  Locality of Sliding Phenomenon at the Gear Contact Surface

An image of the area of Hertzian contact surface on the gear tooth surface is shown in Fig. B0 as
“Contact line.” The Hertzian contact surface is called a contact line because its width is minimal. We
examine the locality of tribology from the area of the contact line.

Figure [H=3 shows a schematic of a connection to gears to explain the torque transmission condition.
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Drive gear Drive gear

Driven gear Driven gear

(a) Connection at full load (b) Connection at no load

Fig. 1.5-3 Connection patterns for power transmission

Figure [5=3 (a) shows a connection configuration for measuring the power transmission characteristics of
a gear box for a full load condition. The drive gear is rotated from a motor (power source) via a torque
meter. The drive gear rotates the driven gear and transmits power. The driven gear transmits power to
the output that consumes power via a torque meter. The power transmission characteristics of the gearbox
are measured using the difference between the torque measured by a torque meter connected to the drive
gear and the torque measured by a torque meter connected to the driven gear. Figure I3=3 (b) shows the
connection of no-load condition. The configuration is the same as that of the full load conditions except
that nothing is connected to the shaft of the driven gear. The purpose of this configuration is to minimize
the friction loss of the gear contact surface in order to measure the loss characteristics other than that at
the gear contact surface. The transmission characteristics are measured by a torque meter connected to
the drive gear.

The contact conditions are examined for the tooth surfaces of each of the two configurations shown in Fig.
53 (a) and (b). The calculation conditions are presented in Table IH=2 . The conditions of two-axis
helical gears are used in this research (see Chapter B for details). The results of the calculation under the
conditions of Table =2 are shown in Fig. [C53=A . The friction loss calculation program was used for the
gear contact surfaces (see Appendix B3 for details), and it was prepared based on the existent research
Figure Th=A (a) shows the pressure distribution under full load conditions. The horizontal axis is the
direction of tooth height (coordinate y in Fig. IH=1 ), and the center is enlarged to show the contact
position (y = 0). The vertical axis shows the pressure on the tooth surface in logarithmic scale. For
comparison with the pressure order outside the contact position, the typical pressure (which is the result
of numerical simulation, see Chapter B for details) under the conditions in Table I5=2 is shown. From this
figure, it can be observed that a high pressure is generated at the contact position y = 0 with a contact
width, and the order of the pressure is different from those outside the contact width. The contact width
is as small as 0.2 mm. This is because the gear material for an aeroengine is relatively rigid and the
deformation of the tooth surface is small. In this case, the fraction of the contact line area to the area of
one tooth surface is 3%.

Figure TBA (b) shows the pressure distribution under the no-load condition. The horizontal and vertical
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axes are the same as those in (a) in the figure. The gear pressure and contact width at the contact surface
under the no-load condition are smaller than those under the full load condition. This is because the
deformation of the material is smaller owing to the reduced surface pressure. In this case, the fraction of
the contact line area to the area of one tooth surface is 0.4%.

These results indicate that pressure is generated locally at the gear contact position for torque transmission
under the full load and no-load conditions, and that the fraction of the contact area (contact line area) to

the tooth area is small. The small fraction is an evidence that the phenomena at the gear contact surface

is local.
Table 1.5-2 Calculation conditions to evaluate the locality of a gear contact
(a) Gear specifications (b) Operation conditions
Item Unit | Input gear ‘ Output gear Item Unit | Input gear | Output gear
Module mm 5 Rotational speed rpm 10000 23913
Number of teeth - 33 14 Pitch line speed m/s 100
Pitch diameter mm 191 81 Transmitted power KW 570
Face width mm 34 (Full load)
Helix angle deg 30 Transmitted power KW 13
(No load)
1X10° A 1X10°
/ “
g 1x107 = 1X107
& g Contact pressure Pressure not
g Pressure not é to transmit power contrib.uting to
= 1x105 Contact pressure contributing to 3—.:: 1% 105 trangmlt power
8 to transmit power transmit power = (load independent)
= (load independent) g
o / g
o 3 3
R ——— >|<-->|<---f _______ T — Sl S
: / /
e Width of contact & Width of contact
1X10! 1 X 10!
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Position y around tooth contact point along Position y around tooth contact point along
tooth depth (mm) tooth depth (mm)

(a) Pressure on gear frank at full load condition (b) Pressure on gear frank at no load condition

Fig. 1.5-4 Gear pressure around the contact point along the tooth depth (calculations conducted using empirical

model)

Locality of Rolling Phenomenon at the Gear Contact Surface

Given that the rolling loss is the pumping work caused by the oil entrainment into the gear contact surface,

the locality of the rolling phenomenon is examined by the fraction of the flow rate generated by the pumping

work to the oil supply flow rate. The calculation conditions are the same as those in Table [B=2 (the

conditions of the two-axis helical gearbox in this research, see Chapter B for details). For the calculation

of the rolling loss, a calculation program prepared based on the existent research [227] (see Appendix B3
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for details) was used. The oil supply flow rate was 7.4 L/min, which is the flow rate in the two-axis helical
gearbox referred to in Table 52 .

The rolling loss (loss due to pumping work) at the gear contact surface under full load conditions was 0.30
kW. Dividing this by the maximum pressure at the contact surface of 5.6 x 10% Pa (peak pressure in Fig.
52 (a)) gives a pump flow rate of 0.032 L/min, which is 0.4% of the oil supply flow rate of 7.4 L/min
to the gear mesh.

The rolling loss (loss due to pumping work) at the gear contact surface under the no-load condition was
0.39 kW. Dividing this by the maximum pressure at the contact surface of 8.5 x 107 Pa (peak pressure in
Fig. 054 (b)) gives a pump flow rate of 0.28 L/min, which is 4% of the oil supply flow rate of 7.4 L/min
to the gear mesh.

The small fraction of the pump flow rate to the oil supply flow rate at the gear contact surface is considered

to be an evidence that the phenomena at the gear contact surface is local.

(4)  Effect of Gear Contact Surface Phenomena on the Global Flow Field
Although there is no research to verify the effect of the phenomenon of the gear contact surface on the
global flow field, a conventional research of the gear contact surface (e.g., [22] [23] [85]) has shown that the
loss at the gear contact surface is estimated only by the condition at this surface, and that it is consistent
with the experimental results.
In addition, from the locality of the phenomena at the gear contact surface shown in (2) and (3) above,
it is considered that the effect of the pressure applied to the tooth surface for torque transmission on the

global flow field is small.

1.6 Structure of the Thesis

This thesis consists of nine chapters.

In Chapter 1, the background of this research was described. Based on this background, the possibility of
improving the gear system efficiency was presented and the issue of clarifying the phenomena of fluid dynamic
loss was shown. Then, the issue of clarifying the phenomena was decomposed, and “Clarification and Classification
of Fluid Dynamic Loss Phenomena of Two-Phase Flow of Air and Oil for Standardization of Low-Power-Loss

Design of High-Speed Gear Systems” was set as the research objective.

The progression from Chapter 2 (Theory of Fluid Dynamic Loss) to Chapter 5 (Clarification and Classification
of Fluid Dynamic Loss Phenomena) is summarized in Table 61 .

In Chapter 2, the theory of fluid dynamic loss is divided into aerodynamic loss and oil dynamic loss, and into
the gear meshing part and gear peripheral part, and is arranged as the difference of the proportional exponent
of aerodynamic loss or oil dynamic loss to the gear peripheral speed. The theory is used to understand the
phenomena of fluid dynamic loss.

Chapter 3 describes the experimental measurement method of fluid dynamic loss and the validation of its
applicability to the understanding of fluid dynamic loss phenomena. It also provides the validation data for the
numerical simulation method and fluid dynamic loss model. To do this, the test gearbox uses a two-axis helical

gearbox and proposes/validates a method to maintain the bearing temperature of the gearbox constant as a
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high-accuracy measurement method of power loss. It also proposes/validates an oil fraction and mixture velocity
measurement method, a visualization method of oil particles, and an image measurement method of oil particle
velocity.

Chapter 4 describes the numerical simulation method of fluid dynamic loss and the validation of its applicability
to the understanding of fluid dynamic loss phenomena. It shows that the VOF method is used for the calculation
of the gas—liquid interface, the rectangular mesh is used for the calculation mesh, and the porosity method (where
the boundary condition of the gear is modeled with the immersed boundary method) is used for modeling the gear
shape. In addition, it shows the special modeling method for a gearbox. As the validation of the applicability
of the numerical simulation method to the understanding of fluid dynamic loss phenomena, it shows that the
simulation results of fluid dynamic loss qualitatively agree with the experimental results. In addition, the airflow
and the oil flow are validated individually. The validation of the airflow simulation is carried out through the
validation of the airflow in the gear meshing part, the validation of the airflow in the gear peripheral part, and
the validation of the effect of the shroud on the airflow. The validation of the oil flow simulation is carried out
through the validation of the oil flow in the gear meshing part, in the gear peripheral part, and between the gear
and the shroud.

In Chapter 5, the aerodynamic and oil dynamic losses are clarified by considering the results of the numerical
simulation. From the results, fluid dynamic losses are classified. Fig. [HG=l shows an outline of the method
of understanding the phenomena. To understand the fluid dynamic losses, it is necessary to understand the
phenomena that constitute them. The fluid dynamic loss occurs through a flow field and a pressure field around
the gear due to the rotation of the gear. Pressure and shear force are generated on the gear surface, and torque
is generated on the gear. The torque causes the fluid dynamic loss. The gear shroud is thought to affect
them. Further, validation of the theory of fluid dynamic losses also leads to clarification of the phenomena. The
validation of the theory of fluid dynamic losses is carried out through the evaluation of the characteristics of

changes in losses with respect to rotational speed, and the evaluation of non-dimensional parameters.

The progression from Chapter 6 (fluid dynamic loss model) to Chapter 8 (contribution to standardization of
low-power-loss design) is summarized in Table .

In Chapter 6, we propose a fluid dynamic loss model, which is necessary for the standardization of low power-
loss, and a method to classify the fluid dynamic losses experimentally and analytically for the validation of the
loss model. The fluid dynamic loss model is validated using the experimental results and the experimentally
validated simulation results. From the coefficients included in the loss model, we extract the main parameters of
the loss elements of fluid dynamic loss.

Chapter 7 examines the effects of gearbox design parameters, such as gear diameter, tooth width, gear aspect
ratio, and shroud effects, on fluid dynamic losses in order to demonstrate the effectiveness of the standardization
of low-power-loss design. In addition, the effect of optimizing the gear aspect ratio and optimizing the shroud
shows that the improvement in efficiency of the gearbox described in Chapter 1 is realistic.

Chapter 8 describes the proposal of standardization of low-power-loss design and the contribution of this
research to the standardization, based on the gear strength design standard.

Finally, Chapter 9 summarizes the achievements of this research and describes its scope and future progression.
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Fig. 1.6-1 Outline for the understanding of fluid dynamic loss

Table 1.6-2 Structure of the thesis for the standardization of low-power-loss design

. . . Experimental measurement Numerical simulation
Section Fluid dynamic loss model xp U u u

method method
Experimentally Analytically implementing
Suggestion of fluid implementing method for method for
dynamic loss model the classification of fluid | the classification of fluid
Chapter 6 dynamic loss dynamic loss
T T
Validation of € - :

fluid dynamic loss model [(E=======——————a——— Appendix B

Infl d optimizati .
uence and optimization Calculation method for the power loss

Chapter 7 of gearbox design S on gear contact surfaces
parameters
Chapter 8 Contribution to the standardization of low-power-loss design for high-speed gear systems
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Chapter 2

Theory of Fluid Dynamic Loss

This chapter describes the theory of fluid dynamic loss, which is necessary for the consideration of fluid dynamic
loss and development of loss models. First, the flow behaviors of the air and oil around the gear are estimated
for theoretical study. Thereafter, the theories of aerodynamic loss and oil dynamic loss are studied. The results
reveal that the gear meshing and gear peripheral parts have different characteristics, and that the flow rate of the
fluid accelerated by the gear and fluid dynamic loss are characterized by the exponent of the gear rotational speed
(peripheral speed) to which the loss is proportional. The estimated flow pattern and validity of the constructed

theory are confirmed in Chapter B.

2.1 Estimation of Air and Oil Behaviors around Gears, and Categorization of

Region around Gears

To construct a theory of fluid dynamic loss, the flow behavior of air and oil around the meshing gears is
estimated. The flow assumption around the gear pair is illustrated in Fig. EI=1 . Figure EI=1 (a) (upper
left) shows the flow estimation at the gear meshing part, whereas Fig. ZI=1 (b) (upper right) shows the flow
estimation at the gear peripheral part (the peripheral part of the gear excluding the gear meshing part).

(1) Continuous and Dispersed Phases
In the case of a high-speed gear, the airflow rate around the gear is high because the airflow speed is high.
In comparison to the high airflow rate, the oil supply flow rate is insignificant, and it is presumed that
the oil droplets are dispersed in the airflow. Therefore, air becomes a continuous phase, and oil becomes a
dispersed phase. In general, when the particle size of the dispersed phase is small, the particle flow speed
of the dispersed phase is homogeneous (equal to the continuous phase speed); however, when the particle
size of the dispersed phase is large, the particle flow speed of the dispersed phase is inhomogeneous [S6].
In addition, there are cases in which only the motion of the dispersed phase (oil droplets) is considered,
and the effect of the continuous phase of air is ignored [87]. To estimate the flow behavior of air and oil
around the gear, in addition to understanding these phenomena, it is necessary to understand the effects

of boundary conditions, such as gear meshing.

(2)  Estimation of Airflow Behavior
An estimation of the airflow at the gear meshing part is shown in Figs. EZI=1 (a) and (a-1). The gear is

considered to be a cylinder with a large surface roughness, and a simple model is constructed as a cylinder
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2.1 Estimation of Air and Oil Behaviors around Gears, and Categorization of Region around Gears
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Fig. 2.1-1 Anticipated flow around a gear pair

whose diameter is that of the tooth bottom circle. The gear meshing part becomes flow resistant because
the space between the teeth is small, and the gear meshing part is modeled as a flow-resistant element
(“Flow resistance” in Fig. ZI=1 (a)). The airflow from the gear periphery is considered to avoid the gear
meshing part and flow in the gear axial direction (“Airflow avoiding gear meshing part” in Fig. EI=1 (a))
from the analogy with the flow through the rectangular column [8%8]. The flow pattern with the airflow is
shown in Fig. EI=1 (a-1).

The airflow around the gear periphery is estimated as shown in Figs. ZI=1 (b) and (b-1). Because the
fraction of oil particles in the space is small (the oil supply flow rate is less than the airflow rate around
the gears), the effect of the oil particles on the airflow is considered insignificant. Therefore, airflow and oil
flow can be considered separately. As Hill et al. [89] reported, the flow pattern of air in the gear periphery
results from the air vortices generated in the cavity between the teeth (“Eddy of air” in Fig. ZI=1 (b-1)).
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(3)  Estimation of Oil Flow Behavior

An estimation of oil flow in the gear meshing part is shown in Figs. EZI=1 (a) and (a-2). Oil particles
carried by the airflow taken from the gear periphery cannot follow the sudden change in the direction of
the airflow. As they avoid the gear meshing part, they may be separated from the air flow (“Oil particle
stripped from airflow” in Fig. ZI=1 (a)). Subsequently, the oil particles that enter between the gear teeth
are accelerated to the gear peripheral speed in the gear meshing part and scatter to the out-of-mesh side
of the gear (“Oil particle accelerated at gear mesh” in Fig. EZI=1 (a)). The acceleration of the oil particles
in the gear meshing part is extracted, as shown in Fig. ZI=1 (a-2). Therefore, it is necessary to consider
the motion of the oil particles separately from the airflow.

An estimation of oil flow around the gear periphery is shown in Figs. ZI=0 (b) and (b-2). It is assumed
that the oil particles around the gear periphery move in accordance with the airflow. As a model of this
oil behavior, we assume a homogeneous flow in which air and oil particles are uniformly mixed, as shown

in Fig. ZI=01 (b-2). In this case, the oil particles apparently increase the fluid density.

(4) Categorization of the Region around Gears by Locations of Fluid Dynamic Loss and Types of Fluid
As shown in Fig. PI=0 , the flow pattern is different at the gear meshing and gear peripheral parts.
Therefore, we categorize the region around the gears into gear meshing and gear peripheral parts. In
addition, it was shown that air and oil should be considered separately because of the differences in their
behaviors. Therefore, the fluid dynamic loss is categorized as “aerodynamic loss in the gear meshing part,”
“aerodynamic loss in the gear peripheral part,” “oil dynamic loss in the gear meshing part,” and “oil

dynamic loss in the gear peripheral part.” The theories explaining these categories are described below.

2.2 Theory of Aerodynamic Loss (Common in the Gear Meshing Part and Gear
Peripheral Part)

As described in the previous section, the oil droplets are dispersed in the air in the case of a high-speed gear
because the oil supply flow rate is less than the airflow rate around the gear. Therefore, the effect of the oil
droplets on the air flow is ignored, and only the fluid dynamic loss of air, as shown in Figs. EZI=1 (a-1) and
(b-1), is considered. Air molecules are continuously distributed in space; therefore, it is possible to treat them as
a continuum regardless of their flow pattern. The equation of motion is expressed as follows [G0] [G]:
%1: = Kairyi + 8%1;”

where pq;- denotes the air density, D is the material derivative (in Lagrangian notation), v is the flow velocity,

Pair (21)

t is the time, Ky;y; is the force per unit volume of air, ¢,y ;; is the stress tensor of air flow, and z is the spatial
coordinate. If the density change of air is 5% or less, air can be considered an incompressible fluid; if it is
more than 5%, the compressibility of air must be considered. The Mach number (velocity / speed of sound)
corresponding to a density change of 5% was approximately 0.3. For the condition of air in the gearbox, if the
temperature is 80°C and the air pressure is 1 atm, the speed of sound is 380 m/s, and the Mach number 0.3
is equivalent to 114 m/s. As the peripheral speed of an aeroengine gear is less than this speed, the air in the
gearbox is considered an incompressible fluid. In addition, considering the viscosity of air, the following equation
of motion (momentum conservation equation for an incompressible viscous fluid) is derived from Eq. P [600] [6]:
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+ K (2.2)

where p denotes pressure and v represents kinematic viscosity. Thereafter, the force F,;. that the gear receives

when it accelerates the air around it (volume AV) in the gear peripheral direction [ is considered. When the

term of the pressure gradient at acceleration —%% and that of the effect of viscosity v aﬁégi - are ignored at
Pair OT; TjOT;

v

a steady flow 37 = 0, and the volume force K; is exerted on the air by the gear, the velocity difference between

before and after acceleration Awv; and the volume AV = AAuz; of air subjected to acceleration (A denotes the
area contributing to the acceleration, as shown in Fig. ZZI=11 (b), and Ax; denotes the acceleration distance) are

considered in Eq. E3, the force Fy;, is expressed as follows:

o - ) 81); 81}1 - ) 1 (A’Ul)2 o 1 ) 2
Fuir = KIAV = pair (62? + vl&c;) AV = pair {2 Az, (AAzy) = ipa”,A(Avl) (2.3)

2
where the relation vl% = %(AAZ{,) is used. The aerodynamic loss P,;. due to the force Fy;,. applied to the gear

is derived from the following equation:

1
Puir = Toirw = Fai'r'rpw = FaiTUp = {2pairA(AUl)2} Up

1 1 1.
= {pairAUpz} Up = 35 (pairAUp) vp2 = 7mairvp2

5 5 5 (2.4)

where T,;, denotes the torque, w is the rotational angular velocity of the gear, r, is the rotational radius (pitch
circle radius), v, is the pitch circle velocity, Av; >~ v, (assuming that the velocity accelerates from zero to v,),
and 1gir = pairAvp is the mass flow rate at which the gear accelerates.

Assuming that the mass flow rate 7 at which the gear accelerates is proportional to the peripheral speed
(rotational speed), the aerodynamic loss P, is proportional to the third power of the rotational speed. If the
airflow is affected by the compressibility of the air, the mass flow rate ' at which the gear accelerates with
an increase in the rotational speed increases more than the rotational speed proportionality, and the rotational
speed exponent to which the aerodynamic loss is proportional is considered to exceed three. In contrast, in an
experimental example of the fluid dynamic loss of a real gear, the rotational speed exponent does not exceed
three, even at a peripheral speed of 200 m/s (Mach 0.5) [E6]EL. Therefore, the effect of air compressibility is
considered to be negligible. In this example, the rotational speed exponent is three; therefore, the mass flow rate

at which the gear accelerates is estimated to be proportional to the rotational speed.

2.3 Theory of Oil Dynamic Loss

The behavior of oil particles can be distinguished as described in Section P, when oil particles are accelerated
at the gear meshing part (Fig. EZI=0 (a-2)), and when a flow containing oil particles at the gear periphery is

regarded as a homogeneous fluid (Fig. ZI=1 (b-2)). For each case, a theory is presented in this section.

*1 In this example, oil dynamic loss is also included. Because the oil dynamic loss is proportional to the second to third power
of the rotational speed, as described in Section EZ3, the rotational speed exponent to which the fluid dynamic loss of the
two-phase flow of air and oil is proportional, including the oil dynamic loss, is not expected to exceed three if the effect of air
compressibility is insignificant.
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2.3.1 Theory of Loss due to Acceleration of Qil Particles in the Gear Meshing Part

Power loss occurs when oil particles entering the gear meshing are accelerated to the gear peripheral speed by
the meshing. In this case, the oil particles are accelerated as mass particles, and the power loss Py par (subscript

par represents the particles) is expressed by the following equation [36] [87] :
Poil,par = Toil7parw = Foil,parrpw = Foihpar”p (25)

where Tpi; por denotes the torque and F; per denotes the force.

The force Fy; par exerted on the oil particle is the sum of the forces acting on all oil particles accelerated by the
gear meshing. This is illustrated in Fig. EZ3=1 . Figure EZ3=1 shows that the force loaded by the acceleration %
on the oil mass particles m;;,; (where i denotes the number of particles) dispersed in the volume AV at density
Poir (shown on the left side of the figure) is equal to the force causing the mass flow rate of oil 1, through the
cross-section to change Av; (shown on the right side of the figure).

Assuming that the velocity change is Av; =~ v, and the oil supply flow rate is @5 (constant), the following

equations are provided for force Fy;; pqr loaded on the oil particles and power loss Py pqr due to oil acceleration:

Dv )
Poil,par = Loil,parVp = ( Z moil,il)tl> Up = (mOilAUl) Up = (pOilQSAvl) Up = pO’ilQS’U?) (26)
iIE€EAV

Equation 28 shows that the oil dynamic loss is proportional to the square of the peripheral speed (rotational
speed) when the oil is forcibly accelerated in the gear meshing part with a constant oil flow rate (oil supply flow

rate).

The total force applied to The force that changes the speed by Av,;
the mass particles with acceleration %’;z in mass flow rate m,;;
Mo i passing through the cross section
| Poil Speed change
Acceleration by Ay,
Dv;

Dt
\ AN AV moil

._izm-. I l/ gy = it
Poit = AV oil,i sz oil ot

ieAV

Moiti [y = Mo Avy
{eav

Fig. 2.3-1 Schematic of the force needed to accelerate the group of oil particles

2.3.2 Theory of Loss due to the Flow of Qil Particles in the Gear Peripheral Part

The loss due to the flow of oil in the case where a flow containing oil particles is regarded as a homogeneous
fluid in the gear peripheral part [92] was considered. The oil dynamic loss Py pom in homogeneous flow of air
and oil was obtained by replacing the air density p,; with spatially-averaged oil density coipoir (i is the oil

fraction) in Eq. 4. The resulting equation is

1 1.
Poil,hom = 5 (aoilpoilAUp) UPQ = 5771011711)2 (27)
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Assuming that the mass flow rate of the oil 7h,; accelerated by the gear is proportional to the peripheral speed
(rotational speed) and air, the power loss due to the flow of oil particles is proportional to the third power of the

rotational speed.

2.4 Difference in the Characteristics of Rotational Speed Changes on Fluid

Dynamic Loss

To validate the theory developed in this chapter, a summary of the rotational speed exponent to which the
flow rate caused by gear rotation is proportional and the rotational speed exponent to which the fluid dynamic
loss is proportional is presented in Table 2Z=1 .

In the theory of aerodynamic loss, the airflow rate around the gear is proportional to the rotational speed, and
aerodynamic loss is proportional to the third power of the rotational speed. The difference between the rotational
speed exponent to which the airflow rate around the gear is proportional and the rotational speed exponent to
which the aerodynamic loss is proportional was two.

In the theory of oil dynamic loss, two cases exist: 1) the oil flow rate around the gear is constant, and the oil
dynamic loss is proportional to the square of the rotational speed, and 2) the oil flow rate around the gear is
proportional to the rotational speed, and the oil dynamic loss is proportional to the third power of the rotational
speed. The difference between the rotational speed exponent to which the oil flow rate around the gear is
proportional and the rotational speed exponent to which the oil dynamic loss is proportional was two in both
cases. In the oil dynamic loss in the entire gear (including the gear meshing and gear peripheral parts) summed
by the above two cases, the oil flow rate is proportional to the power of 0—1 of the rotational speed and the oil
dynamic loss is proportional to the power of 2-3 of the rotational speed.

The theory of fluid dynamic loss is validated by the agreement between the aforementioned rotational speed

exponent in the theory and that in the experimental results.

Table 2.4-1 Summary of the fluid dynamic loss characteristics with respect to speed changes

Exponent of speed

Exponent of speed

Exponent of speed

Difference of

part

Classification for the airflow rate for the oil flow rate
for the power loss exponents
around gear around gear
Aerodynamic loss 1 - 3 2
Total - 0-1 2-3
Oil dynamic G o o 9
loss caT MEsing - 0 (Constant flow rate) 2
part
G ipheral
ear periphera B 1 3
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2.5 Summary of Chapter 2

The fluid dynamic loss theory described in this section is summarized in Table EZ5=1 . Owing to the difference
in flow patterns, we divided the area into the gear meshing part and the gear peripheral part, and also considered
the air and oil separately because of their differences in behavior. Therefore, the fluid dynamic loss is categorized
as “aerodynamic loss in the gear meshing part,” “aerodynamic loss in the gear peripheral part,” “oil dynamic
loss in the gear meshing part,” and “oil dynamic loss in the gear peripheral part,” and developed the theory. The

results are as follows.

1. In “aerodynamic loss in the gear meshing part” and “aerodynamic loss in the gear peripheral part,” based
on the theory of conservation of momentum of a continuum, the flow rate at which the gear accelerates
the air in the peripheral direction is proportional to the rotational speed, and the aerodynamic loss is
proportional to the cube of the rotational speed.

2. In “oil dynamic loss in the gear meshing part,” as the flow rate at which the gear accelerates the oil is
equal to the supplied oil flow rate (constant) and based on the theory of conservation of momentum of
mass particles, the oil dynamic loss is proportional to the square of the rotational speed.

3. In “oil dynamic loss in the gear peripheral part,” according to the continuum momentum conservation
theory (assuming that the oil particles in the air flow behave like a continuum), the flow rate at which
the gear accelerates the oil in the peripheral direction is proportional to the rotation speed, and the oil

dynamic loss is proportional to the cube of the rotation speed.

Table 2.5-1 Summary of the theories on fluid dynamic loss

Exponent of speed Exponent
. . Working fluid | Mass flow rate P P Fluid P
Classification ) for the flow rate . of speed
or particle around gear dynamic loss
around gear for the power loss
Gear
Aero- hi
) meshing Air PairAvp 1 %pairAUps 3
dynamic part
loss Gear
peripheral
part
Gear 0
Oil meshing Oil particle Poil Qs Poil Qsvp” 2
. (Constant flow rate)
dynamic part
loss Oil particles
Gear forml
. uniformly 1 3
eripheral Qoil Poil AV 1 5 Qoil Poit AV 3
pberp distributed Lol L0 2 Qoil Poil £0p
part . .
in the air
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Chapter 3

Experimental Measurement Method of Fluid
Dynamic Loss

In this chapter, experimental measurement methods for clarifying the phenomena of fluid dynamic loss are
described. First, a two-axis helical gearbox to validate fluid dynamic loss and various gearboxes to validate
experimental measurement and numerical simulation methods are described. Next, a high-accuracy method
for measuring fluid dynamic loss, a method for measuring oil fraction and mixture velocity, and a method for
visualizing oil particles and measuring their speed are presented. Finally, the results of the validation of the

applicability of the experimental measurement methods for fluid dynamic loss phenomena are presented.

3.1 Test Gearboxes and Measurement Conditions

3.1.1 Two-axis Helical Gearbox (GA) to Clarify Fluid Dynamic Loss Phenomena and Validate Nu-

merical Simulations

The system diagram of the experimental apparatus is shown in Fig. BI=1 . The input shaft of the gearbox was
driven by a motor, and the rotational speed and torque were measured using a torque meter. A no-load condition
(no connection to the output shaft) was applied to sufficiently reduce the friction loss of the gear mesh. The
gearbox was connected to an oil supply unit to lubricate the gear meshing, bearings, and seals. The oil supply
unit supplied oil at a constant pressure and temperature. A vacuum pump was connected to reduce the internal
pressure of the gearbox.

The test gearboxes are shown in Fig. BI=2 , and their specifications are listed in Table BI=1 . These specifi-
cations are generally used for aeroengine gears. Each gear shaft was supported by ball bearings and sealed with
carbon mechanical seals. Oil was supplied to the bearings and seals from oil jet nozzles installed in the spacer.
The supplied oil was discharged from the lower opening of the spacer into the gearbox to avoid affecting the
fluid dynamic loss of the gears. The oil supply temperature, temperature of the discharged oil from the gearbox,
temperature of the bearings and seals, and temperature of the gearbox housing were measured.

Two types of gear shrouds with oil jet nozzles are shown in Fig. BI=3 . As shown in Fig. BI=3 (a), Shroud 1
had six openings at the gear peripheral surface and clearance between the shroud and shaft. There are two oil
jet nozzles, one toward the into-mesh side and the other toward the out-of-mesh side of the gear mesh. Shroud
2 shown in Fig. BI=3 (b) was the same as Shroud 1, except that the gear peripheral surface had two openings.

Sections and representative dimensions are shown in Fig. BI=4 . The measurement conditions are shown in Table
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BT=2 . Experiments were conducted by changing the oil-supply flow rate, gear rotational speed, and internal

pressure of the gearbox.
Input shaft  Input gear
——-

Bearing No.1

| Vacuum pump |——

=== Mechanical connection
— — Oil pipe/Air pipe - Test gearbox
-.-. Signal connection Bearing _% |Z|

F  Flow rate Output shaft

P Pressure _1/

S Rotational speed EH; EHSH#

T Temperatur =

Tr T(:)rqu)lee e PC Oi —IE-@/ @——; Beariln No.3 Seal

il supply 8
unit < Ot 4 Output gear

Fig. 3.1-1 Connections in a two-axis helical gearbox (GA)

Table 3.1-1 Specifications of the two-axis helical gearbox (GA)

Input helical gear

Spacer with oil jets
e ) ; Ttems Input gear Output gear
/ ) Type Single helical
Bearings Number of teeth 33 14
Module (normal) 5 mm
Pitch diameter 190 mm 80 mm
Spacer with Face width 34 n;m
= il jets Pressure angle (normal) 20
for bearings Helix angle, direction 30°, right hand 30°, left hand
Tooth surface roughness ~0.2 pm (Ra), ~1.0 pm (Ry)

Side surface roughness ~1.0 pm (Ra), ~10 um (Ry)

Root fillet radius 1.0 mm
. : Shaft diameter @70 mm ¢51 mm
. . Material SCM420
Output helical gear Spacer with Shore hardness 79-87 HS
oil jets for seal

Backlash (axial) 0.14-0.31

Tooth contact ratio 2.54
Fig. 3.1-2 Two-axis helical gearbox (GA) Rotational direction Upward at gear mesh
Maximum speed 10000 rpm 23000 rpm

Six peripheral openings Oil jet nozzles

to gear mesh

A Rotation\> "‘?t \ A

L 4

s

Center section

Transverse section (A-A)
(a) Shroud 1

Peripheral speed

100 m/s at 10000rpm of input gear

Axial openings

Two
peripheral
openings

B -

==y

Transverse section (B-B)

Center section
/ Axial openings

(b) Shroud 2

Fig. 3.1-3 Shape of shrouds for the two-axis helical gearbox (GA)
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(a) Vertical cross-section view
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(d) Vertical cross-section view

(b) Horizontal cross-section view (view B-B) of output gear (view D-D)

Fig. 3.1-4 Sections and representative dimensions of the two-axis helical gearbox (GA)

Table 3.1-2 Test conditions for the two-axis helical gearbox (GA)

Items

Conditions

Load condition

No load

Oil type, temperature

MIL-PRF-23699, 40°C

QOil density

981 kg/m?3 at 40°C

Oil viscosity

27.6 mm? /s at 40°C

Oil jet direction

Into-mesh, out-of-mesh

Oil jet supply rate to gears (total)

1.48-7.40 L/min

Oil jet supply rate to bearings and seals

1.0 L/min each (constant)

Jet nozzle diameter

2.0 mm for two nozzles

Input speed

7000—-10000 rpm

Internal pressure

0.5 bar, 1.0 bar (absolute)
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3.1.2 Various Gearboxes to Validate Experimental Measurement and Numerical Simulation Methods

This section presents three types of gearboxes to validate experimental measurement and numerical simulation

methods. Each gearbox was a partial replacement of the helical gearbox described in the previous section.

3.1.2.1 Two-axis Spur Gearbox (GB1) to Validate Oil Jet Flow to Gear Meshing Part

The test gearbox is shown in Fig. BT=8 . This gearbox was designed to visualize the inflow of oil jet to
the into-mesh or out-of-mesh sides of the gear to validate the numerical simulation method. As shown in Fig.
BT=H (a), the input gear of the two-axis spur gears was driven by a motor. The output shaft was set free (no
connection). A borescope from the side of the gear was installed to visualize the gear meshing. Figure BI=3 (b)
shows the gear rotation direction for the into-mesh jet. The oil jet was injected from above the gear meshing.
For the into-mesh jet, the rotational directions of the gears were set such that the gear meshing moved from top

to bottom.

Motor
T Oil jet to into-mesh Oil jet to out-of-mesh
Input spur gear

-

\
~*=%- Gear mesh p
Flow visualization
borescope (b) The rotational direction (c) The rotational direction
(a) A test gearbox for a into-mesh direction jet for a out-of-mesh direction jet

Fig. 3.1-5 Two-axis spur gearbox to visualize an oil jet to the gear mesh (GB1)

Table 3.1-3 Specifications of two-axis spur gearbox for

the visualization of an oil-jet to the gear mesh (GB1)

Items Input gear l Output gear
Type Spur Table 3.1-4 Test conditions of two-axis spur gear-
Number of teeth 76 l 33
Module (normal) 2.5 mm box for the visualization of an oil-jet to the gear
Pitch diameter 190 mm ‘ 82.5 mm mesh (GBl)
Face width 34 mm
Pressure angle (normal) 20° Items Into-mesh jet | Out-of-mesh jet
Tooth surface roughness | ~0.2 um (Ra), ~1.0 um (Ry) Speed 500, 4000 rpm 1600
Side surface roughness ~1.0 pm (Ra), ~10 pm (Ry) Pitch line velocity 5.0, 40 m/s 16 m/s
Root fillet radius 1.0 mm Oil specification MEL'PRF'2§699 -
Shaft diameter ¢70 mm ‘ $51 mm 989 kg/m”, 40 mm=/s at 30°C
Material SCM420 Oil flow rate 3.8 L/min
Shore hardness 7987 HS Oil jet nozzle diameter 3.0 mm
Backlash 0.14-0.31 Oil jet speed 9 m/s
Tooth contact ratio 175 Oil inlet temperature 30 °C
Rotational direction Upward at gear mesh
Maximum speed 10000 rpm ‘ 23030 rpm

100 m/s at 10000rpm

Peripheral speed X
of input gear
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Figure BI=3 (c) shows the gear rotation direction for the out-of-mesh jet. The position of the oil jet was the
same as that in (b) in the figure, and the rotational directions of the gears were set such that the gear meshing
moved from bottom to top. Table BT=3 shows the gear specifications, and Table BTI=4 shows the experimental
conditions. For the into-mesh jet, the phenomenon was switched according to the gear peripheral speed; therefore
the rotational speed was set to two conditions. For the out-of-mesh jet, the maximum rotational speed at which

the gear meshing could be visualized was set, because visibility was reduced by the oil mist.

3.1.2.2 One-Axis Spur Gearbox to Validate the Visualization of Oil Jet Inflow to Gear Tooth Surface (GB2-1), One-
Axis Spur Gearbox to Validate Oil Spray Inflow to Gear Tooth Surface (GB2-2)

The purpose of this gearbox was to visualize the tooth surface inflow of oil jets or oil sprays to validate the
numerical simulation method. The test gearbox is shown in Fig. BI=8 . A single spur gear was driven by a motor.
The gear specifications is shown in Table BT=4 . The nozzle (oil jet or oil spray nozzle) was installed toward the
gear radial direction. The oil jet or oil spray was observed from the side of the gearbox through a borescope (the

visualization method is described in Section Bd), and images were captured at 60000 frames per second (fps).

Flow visualization
borescope

Motor

Oil jet nozzle
or
Oil mist nozzle

Oil jet nozzle

or - - n L L PRETaN
Oil mist nozzle

Rotational direction

Fig. 3.1-6 One-axis spur gearbox to visualize an oil-jet impingement (GB2-1) or oil-mist impingement (GB2-2)

Table 3.1-5 Specifications of one-axis spur gearbox

to visualize an oil-jet impingement (GB2-1) or oil- . .
Table 3.1-6 Test conditions of one-axis spur gear-
mist impingement (GB2-2) . L
box to visualize an oil-jet impingement (GB2-1)

Ttems Specifications or oil-mist impingement (GB2-2)
Type Spur
Number of teeth 76 Items GB2-1 GB2-2
Module (normal) 2.5 mm Nozzle type Oil jet nozzle | Oil mist nozzle
Pitch diameter 190 mm Oil jet nozzle diameter 1.0 mm 1.1 mm
Face width 34 mm Oil jet speed 15 m/s 64 m/s
Pressure angle (normal) 20° Oil flow rate 0.7 L/min 0.048 L/min

Tooth surface roughness

~0.2 pum (Ra), ~1.0 pm (Ry)

Side surface roughness

~1.0 pm (Ra), ~10 um (Ry)

Oil specification

MIL-PRF-23699

981 kg/m3, 26

mm? /s at 40°C

Peripheral speed

100 m/s at 10000rpm
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Root fillet radius 1.0 mm Oil temperature 40°C
Shaft diameter $70 mm Air flow rate(Normal) - 10 L/min
Material SCM420 Air temperature - 40°C
Shore hardness 79-87 HS Rotational speed 10000 rpm 2500, 7500 rpm
Backlash 0.14-0.31 Pitch line velocity 100 m/s 25, 75 m/s
Maximum speed 10000 rpm
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3.1 Test Gearboxes and Measurement Conditions

The one-axis spur gearbox (GB2-1) to validate the visualization of an oil jet inflow to the gear tooth surface
and the one-axis spur gearbox (GB2-2) to validate an oil spray inflow to the gear tooth surface used different
nozzles and operating conditions. The oil supply and operating conditions are shown in Table BT=8 . For the
oil spray nozzle, a two-fluid nozzle (MMA10, Kyoritsu Gokin Co., LTD.) was used. The nozzle was a coaxial
cylinder, in which oil was ejected from the center cylinder, and air was ejected from the outer cylinder. The air

pressure was kept constant at 0.3 MPa.

3.1.2.3 One-Axis Spur Gearbox to Validate Qil Flow between Gear Tooth Tip and Shroud Wall and to Validate the
Image analysis Method of Velocity of Oil Particles (GB3)

The test apparatus is shown in Fig. BI=4 . The gearbox was designed to measure the oil fraction and mixture
velocity around the gear to validate the visualization and image analysis methods of the discharge flow of oil from
the shroud opening and to validate the numerical simulation method of the flow. The spur gear was driven by
a motor. The gear was enclosed by a shroud and had one opening on the peripheral surface. Oil was supplied
from 16 nozzles located at eight positions in the peripheral direction on both sides near the gear shaft. The oil
hole of the nozzles was 3.0 mm in diameter. The direction of the nozzle was perpendicular to the side surfaces.
A two-phase flow probe for measuring the oil fraction and mixture velocity was inserted in the radial direction
from a hole provided directly above the shroud and in the center of the width. The probe position was close
to the shroud opening and upstream from the opening; thus, it was considered possible to capture the outflow
characteristics from the shroud opening. The visualization borescope was installed in two locations: where the
shroud opening could be viewed from the radial direction (top view), and where the shroud opening could be
viewed from the axial direction (side view).

The gear specifications are shown in Table BI=1 , and the operating conditions are shown in Table BET=8 . When
compared with the conditions of the two-axis helical gearbox to simulate the general conditions of an aeroengine
gearbox, the spur gear without gear meshing, and large oil-supply flow rate were different. The spur gear without
gear meshing was adopted to simplify the flow and facilitate flow evaluation using the two-phase flow probe. The

oil-supply flow rate was increased to facilitate observation with the visualization borescope.

. Two-phase Flow visualization
— Forward rotation flow probe borescope (top view)
Ol jets Traverse Opening Oil supply passages
3 mm diameter, 22 device 3~0 =3
8 holes 16.5 Borescot)e

side vigw)

Lip seals \\ﬁ» =

Motor M Torque

meter @T
4.5 ;_)l —
s

4

7

of shroud*
Oil supply 228 195 Transparept I [‘
unit o :194 windows /
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Fig. 3.1-7 One-axis spur gearbox to visualize and measure the two-phase flow (GB3)
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Figure BT=8 shows the details of the attachment of the two-phase flow probe to the shroud. As shown in the
figure, the two-phase flow probe had an outer diameter of 5 mm with a measurement hole diameter of 1 mm
near the tip. The measurement was performed by directing this hole against the flow direction. The probe could
be traversed in the radial direction and rotated for the center of the probe axis. The two-phase flow probe was
equipped with a two-phase flow probe measurement system. The details of the two-phase flow probe measurement

system are described later in Section BZ3, and those of the visualization borescope in Section B4.

Measurement system
of two-phase flow

| ~ Pipe, outer Reference static
K diameter of 5 mm pressure Two-phase flow probe
.~ Two-phase \ /
A flow probe . >
(mm)/ \ Rotation of ~
probeto — === o
1 mm hole p
h 1
N < . change ang e}ﬁ ........... -
. . -——=> ~
_——_—> Inner N
: pressure
A\
Anticipated flow

Rotational direction
(Side view)

(Section A-A)

Fig. 3.1-8 Probe settings of one-axis spur gearbox to visualize and measure the two-phase flow (GB3)

Table 3.1-7 Specifications of one-axis spur gearbox

to visualize and measure the two-phase flow (GB3)

Table 3.1-8 Test conditions of one-axis spur gear-

Ttems Specifications
Type Spur box to visualize and measure the two-phase flow
Number of teeth 76 (GB3)
Module (normal) 2.5 mm
Pitch diameter 190 mm
Face width 34 mm Items Conditions
Pressure angle (normal) 20° Speed 7000 — 10000 rpm

MIL-PRF-23699
981 kg/m?, 26 mm?/s at 40°C

Tooth surface roughness | ~0.2 um (Ra), ~1.0 um (Ry)

~1.0 pm (Ra), ~10 um (Ry)

Oil specification

Side surface roughness

Peripheral speed

100 m/s at 10000rpm

Root fillet radius 1.0 mm Oil flow rate 20 L/min
Shaft diameter #70 mm Oil jet nozzle diameter 1 mm
Material SCM420 Oil jet speed 15 m/s
Shore hardness 79-87 HS Oil inlet temperature 40°C
Backlash 0.14-0.31
Maximum speed 10000 rpm




3 Experimental Measurement Method of Fluid Dynamic Loss
3.2 High-Accuracy Measurement Method of Fluid dynamic loss (In-Situ Measurement Method)

3.2 High-Accuracy Measurement Method of Fluid dynamic loss (In-Situ
Measurement Method)

3.2.1 In-Situ Measurement Method of Friction Loss of Gears, Bearings, and Seals

For key points to remember when measuring the fluid dynamic loss of the gearbox with high accuracy, the

following are mentioned from Section IZ323.

e The friction loss of gears, bearings, and seals that occupy a certain percentage of loss of the high-speed
gearbox must be measured with high accuracy.

e The cause of the decrease in measurement accuracy is considered to be the temperature dependence of
friction power loss in bearings and seals.

e It is difficult to accurately reflect the bearing temperature in the actual gearbox in the power loss estimation

using the equations based on the single unit test of bearing and seal; therefore, errors may occur.

Therefore, to increase the accuracy of measuring friction power loss, it is necessary to measure the friction loss
of the gear, bearing, and seal simultaneously as the fluid dynamic loss measurement, and to set the temperature
of the bearing and seal to a constant value under each test condition. In this section, we propose an in-situ
measurement method that includes high-accuracy temperature control for high-accuracy measurement of friction

loss of gears, bearings, and seals.

(1)  In-Situ Measurement Method of Friction Loss of Gears, Bearings, and Seals

The friction loss of gears, bearings, and seals is estimated through extrapolation to the power loss at zero
air pressure and zero oil-supply flow rate. This is because the aerodynamic loss is excluded at zero air
pressure, and the oil dynamic loss is excluded at zero oil-supply flow rate. An image of this estimation
method is shown in Fig. BZ2=1 .

Figure B2=1 (a) shows the power loss at zero oil-supply flow rate (P,ero—oir) estimated by extrapolation
from the setting conditions (power loss Ps.;) by changing the oil-supply flow rate. The loss at zero oil-
supply flow supply rate is evaluated through extrapolation because direct measurement of the loss at
zero oil-supply flow rate causes gear damage. Subsequently, the air pressure in the gearbox is changed
(e.g., 0.5 bar), the oil-supply flow rate is changed again, and the power loss at zero oil-supply flow rate

(Paero—oil,0.5bar) is calculated through extrapolation.

Rated oil-supply
and atmospheric pressure

wn)
[72)
Power lossat 2 . Pset p Pzero-oit
zero oil-supply O o0 0" zero—oil,0.5bar
PPy g EXW“QO\{A?‘O' Folld ' Power loss at
P A oLl “_O-"K vacuum and JPPTL S
. (g . .
zero-oil & e Rated oil [y zero oil-supply PP Lo
_O"tj. ated oil-supply Pt
Pyero—oit,05par ¥&"° a?o\a“O“ and 0.5 atm pressure 14" E,mfa?o
E"“ P vac,zero—oi N
Oil supply rate Pressure inside gearbox
(a) Evaluation of power loss at zero oil-supply (b) Evaluation of power loss at vacuum and zero oil-supply

Fig. 3.2-1 In-situ measurements of friction power losses on gears, bearings, and seals
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Using the loss at zero oil-supply flow rate when these air pressures are changed, the losses at the zero
oil-supply flow rate and zero air pressure (Pygc,zero—oi) can be estimated by extrapolating (Fig. B2=1

(b)). This Pygc zero—oit corresponds to the friction loss of the gears, bearings, and seals.

High-Accuracy Temperature Control Method for Gears, Bearings, and Seals

To minimize the error caused by the difference in the temperature of the bearing and seal of the gearbox,
the temperature of the bearing and seal of the gearbox should be monitored and measured. The friction
loss of the gears is minimized by operating the gearbox with the no-load condition; thus, the temperature

of the gears need not be considered. The measurement procedure is described below.

(i) Preparation of the Measurement

1. At the upper or lower limits of the rotational speed in the measurement, the bearing tempera-
tures are measured until the temperatures become approximately constant. The median of these
temperatures is set as the target temperature. For example, the median of the temperature at the
lower limit of 7000 rpm and that at the upper limit of 10000 rpm is set as the target temperature.

2. Change the rotational speed to set the bearings and seals at each target temperature. For example,
if the temperatures are low, increase the rotational speed to increase the temperatures closer to
the target temperatures.

3. Set the rotational speed to the value in the measurement condition (target rotational speed).
Here, the changing of the temperatures of the bearings and seals are monitored. For example, the
temperature at 7000 rpm tends to decrease from the target value, while that at 10000 rpm tends
to increase from the target temperature.

4. Repeat steps 2 and 3 at the rotational speed in each measurement condition.

(ii) Acquisition of Measurement Data

1. After the measurement is started, the gearbox speed is changed to achieve the approximate target
temperature (warm-up operation).

2. If the temperature changing trend at the target rotational speed (already obtained in “3 in (i)
Preparation of the Measurement” described above) is decreasing at the target temperature, in-
crease the temperature by a few degrees Celsius from the target temperature. In contrast, if the
temperature changing trend at the rotational speed in the measurement condition is increasing
at the target temperature, decrease the temperature by a few degrees Celsius from the target
temperature.

3. Set the rotational speed to the target value.

4. When the temperature gradually changes and the temperature of the bearings and seals reaches
the target value, the torque is sampled for 3 s , and the average torque for these 3 s is used as the
measurement torque under the rotational speed condition.

5. Repeat steps 2— 4 at each target rotational speed.

An example of this measurement is shown in Fig. BZ=2 . In this scenario, the temperatures of the bearings

and seals at the target rotational speed have an increasing trend. First, by reducing the rotational speed,

the temperature of the bearing or seal is lowered by several degrees Celsius from the target value (“Cooling

phase” in the figure). Next, the rotational speed is set to the target value and until the temperature begins

to increase (“Measurement phase” in the figure). When the temperatures of the bearings and seals reach the
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target values (“Target temperature” in the figure), measurement sampling is performed (“Measurement”
in the figure). If all temperatures of the bearings and seals are within the target temperature scope, the
measurement results are adopted.

The above discussion shows that high-accuracy friction loss can be measured using the temperatures of the

bearings and seals in the gearbox within the target temperature scope under each experimental condition.

Target temperature

Target temperature scope

Temperature
~
Sa
I
I
I
I
I
1
1
I
I
I
I
I
I
Rotational speed

Cooling phase ~ Measurement phase

Time \
Measurement

Fig. 3.2-2 Procedure of the in-situ measurement of the friction power losses

3.2.2 Separation Method to Aerodynamic and Oil Dynamic Losses

A method of separating the fluid dynamic loss into aerodynamic and oil dynamic loss is shown in Fig. B2=3 .
This separation method uses the loss at the zero oil-supply flow rate (P,ero—oir), the loss at the zero air pressure
and zero oil-supply flow rate (Pyac,zero—oir), and total power loss under the target condition (Pse;). These losses

are obtained using the in-situ measurements shown in Fig. B2=1 .

e — .

Oil dynamic loss Pset — Prero—oi

Aerodynamic loss Prero-oit = Pyac,zero—oit

Friction power loss on
gear mesh, bearings, and Pyac zero—oi
seals

Power loss
at setting condition Py,

Power loss at vacuum and zero
oil-supply condition Py zero—oi

Power loss at zero oil-
supply condition Pyero—oi

Fig. 3.2-3 Separation method of total power loss into aerodynamic and oil dynamic losses
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The aerodynamic loss (Pgy) is obtained by subtracting Pyac, zero—oil from Piero—oi. The oil dynamic loss (Ppi)

is obtained by subtracting P.ero—oi from Pset. These are shown in the following equations.

Pair = chro—oil - Pvac,zero—oil (31)
Poil = Pset - Pze'r‘o—oil (32)

3.2.3 Evaluation Methods and Targets of Measurement Error

The repeatability error of the measurement is evaluated using the standard error Es, ., , of 20 (o is the

standard deviation), which is shown in the following equation.

E2grep,P = 20T€P7P/\/I€P

1 JVTSP R (33)
Orep,P = T (-Pz - P)2
TeP =1

where 7., is the iteration number of measurement, P; is the measured value of power loss, and P is the ensemble-
averaged value. By using the standard error of 20, the true value exists in the range of the mean value +Fs, .
with a probability of 95%. The target of the measurement error is set to 0.1 kW or less, which is equivalent to
the measurement error of the torque meter, as the measurement error in the scenario in which the influence of

the temperature deviation of bearings and seals is negligible.

3.3 Measurement Methods for Oil Fraction and Mixture Velocity

In this section, we describe methods for measuring oil fraction and mixture velocity to obtain validation data

for both the visualization and numerical simulation methods.

3.3.1 Measurement Methods for Qil Fraction and Mixture Velocity

3.3.1.1 Measuring Qil Fraction and Mixture Velocity Using the Isokinetic Suction Method

The oil fraction is the volume fraction of oil in a two-phase flow of air and oil, and the mixture velocity is the
apparent velocity when the air and oil velocities are considered to be the same. Both parameters are important
for understanding the phenomenon of two-phase flow. As shown in Section =373, the isokinetic suction method
has the highest possibility of being applied to measure the oil fraction and mixture velocity of two-phase flow in
a gearbox.

The isokinetic suction method is shown in Fig. BZ3=0 [70]. The isokinetic suction method is a method of
sampling the dispersed phase (oil, dust, etc.) contained in the external flow by making the suction speed of the
probe the same as the flow speed of the external flow toward the probe (Fig. BZ3=1 (a)). For suction at an
isokinetic speed, the pressure of the external flow (P,ytside) must be balanced with the pressure in the probe
(Pinside)- When this balance is lost, as shown in (b) and (c) in the figure, non-isokinetic suction occurs. Figure
B3=1 (b) shows the scenario of high-speed suction, in which the flow speed in the probe is higher than the
external flow speed because the pressure in the probe is lower than the outside pressure. Here, the amount of
sampled particles would be underestimated because larger particles would not follow the flow toward the probe.
Figure B3=1 (c) shows the scenario of low-speed suction, in which the flow speed in the probe is lower than
the external flow speed because the pressure in the probe is higher than outside pressure. Here, the amount of
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sampled particles would be overestimated because larger particles would not follow the flow away from the probe.
The mixture velocity (u,,) is obtained using the following equation using the stagnation point pressure (psiqq)
and values measured using the isokinetic suction method (the oil fraction (), air density (pqir), oil density

(poir), and apparent two-phase flow density (ppm,)).

2Dsta 2Psta
w — [ otag _ Patag (3.4
Pm Qoil Poil + (1 - aoil)pair

One of the challenges of the isokinetic suction method is the development of a measurement method that can be

applied to a wide range of oil fractions and mixture velocities for two-phase flow in the gearbox. In the following,
we propose a measurement method for oil fraction and mixture velocity and a calibration method to apply it to

a wide range of oil fractions and mixture velocities, considering the characteristics shown in Figure B33=1 .

Trajectory of

Uinside = Uoutside ’
Dinside Woutside  large particle Uinside
=@

Ugutside - Uoutside
— F = o —
\ Streamline
Poutside Uinside
. In the case of high-speed In the case of low-speed
. Fllter. or % suction, larger particles are suction, larger particles are
Particle sorting device detected less. detected more.
Pinside = Poutside Pinside < Poutside Dinside = Poutside
(a) Isokinetic-Suction (b) Over-Suction (c) Under-Suction

Fig. 3.3-1 Schematics of isokinetic sampling compared with non-isokinetic sampling [70]

3.3.1.2 Apparatus for Measuring Oil Fraction and Mixture Velocity

An apparatus using a two-phase flow probe for measuring oil fraction and mixture velocity is shown in Figure
BZ3=2 . The probe is a cylindrical tube with an outer diameter of 5 mm and has a measurement hole of 1 mm at
the tip, and a pressure adjusting pipe is installed inside. The probe is not shaped like a pitot tube to enable it
to be easily installed in a gearbox if the gearbox has only a small opening on the gearbox wall (or shroud wall).
Figs. BI=1 and BI=8 show the installation of the two-phase flow probe in the gearbox.

The measurement system consists of a two-phase flow suction line, a pressure control line in the probe and
an oil purge line. The two-phase flow suction line is used to suck air and oil through the measurement hole. It
is connected to a pressure control valve, a vacuum tank supported by a weight meter, a vacuum pump, and an
air flow meter. The pressure control line is used to adjust the pressure in the probe to be equal to the outside
pressure, and a pressure gauge is connected. The oil purge line is used to purge air from the two-phase flow suction
line and the pressure control line before measurement of oil fraction and mixture velocity, thereby eliminating

measurement errors due to surface tension at the gas-liquid interface in the pipe.
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Fig. 3.3-2 Measurement system for two-phase flow probe

3.3.1.3 Procedure for Measuring Oil Fraction and Mixture Velocity

The procedures for measuring the oil fraction and mixture velocity are described below. In the procedures,

“Valve” and “Line” refer to those in Figure BZ3=2 .

(1)

Measurement of Oil Fraction

Al

A2

A3

A4

A5

Open “Valve 3” and close “Valve 1”7 and “Valve 2.” Oil is supplied by the “Oil pump,” which purges
air from the “Probe pressure line” and fills it with oil.

k2

Open “Valve 1,” close “Valve 2” and “Valve 3,” and turn “Vacuum pump” on. The two-phase flow is

sucked from the “Oil/Air suction line. ”

Using the “Pressure control valve,” the pressure at the inner pressure of the probe measured by the
“Pressure gauge” is adjusted to be equal to the static pressure of the external flow. In this research,
the static pressure of the external flow is assumed to be atmospheric pressure.

Calculate the oil fraction using the weight of the oil measured with a weight meter and the air flow
rate measured with an air flow meter.

Repeat steps Al to A4 until the standard error of the measurement results is less than or equal to
the target value. The standard error is o/ m (o is the standard deviation, and , A7, is the
number of repetitions). The minimum number of repetitions at each measurement position is set to

3. The oil fraction of the ensemble-averaged value of the measured values obtained through repeated

measurements is the oil fraction under the conditions before calibration.

Measurement of Mixture Velocity

Bl

B2

B3
B4

Open “Valve 2”7 and “Valve 3,” close “Valve 1,” and fill “Two-phase flow probe” and “Probe pressure
line” with oil.

Close “Valve 2” and “Valve 3” (“Valve 1” remains closed), and measure the stagnation pressure (pstag)
using the “Pressure gauge”.

Calculate the mixture velocity using psiey and Eq. B4

Repeat steps Bl to B3 until the standard error of the measurement results is equal to or less than
the target value. The minimum number of repetitions at each measurement position is set to 3. The
mixture velocity of the ensemble-averaged value of the measured values obtained through repeated

measurements is the mixture velocity under the conditions before calibration.
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3.3.2 Calibration Methods for Qil Fraction and Mixture Velocity

3.3.2.1 Apparatus for Calibrating Oil Fraction and Mixture Velocity

(1)

Apparatus for Calibrating Qil Fraction and Mixture Velocity Suitable for High-Speed Two-Phase Flow

The calibration apparatus to be applied to calibrate the oil fraction and mixture velocity of high-speed
two-phase flow in this research is shown in Fig. B3=3 (a). The oil is pumped from the oil tank and injected
into the mixing chamber (“Oil supply passage” in Fig. B3=3 (a)). Air is blown into the mixing chamber by
the compressor (“Air supply passage” in Fig. B3=3 (a)). Each flow rate is controlled by flow control valves
and flow meters. The two-phase flow of air and oil is injected toward the two-phase flow probe through
a supply pipe (inner diameter 4 mm, length 300 mm) located directly below the mixing chamber. The
distance between the supply pipe outlet and the probe is 10 mm, which is a distance at which the width
of two-phase flow is seemed almost no expands from the lower end of the supply pipe. (The diameter of
the two-phase flow at the probe position is seemed to be equivalent to the inner diameter of the pipe.)
Figure B3=3 (b) shows an image of the state of bubbles in a high-speed two-phase flow in the supply pipe.
The air supplied to the mixing chamber (“A” in Fig. B33=3 (a)) temporarily dissolves in the oil owing to
an increase in pressure in the middle of the pipe (“B” in Fig. B33=3 (b)) and is separated again toward the
outlet of the supply pipe (“C” in Fig. B3=3 (b)). Because the pressure at the outlet of the supply pipe is
atmospheric, the bubbles are considered to be completely separated (“D” in Fig. B3=3 (b)).

Oil tank 3 7 8 Spray nozzle

Oil supply passage

| High-speed oil
B \\lr and air flows

A @_ weu (including
* @ dissolved air)

Air supply passage

°
(o]
Mixing chamber o
[~ o Air release
(o]

| =
@ Pump Inner diameter I RS
f4
%\Q Control valve ot mm ! ! o
M - Jf=
@ Flow meter easurement D. Air bubbles
system (@) . . .
(mm) without dissolution
mm <
- T
Two-phase flow probe  Traverse (b) Air bubble condition for
(a) Calibration system setup high-speed flow of oil and air

Fig. 3.3-3 Calibration system setup for a two-phase flow probe

For this phenomenon of bubble dissolution and separation, the bubble solubility in oil and water with
respect to pressure changes are shown in Fig. B33=4 [93]. As shown in this figure, for example, when the
atmospheric pressure doubles, the volume of dissolved air in oil doubles (Henry’s law). In addition, the air
solubility in water at atmospheric pressure (1 atm) is 3.7%, whereas the air solubility in oil is 9.4%, which
is about twice as high. The surface tension of oil is smaller than that of water [94] [65]; thus, the bubbles
become finer and they are considered to dissolve rapidly in oil.

Based on this basic characteristic, the change in air dissolution in the calibration apparatus is explained.
The upper part in Fig. B3=3 shows an image of the change in the capacity to dissolve air and the change

in the actual dissolved air. The lower part in Fig. B3=3 shows an image of the change in air mass in
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the separated condition (air bubble). “A”, “B”, “C”, and “D” in Fig. B33 correspond to “A”, “B”,
“C”, and “D” in Fig. BZ3=3 . As shown in the upper part in Fig. B3=3 , upstream of the pipe (B), the
capacity of bubble dissolution increases with the increase in pressure, and the mass of the actual dissolved
air increases with the increase in pressure in the pipe. At the middle of the pipe (C), the mass of dissolved
air increases with time. In contrast, as shown in the lower part of Fig. BZ3=3 , the mass of the separated
air bubbles is considered to decrease. When the flow reaches the pipe outlet (D), the pressure returns to
atmospheric pressure; therefore, the capacity of bubble dissolution decreases, and bubbles are separated.
Because the air inlet (A) and tube outlet (D) have the same atmospheric pressure, the volume and mass
of the separated air in (A) are equivalent to that in (D). As described above, the calibration apparatus
in this research can equalize the volume and mass of the injected air with those of the air at the probe

measurement position and is therefore considered suitable for the calibration of high-speed two-phase flow.
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Fig. 3.3-4 Air solubility for oil and water (experi- Fig. 3.3-5 Anticipation of air dissolution into oil

mental results) [93] along the flow passage

Comparison with General Low-Speed Two-Phase Measurement Apparatus

For comparison, a typical low-speed gas—liquid two-phase flow measurement apparatus [96] is shown in
Fig. B33@ (a). This device indicates the rise of bubbles in a vertical pipe, and the apparent two-phase
flow velocity is as slow as 0.05 m/s. The bubble dissolution phenomenon expected when this apparatus is
applied to a high-speed two-phase flow of air and oil is shown in Fig. B3=8 (b). The pressure in the pipe
is higher than the atmospheric pressure because the distance from the air inlet (“A” in Fig. B33=0 (a)) to
the two-phase flow outlet (“D” in Fig. B33=8 (a)) is large. Therefore, the air injected from the compressor
(“A” in Fig. B33=8 (a)) is pressurized and flows into the upstream of the pipe (“B” in Fig. BZ3=6 (a)).
Subsequently, the air bubbles are considered to dissolve in oil as they flow along to the downstream of the
pipe, and the amount of separated air decreases at the observation position downstream of the pipe (“C”
in Fig. B30 (a)). The air flow rate injected by the compressor differs from the air flow rate separated as
bubbles at the observation position (“C” in Fig. BZ3=8 (a)) owing to the influence of the bubbles dissolving,
making calibration difficult. An apparatus with a measurement position in the pipe, such as this apparatus,
is not suitable for the calibration of high-speed two-phase flow.
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Fig. 3.3-6 Example of a general calibration setup for two-phase flow measurement [96]

3.3.2.2 Calibration Method for Qil Fraction and Mixture Velocity

(1)

Generality of the Calibration Method and Necessity of Validation with Measurements in an Actual Gearbox

In the two-phase flow probe of this research, the measured pressure may be underestimated owing to the
reflection of the droplet at the edge of the measurement hole when the droplet size is larger than the
measurement hole of the probe [72]. Therefore, the size and velocity of the bubble or droplet should be
measured to obtain more general calibration results. To measure the size and velocity of the bubble or
droplet, generally, the two-phase flow is photographed by a camera, and the continuous image is processed
to measure the size and velocity of the bubble (e.g., [96]). However, such a general measurement method
cannot be applied to the high-speed two-phase flow of air and oil that contains minute bubbles and droplets.
Therefore, in the calibration of the two-phase flow probe of this research, the area-averaged oil fraction and
mixture velocity at the measurement hole are used. Because the size and velocity of bubbles or droplets
are not considered, this calibration method may lack generality. In other words, the calibration results
are considered to be effective when the sizes of bubbles and droplets in the calibration experiments of the
two-phase flow probe are equivalent to those in the gearbox applied with the probe. As it is difficult to
confirm this, the results obtained in the gearbox must be validated from other viewpoints. In this research,
the oil flow rate in the gear shroud is evaluated using the measurement results of the two-phase flow probe
(oil fraction and mixture velocity), and this is validated by comparing the oil-supply flow rate set by the

apparatus.

Outline of the Calibration Method

A flow chart of the calibration is shown in Fig. BZ3=1 .

The isokinetic suction method is used to measure the oil fraction. The measured oil fraction (it mes) is
corrected by the calibration curve of the oil fraction and becomes the corrected oil fraction (i, corr)-

In the dynamic pressure measurement for the mixture velocity measurement, no suction is performed, and
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the stagnation pressure (Appes) is measured using the probe as a total-pressure tube. Using Apy,es, and
Qoil,mes OF Qoil corr, the measured mixture velocity (Um, mes) is calculated.

The “Simple method” and “High-accuracy method” are used to calibrate the mixture velocity. The
simple method uses a linear calibration curve obtained using the Lockhart—Martinelli parameter. The
high-accuracy method increases the measurement accuracy although the shape of the calibration curve is

complicated.

Measurement value 1 oo . -] . . .
|1 Calibration of oil fraction =‘:> Calibrated value of oil fraction
1

of oil fraction* 1 _
1 Qoircorr = fa(Qoitmes)
Xoil,mes S ——.

Xoil,corr

: * Isokinetic suction

Measurement value :
of dynamic pressure** !
Apmes T T T T T 1
: Calibration of mixture velocity :
** No suction : #1 Simple method :
1 0.9 09 1
v 1 _ Qoil,mes Qoil,corr 1
1 Umcorr = fum,s 1w ) Ummes T 1
. . I 1 oil,mes oil,corr 1
Measurement value of mixture velocity H !
20Pmoes 1 By using Lockhart - Martinelli parameter*** 1
Ummes = | — —— e , e e e e e e o 1
Aoil,corrPoilt(1=Qoit,corr)Pair #%% [ ockhart — Martinelli
Qoil '\ Poil 0.9
parameter 2'X {(—) —}
1-ait/ Pair
__________________ A A,

1 . . . . 1
! Calibration of mixture velocity | Calibrated value of mixture velocity
! #2 High accuracy method
i
i

Um,corr = fum,p (aoil,corr) * Um,mes :

Um,corr

Fig. 3.3-7 Flow chart for the measurement of oil fraction and mixture velocity

Calibration Method for Qil Fraction
The measured oil fraction (@i mes) is measured using the calibration apparatus shown in Fig. B33=3 . The
function f, between the setting oil fraction (e, set) and Qpirmes is obtained and used as the calibration

function.
oilset = fa(Qoil,mes), in the calibration test (3.5)

In the gearbox test, using f,, the corrected oil fraction (s corr) is obtained using (o mes)-

Qoil,corr = fa(Qoil,mes), N the gearbox test (3.6)

Simple Calibration Method for Mixture Velocity

The measured mixture velocity (tm mes) is calculated using the measured dynamic pressure (Appes) and

2A mes
Um, mes = \/ p (37)

Qoil,corrPoil + (1 - aoil7cor'r)pair
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To simplify the calibration curve for the mixture velocity, we introduce a similarity parameter. As the

similarity parameter, the Lockhart-—Martinelli parameter (27) [97] is used:

i N0 7\ 0B Lo 0.1
% _ < : ozl) < ozl) ( ml) (38)

Masir Uair Hair
In the above equation, an empirical equation for a two-phase flow in which the liquid phase is water, the
gas phase is air, and both gases and liquids are turbulent, is applied to a two-phase flow of oil and air.
ey and 1hg;,. are the mass flow rates of oil and air, respectively. u,;; and uq;- are the oil and air speeds,
respectively. o and pg;- are the oil and air viscosities, respectively. If wy;; = Ugir = Uy, is used as

the definition of the mixture velocity, and if each viscosity is assumed to be the same before and after

calibration and therefore the viscosity term is omitted, 2 is given by the following equation.

. 0.9 0.9
o _ (moil> _ { Qoil Poit thm Apipe } _ {(aozl> Poil } (3.9)
Mgir (1 — qoit) Pairtim Apipe L= aoit ) pair
Because po;; and pgi are known values, (ﬁ;’;’l,l)o'g

is used as the calibration parameter for the mixture
velocity.

The function fym, s between “the calibration parameter of the mixture velocity (setting value of Z7) x the
setting mixture velocity (um ser)” and “ the calibration parameter of the mixture velocity (measured value
of Z7) x the measured mixture velocity (tm mes)” is derived. The function fy,, s is the correction function

and is expressed as follows:

0.9 0.9
Qi Qo
(mm) Um,set = fum,s ((mlmes) um,mes> , in the calibration test (3.10)

1— Qoil,set 1— Qoil,mes

In the gearbox test, using the calibration function fy, s, the corrected mixture velocity (wm, corr) is obtained

using Uy, mes-

— Qoil,mes — Qoil,corr

0.9 0.9
Cloi Coi
Um,corr = fum,s ((1mmes> um_,ms> / (10”60M> , in the gearbox test (3.11)

High-Accuracy Calibration Method for Mixture Velocity

Generally, the law of similarity for two-phase flows may contain large errors. Therefore, the simple cali-
bration method using the similarity parameter described above is considered to have errors. Therefore, a
highly accurate calibration method suitable for actual phenomena in the gearbox should be considered.
In this calibration method, the calibration function (fym. ) is obtained considering that the ratio of tm, set

and Uy, mes 1S linear for aoiy corr (described in Section B2 in detail). That is,

um,set

= fum.p(Qoilcorr), in the calibration test (3.12)

Um,mes

In the gearbox test, using fum,p, Um,corr is Obtained using uy, mes-
Um,corr = Um,mes * fum,p(Qoil,corr), i the gearbox test (3.13)

In contrast, because this method is new and has not been used before, it is necessary to carefully evaluate

the validity of the calibration function.
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3.3.2.3 Calibration Conditions for Qil Fraction and Mixture Velocity

(1)

Supply Conditions for Two-Phase Flow of Air and Oil

Table B33=1 shows the supply conditions of the two-phase flow of air and oil. Assuming the two-phase flow
in the gearbox, the oil fraction is set to 0.2%—-75%, and the maximum mixture velocity is set to 50 m/s. In
the gearbox of this research, the mixture velocity is approximately 50 m/s or less even under the condition
of the peripheral speed of 100 m/s (Fig. BB=23 ). Therefore, this maximum flow speed is considered
reasonable. The oil type and oil temperature are set to be the same (Table BI=8 ) in the one-axis spur

gearbox (GB3) to which this oil fraction and mixture velocity measurements are applied.

Table 3.3-1 Conditions for calibration of a two-phase flow probe

Items Parameters
Oil ratio (%) 020 | 50 |10 25 50 75
Mixture velocity (m/s) | 50 | 25,50 | 50 | 13,18, 25 | 6.0, 9.0, 12 | 4.0, 6.0, 8.0
Oil specification MIL-PRF-23699, 981 kg/m?® 26 mm?/s at 40°C
Oil inlet temperature 40°C

Measurement Conditions for Spatial Distribution of Air and Oil in a Two-Phase Flow Supply Pipe

For the spatial distribution of the oil fraction and mixture velocity in the cross-section of the two-phase
flow supply pipe, the distance between the mixing chamber and the two-phase flow supply pipe outlet
shown in Fig. B33=3 is short; therefore, we expect that the air and oil will be homogenized. In contrast,
depending on the measurement conditions, the spatial distribution such as the flow deviation of the oil
along the wall (annular flow) cannot be ignored, and the spatial distribution must be measured.

A condition with a large spatial distribution of the two-phase flow is considered to be an annular flow.
Figure B3=8 shows a map of the flow pattern of a two-phase flow by Mandhane et al. [98]. The measurement
conditions in Table BZ33=11 are also plotted. The figure depicts that the flow becomes annular when the
oil fraction is 10% or less. The other conditions are close to the dispersion or slug flow, and the spatial
distribution is considered to be small. Therefore, the spatial distribution measurement should be performed
under the condition that the oil fraction is 10% or less.

The image of the measurement of the spatial distribution is shown in Fig. B39 . Figure B33=9 (a) shows
a scenario in which the probe measurement hole is located on the central axis of the supply pipe (r = 0),
and the location is applied for all calibration conditions. Figure B3=9 (b) shows the scenario in which
the probe measurement hole is apart from the center axis by 1.5 mm (r = 1.5 mm) and is measured only
when the spatial distribution is large. In this scenario, the cross-sectional mean value of the oil fraction
is obtained by linearly interpolating the radial value of the oil fraction and averaging the area. The area

mean value of the mixture velocity is also obtained similarly.
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Air volumetric flux (m/s)

100 T T T 3
o é Oil fraction
Annular and A 0 0.2%
annular / mist flow ) A ® 5.0%
A A 10%
10k Wave A A 25% ! !
E flow O o 50% - G '
E Slug flow m 75% Oil supply pipe
[ |
| (]
]
||
1.0 Disperse 3 r @ ‘ r
r Stratified ﬂ?)w ] g @ @ @
[ flow Elongated ] k Probe | :
L bubble flow i .
Sampling hole
O.é o 011 1* 0 1*0 % (a) Center position  (b) End position r = 1.5 mm

r=0 (for distribution measurement)
Liquid volumetric flux (m/s)

Fig. 3.3-8 Prediction of flow regime by comparison with ~ Fig. 3.3-9 Probe settings for measuring flow distribu-

an experimental flow regime map for the flow of air- tion

water mixture in a horizontal, 2.5 cm diameter pipe at
25 °C and 1 bar [985]

3.3.3 Evaluation Methods and Targets of Measurement Error

(1)

Repeatability Error for Each Measurement Condition
The measurement error is defined as the standard error of o in the repetition of .47, times. The standard

error (E,,,, ) of o of the oil fraction and standard error (£, ) of o of the mixture velocity are given

Orep,um

by the following equations.

Nrep
1 1 )
Eare o — Ore ,oc/ V f/Vre = T - (aoil,i - é¢oil) (314)
P, P P /7%6;; J%“ep Zz:;
1 1 &
EUrep,um, = JT@P,UWL/ ’/1/7'617 = T Z (umyi - ﬂm)Z (315)

vV f/Vrep f/Vrep i=1

To reduce the measurement error for the true value of the oil fraction and mixture velocity to less than or

equal to the target error, the target of E, at each measurement point of the oil fraction should be 1%

rep,o

or less (before calibration), and the target of E at each measurement point of the mixture velocity

Orep,um
should be 1 m/s or less (before calibration). The minimum number of measurements at each measurement
condition should be 3, and the measurement should be repeated until the target repeatability error or less
is attained. The ensemble mean value of the measurement results should be the measurement value under

the condition.
Measurement Error of Oil Fraction and Mixture Velocity

The measurement error is the relative standard deviation between the measured value and setting value

(true value). The relative standard deviation of the oil fraction (Oues,a/G0il,ser) and the relative standard

(0]
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deviation of the mixture velocity (omes,um/Um,set) are given in the following equations.

1 1 Nmes

Qoil, set </Vmes

Umes,a/aoil,set = (aoil,i - aoil,set)2 (316)

i—1

=

Nmes

1 1
(um,i - u’m,set)2 (317)

um,set </Vmes

UnLes,um/”m,sewf =
i=1

where A,¢5 is the number of measurement conditions, the subscripts mes and set indicate the measurement
and setting values, respectively. The measurement error target value should be 15% or less, which is

empirically practical.

3.4 Visualization of Oil Particles and Measuring Method of their Velocity

For the validation of the numerical simulation method to understand the phenomena of the fluid dynamic loss,
a comparison with the visualization result of the oil around the gear is effective. In this section, methods of
visualizing oil particles and measuring the velocity of oil particles based on the image analysis of visualized oil

particles are presented.

3.4.1 Visualization Method

3.4.1.1 Visualization Method

To visualize the oil around the gear, as mentioned in Section 2373, we must eliminate the influence of oil mist
between the light source and visualization object in addition to eliminating the influence of oil mist between the
visualization borescope and visualization object. Therefore, we use a method in which the direction of the camera
view and the light source are coaxial, and the oil mist around the axis is eliminated using an air purge.

Figure BZ=1 shows the visualization system, Fig. B4=2 shows the structure at the tip of the visualization
borescope, and Table BZ=1 provides the specifications of the visualization system. As shown in Fig. BZ=1 ,
a borescope covered by an air purge jacket is axially connected to a high-speed camera. The borescope is also
connected to a laser light source. The air purge jacket is connected to an air source.

As shown in Fig. B2=2 , the borescope with an outer diameter of 8 mm is installed coaxially in the air purge
jacket with an outer diameter of 16 mm. A visualization image is obtained from the high-speed camera through
the borescope. Laser light is emitted from the tip through an optical fiber in the borescope. This laser light
source is designed with non-coherence; therefore, it does not generate interference fringes. Because the optical
fiber has a high transmittance in the wavelength range of the laser light, it prevents burning of the optical fiber
owing to energy loss during transmission of the laser light. The strong light power of the laser light enables
high-speed imaging of the object. The air purge jacket forms an air tunnel between the borescope and object
by removing the oil mist between the borescope and the object to be visualized. The problem of this borescope
is that the light source and camera are facing in the same direction; therefore, halation (overexposure due to
highlights) of the image may occur. The halation is avoided by using a high-speed camera with a wide dynamic
range and low noise characteristics of a charge-coupled device.

High-speed cameras can capture images of 256x256 pixels at a speed of 70000 fps (Table BZ=1 ). This image

size and the capture speed enable us to clarify local phenomena around gears. For example, a photographing
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speed of 70000 fps is a speed that enables a 10000 rpm gear to be captured every 0.86°
The above analysis indicates that this visualization system can elucidate the phenomena of oil particles around
the gear.
Image of target
Image . Laser light Air purge
/ //I Light Ajr flow / jacket,
| . T }_ 16 mm

Air input Laser input

e = =

diameter

. ! tRRERRAR
. - pp— [ [ . } Borescope,
High-speed _ i ' & Z=J 8mm

camera - “ ! diameter

\\ —r- 1
o /- Air passage / Optical relay
= reclf ¥y Air flow Optical ~ With lens

Air purge jacket i 3 n = with purging fibers

oil mist

Fig. 3.4-1 Configuration of a flow visualization Fig. 3.4-2 Schematic of the internal structure within

borescope the visualization borescope

Table 3.4-1 Specifications of the flow visualization borescope

Items Manufacturer, specifications

Cavitar Ltd (Nobby Tech. Ltd.), CAVILUX™ HF,

Low-coherence light, Max. 400 kHz, Output power 280 W (640 nm)
Karl Storz Endoscopy Japan K. K.,

Laser light source

Borescope . )
outer diameter of 8 mm, length 300 mm, for laser light source

. . Koyama Garage, Co., Ltd.,
Air purge jacket . . . e
16 mm outer diameter with air passage to purge oil mist in front of the borescope
Vision Research Inc. (Nobby Tech. Ltd.), Phantom® VEO 710L,

Max. 70000 frame/sec (256 x256 pixels), 2.3 kg

High-speed camera

3.4.1.2 Validation of Visualization Results

To validate the visualization results, the oil jet inflow into the gear tooth surface was visualized with gearbox
GB1 mentioned in Section BT, and the results were qualitatively compared with the results of previous studies.
Because the oil inflow phenomena to the tooth surface is a typical phenomenon in the gearbox of an aeroengine,
it is appropriate to for validating the visualization system. The visualization results and explanation of the oil

jet inflow phenomena are provided in Section BBG-31.

3.4.2 Image Analysis Method of the Velocity of Oil Particles

3.4.2.1 Image Analysis Method of the Velocity of Oil Particles
DIPP-MOTION V2D (DITECT Co. LTD., Tokyo, Japan) [99] was used as particle velocity analysis software
using continuous images of oil particles. The velocity analysis methods are shown in Fig. B2=3 . The velocity

analysis procedure is described below.

7



3 Experimental Measurement Method of Fluid Dynamic Loss
3.4 Visualization of Oil Particles and Measuring Method of their Velocity

. The user specifies the particle for which the velocity measurement is to be performed (“(1)” in Fig. B4=3 ).
The specified particle should be preferably clear.

2. The user specifies the range for calculating the correlation of the image (“@)” in Fig. B4=3 ).

. The software automatically detects the particle with the highest correlation with the particle specified in
step 1 using the two images that are continuous in time and the correlation range specified in Step 2 (“(3)”
in Fig. B2=3 ).

. The velocity is automatically calculated using the moving distance obtained from the particle positions in
steps 1 and 3 and the time difference of the image (“(4)” in Fig. B2=3 ).

. The position of the particles is updated, and steps 3 and 4 are automatically repeated using the image at
the subsequent time. The result of the automatic tracking of the particles and time history of the velocity
of the particles is output.

. The automatic tracking result of the particle has to be visually confirmed whether the particle (oil mist
particle, etc.) that differs from the user-designated particle is misrecognized as the user-designated particle.
If a tracking error occurs, it reverts to the time before the occurrence of the error and begins over from
step 2. The influence of oil mist should be reduced and clear images of target particles obtained to avoid
the tracking error.

. The time-averaged value is calculated using the time history of the velocity obtained, and this is used as

the velocity of the oil particles.

@User-defined
correlation range

(®Automatic detection of particle
which has the highest correlation
with the designated particle

Image range

N 7
o @~ - =@~
1V 4 d ’..._(g- 4 '
(MUser-defined //:_6_ ‘_‘.:

. @
particle

(@D Automatic calculation of velocity
.‘ using the moving distance of the particle

2nd sheet

Ist sheet in
continuous images

Fig. 3.4-3 Image analysis method for the velocity of an oil particle

3.4.2.2 Validation Method for the Velocity Analysis Results of Qil Particles

To validate the analysis results of the velocity of oil particles, the velocity of oil flowing out from the opening of
the shroud in gearbox GB3 (Section BIT23) was obtained using the image analysis method. The velocity of oil
was validated by comparing it with the velocity of oil obtained from the measurement results of the oil fraction

and mixture velocity using the method described in Section B33. The experimental results and flow phenomena

are described in Section BG-32.

3.4.2.3 Evaluation Method and a Target of Measurement Error

(1) Repeatability Error for each Measurement Condition

The image analysis obtains the velocity of oil particles should be performed five times with different tracking
oil particles. The repeatability error is defined as the relative standard error (E;_Tep_up) of the velocity given
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by the following equation:

=/V7‘e.p
re u U ar ]‘ ]‘ ~
(o Trepan/ U (tpar — par)’ (3.18)

E =
e \/«/Tep ﬂpar% Nrep i=1

(2)  Measurement Error of the Velocity of Oil Particles
The velocity of oil particles using the image analysis method is compared with oil flow velocity obtained
from the measurement results of oil fraction and mixture velocity (density-weighted mean velocity near
the inner wall of the shroud, described in Section B532). The target is to obtain an agreement between

them within the repetition error range.

3.5 Summary of Evaluation Methods and Targets for Experimental Measurement

Errors

On each experimental measurement in this chapter, evaluation methods and targets are summarized for mea-
surement errors in Table BB=1 . As repeatability errors, standard “errors” are used to evaluate the dispersion
of the ensemble mean values of measurement results. As measurement errors compared with the setting values
(true values), standard “deviations” are used to evaluate the essential errors of measurement methods. For the
measurement error of velocity of oil particles, the velocity of oil particles using the image analysis method is
compared with oil flow velocity obtained using the measurement results of oil fraction and mixture velocity, and

the target is to have an agreement between them within the repetition error range.
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3.6 Validation of Applicability of Experimental Measurement Methods

3.6.1 Validation of High-Accuracy Measurement Method of Fluid Dynamic Loss (In-situ Measure-

ment Method)

3.6.1.1 Validation of the Accuracy of In-situ Measurement of Power Loss

This section describes that power loss can be measured with high accuracy by minimizing the influence of

temperature changes in bearings and seals, which are considered to be the cause of measurement errors in

conventional measurements.

(1)

Example of High-Accuracy Temperature Control for Bearings and Seals

An example of in-situ power loss measurement based on the method described in Section BZZ is shown in
Fig. BG=1 . It shows the time history of the rotational speed of the input shaft and bearing temperature.
The bearings No. 1 and No. 3 shown in this figure (the locations are shown in Fig. BI=1 ) are the parts
with the highest temperatures among the bearings and seals. Preliminary measurements indicate that the
temperatures of other parts can be maintained within the target temperature range if the temperatures of
these bearings are controlled within the target temperature range.

“A” in Fig. BB=1 refers to the moment when the rotational speed is set to 8500 rpm, which is the setting
rotational speed. Before this time, the rotational speed is temporarily lowered to decrease the temperature
of the bearing and seal (Fig. B2=2 ). Subsequently, after fixing to the setting rotational speed (“A” in Fig.
BG=1 ), the time histories of the bearings No. 1 and No. 3 are monitored. The torque is sampled for 3 s at
the timing (“D” in Fig. BB=1 ) when it is confirmed that these temperatures have attained (“B” and “C”
in Fig. BB=1, respectively) the target temperature ranges (target temperatures +2°C).

A D
80 ——Y. Yy Y\ Vv y Y

10000

5000

Input speed (rpm)

Temperature (°C)

/\_\l éBeamng No. 1 m
B2y g w V V V
PR " " i " N " 1 " ' " " 1
0 5 10 15
Time (min) V...Data sampling timing

Fig. 3.6-1 Experimental results on the time histories of speed and temperatures

Results of Power Loss Measurement Error
The probability density of power loss is shown by the rotational speed of the input gear in Fig. BG=2 .
This probability density is the result of 12 repeated measurements. In the figure, Gaussian distribution is

also shown. The Gaussian distribution (fge p) of the power loss (P) is given by the following equation.

1 (P—P)?
.fGCL,P = WCXP{—W} (319)
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where op is the standard deviation, and P is the ensemble mean power loss. We can observe that the error
range of the power loss widens as the rotational speed decreases. This is because the power loss decreases
as the rotational speed decreases, and the error of the torque meter increases relatively.

Table BB=1 shows the standard error of three measurements. The standard error was obtained using Eq.
B3. The standard error of 20 of the obtained power loss was within 0.1 kW, which satisfies the target.
The error is equivalent to that of the torque meter, which suggests that the influence of the temperature
change of the bearing and seal on the measurement error of power loss is small.

The above results indicate that this measurement method can minimize the influence of the temperature

change of bearings and seals and can be used to measure power loss with high accuracy.

¢ Experiment ¢ Experiment ¢ Experiment
Gaussian distribution

Gaussian distribution Gaussian distribution

12 12 12
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(a) 7000 rpm of input gear (b) 9000 rpm of input gear (c) 10000 rpm of input gear

Fig. 3.6-2 Experimental results on the probability density function of the power loss

Table 3.6-1 Experimental results on the standard error of the power loss

. Standard error of 20
Speed of input gear | .
in 3 times measurement

7000 rpm 0.082 kW
9000 rpm 0.055 kW
10000 rpm 0.044 kW

3.6.1.2 Example of the Process of Separation to Aerodynamic and Qil Dynamic Loss, and the Results of the Separation

Figure BB=3 (a) shows an example of the experimental evaluation of the loss with zero oil-supply flow rate,
and Fig. BB=3 (b) shows an example of the experimental evaluation of the loss with zero oil-supply flow rate
and zero air pressure. In Fig. BB=3 (a), the loss with zero oil-supply flow rate was obtained by extrapolating
the experimental results obtained by changing the oil-supply flow rate at each rotational speed condition. In Fig.
BG=3 (b), the loss with zero oil-supply flow rate and zero air pressure was obtained by extrapolating with the

losses at 1.0 and 0.5 bar.
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Fig. 3.6-3 Examples of experimental results for zero oil-supply and zero oil-supply vacuum losses, Shroud 2
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Fig. 3.6-4 Experimental results of fluid dynamic, aerodynamic, and oil dynamic losses
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In Fig. BB=3 (b), only two measurement points were obtained at each rotational speed condition. However,
we considered it possible to estimate the loss with zero oil-supply flow rate and the loss with zero air pressure
owing to the aerodynamic loss being proportional to the air density, as described in Chapter B. In contrast, the
results should be carefully considered as there may have errors in the extrapolation.

The experimental results of power loss are shown in Fig. B354 . Figures BG4 (a) to (c¢) show the results with
Shroud 1, and (d) to (f) show the results with Shroud 2. Figures B6=4 (a) and (d) show the fluid dynamic,
aerodynamic, and oil dynamic losses at an oil-supply flow rate of 7.40 L /min and a rotational speed of 7000-10000
rpm. Figures BG4 (b) and (e) show the losses at an oil-supply flow rate of 3.85 L/min and a rotational speed
of 7000-10000 rpm. Figures BB (c) and (f) show the losses at an oil-supply flow rate of 1.48-7.40 L/min at a

rotational speed of 10000 rpm. Considerations on these power losses are described in Chapter B.

3.6.2 Validation of the Measurements Method for Oil Fraction and Mixture Velocity

3.6.2.1 Calibration Results for Qil fraction

(1)  Calibration Curve and Measurement Accuracy of Oil Fraction
The calibration curve for the oil fraction is shown in Fig. BB=3 . The horizontal axis represents the
measured value of the oil fraction, and the vertical axis represents the setting value of the oil fraction. As
indicated by “A” in the figure, the calibration curve is lower than the line of “measured value = setting
value”. That is, the measured value is larger than the setting value, resulting in a large amount of oil being
sucked. The measured value “B” around the measured value 60% exhibits variations that do not follow
the calibration curve.
The calibration results of measurement values using this calibration curve are shown in Fig. BB=0 . The
details of measurement errors are shown in Table BG=2 . The measurement error (standard deviation) was
13.4%, which satisfied the 15% or less target. Therefore, this measurement method is considered to have

practical accuracy.
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Fig. 3.6-5 Correction curve for the oil fraction Fig. 3.6-6 Accuracy of the oil fraction measurement

measurement
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Table 3.6-2 Calibration conditions and errors in the oil fraction measurement

Oil fraction Oil fraction
i Error (%)
(setting) (%) | (measured) (%)
4.7 69.2 —7.41
74.5 67.9 —8.92
75.2 69.1 —8.10
49.5 48.8 —1.51
49.6 48.6 —2.08
49.3 52.4 6.17
24.7 32.8 33.1
25.2 23.6 —6.35
24.2 28.8 18.8
10.2 8.75 —14.3
4.94 4.82 —2.47
4.99 6.07 21.4
0.20 0.20 —0.50
Standard deviation 13.4

Consideration of the Shape of the Calibration Curve for the Oil Fraction

The shape of the calibration curve for the oil fraction (Fig. BB=3 ) is discussed. A comparison of the shape
of a typical isokinetic suction probe and that of the probe in this research is shown in Fig. B6=1 . Figure
BB=1 (a) shows a typical isokinetic suction probe with pressure measuring holes on the outer and inner
walls of the probe in a direction perpendicular to the flow. With these pressure holes, the static pressures
of the external and internal flows can be measured. Isokinetic suction is possible by equalizing the static
pressures of the external and internal flows. In contrast, the probe used in this research, shown in Fig.
BH=a (b), cannot measure the static pressure outside the probe because the probe wall has no measuring
hole. Because the pressure measuring hole (it is also used as a suction hole) is directed against the flow,
the total pressure of the flow is measured in this measuring hole.

Figure BB=8 shows a reason of the pressure measurement differences between Fig. BB=a (a) (a typical
isokinetic suction probe) and Fig. BB=a (b) (the probe in this research). Because the pressure inside the
probe is set to atmospheric pressure, the pressure is higher than the pressure of the external flow (static
pressure) by the dynamic pressure. Here, as shown in Fig. B3=1 (c), the probe suction flow is considered to
be slower than the external flow, resulting in non-isotropic suction in which more oil particles are detected.
This may be the cause of “A” in Fig. B6=3 .

Next, we consider the cause of “B” in Fig. BG=3 . Because each point in “B” has a different flow velocity,
the dynamic pressure shown in Fig. BB6=8 may be different in the detection of the pressure at the probe
measuring hole in this research. We infer that this causes a change in the intensity of the non-isotropic

suction, i.e., the degree to which many oil particles were detected, resulting in a variation in “B”.
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Fig. 3.6-7 Comparison of a general sampling probe and a sampling probe for a gearbox
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Fig. 3.6-8 Outer and inner pressures anticipated around the sampling probe for a gearbox

3.6.2.2 Calibration Results for Mixture Velocity

(1)

Simple Calibration Curve for Mixture Velocity and Measurement Accuracy

Calibration curves evaluated based on the simplified calibration method for mixture velocity (Section
B322 (4)) are shown in Fig. BB . The horizontal axis indicates the Lockhart-Martinelli parameter
obtained from the measured oil fraction and measured mixture velocity (“measured Lockhart—Martinelli
parameter”). The vertical axis indicates the Lockhart—Martinelli parameter obtained from the setting
oil fraction and setting mixture velocity. Figure BB=9 shows that the calibration curve is near linear.
As indicated by “A” in Fig. B®B=9 , the measured value becomes larger than the setting value when the
horizontal axis value is approximately 2 or more. This may be because the measured oil fraction is included
in the “measured Lockhart—Martinelli parameter,” and due to the phenomenon that more oil particles are
detected because the probe suction flow speed is slower than the external flow speed in the oil fraction
measurement as described in Section BTG

The results of calibrating the mixture velocity using this calibration curve are shown in Fig. BHG=10 .
The measurement error (standard deviation) was 23%, which did not satisfy the target of 15% or less.
This is because the “measured Lockhart—Martinelli parameter” contained two types of measured values
(measured oil fraction and measured mixture velocity), which both had measurement errors. Therefore,
the accuracy of calibration can be enhanced by developing a calibration method using only the measured

mixture velocity as a parameter.
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High-Accuracy Calibration Curve and Measurement Accuracy for Mixture Velocity

The characteristics of the measured mixture velocity are shown in Fig. BB=11 . The horizontal and vertical
axes show the measured and setting mixture velocities, respectively. The oil fraction in the legend indicates
the setting values. We observe that the measured mixture velocity is proportional to the setting mixture
velocity if the setting oil fraction is the same. Figure BB6=12 shows a graph with the oil fraction and setting
mixture velocity /measured mixture velocity on the horizontal and vertical axes, respectively. The function
becomes convex upward in the range in which the oil fraction is less than 25% and convex downward in

the range in which the oil fraction is greater than 25%.
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Fig. 3.6-11 Linear correlations between measurement Fig. 3.6-12 High-accuracy correction curve for the mix-

and setting values of the mixture velocity ture velocity

The calibration results of the measured mixture velocity using the function as a “high-accuracy calibration
BG-T3 . Measurement errors under each measurement condition are shown
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in Table BB=3 . The table also shows the accuracy when the simple calibration method is used. As a
result of calibrating using the high-accuracy calibration curve, the measurement error (standard deviation)
becomes 9.3%, satisfying the target of 15% or less. The improvement in accuracy compared with the
simple calibration method is considered to be due to the measured value being used for the oil fraction
in the simple calibration curve (Fig. BB=9 ), while the calibrated value is used for the oil fraction in the
high-accuracy calibration curve (Fig. BB=I2 ), which reduces the error caused by the oil fraction. In the
meantime, it is necessary to examine the validity and generality, because the curve of the high-accuracy

calibration curve is not a general curve.

Table 3.6-3 Calibration conditions and errors in the mix-

ture velocity measurements

100 — T — Measured value (calibrated)
50: ;/’I Setting Simple method High-accuracy method
3 W g Mixture Mixture Mixture
- L S J . . Error . Error
E= | )y 4 | velocity | velocity velocity
\g/ A m/s m/s % m/s %
s 10} % : 4.20 .21 | 24.1 4.64 ~10.5
0 E . .
F ’ .94 . 10. 1 —4.34
E SE 7t ® Experiment 5.9 6.56 0-5 6.19 3
% : //// M easured 8.15 8.00 —1.86 8.73 —7.10
yZl = Setting 6.16 8.58 39.3 5.88 4.54
T ---*£15% error
| A | | ] 8.92 10.61 18.9 8.03 10.0
L s 10 50 100 12.1 12.0 | —0.55 10.2 15.7
M easured value (calibrated) (m/s) 12.5 13.6 8.89 10.2 18.9
Fig. 3.6-13 Accuracy of the mixture ve- 17:5 234 334 18.8 — 759
locit ol Mine the Lish 24.7 23.7 | —4.26 22.2 10.3
OCty Ieasuretients by applying the gh- 50.4 33.6 | —33.2 51.7 —2.64
aCCuI‘aCy COI‘I"eCtiOn curve 51.8 34.9 —32.7 53.2 —2.53
25.8 19.1 | —26.1 22.8 11.7
50.5 64.7 28.1 47.5 5.95
Star'ld;?rd 93.4 Sta{ldérd 9.3
deviation deviation

Consideration of the Shape of High-Accuracy Calibration Curve of Mixture velocity
The high-accuracy calibration curve for the mixture velocity shown in Fig. BB=T2 has a convex upward
region and a convex downward region. Therefore, the two types of phenomena may overlap. As phenomena
affecting the shape of the calibration curve, the characteristics of the dynamic pressure conversion of
a droplet impinging on the probe measuring hole and the velocity slip between gas velocity and liquid
velocity are considered. We will attempt to explain the shape of the calibration curve from qualitative
studies of the two types of phenomena.
(i) Characteristics of Dynamic Pressure Conversion Coefficient of Droplet Impingement
When measuring the mixture velocity, the inside of the probe is filled with stationary oil to form
a total-pressure measuring tube. The momentum conversion coefficient is used as an index of the

conversion of the droplet momentum into the dynamic pressure when the droplet collides with the
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liquid surface. The momentum conversion coefficient of the droplet impingement varies depending on
the condition of collision of the droplet with the liquid surface.

The total pressure (piotar), which is the sum of the dynamic pressure induced by airflow and the
dynamic pressure induced by droplet impingement, is given by the following equation [72].
moiluoil

3.20
Ahole ( )

1 2
Ptotal = ipairuair +c

where pg;, is the air density, u,;, is the air velocity, ¢ is the momentum transfer coefficient, 1,;; is the
mass flow rate of oil, u,;; is the oil velocity, and Ay, is the cross-sectional area of the probe measuring
hole. The first and second terms on the right side of the equation are the dynamic pressures generated
by the airflow and by the droplet impingement, respectively. If the droplet is completely stopped on
the liquid surface, the momentum transfer coefficient ¢ is 1.

The dynamic pressure generated by the droplet impingement in the second term on the right side
(Ptotal,oit) is given by the following equation using Mo = poirtioitAnote (Poir is the oil density).

Moillloil _ PoilWoil Ahole * oil

2
Ptotal,oil = C = = CPoilUoil (321)
Ahole Ahole

Comparing the above equation with Bernoulli’s principle, we observe that ¢ = 0.5 is obtained when
droplets collide continuously, as in an oil flow.

To understand the characteristics of the momentum transfer coefficient, we performed a numerical
simulation. The numerical simulation method described in Chapter B was used. The applicability
of the method to simulate droplet behavior has been verified by conventional studies [T00JEY. The
simulation model is shown in Fig. BB=14 . The shape of the tip of the two-phase flow probe in this
research was modeled to have a cylinder with an outer diameter of 5 mm and a measuring hole of 1 mm.
The droplets were impinged perpendicularly to the cross-section of the measuring hole. The inside of
the measuring hole was modeled as a short cylinder, and the pressure was output at the bottom of the
cylinder. Figure BB=T3 shows the calculation mesh and boundary conditions. The calculation mesh
size was 0.1 mm and the number of calculation cells was 115200. The pressure boundaries were defined
around the calculation mesh.

Table BB=4 shows the calculation conditions. The droplet size was set to 0.2—-0.8 mm, the oil fraction
was set to 0.0147-0.857, and the particle velocity was set to 2 m/s. The oil fraction was obtained
from the volume fraction of the oil in the cylinder obtained by extending the cross-section of the
measuring hole perpendicular to the section at the beginning of the calculation. The droplet velocity

was determined to ensure calculation stability.

*1 The conventional research here is the same as the method of this research except that the calculation accuracy of the gas-liquid
interface was improved using the normal vector of the liquid surface. Therefore, the results obtained using the methods in this
research are considered to be qualitatively equivalent to those obtained using conventional research methods.
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Fig. 3.6-14 Calculation model for droplet impact sim- Fig. 3.6-15 Calculation mesh for droplet impact simu-

ulation
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Table 3.6-4 Calculation conditions for droplet impact simulation

Droplet diameter (mm) | Oil fraction (%) | Droplet velocity (m/s)
0.2 1.47
0.4 10.3
0.6 31.2 2 m/s
0.8 57.6
0.6 85.7

The results of the simulation of the momentum transfer coefficient are shown in Fig. BB=I8 . The
momentum transfer coefficient ¢ = 0.5 was added at oil fractions of 0% (air only) and 100% (oil
only), and an approximate curve was obtained by including these additions. The figure shows that the
momentum transfer coefficient became maximum at an oil fraction of approximately 30%.
To understand the cause of the tendency of the momentum transfer coefficient, the velocity contours
for each calculation condition are shown in Fig. BB=I4 , and the pressure contours are shown in Fig.
BB=18 . The results for each oil fraction condition are shown in (a) to (e) in Figs. BB=T71 and BB-1Y .
In the pressure contours (Fig. BB=I8 ), the pressures on the gas-liquid interface were almost the same
and it was difficult to consider the difference of the pressure. Therefore, the velocity contours (Fig.
BB=117 ) were used for consideration.
At a velocity contour with an oil fraction of 1.47% (Fig. BB=I7 (a)), a large deformation of the liquid
surface was observed accompanying the collision of droplets. The deformation of the liquid surface
was considered to be a result of the momentum transfer of a part of the impinging momentum of the
liquid surface. Therefore, the pressure generated by momentum transfer at the time of liquid surface
collision probably decreased, and the momentum transfer coefficient (“A” in Fig. BB=18 ) decreased
below 1.
At a velocity contour with an oil fraction of 31.2% (Fig. BB=Ia (c)), we observed that the deformation
of the liquid surface was small and the liquid stripped off from the wall after colliding with the liquid
surface. Because the deformation of the liquid surface was small, the momentum of the droplet was
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considered to be almost converted to pressure. Therefore, the momentum transfer coefficient (“B” in
Fig. BB=10 ) was considered to be approximately 1.

At a velocity contour with an oil fraction of 85.7% (Fig. BB=I4 (e)), the deformation of the liquid
surface was small, but the momentum remained in the liquid after the collision. Therefore, all the mo-
mentum of the droplet was probably not converted to pressure, and the momentum transfer coefficient
(“C” in Fig. BB=18 ) was below 1.

The above results indicate that the momentum transfer coefficient decreased owing to the deformation
of the liquid surface when the oil fraction was small, and it decreased owing to the remaining momentum

in the liquid after collision when the oil fraction was large.
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Fig. 3.6-16 Moment transfer coefficients for droplet impact (simulation results)
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Fig. 3.6-17 Velocity contour on iso-surface of 50% oil in the calculation cell (simulation results)
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Fig. 3.6-18 Pressure contour on iso-surface of 50% oil in the calculation cell (simulation results)

(ii) Characteristics of Gas—liquid Interface Slip of Velocity
Figure BB=T9 shows an example of the results of experiments conducted in the past on the veloc-
ity difference between the gas and liquid phases (velocity slip) when air and water were used. The
horizontal axis is the air/liquid flow rate, and the vertical axis is the air/droplet velocity (gas—liquid
velocity ratio), where the Froude number (Fr) is defined by the following equation:

Va2
~ gD

where v, is the apparent velocity of the liquid, g is the gravitational acceleration, and D, is the

Fr

(3.22)

equivalent diameter of the cylindrical pipe. When the air flow rate is large relative to the liquid flow
rate, that is, the liquid volume fraction is small, the gas velocity relative to the liquid velocity increases.
The slower the apparent velocity of the liquid, the smaller the Froude number and the larger the gas

velocity relative to the liquid velocity.

= Froude number Q'Q\

w A Loy
I
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Air flow rate / liquid flow rate

Air velocity / liquid droplet velocity

Fig. 3.6-19 Experimental results on velocity slip between air and liquid (water) [I0]

(ii) Consideration of the Shape of the Calibration Curve
Using the momentum transfer coefficient of the droplet and the gas—liquid slip velocity, the cause of
the shape of the high-accuracy calibration curve of the mixture velocity is considered here. First,
the influences of the momentum transfer coefficient of the droplet and the gas—liquid slip velocity are
formulated. The setting mixture velocity (w, ser)/the measured mixture velocity (U, mes) becomes the
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following equation using pm, corr ™ Pm,set (the calibrated density and the setting density are equivalent).

A se L m,se A se
U st :\/ pset/ (5Pm,set) N\/ Dsct (3.23)

Um,mes Apmes/ (%pm,corr) —\ Apmes

Here, the definition of mixture velocity in which the flow rates of air and oil are the same (ugq; =

Upil = Uy, ) 1s used for Apges. That is,

1 1 1 1
Apset = §aoilpoiluoil2 + 5(1 - aoil)pairuairz = iaoilpoilum2 + 5(1 - aoil)pairumz (324)

For Appes, consider the phenomena of the momentum transfer of droplets and gas—liquid velocity
slip. Eq. B2 of dynamic pressure generated when droplets collide with the probe holes is used.
Subsequently, the following equation is derived E2.

1
Ap7nes =c O4oz'lpoiluoil2 + 5(1 - O‘oil)pairuair2 (325)

The velocity of the air (uqq-) is assumed to be equivalent to the mixture velocity (tgir =~ ). The
oil velocity (uq) is expressed by the following equation using the slip ratio s (= air velocity/droplet
velocity).
Uoil = % ~ u?m (3.26)
Substituting these into Eq. BZ23 yields the following expression:
Apmes = (ig) %aoilpoilqu + %(1 — Qoit) Pairtim” (3.27)

Substituting Egs. and B21 into Eq. B3, the following equation is obtained:

um,set ~ \/Apset ~ \/ Qoil Poil + (1 - aoil)pair (3 28)

Um,mes Apmes (26/52) Qoil Poil + (1 - aoil)pair

Using the simulation results of the momentum transfer coefficient (¢) of the droplet described in (1)
above and the gas—liquid velocity slip ratio (s) in (ii), Um,set/Um, mes is calculated using Eq. BZ8. A
comparison of the calculation result with the experimental results of this research is shown in Fig.
B6-20 . The figure shows that the tendency that became convex upward at an oil rate of 20% or less
and the tendency that became convex downward at an oil rate of 20% or more qualitatively agreed
with the calculation and experimental results. The tendency of the convex upward at the oil fraction
less than 20% was primarily affected by s. The tendency of the convex downward at the oil rate above
20% was primarily affected by c¢. As quantitative differences, we observed that the oil fraction at which
the form of the function was switched differed, as indicated by “A” in the figure, and that the setting
mixture velocity/measured mixture velocity was underestimated when the oil fraction was large, as
indicated by “B”. For the cause of “A” in the figure, it is possible that the difference of surface tension
and viscosity of oil affected it because the velocity slip ratio diagram of water and air was applied to

the velocity slip ratio of oil and air. Regarding the cause of “B” in the figure, the momentum transfer

*2 Equation B20 [i7Z] for the sum of the dynamic pressures of airflow and droplet impingement needs an assumption that the
oil fraction «,;; is sufficiently smaller than 1. In this study, because the assumption does not hold, the effect of a,; was
considered.
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coeflicient of the droplet may have been underestimated because the condition of the velocity lower
than the velocity in the actual gearbox was used in the numerical simulation.

The above results indicate that the shape of the mixture velocity calibration curve is due to the ten-
dencies of the velocity slip ratio and momentum transfer coefficient. Because the shape of the mixture
velocity calibration curve can be explained phenomenologically, this calibration curve is considered to
be valid. In contrast, this calibration curve is not considered to be general because it is affected by oil
specifications and flow speed conditions. Therefore, when it is applied to the gearbox, it is necessary

to validate the result from another perspective.
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Fig. 3.6-20 Consideration of the correction curve for mixture velocity

3.6.2.3 Measurement Results of Qil fraction and Mixture Velocity around Gears

In this section, the oil fraction calibration method and the high-accuracy mixture velocity calibration method
described in Section BZ322 are applied to the one-axis spur gearbox (GB3, see Section B1-23) and the results of
measurement of the oil fraction and mixture velocity at the gearbox are discussed. To validate the measurement
results from a different perspective, we calculated the oil flow rate using the measurement results of the oil fraction

and mixture velocity, and we compared it with the oil-supply flow rate.

(1)  Measurement Results of Oil Fraction

The measurement results of the radial distribution of the oil fraction are shown in Fig. BB=20 (for the
vertical axis in the figure, a linear axis is used in (a) and a logarithmic axis is used in (b)). The oil fraction
was high near the wall of the shroud and decreased as the rotational speed increased. The approximate

exponential function obtained using the least-squares method is shown in Fig. B6=22 .

In the leftmost graph (7000 rpm) in Fig. BB=22 (a), the oil fraction distribution was approximated by a

single curve. In contrast, the middle graph (8500 rpm) and the right graph (10000 rpm) in Fig. BB=22
(a) show that two curves are necessary to approximate the oil fraction distribution. Figure BB6=22 (b)

shows a comparison of the exponents of these approximated curves. For the radial position r/r, < 1.15,
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the exponent was almost the same, while for the radial position r/r, > 1.16, the exponent varied with
the rotational speed. This was considered to be because oil near the shroud wall could not follow the

high-speed airflow around the gear at 8500 and 10000 rpm.
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Fig. 3.6-21 Oil fraction distributions measured using a two-phase flow probe
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Fig. 3.6-22 Comparisons of exponential approximation curves for measured oil fraction

Measurement Results of Mixture Velocity and Qualitative Validation of the Measurement Results
Figure BB=23 shows the measurement results of the radial distribution of the mixture velocity. For
comparison, the results of Massini et al. [B3] measuring the velocity distribution of airflow around a spur
gear and the results of El Telbany and Relnolds et al. [[07] measuring the velocity distribution of turbulent
Couette flow are also shown. In the velocity distribution of the turbulent Couette flow, the position of
the moving wall was set at the gear tooth tip (r/r, = 1.026, where r is the radial position, r, is the pitch
circle radius), and the position of the stationary wall was set at the shroud inner wall position r/r,=1.2.
The turbulent Couette flow is considered to be a “closed channel flow” in which flow is enclosed between
the moving and stationary walls. In contrast, the flow when the periphery of the spur gear is not enclosed

by a shroud is considered to be “open flow”. For the gear in this research, because it was enclosed by a

shroud but had an opening in part, it was considered to be a “semi-open channel flow” and the value should
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be between the “open flow” and “closed channel flow.” Fig. BB=23 shows that the velocity distribution
around the one-axis spur gear in this research had a value between the open and closed channel flows.

Therefore, the measurement result of the mixture velocity around the one-axis spur gear was considered

to be qualitatively valid.

1
' Semi Ih 1 ' r Semi-open channel flow
emi-open, channe . o Shrouded gear, oil & air, 7000 rpm
0.8 = " -ZX Closed channel _| A Shrouded gear, oil & air, 8500 rpm
i ' (Couette) @ Shrouded gear, oil & air, 10000 rpm
0.6 r Open flow (Massini, et al. [33]) —
Unshrouded gear, air, v, = 25 m/s
& - - - -Unshrouded gear, air, v, = 50 m/s
<
s 041
=S r Channel flow
[ s (El Telbany & Reynolds [102])
021 __ Channel (Couette flow)
Reynolds number = 5.7 X 104
(0]
1 1.05 1.1 r/rp 1.15 1.2
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* This axis is only for Shrouded gear wall

Fig. 3.6-23 Mixture velocity distributions measured using the two-phase flow probe

Measurement Results of Oil Flow Rate and Quantitative Validation of the Measurement Results

To quantitatively validate the measurement results, we calculated the oil flow rate between the gear and

shroud using the measurement results of the oil fraction and mixture velocity and compared with it the

oil-supply flow rate. The equation for calculating the oil flow rate (Qo4) is

Zh
/
Qoil = § aoiludez

z'=0

where 2’ is the distance in the gear radial direction with the shroud inner wall position set to zero, zj is

the distance from the shroud inner wall to the gear tooth tip, and W is the width of the shroud inner wall.

The definition of the coordinate system is shown in Fig. B6=24 .

Section fi tfl
ection for Outflow Shroud

estimation of Q ’\\ .
~._\ opening
SA

oil flow rate

Gear
Shroud Rotation

Fig. 3.6-24 Coordinate system
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Figure BB6=28 shows the comparison of the oil flow rate evaluated using the above equation with the actual
oil-supply flow rate. As the figure shows, the evaluated oil and oil-supply flow rates were approximately the
same at 8500 and 10000 rpm. Therefore, the measurement results at 8500 and 10000 rpm were considered
to be quantitatively valid.

In contrast, the oil flow rate evaluated at 7000 rpm was 32% higher than the oil-supply flow rate, which
was considered to be caused by oil recirculation in the shroud at 7000 rpm. The oil dynamic loss was
considered to increase with increasing oil flow rate owing to oil recirculation. Using the theory in Section
3, if the oil flow rate is 32% higher, the oil dynamic loss is estimated to increase by 32%.

To confirm this, Fig.

subtracting the power loss without oil supply from the power loss with oil supply. The oil dynamic loss

shows the oil fluid dynamic loss. The oil dynamic loss was obtained by

was considered to be proportional to the power of 2-3 of the rotational speed based on the theory in
Section 2.3. Subsequently, the rotational speed exponent was obtained using the oil dynamic loss at 8500
and 10000 rpm, and the exponent was observed to be 2.4, which was consistent with the theory. When
this function with the power loss of the rotational speed exponent was extrapolated to 7000 rpm, the loss
at 7000 rpm was observed to be 26% larger as indicated by the arrow in the figure. This was generally
consistent with the estimated 32% increase in the oil dynamic loss due to the increase in oil flow rate at
7000 rpm. Therefore, the measurement result seemed to be quantitatively appropriate even at 7000 rpm.
The above analysis indicates that the measurement results of the oil fraction and mixture velocity around

the gear are quantitatively reasonable.
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(4)

to rotational speed changes in one-axis spur gearbox
(GB3)

Measurement Result of Oil Velocity (for the Validation of Oil Flow Visualization Method)

The qualitative and quantitative validity of the measurements of oil fraction and mixture velocity are
discussed in sections (1) to (3) above. In this section, the measurement result of oil flow velocity using the
visualization of the oil flow is evaluated to validate the visualization method. The oil flow velocity is the
object of the evaluation because the visualization seemed to capture the oil flow.

As shown in Fig. BB=ZT, a high oil fraction tended to exist near the shroud wall. To evaluate the existence,
we define the distance (z) from the shroud wall where the oil fraction is over a certain range as the oil layer
thickness (dq,, ). For example, the distance from the shroud wall where the oil fraction is 10% is defined as
the thickness of the oil layer d1q99. Figure BB=27 shows the oil layer thicknesses at 1% oil fraction (d;¢),
10% oil fraction (d19%), and 25% oil fraction (da59,). As the rotational speed increased, the thickness of
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the oil layer tended to decrease.
Subsequently, to evaluate the velocities in these oil layers, we defined the representative velocities of the
oil layers as density-weighted average velocities (u.) through the following equation (the example of d1g9

is shown here).

510%
Ue,10% = / Pl g (3.30)
0 Pm

Figure shows the results of u.. We observe that u, was considerably slower than the gear peripheral
speed. For example, at 8500 rpm, u. 19% = 4 m/s, which was approximately 1/20 of the gear peripheral
speed of 85 m/s. Using the results shown in Fig. , the validation of velocity measurement results

using the visualization of oil particles is conducted in Section BT632.
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Fig. 3.6-27 Estimated oil layer thickness (experimental Fig. 3.6-28 Estimated density-weighted mean velocity

results) (experimental results)

3.6.3 Validations of Oil Particles Visualization Method and Oil Particle Velocity Measurement
Method

3.6.3.1 Validation of Qil Particle Visualization Method

Tmages were captured in the one-axis spur gearbox (GB2-1, Section BTT—232) to validate the visualization of oil
jet impingement to gear tooth surfaces under the conditions in Table BI=8 using the oil particle visualization
method (Section B2). The airflow rate ejected from the air purge jacket was set to be such that it would not
interfere with the flow of oil jets. The results are shown in Fig. .

Fig. (a) shows an image of an oil jet impinging near the tip of the gear teeth, and Figs. (b)
and (c) show the images after 0.01 and 0.02 ms, respectively. A schematic of the flow obtained from the image
observation is shown in Fig. BB=30 . The phenomena are explained using the schematic. The oil jet is divided
into “Collision to tooth tip” and “QOil splash” after the collision, and “Oil film” that flows into the tooth surface.
The oil that flows into the tooth surface flows toward the bottom of the tooth. “Oil splash” and “Oil film” in
Fig. BB=30 correspond to “Oil splash” and “Oil film” in Fig. , respectively.

The phenomenon of oil flowing to the tooth bottom is explained based on the change in oil momentum. For
example, in the branch piping, oil flows into the branch with a lower pressure loss. This indicates that the fluid
behaves such that the change in momentum is as small as possible. If the oil also behaves to maintain a small

change in momentum with respect to the flow of oil on the gear tooth surface, the oil on the tooth surface is
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considered to flow to the tooth bottom because the momentum inside in the radial direction (tooth bottom) is

smaller than the momentum outside in the radial direction (tooth tip).

Oil splash  Oil jet

Oil film

Tooth
bottom

Tooth
Rotation

(a)0s (b) 0.01 ms () 0.02 ms

Fig. 3.6-29 Visualization results of the oil jet impingement

Oil splash __| ™ oil jet nozzle

Oil jet
Oil film ~

™ Collision to tooth tip

™ Tooth tip
~Tooth flank

Rotation

— Tooth bottom

(a) Oil jet impingement with (b) Oil jet impingement with (c) Oil jet impingement with
Volume of Fluid (VOF) Simulation = Smoothed Particle Hydrodynamics Lattice Boltzman Method (LBM)
by Fondelli [53] (SPH) Simulation by Keller [54] by Ambrose [55]

Fig. 3.6-31 Simulation results of an oil jet impingement [53] [64] [65]

Examples of conventional studies are shown in Fig. B®%=31 , which shows oil flowing into the tooth bottom

[63] [64] [65]. The results of these conventional studies were qualitatively consistent with Fig. of this
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research®.
From the above results, the results of Fig. are considered valid. Therefore, we observed that the
visualization method of oil particles in this research can remove the influence of oil mist in the gearbox, and it

can qualitatively capture the phenomenon of oil flow in an object.

3.6.3.2 Validation of Image Analysis Method for Oil Particle Velocity

In this section, we show that oil flow can be quantitatively evaluated with the velocity measurement method
using visualized images of oil particles. For this, we captured photographs under the conditions in Table BT=8
using the visualization method of oil particles (Section B4) in the one-axis spur gearbox (GB3, Section B1T23)
to validate the image analysis method of the velocity of oil particles. The airflow rate ejected from the air purge

jacket was set to a level that did not interfere with the flow of oil jets.

(1)  Oil Flow Pattern
Figure BG6=32 shows the flow from the opening of the shroud. Unsteady flow was observed in images
captured from the side ((a) and (b) in the figure). In these images, the radial flow (indicated by the arrow
in (a)) and the tangential flow (indicated by the arrow in (b)) overlapped. In the image captured from the
upper direction of the opening (c), we observed that the flow was slower at the center of the width of the

opening and faster at both ends. The flow patterns of these oil flows are shown in Fig. B6=33 .

Opening =, Opening
area area
*...Picture of reverse rotation *...Picture of reverse rotation .
(c) Top view
(a) Radial flow (side view) (b) Tangential flow (side view)

Fig. 3.6-32 Visualizations of oil flow patterns from the shroud opening (7000 rpm)

Tangential flow Shroud

opening

Radial flow

Fig. 3.6-33 Schematic of the oil flow patterns

*3 Previous studies have shown that each example in Fig. BB=31 is calculated based on experimentally validated numerical
methods. In contrast, as details of the calculation conditions are not disclosed, qualitative comparisons are conducted here.
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Results of Image Analysis of Oil Flow Velocity

The velocity of oil particles was analyzed from the image of the shroud opening viewed from above using
the image analysis method of oil particles described in Section B2=. An example of the points for the
image analysis of the movement of oil particles is shown in Fig. BB6=34 . In (a) in the figure, regarding the
oil flow through the shroud opening at 7000 rpm, the analysis start time (0 ms) and the image 2 ms later
are shown. The particle was specified at 0 ms to analyze the velocity of the oil particle. Thereafter, the
image analysis software automatically followed the oil particle and calculated the velocity from the distance
and time of movement. Comparing the position of the oil particle at 0 and 2 ms (“Point” in the figure),
we observed that the particle was moving. Similarly, the image processing at the center of the opening at
8500 rpm in (b), at the edge of the opening at 8500 rpm in (c), and at the center of the opening at 10000
rpm in (d) are shown. In every scenario, each position of the oil particle was tracked automatically.

The time histories of the velocity of the oil particles from the results of the automatic tracking of the oil
particles are shown in Fig. BB=33 . The velocities at the center and edge of the opening are shown at 7000,
8500, and 10000 rpm, respectively. The velocity at the center of the opening was considered to be equal
to the velocity of the oil particle from the opening because the velocity at the center of the was almost in
the tangential direction (Figs. BB=32 and BB=33 ) and because the velocity was captured perpendicular
to the tangential direction of the flow of the opening. As Fig. BBG=33 shows, the velocity fluctuation of
the particles at 10000 rpm was large. This velocity fluctuation was a noise caused by the image analysis
software erroneously recognizing the oil mist crossing in front of the oil particles. The effect of this noise was
reduced by changing the tracked oil particles, measuring five times, and ensemble averaging the obtained
time-averaged velocities. For this measurement condition, the error (relative standard error of o) was 2 to

4%.
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(a) 7000 rpm, center (b) 8500 rpm, center (¢) 8500 rpm, side (d) 10000 rpm, center

Fig. 3.6-34 Extraction locations for the velocity magnitude of oil particles
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The image analysis results of the velocity of oil particles are shown in Fig. . Compared with the
velocity of oil particles at the center of the opening, the velocity at the edge of the opening was slightly
larger. We inferred that the flow at the center of the opening was slower because the flow was in contact

with the shroud wall for a longer time and decelerated at the wall.

16
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2 10000
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0 0.0005 0.001 0.0015 0.002
Time (sec)

Fig. 3.6-35 Time histories of the measured velocity magnitude of oil particles
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(a) Top view, 7000 rpm (b) Top view, 8500 rpm (c) Top view, 10000 rpm

Fig. 3.6-36 Comparisons of measured velocity magnitude at different locations and rotational speeds

Validation of Results of Image Analysis of Oil Flow Velocity

To validate the image analysis results of the oil flow from the shroud opening, we compared them with
the measurement results using the two-phase flow probe. The measurement position of the two-phase
flow probe was located 30° upstream from the shroud opening, slightly far from the imaging position (at
the shroud opening); however, these positions were close to each other; therefore, the comparison was
considered to be effective.

Figure B6=371 shows the comparison between the measurement result of the two-phase flow probe and the
image analysis result of the oil flow. The results of the two-phase flow probe measurement indicated a
density-weighted mean velocity in the region near the shroud wall with an oil fraction of 10% or more. The
error of the mean velocity was 16%, which was derived as the root mean square value with the error of oil

fraction of 13% and error of velocity of 9%. The error of oil fraction was used because the integral range
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of velocity d19y in Eq. was determined by the oil fraction. Figure BBG=34 shows that the results of

the two-phase flow probe and oil particle image analysis almost agreed within their error range.
Figure shows the radial distribution of the oil flow rate per unit width. The position 0 on the left

end of the horizontal axis is the inner wall of the shroud and the position on the right end is the gear tooth

tip. In the figure, the distance from the shroud wall where the oil rate was 10% (thickness of the oil layer

010%) is shown. Figure BB=38 shows that ¢y corresponded approximately to the maximum oil flow rate.

This was considered to be because the mass of oil with a large flow rate strongly reflected light from the

flow visualization borescope.

These results indicated that oil flow can be quantitatively evaluated using velocity measurement via the

image analysis method of oil particles.
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Fig. 3.6-37 Comparisons of the density-weighted mean

and visualized velocities (experimental results)
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Fig. 3.6-38 Radial distributions of the estimated oil

flow rate (experimental results)

3.6.4 Summary of Measurement Errors of Experimental Measurement Methods

A summary of the measurement errors of the experimental measurement methods discussed in this section is

shown in Table BB=3 . The results of the errors in all the measurement methods satisfy each error target. The

above results show that each measurement method can be applied to the gearbox with practical accuracy.
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3.7

Summary of Chapter 3

This chapter describes the following experimental measurement methods of fluid dynamic loss: test gearboxes

and measurement conditions for the validation of the fluid dynamic loss and experimental and numerical simula-

tion methods, high-accuracy measurement methods for fluid dynamic loss, the oil fraction and mixture velocity

measurement methods, and the visualization method of oil particles and velocity measurement methods of the oil

particle. In addition, the validation of the applicability of experimental measurement methods to obtain reliable

experimental data to clarify the phenomena of fluid dynamic loss is described. These are summarized below.

3.7.1 Summary of Experimental Measurement Methods

1.

To clarify the phenomenon of fluid dynamic loss and validate the numerical simulation method, the input
gear shaft was driven by a motor, and the output gear shaft was set to free (no load) in the two-axis helical
gearbox. The power loss in the gearbox was measured using a torque meter installed between the motor
and input gear. For in-situ measurement of fluid dynamic loss, a vacuum pump that could control internal

pressure and a thermocouple to measure the temperature of each bearing and seal were installed.

. Various gearboxes were used to validate the experimental measurement and numerical simulation methods.

These gearboxes enabled measurement of oil jet flow to gear meshing, oil jet flow to the gear tooth surface,
oil spray flow to the gear tooth surface, oil flow between gear tooth tip and shroud wall, and velocity of oil
particles. These gearboxes were realized by replacing the two-axis helical gearbox with a spur gear or by
installing an oil jet nozzle, an oil spray nozzle, and a gear shroud.

As a high-accuracy measurement method of fluid dynamic loss, we developed an in-situ measurement
method of the friction loss at the contact surface of the gears, bearings, and seals, because the temper-
ature dependence of the friction loss is high. The in-situ measurement of the friction loss is possible by
extrapolating the loss of zero oil flow rate and zero air pressure (fluid dynamic loss is zero) by changing
the oil-supply flow rate and internal air pressure of the gearbox. Here, the temperatures of the bearings
and seals are set to a constant temperature range at set rotational speeds to minimize the change in the
friction loss due to temperature.

Fluid dynamic loss was calculated by subtracting the friction loss of the gears, bearings, and seals from
the total power loss of the gearbox. Aerodynamic loss was calculated by subtracting the friction loss of the
gears, bearings, and seals from the loss at zero oil supply rate (the zero oil supply rate loss is evaluated by
the extrapolation of the loss obtained by changing the oil supply rate). The oil dynamic loss was calculated

by subtracting the aerodynamic and friction losses from the total power loss of the gearbox.

. As a method to measure the oil fraction and mixture velocity, the isokinetic suction method, which is often

used to measure the sampling of soot or dust, was used. To apply this method to two-phase flows of air and
oil, we used a test apparatus that considers the influence of bubble dissolution in oil and the calibration
method that considers annular flow (deviation to wall) in the calibration pipe.

To visualize oil particles in the gearbox, we developed a borescope equipped coaxially with a visualization
borescope, a laser light source, and an air purge jacket. The air purge was installed to reduce the influence
of oil mist, which is a problem in conventional methods of visualizing the oil flow in the gearbox. For

the velocity measurement of oil particles, a method to detect the velocity of particles from the correlation
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between two consecutive images was used.

3.7.2 Summary of Validation Results for the Applicability of Experimental Measurement Methods

1. We validated the in-situ measurement method of power loss (high-accuracy temperature control method for
bearings and seals) for the high-accuracy measurement of fluid dynamic loss. As a result, we observed that
the measurement error was equivalent to the torque diameter error, and the influence of temperature change
of bearings and seals could be minimized. Through this, power loss was separated into “aerodynamic loss,”
“oil dynamic loss,” and “friction loss due to the contact of bearings, seals, and gears” with high accuracy.

2. To validate the measurement method of oil fraction and mixture velocity, we verified the accuracy of the
correction methods of measured values using calibration curves, and we confirmed the rationality of the
shape of the calibration curve.

(a) The correction of the oil fraction using the calibration curve resulted in a measurement error of 13%,
less than the target value of 15%. We also observed that the shape of the calibration curve was due
to non-isokinetic suction caused by the shape of the probe.

(b) As the result of correcting the mixture velocity with the high-accuracy calibration curve, the measure-
ment error was 9%, less than the target value of 15% or less, and we observed that the shape of the
calibration curve can be explained by the momentum transfer coefficient at the collision of the droplet
with the liquid surface and velocity slip of air and oil.

(¢) The momentum transfer coefficient of the droplet and gas-liquid velocity slip that affect the shape
of the calibration curve is considered to be affected by the size and velocity of the droplet. Because
these are considered to be different according to gearbox, measurement results should be verified from
another perspective when the measuring method of oil fraction and mixture velocity is applied to a
gearbox.

3. As a result of the measurement of the oil fraction and mixture velocity between the gear and the shroud,
we observed that there was a flow with a high oil fraction and slow speed near the shroud wall. The
measurement result was reasonable because the oil flow rate evaluated from the measurement result of the
oil fraction and mixture velocity agreed with the oil-supply flow rate.

4. To validate the visualization method of oil flow, the flow of the oil jet to the gear tooth was qualitatively
validated, and the velocity of oil outflow from the shroud opening was quantitatively validated.

(a) As aresult of visualization of the oil jet to the gear tooth, the flow of oil impinging on the tooth surface
toward the tooth bottom was qualitatively consistent with the results of previous studies.

(b) The velocity of the oil outflow from the shroud opening was almost the same as the density-weighted
mean velocity near the shroud wall, which suggested that the flow visualization can capture the mass

of the flow with a large oil flow rate.

The above results validated the applicability of the experimental measurement methods to the gearbox. There-
fore, by using obtained experimental results, we prove that the validation of the numerical simulation method

and the clarification of the fluid dynamic loss phenomena are possible.
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Chapter 4

Numerical Simulation Method of Fluid Dynamic
Loss

4.1 Numerical Simulation Method
4.1.1 Numerical Simulation Method for Two-Phase Flow of Air and Qil in a Gear System

4.1.1.1 Overview of Numerical Simulation Method

The most important requirement for ensuring the practicability of a numerical fluid dynamic simulation of a
gear system is to ensure numerical stability at the gas—liquid interface and boundary on the gear meshing part,
and to simultaneously maintain a practical calculation speed. First, for the calculation mesh at the gas—liquid
interface with the highest calculation stability, a rectangular mesh (which is fixed in space) is used. Furthermore,
the volume of fluid (VOF) method [[03] (which is one of the simplest methods of calculating the gas-liquid
interface and offers high stability owing to its simplicity) is used. Using the porosity method [I04] to model
the boundary condition on the gear meshing part allows both stable and rapid calculations to be realized. In
simulations, the commercial software FLOW-3 D Ver. 6.1.3 [[04] is used to implement this.

An overview of the modeling of gas—liquid interfaces and object boundaries is shown in Fig. B1=1 . The VOF
method defines the volume fraction of oil in a calculation cell. The volume fraction a,; of oil is 0 < @,y < 1.0,
and the cell is defined as a gas—liquid interface cell. In the porosity method, if the cell contains an object, the
fluid region is defined as the region excluding the object; it is characterized by the fluid volume V; and the fluid

areas A, Ay, and A, (areas of the z-, y-, and z-direction cell surfaces, respectively) at the cell boundary.

Oil \ \
Oil and air
(liquid surface)

Fluid volume
v Fluid area
f

A4,

|~ Alr
_ Fluid area
Solid | o> A4y
¥ =
E s Do Ax
} Fluid area Solid

Fig. 4.1-1 VOF method for modeling the gas-liquid surface; porosity method for modeling a solid
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The mass and momentum conservation equations use one equation for both oil and air (one-fluid model), in
which the pressure and velocity at the gas—liquid interface cell on the air and oil sides match and no velocity slip
occurs at the gas-liquid interface. The movement of the object is considered via changes in the volume V} of the
fluid fraction of the cell, as well as changes in the fluid areas A, A,, and A, of the cell surface. The shear stress

at the wall is calculated from the difference between the object and fluid velocities, using a turbulence model.

4.1.1.2 Mass and Momentum Conservation Equations
(1) Mass Conservation Equation
The mass conservation equation is a general fluid mass conservation equation [I06] that takes into account

the influence of the object boundary; it is expressed as

dp 0 d B B
Vigs T gy (Pude) + 5 (0Ay) + 5 (pwA2) = Reoy (4.1)

where p is the fluid density; ¢ is time; u, v, w are the velocities in the z, y, z directions, respectively; and
R0 is the fluid source. The above equation takes into account the fluid volume in the cell V; and the fluid
area at the cell surface A;, A,, and A,. Considering the microcompressibility (propagation of pressure
waves) of the fluid, the % in the first term on the right-hand side can be approximated by the following
equation, if |dp/p| < 0.1:

% ~ Ca%% (4.2)
Here, ¢, is the sound velocity of the fluid and p denotes the pressure. The source term R, on the right-
hand side of Eq. Bl takes into account the volume source Rj.; attributable to the oil source at the oil
jet impinging position (see Section BI332 for details) and the time variation of V; produced by object

movement. That is,

oVy
Roor = Rjet — p—— 4.3
& jet p 61: ( )
Using Eqs. B-233, the mass conservation equation is calculated as
Ve 0 OJud, OvA owA, Rj. 101%
I i Ty g T o Tt T (4.4)

pca? Ot Ox Ay 0z p ot

(2) Momentum Conservation Equation
The momentum conservation equation is the general momentum conservation equation used for fluids [I06];
it takes into account the influence of object boundaries. When the viscous accelerations f,, f,, and f. and

oil-jet velocities wjet, Vjer, and wje; are used, the equation becomes

ou 1 ou ou ou 10p Riet
— 4+ —ud,— +vA,— A,— p=—-— — L —u;
8t+Vf {u wax” y8y+w 282} p8x+fm PV (= tjer)
ov 1 ov ov ov 10p Rot
R L B P - . Ly (Tt 4,
at+vf{u 9 TV y8y+w 8z} p8y+fy oV (v —Vjet) (4.5)
ow 1 ow ow ow 190p Ret
. I Azi Ay— Azi = —— 7 z 7 - e
3t+Vf{ 8x+v y8y+w 32} p82+f pVy (w = wjer)
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Then, the viscous accelerations f5, fy, and f, become

1 9 0 0

fo= m _wsx— {ax(Ame) dy 7 (AyTay) + 0z (4 TM)H
1 [ 9 0 i

g = s {(%( Aey) + 5o () + 52 (A Tyz)}] (4.6)
1 [ 9 0 J

£, = m _wsz — {(‘3 (ApTez) + a—y(AyTyz) + &Z'(AZTZZ)H

where wsx, wsy, and wsz denote the wall shear forces and 7 is the flow shear stress. The wall shear
forces wsz, wsy, and wsz are taken as relative values, to incorporate the velocity component of the wall
surface of the object when it moves. For example, the contribution of the z-direction velocity WOBS to

the z-direction wall shear force wsz in the z-direction is

2u(wpy1 — WOBS)(1 — Ay)
ox

where w11 is the speed at the next time step. The shear stress 7 of the flow is
[ (o v ow
we = M9z T 3\ ox oy 0Oz
1 Ju Lo v L 8£
3\0z ' 9y 0z

8u+8v+8£
x  Ody 0Oz

wsz =

(4.7)

/\

dz O
o ow
Tyz # dz Oy

Here, viscosity coefficient p takes into account the influence of turbulence.

4.1.1.3 Numerical Simulation Method for Gas—Liquid Interface

The VOF method [[03] is used to simulate the gas-liquid interface. In this method, the volume fraction of oil
is defined as the VOF value in the fluid region of the calculation cell. The “Fluid” in the VOF method refers to
liquid or oil. For example, the VOF value (designated F) = 1 for 100% oil and 0 for 100% air, and 0 < F < 1
in the case of a calculation cell containing a gas-liquid interface; p and ¢ in Eq. B4 and p in Eqgs. BZ4 and B3

denote the weighted averages of F, as follows:

p= (1 - ]:)Pair + Fpoil (4'9)
c= (1 - ‘F)Cair + Feoit (4.10)
= (1= F)pair + Fhoit (4.11)
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The advection equation for the VOF value F is given by

OF 1 (0 0 9]
{E)x (FAzu) + 7 (FAyv) + e (]:Azw)}

Advection of F

1[0 9 9
ty {x (1= F)FCadauy) + 5 (1= F)FCadyvr) + 5 (1 ]-")]-"CaAsz)} = Fjet —

o v

oV, (4.12)

ot

Surface compression

where u,, v,, and w, are the relative velocities of the gas and liquid, C, is the sharpening coefficient of the
gas-liquid interface, Fjc is the source term of the oil jets, and 7% is a source term produced by the change
of V; attributable to the movement of the object. In Eq. ETZ, the oil and air in the gas-liquid interface cell
(i.e., the cells with 0 < F < 1) lack information describing the ratio between gas and liquid on each surface of
the cell; thus, they are treated as having a uniform density in the cell. Therefore, the term “Advection of F” in
Eq. B2 fails to take into account the influence of the deviation of gas or liquid in the cell upon the flux at each
cell surface. For example, as indicated by the arrows in Fig. BI=2 , even when a cell surface of the gas-liquid
interface cell is actually 100% air, oil flux is generated in the numerical simulation. This results in numerical
diffusion of the gas-liquid interface, which leads to numerical simulation errors.

To suppress the numerical diffusion of the gas-liquid interface, the surface compression method [[07] is in-
troduced (“Surface compression” in Eq. BET2). In this method, a compression speed is added in the direction
perpendicular to the gas—liquid interface, as shown in Fig. EI=3 . In this paper, because the air and oil velocities
at the gas-liquid interface are identical (i.e., no velocity slip), we assume that w,, v,, and w, are equal to wu,
v, and w, respectively. C,, is set to 1.0. The surface compression term only acts (to compress the thickness)
when the gas-liquid interface exhibits a thickness; thus, it is not considered to affect the validity of the numerical

simulation results, though it is validated by comparison with experiments.

Numerical diffusion of oil

Air ] )
Olll/and air Fluid surface
Fluid surface P4 ‘ (assumed)
(Next step)
Fluid surface L Air
(present) Surface
compression
Solid
oil Oil and air
Fig. 4.1-2 Numerical diffusion of liquid surface Fig. 4.1-3 Surface compression method for reducing the

numerical diffusion of liquid surface [[07]

4.1.1.4 Modeling the Wall Boundary Conditions of a Gear
(1) Boundary Condition in the Direction Normal to the Wall Surface
For the boundary condition in the direction normal to the wall surface, a simple immersed boundary
condition is used; this imposes a no-penetration condition (i.e., a normal velocity component of zero) upon
advection at the wall surface. To achieve this, the velocity derivative is set to zero when the definition
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point for the velocity (used for the spatial differentiation of velocity) lies within the object region, as shown

in Fig. BI=4 . When compared with methods that do not use the differential value of zero, this method is

found to be in good agreement with the real flow (e.g., a uniform flow in an inclined channel) [[04] [T0S].
\
ou_ ~ ¢
ax 0 A
\ Fluid
Solid \i I
e\l e )
i 1
L 1
- Wall
< ¢
\

Fig. 4.1-4 Non-penetration condition in the vicinity of wall [I05]

(2)  Boundary Conditions Parallel to the Wall
Under these conditions, the Reynolds number near the wall is high; however, the calculation mesh near
the wall is rough. Therefore, the wall function [[06] and a turbulence model are used. In the calculation
cell (including the wall), the velocity distribution is assumed using the wall function, and the turbulence

viscosity is calculated from the turbulence model. The turbulence model is described in the next section.

4.1.1.5 Turbulence Model

The large eddy simulation (LES) turbulence model is used as the turbulence model in this study. Compared
with the standard k-e turbulence model, the LES method is more numerically stable because it does not require
the equations of the turbulence model to be solved. Therefore, it is considered suitable for the simulation of
two-phase flows around gears, a task which requires high numerical stability.

The LES turbulence model directly calculates vortices larger than the mesh size and approximates vortices
smaller than it. As an approximation method, the Smagorinsky model [[09] is used. In this model, the eddy

viscosity is defined using the mesh width L and model constant (Smagorinsky constant) ¢, via

vr = (c,L)%\/2¢e2ei; (4.13)

where L and the strain rate tensor e;; are
L = (6x6ysz)s (4.14)

1 8ui 8Uj
€ =3 (axj * 5‘:@) (4.15)

where dz, dy, and dz are calculation mesh sizes in the z, y, and z directions, respectively; u; is the velocity in

the ¢ direction; and z; is the coordinate. The Smagorinsky constant ¢, is 0.1 for turbulence flow between parallel
plates (channel turbulence), 0.15 for mixed layers, and 0.17-0.2 for isotropic turbulence. In this paper, because
the turbulence on the wall is important, ¢4 is set to 0.1 for channel turbulence. The dynamic viscosity p in Eqs.

B77 and B8 is obtained from the kinematic viscosity v and eddy viscosity v of the fluid, using

p=p(v+vr) (4.16)
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4.1.1.6 Evaluating Fluid Dynamic Loss
The fluid dynamic loss is evaluated by integrating the pressure and shear force on the gear surface.
The fluid dynamic loss P is the sum of the fluid dynamic loss Ppressure attributable to pressure and the fluid

dynamic loss Pspeqr attributable to shear force:

P= Ppressure + Pshear (417)

The fluid dynamic loss Ppressure attributable to pressure is calculated with the torque Tpressure and angular
velocity w. Tpressure 18 Obtained by integrating Fj,essure (caused by pressure) multiplied by the position vector

7. These are shown in the following equation:
Ppressure == Tpressure W= Z(Fpressure X T‘) Cw (418)

Similarly, the fluid dynamic loss Pspeqr attributable to shear force is calculated using the torque Tspeq, and
angular velocity w. Tspeqr is obtained by integrating Fipeqr (caused by shear force) multiplied by the position

vector . These are shown in
Pshear = dshear - W = Z(Fshear X T) s W (419)

4.1.2 Modeling Methods for Airflow

4.1.2.1 Modeling Air Leakage Flow from Gear Meshing

Modeling the gear meshing component is important because it affects the leakage flow from the gear mesh. In
this section, the difference between the real gear meshing and numerical simulation model, as well as the modeling
method that considers this difference, are described.

Figure EI=3 (a) shows the gear drive configuration under no-load conditions (no load is specified to minimize
friction loss in gears, bearings, and seals), and Fig. EI=3 (b) shows the gear drive configuration in the numerical
simulation. In the no-load gear drive in Fig. EI=3 (a), the motor is connected to the drive gear via a torque
meter. The drive gear rotates the driven gear via tooth contact during gear meshing. Nothing is connected to
the driven gear. The power loss required for gear rotation is evaluated using the torque and rotational speed,
as measured by the torque meter. In the simulated gear drive in Fig. EI=3 (b), neither the drive gear nor the
driven gear is connected to anything, and each gear is forcibly rotated. The power loss due to the fluid drag is
evaluated by integrating the pressure and shear force generated on the gear surface.

The numerical simulation modeling of gear tooth contact and backlash is described in Fig. 1= . Figure B=1=8

(a) shows the actual gear meshing. The tooth surface of the drive gear contacts the tooth surface of the driven
gear. Backlash is set on the opposite side of the tooth surface to the contact side, to prevent tooth contact when
the tooth deforms. Figure B8 (b) present a simulation model of the condition in Fig. BEI=8 (a). Because
the tooth is modeled using a rectangular mesh with a fixed space and non-boundary fitting, the calculation cell
collapses at the contact point of the tooth and under small clearance of the backlash, as shown in “Clogging of
calculation cell” in Fig. BI=8 (b). The collapse of the cell may produce a calculation instability or unrealistic
flow, and it should be improved. Therefore, as shown in Fig. EEI=8 (c), a gap is left between the teeth. To
provide this gap, the peripheral thickness of the teeth is reduced by 20%, and the phase of the teeth is adjusted

so that the gaps between the teeth are even.
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y Drive gear y Forced rotation Individual

Forced rotation

Driven gear

(a) Gear drive with no load condition in an experiment (b) Individual gear rotations in a simulation

Fig. 4.1-5 A comparison of gear drive in an experiment and gear rotation in a simulation
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Fig. 4.1-6 A modeling method for gear contact surfaces

Figure B1=7 shows the difference in pressure on the contact tooth surface, to illustrate the influence of the
difference between the numerical simulation modeling in Fig. BI=8 (c) and the actual gear mesh. A schematic
diagram of the contact line on the actual gear tooth surface is shown in Fig. ETI=2 (al), and an example of the
pressure distribution near the contact position under the no-load condition is shown in Fig. BI=2 (a2). For the
surface pressure distribution, the pressure at the contact surface is calculated under the conditions of Table I5=2

using the calculation program developed from previous research [22] (see Appendix B3 for details).

The pressure around the contact surface was set to the typical pressure used in this research, to compare the
pressure magnitude with that on the contact surface. Figure BI=0 (bl) schematically illustrates the pressure
in the numerical simulation; here, no pressure is present at the contact surface, and only the fluid-drag-induced
pressure acts on the tooth surface; this is achieved by setting a gap between tooth surfaces, as shown in Fig.
BT (c). Figure B1=2 (b2) presents an example of the pressure distribution in the numerical simulation. This
pressure differs from the actual pressure because (1) there is no pressure attributable to tooth contact; and (2),
the pressure changes because the gap between tooth surfaces differs from the actual gap.

Regarding (1), it is considered that the interferences between the contact surface and other surface can be
neglected because the fraction of the tooth surface in contact is as small as ~0.4%, as shown in Section 3.
Regarding (2), it is considered that the pressure of the tooth surface changes because the distance between

the tooth surfaces differs from the actual distance. This pressure change is considered to affect the results of
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this research. This is discussed in our comparison of the numerical simulation and the experimental result, as

presented in Section 2.

Contact pressure

Transition of contact line Fluid dynamic Fluid dynamic

pressure pressurc
Drive gear Drive gear 0
Rotation Rotation
(al) Schematic of real surface pressure (b1) Schematic of computational surface pressure
with tooth contact without tooth contact
1.0 x 10° 1.0 x 10°
0 —— Experiment | | [------ Simulation
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(a2) Example of real surface .pressure. With tooth contact (b2) Example of simulated surface pressure
(calculation results using empirical model) without tooth contact (anticipated)

Fig. 4.1-7 Influence of the modeling method on tooth contact

4.1.2.2 Influence of Air Compressibility

The compressibility of air in the gear mesh is discussed in the studies of Delgado et al. [63] and Houjoh et al.
[6R].

The test gearbox used by Delgado et al. [63] is shown in Fig. BETI=8 ; here, a spur gear pair with a module
of 4, pitch circle diameters of 279 mm (input gear) and 330 mm (output gear), a tooth width of 28 mm, and
an input rotational speed of 10000 rpm (pitch peripheral speed 146 m/s) are used. Under these conditions, the
out-of-mesh temperature and power loss are compared under gear-to-shroud side clearances of 1 mm and ~30
mm. When this side clearance is 1 mm, a significant temperature increase of ~30 °C (relative to that at a side
clearance of 30 mm) is observed. In contrast, the power loss is equivalent. Because the temperature rise occurs
when the side clearance is small, it is estimated that the significant out-of-mesh temperature increase is caused
by the local adiabatic compression of air in gear meshing.
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The gearbox used by Houjoh et al. [568] is shown in Fig. BEI=9 ; there, a spur gear pair with a module of 4
mm, a pitch diameter of 304 mm (input and output), a tooth width of 100 mm, and an input speed of 4000 rpm
(pitch peripheral speed: 64 m/s) was used. Under these conditions, the out-of-mesh air temperature became very
large (estimated from the melting of plastic parts installed out-of-mesh at 160 °C or above) when the clearance
between the gear and shroud was set to 0.2-0.5 mm. Most likely, this high temperature was also produced by
the local adiabatic compression of air in gear meshing.

From the above example, it can be seen that air compressibility in gear meshing arises at a peripheral speed
of no less than 60 m/s and a gear-to-shroud axial clearance of no more than 1 mm. In an actual gearbox for
an aeroengine, it is common to maintain an axial clearance of no less than several mm, to prevent interference
between the gear and components arising through dimensional errors, assembly errors, shaft vibrations, and so
on. In other words, air compressibility in gear meshing is insignificant in an actual aeroengine gearbox. Therefore,

air can be treated as incompressible in this research.

Pitch diameter: 330 mm  Output gear
Face width: 28.5 mm N

Pitch diameter: 304 mm
Face width: 100 mm
Max. pitch line: speed

64 m/s

Rubber seal » 17

Exhaust
hole

I
Shroud WV _

Axial clearance:
Wheel gear A‘AL Pinion gear 0.1-0.5 mm_[=——"MH

AL s
21 DA

: Side plate iy
mm _—
(mm) Axial clearance Leading railing

Fig. 4.1-8 A clearance setting between spur gears and Fig. 4.1-9 A clearance setting between helical gears and
a shroud [63] a shroud [bY]

4.1.3 Modeling Methods for Oil Flow

Because the oil supply flow rate is smaller than the air flow rate produced by the gear rotation, the oil particles
are dispersed in the airflow. Simulating the behavior of all oil particles is unrealistic because the calculation time
would be excessively large. Therefore, as an oil-flow modeling method that ensures a realistic calculation time,
a coarse-graining method for the oil particles and a simple modeling method for the oil jet are shown below. In
addition, the flow drag of an object in a two-phase flow differs from that in a single-phase flow, owing to the
followability of the oil particles to the airflow. A modeling method for improving the simulation accuracy (by
considering the difference of the flow drag) is described.
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4.1.3.1 Coarse-Graining Method for Oil Particles

The coarse-graining method is used to speed up calculations in, for example, discrete element method (DEM)
simulations of powders (e.g., [I10]). To perform coarse-graining in this research, oil particles with a size smaller
than the calculation mesh are replaced with particles of the same size as the mesh. A coarse-graining image is
shown in Fig. BI=10 . Oil particles with a size smaller than the mesh are shown in Fig. EZI=T0 (a); each oil
particle has a mass m; and a velocity U;. Figure EI=10 (b) shows coarsened oil particles with a mass Mmgsym
and a velocity UEl. For a given calculation mesh, the summed masses of the oil particles in the calculation
mesh ), m; is conserved and equivalent to the mass Mgy of the coarsened oil particles. The velocities U; of
the oil particles in the calculation cell are considered to be approximately equivalent. Therefore, the velocity
U of a coarse-grained oil particle is assumed to be equivalent to the averaged velocity of the oil particles in
the calculation cell. That is, the summed momentums of oil particles in the calculation mesh are considered

equivalent to the momentum of the coarse-grained oil particle, as shown by

> mili ~ maumU (4.20)

Because the change in the oil particles’” momentum becomes the force on them, the force generated on the gear
tooth surface by the coarse-grained oil particles is considered to be equivalent to the sum of the forces generated

by the individual oil particles.

Summed
Oil particle Velocity U oil particle Repres.entid
(Mass m;) (Mass Mgy,) velocity U
AN \ ) 4
@ ~
Fo e \@,
- NHE ©
Calculation' >
mesh
(a) Sub-grid-scale oil particle (b) Course-grained oil particle

Fig. 4.1-10 Schematic of a coarse-grained oil particle model.

4.1.3.2 Simplified Modeling Method for Oil Jet

Figure BI=10 shows a simplified (and therefore faster) modeling method for an oil jet. When the flow around
the gear is resolved, the reference dimensions are the gear tooth height or gear tooth width. The gear tooth
height commonly used for an aeroengine is ~5-10 mm (equivalent to a module of 2-4), which makes it possible
to resolve the flow around the gear tooth using a calculation mesh of the order of 1 mm. Figure EEI=11 (a)
shows an oil jet for a resolution of ~1 mm; this is common for aeroengine gears and is the appropriate mesh size
for resolving the flow around the gear tooth. This calculation mesh shows that the resolution of the oil jet is
insufficient.

To solve the flow of an oil jet, a calculation mesh with a width of up to 1/3 of the nozzle diameter (i.e., 0.3

mm or less for a nozzle diameter of 1 mm) is required. An example is shown in Fig. EI=11 (b). However, it

*1 In the VOF method used in this research, a cell with uniform density (obtained by averaging the density of oil and the density
of air) is treated as a single particle in the explanation of the coarse-grained method.
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is practically impossible to solve the flow of the entire gearbox using this fine calculation mesh, owing to the

enormous calculation time.

Therefore, as shown in Fig. BI=1T (c), a simplified modeling method is used to set the source and flow velocity

of o0il when an oil jet collides with an obstacle. This facilitates simulation in a realistic calculation time whilst

simulating the impingement of oil upon an obstacle.

Resolution of oil jet line

H, ||\ |
£ /\fé oill Jetl Q
o Panun T
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O \ y, Jet ivelocity is
HH ) o | modeled
Spread R
Solidile L1 | of oil *
(a) Insufficient resolution for (b) Sufficient resolution for (F) Sufficient resolution .for an ‘Oil jet
an oil jet in a coarse mesh an oil jet in a fine mesh in a coarse mesh, applying a simple

oil jet model

Fig. 4.1-11 Schematics of a simple oil jet model

4.1.3.3 Improving Simulation Accuracy by Considering the Flow Drag Coefficient in Two-Phase Flow

A simulation modeling method using the experimental results of the two-phase flow drag of air and oil on a

cylinder is proposed to improve the simulation accuracy.

(1)

Flow Drag Phenomena in Two-Phase Flow
The local pressure coefficients ¢ cyi,qir around the cylinder in an airflow, as well as the local pressure

coefficients ¢, ¢y1,m around the cylinder in a two-phase flow of air and oil, are given by

Peyl,air — Poo,air
Cp,cyl,air = (421)
DPeyl,stag,air — Poo,air
Pcyl,m — Poo,m
Cp,eyl,m = (4.22)

DPeyl,stag,m — Poo,m

where pey1 qir indicates the pressure distribution around the cylinder in the airflow, pog qir is the atmospheric
pressure, and Deyi stag,qir indicates the stagnation pressure around the cylinder. Similarly, pey . denotes
the pressure distribution around the cylinder in a two-phase flow of air and oil, po s, is the atmospheric
pressure, and Deyl,stag,m 18 the stagnation pressure.

For the experimental measurement of local pressure coefficients ¢, ¢yi,m around a cylinder in a two-phase
flow of air and oil, the one-axis spur gear box (Section BT23) and the measurement apparatus for oil
fraction and mixture velocity (Section B3T2) are used. Pressure measurement around the cylinder was
performed by fixing the radial position of the measuring hole at a position 2 mm from the gear tooth tip
(14.5 mm from the inner wall of the shroud) and changing the phase of the probe. The rotational speed
was set to 10000 rpm (peripheral speed 100 m/s); other conditions (e.g., the oil supply flow rate) were set
the same as in Table BI=8 . This measurement condition is within the range for which correction using a
calibration curve (shown in Section BGd) is not required.

The experimental results for the pressure distribution around the cylinder are shown in Fig. EI=12 . In the
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figure, the local pressure coefficients ¢ cyi,qir around the cylinder in airflow [ITT) are also shownE2 (where
0 is the phase from the stagnation point). A schematic diagram of the two-phase flow phenomena assumed
in this result is shown in Fig. II=T3 .

As shown in Fig. BI=12 | the results in the two-phase flow and airflow are almost identical at § = 0-35°;
however, at § > 35°, the value in the two-phase flow is smaller than that in the airflow. This is considered
to be because the apparent density behind the cylinder decreases owing to the separation of oil particles
from the airflow in the two-phase flow, as illustrated in Fig. ET=13 . To simulate the separation phenomena
of the oil particles, it is necessary to ensure that the calculation mesh around the cylinder is sufficiently fine.
On the other hand, to perform two-phase flow simulations in a gearbox within a realistic calculation time,
the calculation mesh around objects (e.g., gear teeth) cannot be set too fine. Therefore, it is necessary to

consider a method for modeling the drag coefficient of the two-phase flow.

ley O Cpcylair» ait, Reynolds number: 2.0x10*
00 ® Cpcyim, 0il & air, Reynolds number: 1.3x10*
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Fig. 4.1-12 Pressure around a cylinder (experimental results) Fig. 4.1-13 Schematic of the two-phase flow

of air and oil around a cylinder

Modeling the Flow Drag in Two-Phase Flow

The equation for the force Fj, loaded upon an object in a two-phase flow is as follows:

1
F = CvD,mipmu2 (423)

where Cp , is a two-phase-flow drag coefficient, p,, is a two-phase flow apparent density (=(1 — a1)pair +
Qoil Poil, Where ayy is the oil fraction), and w is a velocity. Here, the ratio U/ between the drag coefficient

in a two-phase flow and that in the airflow is expressed as

1

F,, = CD,aiT\l/’Ep,nu2 (4.24)
Cp

V= 4.25
CD,air ( )

U’ is estimated from the pressure distribution on the cylinder surface (Fig. BI=12 ). Here, regarding

the drag coefficient Cp 4 in the airflow and the drag coefficient Cp ,, in the two-phase flow, the value

*2 The comparison between this and previous studies is valid because the Reynolds number and the distances between the cylinder

tip and measuring hole (divided by the cylinder diameter) are equivalent. (The Reynolds number is 2.0 x 10* in our two-phase
flow measurement and 1.3 x 104 in the conventional research [IT1]. The distance between the cylinder tip and the measuring
hole, divided by the cylinder diameter, is 0.2 here and 0.48 in the conventional research [ICI].)
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integrated over 6y—180° (measured from the stagnation point) is used (the meaning of the integration is
described later). The ratio ¥’ is shown in

s
~ Cpm feo Cp,m

- 6 (4.26)
CD,air f90 Cp’ai'r

\IJ/

Results obtained from the above equation are shown in Fig. BI=T4 (a). The meaning of integrating away
from the stagnation point is explained below.

Figure EI=14 (b) shows an anticipated schematic diagram of the flow toward the gear teeth. The gear
tooth surface is considered to be inclined by the pressure angle with respect to the flow toward the gear
teeth. When this is replaced with a cylinder, the drag coefficient from a position separated from the
stagnation point by the pressure angle becomes important. The pressure angle of the gear for which the

fluid dynamic loss is experimentally measured is 20°. From Fig. E=14 (a), ¥’ is 0.25 at 6y = 20°.

Oil
particle
flow
0.45

0.40
0.35

0.30
0.25

CD,m/CD,air

0.20

Pressure angle 20°
0.15

l'}’

0.10

0.05 (b) Relationship between pressure angle
0.00 and flow at front tooth (anticipated)

0 2030 60 90 120 150 180

Starting angle of integration 6 (°)

Rotation

(a) Two-phase flow drag coefficient / air drag coefficient
with respect to the starting angle of pressure integration
(estimated using experimental results)

Fig. 4.1-14 Ratio between the two-phase flow and air drag coefficients for accurately modeling the two-phase flow

The flow drag in numerical simulations is considered to be larger than that in actual two-phase flows because
the influence of the oil particles’ separation from the air flow cannot be considered. Therefore, the accuracy
of numerical simulations is improved by setting the oil density according to ¥’ in the simulation model.

This is as follows (first, in Eq. B2, ¥’ is included in p,,):
1 1
F,, = CD,Wﬁ(\If’pm)UZ = Cpair {(1 = @)W pair + ¥ poit } u? (4.27)

To incorporate the drag coefficient of the two-phase flow in the numerical simulation, the oil density
Poil,crp in the numerical simulation must be equal to ¥/ p,;; (the subscript “CFD” indicates numerical

simulation); this is expressed as

Poit,cFD = ¥’ poit (4.28)
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On the other hand, when the oil density is changed, the mass flow rate of the oil supply jet changes. The
mass flow rate of the oil supply jet affects the oil dynamic loss, as shown in Section EZ3; therefore, it is
necessary to maintain it. The mass flow rate of the oil supply jet is maintained by adjusting its volume

flow rate. This is expressed as

Qoil Qoil

g/ Poil.CFD g5

If the air density is defined as pqi (based on Eq. BEZ27), the mass of air in the gearbox changes, and

moil - poilQoil - \Ijlpoil (429)

subsequently the air density cannot be changed. Based on the above, the model considering the drag
coefficient in a two-phase flow for numerical simulation is as follows (the subscript “mod” represents a

value after correction):

1
Fm,CFD,mod = CD,airf {(1 - a)pair + CVpoil,CFD} ’LL2 4.30

2
poit,crp = V' poir

Qoil

(
(4.31
Nz (
(

)
)
The volumetric oil supply flow rate = 4.32)
4.33)
In the case of the two-axis helical gearbox used in this research, ¥’ = 0.25. Although it is necessary to
review the value of ¥’ according to the gearbox, the approach is considered to be effective provided it does

not deviate considerably from the gearbox type and the experimental conditions of the research.

(3)  Effect of Modeling the Flow Drag in Two-Phase Flow
The effect of modeling the flow drag coefficient in two-phase flow is clarified by comparison of the cases
that do and do not consider it. The flow drag Fj,, crp,org When the modeling of the drag coefficient in the
two-phase flow is neglected is given by the following equation (subscript “org” denotes the value before

correction):

1
Fm,CFD,org - CD,air§ {(1 - a)pair + apoil} ’U,2 (434)

The errors of Fy, cFD,mod a0d Fy, cFD,org, When compared with F,, are shown in Fig. EI=T3 .

(Fm,CFD,org/Fm - 1)

200
Reduction of error

Error for two-phase flow drag (%)

150
100
50
(Fm,CFD,mod/Fm - 1)
0
0.01 0.1 1 10

il traction (%)
Fig. 4.1-15 Estimated error reduction induced by the difference between two-phase flow drag and single-phase

flow drag
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The horizontal axis (oil fraction) is set as a practical range within the range of 0.01-10%, according to the
measurement results of the oil fraction around the gear (Section B623). It can be seen from the figure
that the error is reduced in the model that considers the drag coefficient in the two-phase flow, as opposed
to the model that neglects that drag coefficient (“Reduction of error” in the figure). Therefore, it is found

that the modeling of the drag coefficient in two-phase flow is effective.

4.1.3.4 Effect of Phase Change of Oil

In general, a phase change of the oil may occur through boiling (attributable to the heat or pressure drop) or

the separation of dissolved air (attributable to the pressure drop or shear force).

(1)

The Influence of Boiling Oil Attributable to Heat or Pressure Drop

In general, the boiling point of oil exceeds its flash point. The flash point of oil is 260 °C for the aeroengine
gearbox oil (MIL-PRF-23699, etc.). Aeroengine gearboxes are operated at a temperature sufficiently lower
(e.g., 160 °C) than this flash point, to prevent early deterioration of the oil. In addition, as shown in
Section B2, the local temperature increase attributable to the compressibility of air is not considered
to arise.

The temperature change of the saturated vapor pressure is shown in Fig. BI=13 . In the figure, the
saturated vapor pressure of 160 °C is 650 Pa (0.0065 bar) in the “Synthetic Hydrocarbon”, which is close
to the oil for the aeroengine gearbox. This is sufficiently low, even if the dynamic air pressure of 0.05 bar
at a flow speed of 100 m/s (the typical flow speed around the high-speed gear assumed in this research) is
further reduced from the atmospheric pressure of 0.3 bar at the maximum altitude of the aircraft (~10000
m).

Based on the above, it is highly likely that the boiling of oil is not influenced by the heat or pressure drop.
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Fig. 4.1-16 Typical vapor pressure values (experimental results) [I[12]

121



4 Numerical Simulation Method of Fluid Dynamic Loss
4.2 Simulation Models, Simulation Conditions, and Method of Evaluating Simulation Results

(2)  Influence of Separation of Dissolved Air by Pressure Drop or Shear Force
As a phase change of oil attributable to the pressure drop or shear force, it is considered that the air dissolved
in oil becomes separated. Oil supplied from the oil pump to the gearbox by an oil jet is discharged by a
scavenge pump, passed through a cooler, returned to the oil tank, and then resupplied to the gearbox via
the oil pump. Generally, air (with a volume of ~8%) is dissolved in oil at atmospheric pressure and 20 °C.
Furthermore, if air bubbles in the tank cannot be separated sufficiently, when the oil pressure is increased
by an oil pump, the quantity of dissolved air bubbles is further increased according to Henry’s law [93].
Bubbles dissolved in oil are considered to separate under a decrease in oil pressure after oil jet injection,
as well as by the shear force of flow during injection. On the other hand, bubbles separated on the gear
surface generally produce cavitation jets. Because no erosion occurs in real gearboxes, it is inferred that

no large cavitation arises to affect the flow field.

From the above, it is concluded that the influence of the o0il’s phase change can be neglected in the gearbox

considered here.

4.1.4 Separation Method to Aerodynamic and Oil Dynamic Losses

To numerically separate the fluid dynamic losses of air and oil into the components of air only (aerodynamic
loss) and oil only (oil dynamic loss), the aerodynamic loss is calculated separately and subtracted from the fluid

dynamic losses of air and oil:

e Fluid dynamic loss of air and oil = fluid dynamic loss obtained from numerical simulations of two-phase
flow of air and oil
e Aerodynamic loss = fluid dynamic loss obtained from numerical simulations of airflow only

e Qil dynamic loss = fluid dynamic loss of air and oil, minus the aerodynamic loss

4.2 Simulation Models, Simulation Conditions, and Method of Evaluating

Simulation Results

This section describes the evaluation method, simulation models, and simulation conditions used to clarify
the fluid dynamic loss phenomena and validate the numerical simulation. Each gearbox is referred to as “GA”,
“GB1”, and so on, to make each type easier to distinguish. Each gearbox has a target phenomenon, which covers
not only fluid dynamic loss but also the phenomena of airflow and oil flow, as well as phenomena in the gear

meshing and gear peripheral parts.

4.2.1 Evaluating Numerical Results to Clarify the Phenomena of Fluid Dynamic Loss

(1)  Overview of Evaluation Methods for Numerical Results
An outline of the evaluation method used for clarifying the phenomena of fluid dynamic loss is shown in
Fig. 2221 . To clarify the phenomena, it is necessary to understand the phenomena that constitute the
fluid dynamic loss. In addition, the validation of this theory also helps to clarify the phenomena.
The phenomena that constitute fluid dynamic loss include the flow distribution, pressure distribution,

torque distribution, and the influences of shrouds that affect them. The validation of the fluid dynamic
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loss theory includes rotational speed characteristics and a dimensionless evaluation. Evaluation methods

for clarifying the phenomena of fluid dynamic loss are described below.

—

. Fluid dynamic loss [€-
Understanding
fluid dynamic loss T

Understanding the elements

—>> that comprise — 1‘ --- Effect of shrouding
fluid dynamic loss

i
1
|
1
Torque <-4
1
1

Pressure distribution [€-

i

Flow distribution < -

Loss characteristics for rotational speed

3 Validating the theory _

of fluid dynamic loss Evaluation using dimensionless values

Fig. 4.2-1 Outline for understanding fluid dynamic loss (repost of Fig. [B=1 )

Methods for Understanding Phenomena Constituting Aerodynamic Loss

(i) Airflow Distribution-Based Method
Understanding the characteristics of the airflow distribution from the airflow pattern and the resulting
pumping action of the gear.

(ii) Peripheral Distribution of Air Drag Torque Method
The torque produced by the air pressure is compared with that caused by the air shear force, and the
validity of considering the torque arising from the air pressure distribution is examined. The peripheral
distribution of the air drag torque is evaluated, and the cause of the torque is considered from the
pressure distribution information.

(iii) Influence of Shroud on Aerodynamic Loss Method
The effect of the shroud is evaluated by focusing on the range in which the gear moves air, the pumping
action of the gear, and the aerodynamic loss.

(iv) Validation of the Theory of Aerodynamic Loss (Rotational Speed Characteristics and Dimensionless Eval-
uation)
The validity of the aerodynamic loss theory is confirmed by the rotational speed characteristics of
the airflow rate around the gear and the rotational speed characteristics of the aerodynamic loss. A
dimensionless evaluation of the aerodynamic loss shows that its dimensionless number can capture the

loss characteristics.

Understanding Phenomena Constituting Oil Dynamic Loss

(i) Oil Flow Distribution
To understand the phenomenon of oil flow in the gear meshing and peripheral parts, and to deepen
our understanding of the phenomena, we perform a simplified simulation.

(ii) Peripheral Distribution of Torque due to Oil Flow Drag
The peripheral distribution of oil drag torque is obtained by subtracting the torque distribution in air

from that in a two-phase flow of air and oil. Similarly, the oil pressure distribution is obtained by
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subtracting the air pressure distribution from the pressure distribution in a two-phase flow of air and
oil. The causes of the torque generated by the oil pressure field are discussed.

(i) Influence of Shroud on Oil Dynamic Loss
We evaluate the influence of the shroud by focusing on the amount of oil around the gear, the oil
churning of the gear, and the oil dynamic loss.

(iv) Validating the Theory of Oil Dynamic Loss (Rotational Speed Characteristics and Dimensionless Evalua-
tion)
The validity of the theory of oil dynamic loss is confirmed using the rotational speed characteristics
of oil flow rate around the gear and the rotational speed characteristics of the oil dynamic loss. The
dimensionless evaluation of the oil dynamic loss shows that the dimensionless number of the loss can

capture the loss characteristics.

4.2.2 Two-Axis Helical Gearbox (GA) for Clarifying Phenomena of Fluid Dynamic Loss and Validat-

(1)

ing the Numerical Simulation

Simulation Model and Simulation Conditions

The simulation model is shown in Fig. B22=2 . The shape of the simulation model almost matches that of
the actual machine. Two-axis helical gears, a shroud, oil jet nozzles, bearings, and a housing are modeled.
Two types of gear shrouds are used, as shown in Fig. BI=3 . The side and bottom surfaces are subjected to
pressure boundary conditions (atmospheric pressure) to model the effects of an air breather and scavenge
port. The remaining boundaries are subjected to no-slip boundary conditions. The simulation region is
divided into eight blocks; each block is assigned to a different computer for parallel calculation, as shown
in “Block #1” in Fig. 22 .

Shroud 1 (or Shroud 2)

Oil jet nozzle
(out-of-mesh)

Anput gear

Bearings

~_~ Output gear

Housing

~_?

Oil jet nozzle
(into-mesh)

Pressure boundaries (bottom, sides) Block #8

Non-slip walls (others)

Fig. 4.2-2 Simulation model of the two-axis helical gearbox (GA)
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()

The calculation mesh around the gear meshing is shown in Fig. B2=3 (a). The calculation mesh size is
uniform in all the z, y, and z directions and set to 1.5 mm. The gear tooth along its height is discretized
using eight cells of the calculation mesh. As shown in Section B2, a gap is set between the gear
tooth surfaces when modeling the gear teeth. The gear tooth thickness is reduced by 20%, and the phase
is adjusted such that the gaps between the teeth are uniform. The calculation mesh around the gear
periphery is shown in Fig. B2=3 (b). The clearance of 5 mm between the gear tooth tip and the inner wall
of the shroud is discretized using approximately three cells. The total number of cells in the calculation
mesh is 4.18 million.

The oil conditions (oil specifications, oil supply conditions, etc.), air conditions (internal pressure of gear-
box, etc.), and rotational speed conditions are shown in Table E2=1 . During the simulation, oil and
air temperatures are held constant at the scavenging oil temperature of 55 °C in the experiment. This
temperature setting considers the rapid temperature increase in gear meshing, as the fluid dynamic loss in
gear meshing accounts for more than half of the total fluid dynamic loss when the oil supply flow rate is
large (see Section BIT3).

Mesh size :1.5 mm
8 cells

20% reduction

of tooth thickness Gear tip circle
Shroud inner wall

Equivalent

jo--Emmmmm{ clcarance

g EEl 4.18 million (total)
(a) Around gear mesh (b) Around gear periphery

Fig. 4.2-3 Mesh calculation for the two-axis helical gearbox (GA) simulation model

Table 4.2-1 Simulation conditions for the two-axis helical gearbox (GA) model

Items Conditions
Oil density 971 kg/m?
Oil kinematic viscosity 15.7 mm?/s
Oil jet direction Into-mesh, out-of-mesh
Oil jet supply rate to gears (total) 1.48-7.40 L/min
Air density 1.06 kg/m?®
Air dynamic viscosity 18.7 mm?/s
Internal pressure 1.0 atm
Input speed 7000-10000 rpm

Simulation Result Evaluation Method
To validate the numerical simulation of fluid dynamic loss, the numerical simulation results must repro-

duce the experimental results qualitatively. Thereafter, the qualitative reproducibility of the numerical
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simulation results for the fluid dynamic loss of air and oil, the aerodynamic loss, and the oil dynamic loss
is evaluated by comparison with the experimental results. The method shown in Section E=2 is used to

evaluate the phenomena of fluid dynamic loss.

Simulation Error Evaluation Method
To contribute to the standardization of low-power-loss designs for high-speed gear systems, it is necessary
to clarify quantitative errors. The errors are evaluated as follows.

e The random error [= (20/ ]5) /v Nyot, where o is the standard deviation, denotes the ensemble averaged
value, P is the time-averaged power loss in one rotation, and N,..; is the number of rotations and is
set to 10 because of the fluctuation in time] is evaluated as the relative standard error of 20 for the
averaged value of one rotation.

e The quantitative systematic error is evaluated as the standard deviation of the relative value of the

deviation from the experimental value (true value).

4.2.3 Various Gearboxes for Validation of Numerical Simulation Methods

4.2.3.1 Two-Axis Helical Gears (GX1) for Validating Air Pressure in the Tip Clearance under Gear Meshing

(1)

Simulation Model and Conditions

To validate the air pressure at the tip clearance under gear meshing, we use the experimental results of Diab
et al. [@2] for two-axis helical gears. A simulation model with the same configuration as the experiment is
shown in Fig. B2 (a). The gear shaft is ~40 mm and considerably smaller than the gear diameter of
312 mm; hence, it is omitted. The surrounding boundary surface is set to the pressure boundary.

. 20% reduction
Helical gears of tooth thickness Mesh size: 1.5 mm

8 cells

Equivalent
4 clearance

Pressure output
at tooth bottom

Number of meshes

Pressure boundary 10 million (Total)

(for all boundaries)

(a) Simulation model (b) Calculation mesh around gear mesh

Fig. 4.2-4 Simulation model and calculation mesh for two-axis helical gears (GX1)

Figure B2=2 (b) shows the calculation mesh around the gear mesh. When modeling the gear meshing part

(as shown in Section ET-2T), to provide a clearance between the gear tooth surfaces, the tooth thickness

is reduced by 20%, and the phase is adjusted so that the clearance between the teeth become uniform.

As in the experiment, the time history of the pressure at the tooth bottom is evaluated. The calculated

mesh size is set to 1.5 mm in the z, y, and z directions. The number of cells for the tooth height is eight.
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The number of calculation meshes is 10 million for the whole model. The gear specifications and operating

conditions are shown in Table 2222 .

Table 4.2-2 Gear specifications and operation condition for two-axis helical gears (GX1)

Gear type Helical
Module 4 mm
Number of teeth 66
Helix angle 30°
Pitch diameter 312 mm
Face width 100 mm
Rotational speed | 3780 rpm
Peripheral velocity | 62 m/s

(2)  Methods for Evaluating Simulation Results and Simulation Error
To validate the air pressure in the tip clearance under gear meshing, the numerical simulation results are
compared with the experimental ones. The simulation error is evaluated as follows:

e The relative standard error (= (¢/max(p))/ \/pos, where max(p) is the maximum pressure and Ao,
is the number of places at the bottom of the tooth) of o for the maximum pressure at the bottom
of the tooth is used as the error of the maximum pressure there. The relative standard error of the
minimum pressure is evaluated in the same manner. .4}, is set to eight for both errors.

e The quantitative systematic error is set as the relative value and compared with the experimental
value (true value). This is averaged with errors at 35% and 65% positions from the leading side of the

helical gear.

4.2.3.2 One-Axis Spur Gear (GX2) for Validation of Aerodynamic Loss in Single Gear
For the aerodynamic loss in a single gear, the loss value and loss reduction effect of the shroud are important.
Next, the numerical simulation accuracy is validated using the aerodynamic loss in a single gear under different

gear specifications (without the shroud), as well as with the loss reduction rate of three types of shrouds.

(1)  Simulation Model and Conditions
(i) Simulation Model and Simulation Conditions for Validating Aerodynamic Loss in A Single Gear

To validate the aerodynamic loss in a single gear, Dawson’s experimental results [81] are used. Table
B=3 shows the gear specifications; 16 gears with different specifications are used.

An example of a simulation model for the No.1 gear in Table B2=3 is shown in Fig. B2=8 (a). The
gear shaft (25 mm diameter) is fairly small compared with the gear diameter of 300 mm; hence, it was
omitted. The surrounding boundaries are set to pressure boundaries. When modeling the gear, the
thickness of the teeth is reduced by 20% following the method shown in Section EET21. The calculation
mesh is shown in Fig. 28 (b). The calculation mesh size is set to 9 mm. The calculation mesh size
is four meshes for the tooth height of the gear. The number of calculation meshes is ~160000. For
other gears in Table E-2=3 | the simulation modeling and calculation mesh are similar, as shown in Fig.
=3 .
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Table 4.2-3 Gear specifications for one-axis spur gears (GX2)

Gear No. | Spur or Helical Root diameter | Module | Face width | Number of teeth
mm mm mm -

1 | Spur 300 16 187 19
2 | Spur 760 24 187 32
3 | Spur 514 16 187 32
4 Helical 514 16 187 32
5 | Spur 300 8 187 38
6 | Spur 760 16 187 48
7 | Spur 514 8 187 64
8 | Spur 1160 16 187 73
9 | Spur 300 3 74 94
10 | Spur 760 8 32 95
11 | Spur 760 8 70 95
12 | Spur 760 8 114 95
13 | Spur 760 8 187 95
14 | Spur 760 8 267 95
15 | Spur 760 8 355 95
16 | Spur 760 8 543 95

(a) Simulation model (b) Calculation mesh

Fig. 4.2-5 Simulation model and calculation mesh for Gear No.l (one-axis spur gears, GX2)

(ii) Simulation Model and Conditions for Validating Loss Reduction Rate with Shroud in Aerodynamic Loss
for A Single Gear
The effect of reducing the aerodynamic loss by shrouding is validated. Dawson conducted experiments
on the effect of seven types of shrouds [&1]. Here, the numerical simulation is validated using three types
of representative shrouds. The shrouds to be validated are shown in Fig. B=2=8 . The specifications
of the shrouds are shown in Table B=2=4 . Shroud d (shown in Fig. =228 (a)) features a peripheral
wall in the range of 270 °, without side plates. Shroud f (shown in Fig. B2=8 (b)) is simply Shroud
d with those added side plates. Shroud ¢ (shown in Fig. B2=8 (c)) is a shroud with a completely
surrounding peripheral wall, though otherwise identical to Shroud f. Operating conditions match those

in the experiment (rotational speed: 750 rpm; air temperature: 20 °C; 1 atm).

128



4 Numerical Simulation Method of Fluid Dynamic Loss
4.2 Simulation Models, Simulation Conditions, and Method of Evaluating Simulation Results

9 With side walls With side walls

0° 902 —_—
Open; Open; (No opening)

(No side walls) Peny, \ Ning perivheral pening
@ ¢ il \ © ;}/)ali:ra ] Peripheral

Peripheral Gear G;ear s wall
Gear \ & wall

) No.13 No.13 i No.13 |
27 mm y ] 27ml$ . 1 27mg . ] /
'—) —— — A
30mm 15mm 15mm
(a) Shroud d (b) Shror (c) Shroud g

Fig. 4.2-6 Shrouds for Gear No. 13 (one-axis spur gears, GX2)
Table 4.2-4 Shroud specifications for one-axis spur gears (GX2)

Peripheral wall Axial wall
Shroud No. -
Opening angle | Clearance | Presence/Absence | Clearance
Unshrouded Fully open 00 Absent 00
Shroud d 90 ° 30 mm Absent S
Shroud f 90 ° 15 mm Present 27 mm
Shroud g No opening 15 mm Present 27 mm
= :ﬂﬁgar No.13 e
/’_/—__‘ + -
e
j

(Close-up of teeth)

== (Front view) (Side view)
(a) Simulation model (b) Calculation mesh

Fig. 4.2-7 Simulation model and calculation mesh for Gear No.13 (one-axis spur gears, GX2)

Gear No.13

er‘ipheral

wall

(Close-up of teeth)

Side
walls

(Front view) (Side view)
(a) Simulation model (b) Calculation mesh

Fig. 4.2-8 Simulation model and calculation mesh for Gear No.13 with Shroud f (one-axis spur gears, GX2)
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Figure B2=0 shows the simulation model and calculation mesh without shrouds. The surrounding
boundaries are set to pressure boundaries. The calculation mesh size around the gear is set to 5 mm
in the direction perpendicular to the gear axis, and 10 mm in the direction of that axis. For the gear
tooth height, the calculation mesh is roughly set to four. The number of calculation meshes was set to
~2 million. Figure =8 shows the simulation model and calculation mesh for the gear under Shroud
f. The surrounding boundaries are set to pressure boundaries. The calculation mesh size around the
gear is set to match that in Fig. 224 (5 mm in the direction perpendicular to the gear axis, and 10

mm in the direction of that axis). The number of calculation meshes is set to ~1.14 million.

Methods for Evaluating Simulation Results and Simulation Errors
To validate the aerodynamic loss in a single gear, the numerical simulation results are compared with the
experimental ones. The aerodynamic loss in a single gear under different gear specifications (without a
shroud) and the loss reduction rates for three types of shrouds are evaluated. The simulation error is
evaluated as follows.
e A random error attributable to the fluctuation over time is defined as the relative standard error |
= (o/ ]5) /V/Nyot | of o for the mean value of one rotation after reaching the steady state. N,..; is set
to 3.
e The quantitative systematic error is defined as the relative value of the deviation from the experimental

value (true value).

4.2.3.3 Two-Axis Spur Gearbox (GB1) for Validating Oil Jet Flow to Gear Mesh

(1)

Simulation Model and Conditions

The simulation model and calculation mesh are shown in Fig. B2=9 (a). The simulation region is set
as the surroundings of the gear meshing part, and the boundaries of the surroundings are set as pressure
boundaries. The oil jet is injected from the top of the gear mesh; thus, the rotational direction of the input
gear is clockwise (gear mesh moves from the top to the bottom) for the into-mesh jet and counterclockwise

(gear mesh moves from bottom to top) for the out-of-mesh jet.

Rotation for into-mesh jet

Input gear

Rotation for out-of-mesh jet

12 cells
for tooth height

Mesh size: 0.5 mm

Output gear Number of meshes:

Calculation area 1.5 million
(Pressure boundary for all boundaries) : ==
(a) Simulation model and calculation mesh (b) Calculation mesh around gear mesh

Fig. 4.2-9 Simulation model and calculation mesh for two-axis spur gearbox (GB1)
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The calculation mesh around the gear mesh is shown in Fig. B2=9 (b). In the gear meshing modeling
(as shown in Section 4.1.2.1), to provide a clearance between gear teeth, the tooth thickness is reduced by
20%, and the phase is adjusted such that the clearance between the teeth is equivalent. The calculation
mesh size is set to 0.5 mm (12 meshes for the gear tooth height). The number of calculation meshes is 1.5

million. Other simulation conditions are the same as those shown in Table B1=4 .

Method Evaluating Simulation Result
To validate the oil jet flow to the gear mesh, we confirm that the numerical simulation results qualitatively
reproduce the experimental ones regarding the inflow of the oil jet to the gear mesh (for the into-mesh jet)

and the spread of the oil jet to the gear tooth (for the out-of-mesh jet).

4.2.3.4 One-Axis Spur Gearbox for Validation of Oil Spray Flow to Gear Tooth (GB2-2)

(1)

Pressure boundary
(for all boundaries)

Simulation Model and Conditions

The simulation model is shown in Fig. 2210 (a). The simulation region contains the entire gear, and
the surrounding boundaries are set to pressure boundaries. The oil spray nozzle is directed to the gear
center in the radial direction. When modeling the gear shape, the tooth thickness is reduced by 20% to
follow the method described in Section BEI-21. The calculation mesh around the oil spray nozzle is shown
in Fig. B2=10 (b). The calculation mesh size is 0.5 mm (12 meshes for gear tooth height). The number

of calculation meshes is 5.6 million.

Spur gear Mesh size: 0.5 mm

/

Oil mist nozzle

Oil mist nozzle

Rotation
5.6 million meshes

20% reduction
of tooth thickness

(a) Simulation model (b) Calculation mesh

Fig. 4.2-10 Simulation model and calculation mesh for one-axis spur gearbox (GB2-2)

The operating conditions, oil specifications, and temperature match the experimental conditions indicated
under “Oil mist nozzle” in Table BI=8 , where the numerical simulation model of the oil spray nozzle is
set such that the condition at the spray reach position to the gear tooth is equivalent to the experimental
condition. The correspondence between the simulation conditions and experimental conditions for the oil
spray nozzle is shown in Fig. EZ2=T1 .

Figure B2=T1 (a) shows an experiment using only the spray nozzle. The experiment was conducted using
a two-fluid nozzle MMA 10 manufactured by Kyoritsu Gokin Co., Ltd., which has an air passage annularly
installed around a liquid tube. The liquid particle velocity on the central axis was measured at distances of

100, 300, 500 mm from the nozzle under the experimental conditions of 10 L /min for air and 0.05 L/min for
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liquid® (liquid volume fraction = 0.48%). Using the measured results of these particle velocities and the
relationship in which the distance along the central axis of the jet is inversely proportional to the distance
from the nozzle [IT3], the particle velocity at the tooth tip position (25 mm from the nozzle tip) in the
one-axis spur gear box (GB 2-2) experiment is estimated as 64 m/s.

When modeling this in a numerical simulation model, it is necessary to remember that the simulation
cannot solve the oil particles individually and that the spread of the oil spray in the experiment cannot
be reproduced (because the mixing layer between the oil spray and air cannot be resolved). Therefore,
the simulation is modeled so that the gas—liquid mixing ratio and flow velocity at the tooth tip position
are equivalent to those of the oil spray. The simulation model is shown in Fig. 2211 (b). The liquid
volume fraction of the oil spray in the simulation is set to 0.48%, and the velocity is set to 64 m/s along
the central axis of the spray at the tooth tip position. Both the liquid fraction and velocity match that
in the experiment. The diameter of the oil spray nozzle in the simulation is set to 1.8 mm, to match the
total flow rate of the air and oil. To suppress the spread of the spray (in contrast to the experiment) in
the simulation, the oil nozzle is set close to the tooth tip (8 mm clearance), as shown in Fig. B2=10 (b).
Air flow rate 10 L/min
Liquid flow rate 0.05 L/min

(ethanol 20 %, water 80 %)
Liquid fraction 0.48 %

Oil jet nozzle

Mixture flow rate 10 L/min
Mixture density 5.9 kg/m?
(liquid fraction 0.48 %)
Oil jet speed 64 m/s

Jet diameter 1.8 mm

A’
\ Jet speed ~64 m/s
(estimated/uniform)
Center speed 64 m/s (estimated)
(a) Experimental oil mist nozzle (photograph) (b) Simulated oil jet nozzle

Fig. 4.2-11 Real and simulated oil jet nozzle

Method of Evaluating Simulation Result
To validate the oil spray flow to the gear tooth surface, we confirm that the numerical simulation result
qualitatively reproduces the experimental result regarding the inflow of the oil spray to the gear tooth

surface.

4.2.3.5 One-Axis Spur Gearbox (GB3) for Validation of Oil Flow between Gear Tooth Tip and Shroud Wall

(1)

Simulation Model and Conditions

The simulation model is shown in Fig. B2=T2 (a). Similarly to the one-axis spar gearbox experiment with
a shroud (GB3), a single spar gear is enclosed by a shroud with one opening on the peripheral surface. An
oil jet is directed at 16 positions on both gear sides (eight positions on each side) for a total flow rate of
20 L/min (10 L/min on each side). During modeling, the tooth thickness is reduced by 20%, to follow the
method shown in Section -T2, To incorporate the drag coefficient of two-phase flow (Section BI-33),

*3 Water mixed with 20% ethanol was used to reduce surface tension.
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Shroud

4.3

16 oil jets for both gear sides
20 L/min (total)

the oil density in the simulation is multiplied by ¥’ (0.25, ratio of drag coefficient, Eq. B28).

The calculation mesh and boundary conditions are shown in Fig. B2=T2 (b). The simulation range
contains the entire gear (including the shroud), and the surroundings are set as a pressure boundary. The
calculation mesh size is 1.5 mm (approximately four meshes for tooth height and 11 meshes between the

gear tooth tip and shroud inner wall); the number of calculation meshes is 1.9 million.

Spur gear Mesh size: 1.5 mm

1.9 million meshes

7

Openin,
P g Shroud inner wall

wee srar TR

Pressure boundary
(for all boundaries)

(a) Simulation model (b) Calculation mesh

Fig. 4.2-12 Simulation model and calculation mesh for one-axis spur gearbox with shrouding (GB3)

Methods of Evaluating the Simulation Result and Simulation Error

To validate the oil flow between the gear tooth tip and shroud wall, the reproducibility of the experimental
result is evaluated with regard to the oil fraction, mixture velocity, and oil flow speed between the gear
tooth tip and shroud wall. The oil flow speed is considered to be related to the oil flow rate around the
gear.

When the oil fraction in the numerical simulation is compared with the experimental results, it is first
multiplied by ¥’ (0.25, Eq. B2R). As for the mixture velocity, air and oil are measured at the same
speed (mixture velocity) as in the experiment, and air and oil are used at the same speed in the gas-liquid
interface cell as in the simulation. Therefore, the flow speed in the simulation results can be compared
with the mixture velocity in the experiment. The oil flow speed is evaluated using both the experimental
and simulation results, using the oil fraction x mixture velocity.
We evaluate the simulation error as follows:

e The random error attributable to the variation in time is set as the relative standard error (=

(o/ ]3) /V/Nyot) of o for the mean value of one rotation after the steady state. N,.o is set to 10.
e The quantitative systematic error is evaluated as the relative value of the deviation from the experi-

mental value (true value).

Summary of the Evaluation Methods of Numerical Simulation Error

The error evaluation methods used for the numerical simulation are summarized in Table EZ3=1 .
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4.4 Validating the Applicability of Numerical Simulation Methods

To clarify the phenomena of fluid dynamic loss, it is necessary to qualitatively reproduce them. In this section,
we show that the phenomena can be qualitatively reproduced using the simulation modeling methods for airflow
and oil flow, as well as the combined simulation modeling methods for the fluid dynamic loss of air and oil. We

also identify the quantitative accuracy for practical applications.

4.4.1 Validation of Modeling Methods for Airflow

4.4.1.1 Validation of Air Pressure in the Tip Clearance of Gear Mesh for Validation of Airflow in Gear Meshing Part

In the gear meshing part, the pressure increases and air is pushed out by the tooth approach and contact; then,
the pressure decreases and the air is sucked in by the tooth separation [&Z]. The qualitative reproduction of these
phenomena serves to validate the numerical simulation method of the airflow in the gear meshing part. Then, we
compare the experimental results for tooth bottom pressure under gear meshing [A7] with the simulation results,
using the simulation model and conditions shown in Section B22=31. When modeling the gear meshing part, it
is necessary to ensure a clearance between the gear teeth, to prevent clogging of the calculation cell in the gear
meshing part, as described in Section BEI"21. Therefore, because the pressure on the tooth surface in the gear
meshing part is considered to differ from the actual pressure, we include this difference.

The pressure distribution on the tooth surface around the gear meshing part is shown in Fig. BZ=1 . This
pressure distribution is the result of averaging at every one pitch of the tooth during one rotation. It can be seen
that the pressure increases at the into-mesh side and decreases at the out-of-mesh side.

The pressure distribution with respect to the velocity vector on the central cross section of the tooth width
(around the gear meshing) is shown in Fig. B2=2 . The pressure contour of the gear meshing part is shown in
Fig. B2=2 (a). The into-mesh part is enlarged in Fig. B2=2 (b), and the out-of-mesh part is enlarged in (c).
It can be seen from Fig. BZ=2 (a) that the pressure increases at the former (“A” in the figure) and decreases
at the latter (“B” in the figure). Figure B2=2 (b) shows the pressure contour and relative velocity vector at the
into-mesh. It can be seen that the air outflow direction opposes the rotational direction (“Discharge of air” in the
figure). Figure B2=2 (c) shows the pressure contour and relative velocity vector at the out-of-mesh part. It can

be seen that air inflow occurs in the direction opposing the rotational direction (“Suction of air” in the figure).

Pressure decrease
at out-of-mesh

Pressure increase

Pressure at into-mesh

8
(kPa)
8

Fig. 4.4-1 Pressure distribution on the gear tooth flank around the gear mesh (simulation results)
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Rotation

Arrowhead

Rotation

Flow vector

>

Pressure
8
(kPa)

-8

Lrfiorfian
Y

(c) Detail of B (out-of-mesh)

(a) Pressure contour around gear mesh

Fig. 4.4-2 Velocity vector around the gear mesh in rotational coordinate system (simulation results)

Fig. B2=3 compares the simulation and experimental results for the tooth bottom pressure. Figure B2=3 (a)
shows the time history of the pressure at a position 35% of the width away from the helical leading side (forward
side in the rotational direction), and Fig. B2=3 (b) shows the time history of the pressure at a position 65% of
the width away from the helical leading side. In each figure, the horizontal axis shows the rotation angle (0 is the
meshing center position), and the vertical axis indicates the tooth bottom pressure. Because the pressure change
is important, the phase of the horizontal axis in the simulation is adjusted to match the peak of the experiment.

The simulation results qualitatively agree with the experimental results.

- - - - Experiment Simulation - - - - Experiment Simulation
10 10
5 ~
/a <
g 0 2
2 5 g
z \ z
g0 \/ :
/
-15
-20
220 -10 0 10 20 30 -20 -10 0 10 20 30
Rotational angle (°) Rotational angle (°)
(a) 35% width from helical leading side (b) 65% width from helical leading side

Fig. 4.4-3 Comparisons of experimental and simulation pressures at the tooth bottom (helical gear, 5=30°)

Regarding the random pressure error attributable to the fluctuation over time in the simulation, the relative
standard error (o/p)/\/Nrep (Where o is the standard deviation, p is the ensemble averaged pressure, and A, is
the number of repetitions) of o is 0.3% or less, which is obtained by evaluating the maximum and minimum values

136



4 Numerical Simulation Method of Fluid Dynamic Loss
4.4 Validating the Applicability of Numerical Simulation Methods

of the time histories at eight positions on the tooth bottom. The quantitative error of the simulation results when
compared with the experimental results in terms of pressure becomes —18% for the maximum pressure (absolute)
and —50% for the minimum pressure (absolute), as shown in Fig. B2=3 .

To examine the influence of the quantitative error, the pressure is integrated from —20° to 20°, and the results
are shown in Fig. BZ2=4 . The integrated pressure is related to the force loaded on the gear. From the figure, the
difference between the simulation and experimental results is ~20%. Although this difference slightly exceeds
the practical accuracy of 15%, it is considered feasible to evaluate the force and fluid dynamic loss loaded on the

gear of interest in this research.

4 4
= =
= =
7 7
2 3 = 3
= l —18% 2 —23%
S = S = v
g g g E
P P
o R o R
= E<
5 g
2 2
5D 5D
2 2

0 0

Experiment Simulation Experiment Simulation
(a) 35% width from helical leading side (b) 65% width from helical leading side

Fig. 4.4-4 Comparisons of angular integration of pressure at tooth bottom

In Fig. B2Z=3 , the simulated maximum value of the bottom pressure roughly agrees with the experimental
value; however, the simulated minimum value (absolute value) is smaller than the experimental one. The pressure
difference when the clearance between the tooth surfaces is set to exceed the real case is also reported in previous
research, which describes the airflow in gear meshing [51].

Figure B2=3 (a) shows the reason why the experimental and simulation results almost agree with respect to
the maximum value of the tooth bottom pressure. In the into-mesh, the volume between the gear teeth is almost
eliminated before the gear teeth make contact. Therefore, the effect of widening the clearance between the teeth
in the simulation is reduced.

Figure BZ=3 (b) illustrates why the simulation result is smaller than the experimental one for the minimum
value (absolute value) of the tooth bottom pressure. In the out-of-mesh, the volume between the gear teeth
rapidly expands with respect to gear rotation from the minimum volume. In this case, the airflow into the
volume between teeth is increased by widening the clearance between the teeth. Therefore, it is considered that
the minimum value (absolute value) of the pressure in the simulation is smaller than the experimental value.

From the above, we see that in the simulation, the pressure drop at the gear meshing is estimated to be lower
than the actual value. However, the time integral value of the pressure associated with the force on the gears
(and the fluid dynamic loss) of interest in this research generally agrees with the experimental result within a
range close to the practical error. Therefore, it is considered possible to clarify the airflow at the gear meshing

part using the present simulation modeling method.
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Contact

Contact
contact Influence of

flow through /! Influence of
contact point flow through
might be small. ) contact point
2 might be large.
N %
{ I %
\ ’
~L - Sl -’
Real phenomena Simulation Real phenomena Simulation
(a) Influence of tooth contact difference (b) Influence of tooth contact difference
at into-mesh at out-of-mesh

Fig. 4.4-5 Influence of tooth contact differences between real phenomena and simulation results (anticipated)

4.4.1.2 Validation of Aerodynamic Loss of a Single Gear for Validation of Airflow around the Gear

To validate the airflow around the gear, the aerodynamic loss of a single gear is here validated. In addition, the

effect of reducing the aerodynamic loss by shrouding is validated. The cause of this reduction effect is described

in the clarification and classification of the fluid dynamic loss (Chapter H). In this section, only the numerical

simulation method is validated by comparison with the aerodynamic loss.

(1)

Validation of the Aerodynamic Loss of a Single Gear

As an example of the simulation results, the velocity contour of Gear No.l is shown in Fig. BZ=8 (a),
and the pressure contour is shown in Fig. E2=8 (b). From Fig. BZ=0 (a), the rotational flow around the
gear and the radial flow from the center width of the tooth can be observed. The flow speed is low at the
gear wall, which is attributable to a problem in the display (because the speed for displaying the contour
inside the gear is set to zero). However, the rotational speed is actually imparted to the gear wall in the

calculation. From Fig. B2=8 (b), it can be seen that the pressure change around the gear is small.

Speed Pressure
Rotating flow 13 0.15
(m/s)  Radial flow (kPa)

-0.15

(Mid-plane view) (Mid-section view) (Mid-plane view) (Mid-section view)
(a) Velocity contour and vector (b) Pressure contour and velocity vector

Fig. 4.4-6 Simulation results for Gear No.1

Figure B2=7 (a) shows the time history of the aerodynamic loss in Gear No.l. Figure B2=2 (b) shows

the averaged pressure for each rotation. The mean value of the last three rotations is the aerodynamic

138



4 Numerical Simulation Method of Fluid Dynamic Loss
4.4 Validating the Applicability of Numerical Simulation Methods

loss of the gear. Using the values of the last three rotations, the relative standard error of ¢ is calculated,
and the error is defined as the time variation error. As a result, the time variation error in the numerical

simulation is below 0.8%.

0.05 0.05
5
< 0.04 5 0.04
2 5o e 00060000 00
2 0.03 £ 20.03
= o £ Final 3 rotations
£ 0.02 £ '50.02 for averaging
£ &=
g 001 Gear No.1 = 00l Gear No.1
(5] <
< 0.00 0.00
0 2 4 6 8 10 0 2 4 ) 8 10
Rotation Rotation
(a) Time history of aerodynamic loss (b) Aerodynamic loss at every rotation

Fig. 4.4-7 Time history of aerodynamic loss for Gear No.l (simulation results)

Figure BZ=8 compares the simulation results of aerodynamic loss with the experimental results; it shows
the horizontal axis as the measured value and the vertical axis as the numerical simulation value. The
experimental measurement error of 20% is shown as an error bar at each point in the figure. A line of
+15% is shown as a practical accuracy. It can be seen that in some cases the error exceeds +15% even
when the experimental measurement error is taken into account. The parameter dependence of this error
is examined, and it is found that the most dependent parameter is the number of teeth. This is shown in
Fig. B4=9 .

10

3.0

>

2.5

Simulated aerodynamic loss (kW)

g = { E
0.1 Z e VE

§ 220 —— & ——+I5%error— — s
g2 5 / s
~ B 1.5 E/?\i ¢ i i B
< =2 |

0.01 f‘;’- 810 =7 T é’ '_; e Lo A T
R R F\ ——————————
E s ¢ } 7
n . Simulated = Measured

0.001 * 0.0 | qlS%error | [ |
0.001 0.01 0.1 1 10 0 20 40 60 80 100
Measured aerodynamic loss (kW) Number of teeth

Fig. 4.4-8 Comparison of simulation and experimental Fig. 4.4-9 Comparison of simulation results (with re-
results for the aerodynamic losses of different gears spect to the number of teeth) for the aerodynamic

losses of different gears
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The horizontal axis in the figure denotes the number of teeth, and the vertical axis is the numerical
simulation value divided by the measurement one. From this figure, it can be seen that the error when
the number of teeth is 65 or less is roughly within £15% (the range including the error bar is within
approximately +15%).

Figure BZ=T0 shows a comparison between the experimental and simulation results under typical conditions
with less than 65 teeth. In the figure, the experimental measurement error (+20%) and simulation error
(relative standard error of o: 0.8%) are also shown. From the figure, it is found that the experimental
and simulation results generally agree within the error range. For aeroengine gears, the number of teeth is
often kept small for downsizing, and the limitation of the simulation with fewer than 65 teeth is considered
to be no problem for practical use.

The above results show the aerodynamic loss when the tooth thickness is reduced by 20%. Regarding the
difference with and without reduction of tooth thickness, the comparison using Gear No.13 in Table I2=3
shows that it is as small as 1%. Therefore, the influence of the 20% tooth thickness reduction is considered

negligible.

760 mm Spur gear

1.0

— 514 mm
_% 0.8 Spur gear 514 mm
2 Helical gear
2 06 300 mm
Cé’ Spur gear
S 04 2,
5, 7
E, 0.2 hos % o
6 3 4 1
B Experiment @ Simulation Gear No.

Fig. 4.4-10 A comparison of simulation results for the aerodynamic loss under different gear diameters (the number
of teeth is less than 65)

()

Validation of the Shrouding Effect for a Single Gear

To validate the effect of the shroud upon a single gear, the reduction rate of the aerodynamic loss via
shrouding is used. The experimental results are compared with the simulation results using three typical
shrouds from Dawson’s shroud experiment [81]. The results are shown in Fig. BZ=TT . Shroud d is
a shroud enclosing the peripheral surface of the gear for 270 ° (without side plates). In Shroud f, the
clearance between the shroud and gear tooth tip is halved (from 30 mm to 15 mm) and side plates are
added based on Shroud d. Shroud g is entirely enclosed (no peripheral opening) though otherwise similar
to Shroud f. The vertical axis in the figure shows the loss reduction ratio for the aerodynamic loss without
a shroud. For the simulated loss reduction ratio, the loss is based on the unshrouded loss in the simulation.

For the experimental loss reduction ratio, the loss based on the unshrouded loss in the experiment is used.
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In the figure, experimental and simulation errors are shown with error bars, and it is found that the larger
the shroud’s enclosure range (i.e., the smaller the opening), the lower the loss; furthermore, within the
error range, the simulation results agree with the experimental ones. The maximum simulation error is
16% (= |(simulation value/experimental value — 1)| x 100%, for Shroud f). This value is approximately

equivalent to the practical accuracy of 15%.
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Fig. 4.4-11 A comparison of simulation and experimental results for the aerodynamic loss under different shrouds

Figure EZ=T2 compares the velocity and pressure contours with and without the shroud. The velocity
contours without shrouding are shown in Fig. B2=T2 (al), and the pressure contours without shrouding
are shown in Fig. B2=T2 (a2). The velocity contours with Shroud f are shown in Fig. BZ=T2 (bl). The
pressure contours with Shroud f are shown in Fig. BZ=T2 (b2). The velocity around the gear without
shrouding is increased, as shown in “A1” in Fig. B2=T2 (al) of the figure; meanwhile, the velocity outside
the shroud for Shroud fis decreased, as shown in “A2” in (bl). The change in the pressure at the gear
periphery without shrouding is small, as shown in “B1” in Fig. BE2=T2 (a2); meanwhile, the pressure in the
shroud for Shroud f decreases, as shown in “B2” in (b2). Therefore, it is considered that the installation
of the shroud reduces the aerodynamic loss by restricting the increase in the velocity of the peripheral air,
owing to the gear rotation, as well as by reducing the pressure around the gear.

From the above results, it is found that the aerodynamic loss in a single gear qualitatively agrees with
the experimental results, and that the simulation accuracy is almost quantitatively practical (under the
condition that the number of teeth is 65 or less, which is practical for an aeroengine). Therefore, it is
considered feasible to clarify the phenomena of airflow around the gear using the numerical simulation

method and simulation modeling methods for the airflow.
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(Mid-plane view) (Mid-section view) (Mid-plane view) (Mid-section view)

(al) Velocity contour and vector for unshrouded gear (a2) Pressure contour and velocity vector for unshrouded gear

(Mid-plane view) (Mid-section view) (Mid-plane view) (Mid-section view)
(b1) Velocity contour and vector for Shroud f (b2) Pressure contour and velocity vector for Shroud f

Fig. 4.4-12 Simulation results for Shroud f

442 Validation of Modeling Methods for Oil Flow

4.42.1 Validation of Oil Jet Flow into Gear Mesh for Validation of Oil Flow in Gear Meshing Part

Figure BZ=T3 shows a comparison between the results of the visualization experiment and those of the numerical
simulations when an oil jet is injected from the into-mesh side. Figure B2=T3 (al) in the figure shows the result
of the visualization experiment at 500 rpm of the input gear, and (a2) is the result of the simulation. The results
of the experiment and simulation are qualitatively consistent with respect to the oil outflow in the side direction
from the gear mesh. Figure B2=13 (bl) in the figure is the result of the visualization experiment at 4000 rpm
of the input gear, and (b2) is the result of the simulation. The results of the experiment and simulation are
qualitatively consistent with respect to the lack of oil outflow from the gear mesh when the rotational speed is
increased. Thus, the oil outflow from the gear mesh changes according to the rotational speed, regarding whether
the oil jet flow rate is larger than the air pumping flow rate of the gear mesh (= volume of tip clearance and

backlash x the number of teeth X rotational frequency) or not. This is shown in Fig. BZ=14 . In the numerical
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simulation results, a tooth thickness reduction of 20% and ¥’ (0.25, Eq. B=28) were taken into consideration.
Figures BZ=T3 (al) and (a2) show the case in which the oil flow rate is equivalent to the air pumping flow rate,

and Figs. EZ=T3 (bl) and (b2) show the case in which the oil flow rate is lower than the air pumping flow rate.

Position of oil jet source

Position of oil jet source

Flow out
of oil
(al) Experiment; (a2) Simulation; (b1) Experiment; (b2) Simulation;
Input: 500 rpm; Input: 500 rpm; Input: 4000 rpm; Input: 4000 rpm;
peripheral velocity: 40 m/s peripheral velocity: 40 m/s

peripheral velocity: 5 m/s peripheral velocity: 5 m/s

Fig. 4.4-13 Comparisons of simulated and experimentally visualized oil flows (oil jet directed to into-mesh: 3.8

L/min)
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Fig. 4.4-14 Ratio of oil supply flow rate to air pumping flow rate

Figure BEZ=T3 presents a comparison between the results of visualization experiments and numerical simulations
when an oil jet is injected from the out-of-mesh side. In the figure, (al) is the result of visualization experiments
at 1600 rpm of the input gear, (a2) is a schematic diagram of the flow, and (b) is the numerical simulation result.
The experimental and simulation results are qualitatively consistent for the flow of oil into the gear tooth surface.

From the above, the numerical simulation and simulation modeling methods for the oil flow are qualitatively

validated for the flow of an oil jet to the gear meshing part.
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Oil jet

Oil flow onto
tooth flank

Input
gear

(al) Experiment (a2) Schematic of experiment (b) Simulation

Fig. 4.4-15 Comparison of simulated and experimentally visualized oil flows (oil jet directed to out-of-mesh: 3.8

L/min; input: 1600 rpm; peripheral velocity: 16 m/s)

4.4.2.2 Validation of Oil Inflow to Gear Tooth Surface for Validation of Qil Flow around Gear

Figure B2=18 shows a comparison between the results of visualization experiments and numerical simulations
when oil mist is sprayed into the gear periphery. Figure B2=TA (al) shows the result of visualization experiments
at 2500 rpm of the input gear, and (a2) shows the simulation result. In Figs. B2=1T8 (al) and (a2), the results of
experiments and simulation qualitatively show that oil mist flowed between the gear teeth. It is considered that
this oil mist flows in because the gear peripheral speed is slower than the oil mist spray velocity. Figure B2=18
(b1) shows the result of visualization experiments at 7500 rpm of the input gear, and (b2) shows the simulation
results. In Figs. BZ=18 (bl) and (b2), the simulation result qualitatively agrees with the experimental results
regarding the non-inflow of oil mist between the gear teeth. The reason why no inflow occurred is because the
gear peripheral speed exceeds the oil mist spray velocity and subsequently scatters oil mist.

From the above, the numerical simulation and simulation modeling method for oil flow are qualitatively vali-

dated for the flow of oil mist into the gear periphery.

Flow into
tooth valley

No flow into
tooth valley

tooth valley:

tooth'valley

(b1) Experiment; 2

input: 7500 rpm;
peripheral velocity: 75 m/s

(al) Experiment;
input: 2500 rpm;

%
peripheral velocity: 25 m/s (b2) Simulation;

input: 7500 rpm;

(a2) Simulation;
input: 2500 rpm;
peripheral velocity: 25 m/s peripheral velocity: 75 m/s

Fig. 4.4-16 Comparison between simulated and experimentally visualized oil flows (oil mist directed to gear

periphery)
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4.4.2.3 Validation of Oil Flow near Shroud Wall

Because the oil flow near the shroud wall can increase the oil dynamic loss by flowing into the gear tooth, it is
necessary to validate the numerical simulation method and simulation modeling method for the oil flow near the
shroud wall.

We summarize the phenomena from the simulation results, which are shown in Fig. B2=17 . Figure £2=T7 (a)
shows the oil distribution. The oil fraction isosurface of 5% in the calculation cell is shown alongside the velocity
contours. The oil outflow from the opening of the peripheral surface of the shroud can be observed. Figure B2=17

(b) shows the oil fraction contour on the center cross-section (mid-plane) of the tooth width. Figure BZ=T2 (c)
shows the oil fraction contour on the longitudinal center cross section (mid-section). It can be seen that the oil
is distributed near the wall surface, as shown in “A” in Fig. BZ=T7 (b) and “B” in (c). Figure B2=17 (d) shows
the velocity contours. It can be seen that the high speed region remains inside the shroud (“C” in the figure).
Figure B2=T7 (e) shows the pressure contours. It can be seen that the pressure decreases inside the shroud (“D”

in the figure).

Opening

0Oil fraction Oil fraction

w5

Lo

(%)

5 (%)
0

=100
L0 (m/s) in calculation cells) (b) Oil fraction contour at mid-plane (c) Oil fraction contour at mid-section

(isosurface >0f 5% oil

(a) Oil distribution

H 0 (Mid-plane view) (Mid-section view) H 20 (Mid-plane view) (Mid-section view)

(d) Velocity contour (e) Pressure contour

Fig. 4.4-17 Simulation results for one-axis spur gearbox with shrouding (GB3)
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Next, the simulation and experimental results are compared with respect to the oil fraction, mixture velocity,
and oil flow velocity (= oil fraction x mixture velocity). The oil fraction in the simulation is calculated by
multiplying the oil fraction within the calculation cell by ¥’ (0.25, in Eq. EZR). As for the mixture velocity,
air and oil are measured as the same velocity (mixture velocity) in the experiment, and the air and oil are set
to the same velocity in the gas—liquid interface cell in the simulation. Therefore, the velocity in the simulation
result can be directly compared with the mixture velocity in the experiment. The oil flow velocity is evaluated in
both the experimental and simulation results by using the oil fraction x mixture velocity. The oil flow velocity
is considered to be related to the oil flow rate around the gear, and the oil flow rate relates to the oil dynamic
loss, as shown in Section EZ3. Therefore, the oil flow velocity is important.

Figure BZ=T8 compares the simulation results and experimental results in terms of the oil fraction ((a) in the
figure), the mixture velocity ((b) in the figure), and the oil flow velocity ((c) in the figure). The radial distribution
of the oil fraction (Fig. EZ=T8 (a)) shows that the simulation result is similar to the experimental result in terms
of the trend toward a high oil fraction on the wall of the shroud. On the other hand, the simulation result for
the absolute value of the oil fraction is lower than the experimental one. The radial distribution of the mixture
velocity (Fig. B2=T8 (b)) shows that the simulation result is similar to the experimental result in terms of the
high mixture velocity near the gear tip and the low mixture velocity on the wall of the shroud. On the other
hand, the simulation result of the mixture velocity is approximately double that of the experimental results, as
indicated by “A1” in the figure. In Fig. BZ=I8 (c), which shows the radial distribution of the oil flow velocity,
the simulation and experimental results roughly agree in terms of having a peak value slightly away from the
wall and absolute value, as shown by “B1” in the figure.

To understand the cause of the difference between the simulation results and experimental results in Fig. BZ=13 |
we try to explain this difference through the influence of air bubbles mixing into the oil (aeration). It has been

reported that the apparent viscosity of oil increases under aeration of oil [[14]. This is shown in
Hoil,aeration = Hoil {1 + C(l - aoil)} (435)

where Loil aeration 1S the apparent dynamic viscosity of aerated oil, p,y; is the dynamic viscosity of the oil (without
aeration), C' is the experimental coefficient, and a,;; is the oil fraction. Therefore, assuming aeration as described
above, a numerical simulation is performed in which the viscosity of the oil is increased. The results are shown
in Fig. B2=19 .
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(a) Oil fraction (b) Mixture velocity (c) Oil velocity

Fig. 4.4-18 Comparison of simulation and experimental results for oil fraction, mixture velocity, and oil velocity
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Fig. 4.4-19 Comparison of simulation and experimental results with “aerated” viscosity

By considering the increase in oil viscosity attributable to aeration, the simulation result approached the
experimental one near the mid-position between the gear tooth tip and shroud wall surface, as shown in “A2”
in Fig. £Z=19 (b). On the other hand, the simulation result of the oil flow velocity near the wall is smaller
than the experimental result, as shown in “B2” in Fig. B2=T9 . From the above, we see that when aeration is
considered (owing to the increase in oil viscosity attributable to aeration), the simulated values near the mid-
position between the gear tooth tip and shroud wall tend to correspond to the experimental results; furthermore,
when aeration is neglected, the simulated values near the shroud wall tend to correspond to the experimental
results.

From these tendencies, it is considered possible that the aeration condition changes between the gear tooth
tip and shroud wall. A schematic diagram of the assumed aeration condition is shown in Fig. . Ifa
large quantity of air is mixed in with the oil particles near the gear tooth tip, bubbles will separate owing to
the centrifugal force as they move toward the shroud wall. This may reduce the aeration on the shroud wall.
However, the simulated oil fraction near the shroud wall still differs from the experimental result even when the
influences of oil aeration are considered (Fig. BZ=I8 (a) and Fig. BZ=T9 (a)). This may be caused by the

influences of the oil surface tension and contact angle on the oil’s adhesion to the wall.

e Oil with high aeration Oil with low aeration
e @
@ .
Centrifugal force l Oil \\ l
’
KJ
-

Rotation

Air is released from the oil

by centrifugal force

Gear Shroud wall

Flow

Fig. 4.4-20 Schematic of the anticipated aeration phenomena

Regarding the oil flow velocity, the simulation and experimental results generally agree in Fig. BZ=T8 (c);
thus, it is considered that the oil flow velocity is related to the oil flow rate around the gear, and the oil flow rate
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relates to the oil dynamic loss (Section 223). Therefore, it is considered feasible to clarify the phenomena of the
oil flow near the wall of the shroud and the resultant oil dynamic loss by using the numerical simulation method
and the oil flow modeling method presented here. The error of the simulation result for the oil flow velocity, when

compared with the experimental result, is 5%, as shown in the comparison of peak values in Fig. EZ=I8 (c).

4.4.3 Validation of Simulation Method for Fluid Dynamic Loss

4.4.3.1 Validation of Fluid Dynamic Loss of Air and Oil

In this section, the numerical simulation results of the fluid dynamic loss for air and oil are compared with
the experimental results, to validate the simulation methods for the loss. An example of the time history of the
fluid dynamic losses of air and oil is shown in Fig. B2=21 (a). The result of averaging each rotation of the input
gear in this time history is shown in Fig. B2=21 (b). The relative standard error (=(20/ 15) /V/Nyot, where o is
the standard deviation, "is the ensemble averaged value, P is the averaged value in one rotation, and N, is the
number of rotations) of 20 (as the time variation error of the numerically simulated loss) is obtained by using
the time-averaged loss of each rotation from 21 to 30 rotations after the loss reached an almost steady state, as
shown in Fig. B2=21 (b).

As a result, the maximum values of this time variation error (the relative standard error of 20) are 2.4% for
the fluid dynamic loss of air and oil, 1.5% for the aerodynamic loss, and 1.9% for the oil dynamic loss. The
measurement errors of the loss are 0.082 kW at 7000 rpm, 0.055 kW at 9000 rpm, and 0.044 kW at 10000 rpm
(Table BB=1 ). These numerical simulation errors (time variation errors) and experimental measurement errors

are small compared to the loss value, and their graphical representation is omitted below.
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0 10 20 30 0 10 20 30
Rotation of input gear (rotation) Rotation of input gear (rotation)
(a) Time history of fluid dynamic loss (b) Averaged time history of fluid dynamic loss at each rotation

Fig. 4.4-21 Example time history of simulated fluid dynamic loss (oil supply rate: 3.85 L/min; input: 9000 rpm;
Shroud 2)

Figure B2=X4 compares the numerical simulation and experimental results regarding the fluid dynamic loss of
air and oil, aerodynamic loss, and oil dynamic loss with respect to rotational speed changes at an oil supply flow
rate of 7.40 L/min. Figures B2=22 (al) and (a2) show the fluid dynamic losses of air and oil, (b1) and (b2) show
the aerodynamic loss, and (c1) and (c2) show the oil dynamic loss. Figures B2=22 (al), (bl), and (cl) show
the losses for Shroud 1, and (a2), (b2), and (c2) show the losses for Shroud 2. The numerical simulations and
experimental results are in good agreement.

Figure B2=23 compares the numerical simulation and experimental results for the fluid dynamic loss of air and
oil, aerodynamic loss, and oil dynamic loss with respect to rotational speed changes at an oil supply flow rate of
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3.85 L/min, similar to Fig. B2=22 . The numerical simulation and experimental results qualitatively agree.

Figure compares the numerical simulation and experimental results regarding the fluid dynamic loss of
air and oil, aerodynamic loss, and oil dynamic loss with respect to oil supply flow rate changes at a rotational
speed of 10000 rpm, similar to Fig. B22=22 . The difference is that the horizontal axis shows the oil supply flow
rate. The numerical simulation and experimental results qualitatively agree.

From the above qualitative agreements, it is concluded that fluid dynamic loss phenomena can be clarified
using the numerical simulation method.

The quantitative error of the numerical simulation is defined as the relative standard deviation, and the error
is obtained for the aerodynamic loss, the oil dynamic loss, and the fluid dynamic loss of air and oil using the
results of Figs. B4=22 ) B2=23 | and . The error in the aerodynamic loss is 5%, that in the oil dynamic
loss is 14%, and that in the fluid dynamic loss of air and oil is 8%. Because these errors are less than 15% of the

practical errors, the quantitative evaluation of each loss is also concluded to be possible.
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Fig. 4.4-22 Comparison of simulation and experimental results for power loss with respect to input speed changes
(oil supply rate: 7.40 L/min; Shroud 1 & Shroud 2)
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Fig. 4.4-23 Comparison of simulation and experimental results for power loss with respect to input speed changes
(oil supply rate: 3.85 L/min; Shroud 1 & Shroud 2)

4.4.3.2 Influence of Air Compressibility

To confirm the influence of air compressibility, a simulation result for air (modeled as a compressible fluid) is
shown in Fig. BZ2=23 . When air is modeled as a compressible fluid, the aerodynamic loss is equivalent at 7000
rpm and increases by 3% at 10000 rpm, compared to incompressible air.

The qualitative tendency of the aerodynamic loss is similar when air is modeled as a compressible or incom-
pressible fluid. Therefore, it is concluded that the phenomena of fluid dynamic loss can be clarified using the

numerical simulation method with air modeled as an incompressible fluid.

4.4.3.3 Influence of the Size of Calculation Mesh
The influences of the calculation mesh size on the losses with respect to the rotational speed changes are shown
in Fig. . The influences of the calculation mesh size on the losses with respect to the oil supply flow rate
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Fig. 4.4-24 Comparison of simulation and experimental results for power loss with respect to oil supply rate
changes (input speed: 10000 rpm; Shroud 1 & Shroud 2)

changes are shown in Fig. B2=27 . Although the oil dynamic loss differs when the calculation mesh size is varied,
the qualitative trend is equivalent. Therefore, the phenomena of fluid dynamic loss can be clarified using the

numerical simulation method.

4.4.4 Summary of Numerical Simulation Error

The numerical simulation errors are summarized in Table B2=1 . The table shows that they are less than the

practical error (+ 15%).
The simulation error of the aerodynamic loss for single spur gears is a little outside the practical error. However,
the simulation error of the fluid dynamic loss for the two-axis helical gearbox (GA), which is the subject of this

research, is less than the practical error, and no problems arise when clarifying the fluid dynamic loss.
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Fig. 4.4-25 Influence of air compressibility on aerodynamic loss (simulation results, Shroud 1)
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Fig. 4.4-26 Influence of calculation mesh size on power losses for different rotational speeds (simulation results,

constant oil supply rate: 7.40 L/min, Shroud 2)
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Fig. 4.4-27 Influences of calculation mesh size on power losses for different oil supply rates (simulation results,

constant input speed: 10000 rpm, Shroud 2)
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4.5 Summary of Chapter 4

In this chapter, a numerical simulation method for fluid dynamic loss, as well as simulation conditions for
clarifying it and validating the numerical simulation method were described. In addition, to use the numerical
simulation methods to clarify the phenomena of fluid dynamic loss, we examined whether the numerical simulation

results can qualitatively reproduce the experimental results. The findings are summarized below.

45.1 Summary of Numerical Simulation Methods

1. To ensure both numerical stability and calculation speed at gas-liquid interfaces (which are important for
ensuring the practicality of numerical fluid simulations of gear systems), we used a rectangular mesh for
calculation, the VOF method for calculating gas—liquid interfaces, and the porosity method for modeling
object boundaries.

The porosity method (used to model a moving object (e.g., a gear with a rectangular mesh fixed in space))
defines the volume of air and oil in the cell and the area of air and oil at the cell surface (excluding the
region of the object), where the calculation cell contains the object. The object movement is considered in
terms of the volume changes of the air and oil regions in the cell, as well as the change of the air and oil
areas of the cell surface.

To suppress the numerical diffusion of the liquid fraction in the cell under the VOF method, we applied a
compression speed in the direction perpendicular to the interface (surface compression method).

Mass conservation and momentum conservation equations were compiled into one common equation (one
fluid model) for both oil and air. In this case, the pressure and flow velocity in the gas—liquid interface cell
were the same on the air and oil sides, and no velocity slip occurred at the gas—liquid interface.

The shear stress at the wall was calculated from the difference between the object and fluid velocities and
from the turbulence model. The LES method was used for turbulence, to ensure numerical stability.

2. As a simulation modeling method for airflow, to ensure numerical stability, the gear tooth thickness was
reduced and clearance was provided between the gear teeth. Because the gear contact surface was in
Hertzian contact and the contacts were placed in a narrow linear area (owing to the high rigidity of the
gear material), the impact of excluding the contact area was limited. On the other hand, increasing the
distance between the contact surfaces influenced the whole tooth surface; hence, experimental validation
was required.

3. As simulation modeling methods for oil flow, this research shows that the momentum change of oil can be
modeled without individually solving oil particles, by coarse-graining the oil particles, applying a simple
modeling method of the oil jet (to reduce the number of calculation meshes), and implementing a method
for improving simulation accuracy that considers the case in which the drag coefficient in a two-phase flow
is lower than that in the single phase flow.

4. As a method for separating the fluid dynamic loss, we suggested that the aerodynamic loss could be
obtained by the simulation of air alone, and the oil dynamic loss could be obtained by subtracting the

aerodynamic loss from the fluid dynamic loss of air and oil.
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4.5.2 Summary of Validation Results for the Applicability of Numerical Simulation Methods

1.

To validate the airflow in the gear meshing part, the air pressure in the tip clearance thereof was validated.
As a result, it was found that the numerical simulation could reproduce the pressure increase in the into-

mesh part and the pressure decrease in the out-of-mesh part.

. To validate the airflow around the gear peripheral part, we validated the aerodynamic loss of a single gear.

It was found that the numerical simulation can qualitatively reproduce the aerodynamic loss of a single

gear, as well as the loss reduction rate caused by shrouding.

. To validate the oil flow in the gear meshing part, the oil jet flow to the gear meshing part from into-mesh

or out-of-mesh was validated. It was found that the numerical simulations could qualitatively reproduce

the visualization results of the oil jet flow.

. To validate the oil flow around the gear peripheral part, the oil spray flow to the gear tooth under different

peripheral speeds of the gear was validated. As a result, and it was found that the numerical simulations

could qualitatively reproduce the visualization results of the oil spray flow.

. To validate the oil flow near the shroud wall, the oil fraction, mixture velocity, and oil flow velocity

between the gear tooth tip and shroud wall were validated. It was found that the numerical simulation
could reproduce the experimental results, because the oil fraction was large near the shroud wall, the flow
velocity near the tooth tip was high, the flow velocity tended to decrease as it approached the wall, and

the peak value of oil flow velocity tended to be slightly further away from the shroud wall.

. The simulation results for the fluid dynamic loss (of air and oil), aerodynamic loss, and oil dynamic loss

were found to reflect the experimental results.

. As described above, because the numerical simulation results were qualitatively consistent with the ex-

perimental results in all simulations, the numerical simulation method could be applied to clarify the
phenomena of fluid dynamic loss. In addition, the quantitative accuracy almost satisfied the practical
accuracy (15% or less) in the validation for the air pressure in the gear mesh, the validation of the aerody-
namic loss for a single gear, the validation of the oil flow velocity near the shroud wall, and the validation
of the fluid dynamic loss. Therefore, a quantitative evaluation using the numerical simulation method is

considered possible.
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Chapter 5

Clarification and Classification of Fluid Dynamic
Loss Phenomena

In this chapter, we first explain the phenomena of fluid dynamic loss by considering the results of numerical

simulations, and thereafter, we classify the fluid dynamic losses.

5.1 Clarification of the Phenomenon of Aerodynamic Loss

5.1.1 Airflow Fields

Figure BI=1 depicts the configurations of the gears and peripheral parts, and the division of the gear areas
used to clarify the aerodynamic loss phenomenon. The configurations of the gears and peripheral parts are shown
in Fig. BI=1 (a). Oil jets are ejected from the top and bottom of a helical gear pair toward its gear meshing part,
where the input gear (large gear) and output gear (small gear) interlock with each other. The meshing point of
the gears moves from the bottom to the top; the lower side of the meshing part is defined as the “into-mesh”
side, and the upper side is defined as the “out-of-mesh” side. The helical gear consists of a leading side (front
side in the rotational direction) and trailing side (the side that follows the front side in the rotational direction).

The gears are enclosed by a shroud with openings.

Input gear Shroud opening

(wheel gear) Gear
Output gear
\ (pinion gear) Out-of-mesh

Gear meshing

Rotation

[11IIY

Shroud Into-mesh Lea}gmg Traﬁmg
il j . side side
Clearance between Oil jet side .
shaft and shroud Gear peripheral part
(a) Configurations of gears (b) Gear meshing and gear peripheral parts

Fig. 5.1-1 Gear and shroud configurations; definitions of the gear parts
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In loss classification, the gear part is divided into gear meshing and gear peripheral parts, as depicted in Fig.

BEI=0 (b). The aerodynamic loss phenomena in each part were examined, and the same parts were used to clarify

the phenomena of the oil dynamic loss; these parts are the same as described in Chapter B.

(1)

Airflow Pattern and Gear Pumping Work

The airflow pattern around the gear and the pumping work of the gear are depicted in Fig. BI=2 . After
air is sucked from the clearance between the gear shaft and the shroud, it flows radially inside the shroud
(@ in Fig. B2 ) and flows out from the shroud opening ((2) in Fig. BI=2). In this case, the power
required for gear rotation (the power is the aerodynamic loss, which is obtained from the integral of the
pressure and shear force on the gear surface) is 2 kW. In contrast, the airflow work performed by the gear
(pumping work) was calculated from the product of the pressure difference and volumetric flow rate of the
air sucked by the gear rotation. The result was 8 W, and the pumping efficiency compared to the input
power was 0.4%.

In an experiment by Houjoh et al. [68], the power loss was reduced when the pressure in the gearbox
was lowered by an external vacuum pump, but the loss increased when the pressure in the gearbox was
lowered by using the gear’s own pumping work. As depicted in Fig. BI=2 , because the pumping efficiency
was significantly lower (0.4%), the power required for the pumping work of the gear was larger than the
power reduction owing to the internal pressure reduction in the gearbox. Therefore, the utilization of the
pumping work of the gear is considered to be difficult, whereas the significant reduction of power loss is

found to be effective.

! @ 0Outflow from
Speed \ e e peripheral openings
p 100 N8 £ == S~ (DInflow from clearance
L () - P ) between shaft and shroud
Mo [ o\ —
\4
Pumping work 8 W
1
Estimated using volumetric flow rate x pressure
_through the clearance between shaft and shroud

Rotating power 2 kW

\ I

V
Efficiency 0.4%

Time-averaged velocity field of air,
Shroud 1, 10000 rpm

Fig. 5.1-2 Airflow streamline and air pumping work via gear rotation (simulation results)

Characteristics of Airflow in Gear Meshing and Gear Peripheral Parts
The characteristics of airflow are depicted in Fig. BI=3 . (a) depicts the streamline at the gear meshing
part; (b) depicts the pressure contour at the cross-section of the gear meshing part; (c¢) depicts the gear
surface pressure of the gear peripheral part and the streamline on the gear fixing coordinate system.
From the streamline depicted in Fig. BI=3 (a), we can see that the air is pushed out at the into-mesh
side (“A” in the figure), flow beside the gear meshing part (“B” in the figure), and is sucked in at the
out-of-mesh side (“C” in the figure).
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10000 rpm, air only

From the pressure contour at the cross-section of the gear meshing part depicted in Fig. BEI=3 (b), we
can see that the air pressure increases owing to the pushing out of air at the into-mesh side and decreases
owing to the suction of air at the out-of-mesh side. In the gear meshing part, it was also found that there
is a slight gap, such as tip clearance (clearance between the tooth peak of a gear and the tooth bottom of
another gear) and backlash, and that the air in the gap flows following the rotation of the gear (“D” in the
figure).

From the streamline on the gear fixed coordinate system in Fig. BEI=3 (c), it was found that air is sucked
from the leading side of the helical gear, flows while swirling along the tooth flank line, and then flows out
from the trailing side. The pressure distribution on the gear surface indicated that the pressure increased at
the tooth front surface in the rotational direction and decreased at the tooth rear surface in the rotational
direction. The force loaded on the tooth is considered to be generated by the pressure difference between

the front and rear surfaces in the rotational direction.

C. Sucking in

Pressure drop

B. Side flow

Rotation

D. Flow through clearance

Time-averaged in Speed A. Pushing out Pressure | Time-averaged in

every one pitchof | == 100 - - every one pitch of

gear rotation, input Pressure rise gear rotation, input
(m/s) (kPa) 10000 rpm, air only

0

(b) Pressure distribution and velocity vector around gear mesh

Vortex of airflow

<«— Helical
trailing side

<— Helical
leading side

Time-averaged in every Pressure
one pitch of gear —
rotation, gear rotating

coordinate system, input (kPa)
10000 rpm, air only = 2

(c) Pressure distribution on gear surface and streamline of relative velocity

Fig. 5.1-3 Characteristics of airflow around the gears (simulation results)

5.1.2 Consideration of the Gear Peripheral Distribution of Air Drag Torque

(1)

Comparison of the Order of Magnitude between the Pressure-Induced and Shear Force-Induced Torques
The power loss caused by the fluid dynamic force loaded on the gear is depicted in Fig. BI=4 . The
rotational speed changes of the aerodynamic losses owing to pressure and shear force are depicted in Fig.
B4 (a); the fraction of the loss caused by the pressure and shear force in the aerodynamic loss is depicted
in Fig. B1=2 (b).
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The aerodynamic loss owing to pressure was obtained by integrating the pressure on the gear surface, as
listed in Eq. BI8. Similarly the one owing to the shear force was obtained by integrating the shear force
on the gear surface, as listed in Eq. ET9.

Figure BI=A (a), (b) shows that a significant amount of the aerodynamic losses are due to pressure. The
aerodynamic losses caused by both the pressure and shear force tend to increase with increasing rotational
speed. The fraction of pressure-induced loss was large owing to the protruding shape of the gear teeth,
and were susceptible to the dynamic pressure of the airflow. In the oil flow, the pressure-induced loss is
considered to tend to be dominant, similar to that in the airflow.

Therefore, the pressure field should be considered to clarify the main causes of torque and fluid dynamic

loss generated by the flow.

—&— Total power loss
— O- - Pressure induced power loss
- =/ - Shear force induced power loss

8%

Shear force-induced

Fluid dynamic loss (kW)
N

torque
92%
1 Pressure-induced
torque
0
7000 8000 9000 10000
Rotational speed (rpm)
(a) Power loss induced by pressure or shear force* (b) Fractions of power loss induced by pressure
* Time-averaged, Shroud 1, air only or shear force at 10000 rpm*

Fig. 5.1-4 Torque component decomposition to pressure-induced torque or shear force-induced torque (simulation

results)

()

Consideration of Torque Distribution from Air Pressure Field

The torque distribution, pressure distribution, and velocity vector around the gears are depicted in Fig.
BT=3 . Figure BEI=3 (al) depicts the pressure distribution of air around the input gear. Figure BEI=3 (a2)
depicts the peripheral distribution of the input gear torque. Figure BI=83 (a3) is the superposition of (al)
and (a2). Similarly, (bl) depicts the pressure distribution of air around the output gear, (b2) depicts the
peripheral distribution of the output gear torque, and (b3) is the superposition of (bl) and (b2).

At first, we considered the torque and pressure distributions around the input gear. A peak of torque (“A1”
in Fig. BET=3 (a3)) was observed at the into-mesh side. This is because the pressure in the forward surface
of the tooth increases with increasing pressure as it approaches the meshing part, and as a result, the
pressure difference between the forward and backward surfaces of the tooth increases. A negative torque
(“B” in Fig. BI=3 (a3)) was observed at the center of the gear mesh. This is because when the tooth is
located at the center of the gear mesh, the pressure on the forward surface in the rotational direction (out-
of-mesh side) is low, and the pressure on the backward surface in the rotational direction (into-mesh side)
is high, so that the tooth receives a force rotating in the rotational direction from the pressure difference

between the forward and backward surfaces of the tooth. A peak torque (“A2” in Fig. BI=3 (a3)) was
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observed at the out-of-mesh side. This is due to the increased pressure difference between the forward and
backward surfaces of the tooth as a result of the pressure increase as the tooth moves away from the gear

mesh to out-of-mesh.

s
\\ /”

a +
Pressure - g : > Pressure s
- 2 ‘z -2 -
(kPa) * : > (kPa) -
-3 [ Tegngn =3 | :
(al) Pressure distribution (a2) Torque distribution (b1) Pressure distribution (b2) Torque distribution
around input gear* around input gear** around output gear* around output gear**
D2 Pressure
w2

DI. Torque increase
near obstacle

’ é A2. Larger torque
around out-of-mesh
B. Negative torque at

the center of meshing

<— Al. Larger torque
around into-mesh

(kPa)

- e

C. Equivalent
torque around
gear periphery

T
o~ Toraue

- Oiljetnozzle
position

D2. Torque increase near obstacle
(edge of shroud opening)

—_—Y

D2. Torque increase near obstacle

. . ion Of vieW
(edge of shroud opening) Direct1o (b3) Torque, pressure,

Agtowhoad and velocity vector (Output gear)

(a3) Torque, pressure, and velocity vector (Input gear)

* Time-averaged in every one pitch of gear rotation Flow vector

** Time-averaged
Fig. 5.1-5 Understanding of the airflow phenomena via torque and pressure distributions (simulation results,
Shroud 1, input 10000 rpm)

An equivalent torque is generated in the gear periphery (“C” in Fig. BI=3 (a3)). A part of the gear is
enlarged at the upper left of (a3) in the figure. From this figure, it can be observed that the pressure on
the forward side of the tooth in the rotational direction is high, and the pressure on the backward side is
low. This pressure trend is similar to the pressure on the forward and backward sides of the gear tooth in
Fig. BI=3 (c). Because the torque of the gear periphery is caused by the vortex generated between the
teeth, and the strength of the vortex is assumed to be caused by the peripheral speed and shape of the
teeth (which is similar in gear periphery), the torque of the gear periphery is considered to be equivalent.
An increase in torque can be observed near the oil jet nozzle, where the clearance between the gear and
shroud becomes narrow (“D1” in Fig. BEI=3 (a3)). The torque increases at the edge of the shroud opening
(“D2” in Fig. BI=3 (a3)). Therefore, it was proven that the oil jet nozzle and shroud shape became
obstacles to the flow, and the torque increased around them.

In Fig. BEI=3 (b3), the tendency of torque and pressure distribution around the output gear is similar to

that around the input gear [the torque increased with increasing pressure at the into-mesh side (“A1” in
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Fig. B1=3 (b3)), the negative torque at the center of the gear mesh (“B” in Fig. BI=3 (b3)), the torque
increased with decreasing pressure at the out-of-mesh side (“A2” in Fig. BI=3 (b3)), and the torque
increased near the obstacles (“D2” in Fig. BEI=3 (b3))].

From the above, it is possible to understand the cause of the torque generation from the tendency of the

pressure distribution.

5.1.3 Effect of Shroud on Aerodynamic Loss

Although it has been proven that aerodynamic loss can be reduced by enclosing the gear with a shroud [31],

the mechanism of the loss reduction has not been clarified yet. Therefore, the mechanism of loss reduction by

shrouding is clarified by considering the phenomena and the difference in loss between two types of shrouds.

(1)

Effect of Reducing the Range in which the Gears Causes High-Velocity Airflow

A comparison of airflow patterns between Shroud 1 and Shroud 2 is depicted in Fig. BI=8 . The flow
patterns in Shroud 1 are depicted in (al) and (a2). The flow patterns in Shroud 2 are depicted in (b1) and
(b2). (al) and (bl) in the figure are observed from the helical leading side (the front side in which the
teeth move in the rotational direction). (a2) and (b2) in the figure are observed from the helical trailing
side. To draw the streamline, the streamline source was placed at a peripherally uniform angle in the
clearance between the gear shaft and shroud. The number of streamline sources was the same for Shroud
1 and Shroud 2.

In total, it can be seen that the leakage of airflow from Shroud 1 to the outside (Fig. BEI=8 (al), (a2)) is
larger than that from Shroud 2 (Fig. BI=8 (bl), (b2)). This leakage of air causes outside air flow from the
shroud. In the absence of any shrouds, it was inferred that the airflow was greater than that of Shroud 1.
The airflow leakage from the shroud opening is compared here. Regarding the streamline on the gear side,
there are few streamlines on the side of Shroud 1 indicated by “A1” in Fig. EI=0 (a2), whereas there are
several streamlines on the side of Shroud 2 indicated by “A2” in Fig. BI=8 (b2). The reason for fewer
streamlines on the side of Shroud 1 in “A1” in Fig. BI=8 (a2) is the outflow from the shroud opening
indicated by “B1” in the figure. On the other hand, in “A2” in Fig. BI=8 (b2), the streamlines are
dispersed because there is no shroud opening nearby.

The outflow from the shroud opening of Shroud 1 was observed. It can be seen that the outflow from the
shroud openings significantly disturbs the air in the gearbox in “B1” and “B1*” (near from out-of-mesh) in
Fig. BI=0 (al), (a2), whereas in “C1,” “C1*’, “D1” and “D1*” in Fig. bI=0 (al), (a2), the air turbulence
in the gearbox caused by the outflow from the shroud openings is less than that in “B1” and “B1*”.

The outflow from the shroud opening of Shroud 2 was observed. As indicated by “C2” and “C2*” in Fig.
BET=8 (bl), (b2), there is little air disturbance in the gearbox due to the outflow from the shroud opening.
From the above results, it was found that in Shroud 1, the outflow from the shroud opening close to the
out-of-mesh significantly disturbs the air in the gearbox as shown in “B1” and “B1*” in Fig. EI=0 (al),
(a2). In Shroud 2, the air turbulence in the gearbox was relatively small because there were no such
openings.

To consider the difference in flow fields depending on the presence or absence of a shroud opening, Shroud
1 and Shroud 2 were compared with respect to the flow velocity distribution near the shroud opening, as

depicted in Fig. BI=4 . Each figure depicts the contours and vectors of velocity (relative velocity) in a
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gear-fixed coordinate system.

learance
g .l‘qetween
\‘ gy ~sh:2‘1‘ft and
,!: shroud
| {m""‘/
/ #Peripheral
opening

(b2) Helical trailing side, Shroud 2

Fig. 5.1-6 Comparisons of Shroud 1 and Shroud 2 on the streamline of airflow (simulation results)

Shroud opening

v Large relative speed Speed Small relative speed
100

Flow vector
(a) Relative speed distribution and vector* on Shroud 1 (b) Relative speed distribution and vector* on Shroud 2

* Time-averaged in every one pitch of gear rotation, rotating coordinate system

Fig. 5.1-7 Comparison of Shroud 1 and Shroud 2 on relative speed in gear peripheral part (simulation results)

In the velocity distribution of Shroud 1 as depicted in Fig. BI=2 (a), it can be seen that the airflow is

decelerated owing to the shroud opening (the velocity is high when viewed from the gear). On the other

hand, in the velocity distribution of Shroud 2 as depicted in Fig. BI=2 (b), it can be seen that the airflow is

not decelerated owing to the absence of the shroud opening, and the velocity is approximately the same as
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Volumetric flow rate

that of the gear velocity (the velocity is low when viewed from the gear). The higher the relative velocity,
the greater the fluid force applied to the gear teeth. Therefore, enclosing the gear in the shroud separates
the fluid around the gear from the fluid outside the shroud, thereby reducing the fluid force applied to the

gear.

Effect of Reducing the Pumping Work of the Gear

The pumping work was evaluated based on the pressure and flow rate at the clearance between the gear and
the shaft. As an evaluation result of the pumping work of the gear, Fig. BI=8 (a) depicts the volumetric
flow rate of the air passing through the sampling surface; Fig. BI=8 (b) depicts the pressure rise (pressure
at the shroud opening (atmospheric pressure) — average pressure on the sampling surface); Fig. BI=8 (c)
depicts the pumping work calculated from (a) and (b). In each figure, the results of Shroud 1 and Shroud
2 are shown separately on the helical leading and helical trailing sides.

For both Shroud 1 and Shroud 2, the values on the helical leading side exceeded those on the helical trailing
side. In the flow around the helical gear, the radial flow generated by the rotational centrifugal force of the
flow caused by the gear teeth (Fig. BI=2 ) overlaps the flow generated from the helical leading side to the
helical trailing side by the teeth having an inclination angle with respect to the rotational direction (Fig.
BT=3 (c)). As a result, the volumetric flow rate, pressure rise, and pumping work on the helical leading
side exceeded the values on the helical trailing side.

From (a) to (c¢) depicted in Fig. BEI=8 , the volumetric flow rate, pressure rise, and pump work of Shroud
2 were lower than those of Shroud 1. This is because the peripheral opening of Shroud 2 is smaller than
that of Shroud 1, and the air drag decreases. Based on this analogy, the pumping work of the gear can be

reduced by enclosing the gear with a shroud.

1200
@ Shroud 1 300 B Shroud 1 3 A @ Shroud 1
1000 B Shroud 2 = 250 B Shroud 2 B g BEShroud 2
& =2
800 3 200 s 33
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2 400 & 100 505
& £ 81
200 50 I=IRs
=
0 B 0 &0
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side side side side side side
(a) Volumetric flow rate (b) Averaged pressure (¢) Pumping work

Fig. 5.1-8 Comparison of Shroud 1 and Shroud 2 on gear pumping work (simulation results)

Effect of Aerodynamic Loss Reduction

Regarding the effect of the shroud on the reduction of gear torque, the peripheral distribution of torque of
Shroud 2 was compared with that of Shroud 1, as depicted in Fig. B1=9 . Fig. BI=9 (a) depicts the gear
meshing part, and Fig. BT=9 (b) depicts the peripheral part of the input gear. The pressure contours and
velocity vectors of Shroud 2 are shown in each figure.

According to Fig. BI=9 (a), the torque of Shroud 2 was smaller than that of Shroud 1 on both the
into-mesh and out-of-mesh sides. In addition, the torque of Shroud 2 became smaller than that of Shroud
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1 around the peripheral part of the gear, as shown in Fig. BI=9 (b). These results are attributed to the
reduction in the pumping work of the gear described in (2).

Thereafter, we demonstrated the reduction effect of the shroud on the aerodynamic loss and clarified the
Figure BT=10
aerodynamic losses of Shroud 1 and Shroud 2, and Fig. BI=10 (b) shows the comparison of the pumping

relationship between the shroud and pumping efficiency of the gear. (a) compares the

efficiency. The pumping efficiency depicted in Fig. BI=I10 (b) was obtained by dividing the pumping work
depicted in Fig. BI=8 (c) by the aerodynamic loss depicted in Fig. BI=I0 (a).
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(a) Torque distribution*(Shroud 1, Shroud 2) and

pressure distribution**(Shroud 2) around gear meshing

(b) Torque distribution*(Shroud 1, Shroud 2) and
pressure distribution**(Shroud 2) around gear periphery
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Fig. 5.1-9 Comparison of Shroud 1 and Shroud 2 on torque distribution and pressure contour (simulation results)
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Fig. 5.1-10 Comparison of Shroud 1 and Shroud 2 on aerodynamic loss and pumping efficiency (simulation results)

Figure BEI=10 (a) shows that the aerodynamic loss of Shroud 2 is lower than that of Shroud 1, and Fig.
BT=10 (b) shows that the pumping efficiency of Shroud 2 is lower than that of Shroud 1. Therefore,
although the pumping efficiency decreases as the number of shroud openings is reduced (the total opening
area is smaller), as in Shroud 2, the aerodynamic loss decreases owing to the decrease in the pumping work.
Thus, it is estimated that the effect of enclosing the gear with the shroud is to reduce the aerodynamic

loss and further reduce the loss by reducing the total opening area.
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5.1.4 Rotational Speed Characteristics and Dimensionless Evaluation of Aerodynamic Loss

(1)

Rotational Speed Characteristics of Aerodynamic Loss

In this section, the theory of aerodynamic loss is validated and the characteristics of the loss are clarified
via a dimensionless evaluation.

To validate the theory of aerodynamic loss (Section 272), the rotational speed characteristics of the aero-
dynamic loss are depicted in Fig. BI=11 . Figure BI=I1 (a) depicts a sampling section of the air flow
rate caused by gear rotation. The sampling section was installed at the meshing part of the gear as the
air generated by the input and output gears passes through it. Figure BI=11 (b) shows the air flow
rate passing through the sampling section with respect to the rotational speed changes. The air flow rate
was proportional to the rotational speed in both Shroud 1 and Shroud 2. Figure BEI=I0 (c) shows the
aerodynamic loss with respect to the rotational speed changes. Only the longitudinal axis was set as a
logarithmic display. For both Shroud 1 and Shroud 2, the losses were proportional to the third power of
the rotational speed.

The gear-driven air flow rate was proportional to the rotational speed as depicted in Fig. BEI=11 (b), and
the aerodynamic loss was proportional to the third power of rotational speed as depicted in Fig. BI=T1
(c). These facts were consistent with the theory of aerodynamic loss given in Section ZZ2. The validity of

the theory of aerodynamic loss was thus confirmed.
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Fig. 5.1-11 Characteristics of airflow rate and aerodynamic loss on rotational speed (simulation results)

Dimensionless Evaluation of Aerodynamic Loss

To understand the characteristics of aerodynamic loss, the loss was made dimensionless. Figure BI=T2
shows a schematic of the parameters related to the aerodynamic force applied to the gear tooth surface,
which is the pressure applied to the tooth surface multiplied by the applied area. The force applied to the
tooth surface is considered to be related to the dynamic pressure of the airflow % PairVp?, and the pressure
applied area is related to the tooth area hB/ cos . Therefore, the power loss due to the force loaded on
the gear tooth surface P, is given by the following equation by considering that the fluid force is F;,:

, hB

o d (5.1)

Puir = airTpW = Fairvp X 5 PairVUp

2
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Here, shroud coefficient A, which represents the loss reduction effect of covering the gear with a shroud,
and the number of gears ng (= 1 for a single gear and = 2 for a gear pair) were introduced to compare

the loss of a single gear. The dimensionless aerodynamic loss Py, is defined as follows:

- P..
Py = (5.2)
)‘%pairvpg Cgng ng

An additional dimensionless number associated with this dimensionless number IBMT is considered. As an
example of the dimensionless number of airflow drag of an object, the airflow drag force of a prism can
be characterized as a function of the aspect ratio of the prism (e.g., [TT5]). Based on this, the gear aspect
ratio (= tooth width / gear diameter= B/D,) was used as a dimensionless number.

The dimensionless evaluation was conducted using the non-dimensional aerodynamic loss Py;, and the gear
aspect ratio B/D,, for the experimental results of the two-axis helical gearbox and Dawson’s single spur
gears [B1]. The results are depicted in Fig. BI=I3 . For the two-axis helical gearbox, the gear aspect
ratio was set to the tooth width / averaged pitch diameter. The shroud coefficient was obtained from the
empirical equations given in Section 64. Both the experimental results of the two-axis helical gearbox of
this study and the experimental results of Dawson’s single-spur gears show a similar tendency. P, tends
to increase under the condition of a small gear aspect ratio (larger gear diameter and smaller tooth width).
This is because a smaller gear aspect ratio increases the aerodynamic loss on the sides of the gear.

The approximate curve obtained from the data depicted in Fig. BI=I3 is expressed in the following

B B —0.436
P =3.522 ( — .
35 ( Dp) (5.3)

equation:

The approximation curve illustrated in Fig. BEI=T3 represents the data. Therefore, we can easily estimate
the aerodynamic loss from the gear dimensions, shroud dimensions and operating conditions by using this
approximation curve (see Appendix B73).

@ |-axis spur,experiment (Dawson)
A2-axis helical,experiment, Shroud 1
O2-axis helical ,experiment, Shroud 2
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----------------------- AIrHOW .8 i §
. g R . ®
alr =)
2
—_— . £ 0
Pitch radius 7, Angular velocity @ > 0.0 04 0.8
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Fig. 5.1-12 Parameters for air drag on gear tooth Fig. 5.1-13 Non-dimensional aerodynamic loss with re-

spect to gear aspect ratio changes
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5.1.5 Summary of the Clarification of Aerodynamic Loss

1.

The rotating gear has a pumping effect that sucks the air around the shaft and discharges it in the peripheral
direction of the gear, further resulting in aerodynamic losses. The efficiency of the pumping effect against

the required power for gear rotation is extremely low (less than 1 %).

. Around the meshing part of the gear, air is pushed out at the into-mesh side, which later on passes through

the side of the gear mesh, and is sucked in on the out-of-mesh side. The pressure increases when the air
is pushed out at the into-mesh side and decreases when the air is sucked in at the out-of-mesh side. The
torque increases at the into-mesh and out-of-mesh sides owing to the pressure variations. At the center
of the gear mesh, a negative torque is generated by the high pressure at the into-mesh side and the low
pressure at the out-of-mesh side.

In the peripheral part of the gear (other than the meshing part of the gear), owing to the vortex generated
in the valley of the tooth of the gear, the pressure on the forward side of the tooth in the rotational direction
is high and the pressure on the rear side of the tooth is low, which results in the torque generation. The
torque in the peripheral part of the gear is almost equivalent in the peripheral direction; however, it tends
to increase slightly in the vicinity of obstacles.

The effect of the gear shroud on the aerodynamic loss is that the shroud separates the fluid around the gear
from the fluid outside the shroud, further reducing the pumping work of the gear and aerodynamic loss.
In addition, reducing the number of openings in the shroud (reducing the total opening area) enhances the

loss reduction effect of the shroud.

. The air flow rate generated by the gear rotation is proportional to the rotational speed, and the aerodynamic

loss is proportional to the third power of the rotational speed. These proportional characteristics are
consistent with this theory.

A similar tendency was obtained when the aerodynamic loss was arranged using the dimensionless number
of the aerodynamic loss (considering the dynamic pressure of airflow on the gear tooth surface, pressure

applied area, and shroud coefficient) and the gear aspect ratio.

5.2 Clarification of the Oil Dynamic Loss Phenomena

5.2.1 Oil Flow Fields

In this section, the oil flow that causes oil dynamic loss is identified.

(1)

Characteristics of Oil Flow

The characteristics of oil flow around the gear are depicted in Fig. 52=1 . The oil distribution, as observed
from the helical leading side, is depicted on the left side of Fig. E22=1 (a), and the oil distribution as observed
from the helical trailing side is depicted on the right side of the figure. The acceleration phenomena of oil
at the meshing part of the gear are shown in Fig. B2=1 (b), the oil flow dividing at the out-of-mesh side is
shown in (c), the oil flow adhering to the gear tooth surface is shown in (d), the oil flow from the gear side
into the gear tooth surface is shown in (e), from the oil flow from the shroud opening and oil remaining in
the shroud are shown in (f).

As depicted in Fig. B2=1 (a), the amount of oil on the gear side of the helical leading side is larger than
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that of the helical trailing side. The reason for this difference is shown in Fig. B2=2 . The oil jet nozzle
is a cantilever structure inserted halfway into the shroud from the helical trailing side, and a clearance is
provided between the tip of the nozzle and shroud. This cantilever structure of an oil jet nozzle is generally
adopted for aeroengine gears because it is easy to install the nozzle and manage the dimensions of the

nozzle holes.

Streamline on rotating
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High spged _

Acceleration

P ———

- (c) Dispersion of oil to gear
(d) Blowing up of periphery and gear side :
] peripheral oil (b) Acceleration of oil
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(Helical trailing side)
(a) Oil distribution with speed contour, Shroud 1, 10000 rpm
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J (Helical leading side)

Fig. 5.2-1 Characteristics of oil flow around gears (simulation results)
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Fig. 5.2-2 Schematic of asymmetrical oil flow around the oil jet nozzle
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As indicated by the blue arrow in Fig. B2=2 | the flow from the out-of-mesh side near the helical leading
side can pass through the clearance between the nozzle and shroud. In contrast, the flow from the out-of-
mesh side near the helical trailing side is blocked by the nozzle. Therefore, it is assumed that the oil flow
on the helical leading side as depicted in Fig. B2=1 (a) is because of the clearance between the nozzle and
shroud.

The flow of (b) to (f) in Fig. 5221 is described in detail later.

Oil Dynamic Loss Phenomena owing to Oil Jet Acceleration at the Gear Meshing Part

The acceleration of oil at the meshing part of the gear (Fig. B22=11 (b)) consists of the “acceleration of
oil supplied to the meshing part of the gear” and “acceleration of oil when the residual oil in the shroud
reflows into meshing part of the gear”. At first, the “acceleration of oil supplied to the meshing part of the
gear” of the former is considered.

The oil-jet acceleration loss is defined as the power loss caused when the supplied oil particles are accelerated

at the meshing part of the gear. The theoretical equation for the oil-jet acceleration loss Pj, is as follows:

Pjac = PoileUfy COSﬂ (54)

where po;; is the oil density, @ is the volumetric oil supply flow rate, v, is the pitch circle speed, and § is
the helix angle of the helical gear.

The oil-jet acceleration loss expressed by this theoretical equation was confirmed via numerical simulation.
The numerical simulation model is illustrated in Fig. B2=3 (a). The simulation was conducted in two
dimensions with a gear and a cylinder set close to the gear. The gear meshing condition was not used to
minimize the additional loss owing to oil deformation during oil acceleration, as described later. Oil was
injected from the nozzle in the tangential direction of the gear pitch circle. The gear rotation was set in
clockwise direction, and the cylinder rotation was set in counterclockwise direction when oil was injected
to the into-mesh side. Conversely, the gear rotation was set in counterclockwise direction, and the cylinder
rotation was set in clockwise direction when the oil was injected into the out-of-mesh side. The simulation
range was limited to areas including the area around the oil jet nozzle and the area where the gear and
cylinder came close to each other. The calculation mesh is illustrated in Fig. B2=3 (b). The mesh size was
set to 0.125 mm, and 16 cells were set to resolve the nozzle width. The simulation conditions are listed
in Table B2=1 . The calculation parameters were set in the direction of the oil jet nozzle (the into-mesh
side or the out-of-mesh side), gear rotational speed (= cylinder rotational speed), oil supply flow rate, and
oil-jet speed. As a numerical simulation method based on the one described in Section BT, only the oil
flow was solved here.

Figure B2=4 depicts the simulation results of the oil distribution during the acceleration of oil under typical
conditions. Figure 624 (a) shows the simulation result of the velocity contour under the conditions
simulating the into-mesh jet. As shown by “Acceleration of 0il” in Fig. B2=4 (a), it can be seen that
the oil is accelerated via teeth rotation. Figure 2224 (b) shows the simulation result under the condition
where the jet speed is increased compared to the condition depicted in Fig. 5224 (a). Compared to the
oil flowing into the tooth valley of the gear indicated by “Oil flow in the tooth valley” as depicted in Fig.
524 (a), it can be seen that there is no oil flowing into the tooth valley of the gear indicated by “No
oil” in Fig. 6224 (b). Figure B2 (c) shows the simulation results under the condition of simulating the
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Rotation for into-mesh

out-of-mesh jet. As shown by “Acceleration of the oil” in Fig.522=4 (c), the oil can be accelerated by the
rotation of the teeth. In addition, as shown by “Oil flowed into tooth valley” in Fig. B2 (c¢), oil can be

seen to flow into the tooth valley of the gear.

Rotation for out-of-mesh
direction jet

Calculation area

p

direction jet

Cylinder,

pitch diameter 110 mm diameter 106 mm

Pressure boundary
(for all outer boundaries)

T
i
1
h
Spur gear, module 2.5, !
i
i
'.' Nozzle 2 x 0.1 mm,
1

55 mm
16 cells

Calculation
area

32 mm

(a) Simulation model (b) Calculation mesh

Fig. 5.2-3 Simulation model and calculation mesh for the validation of oil-jet acceleration loss

Table 5.2-1 Calculation conditions for the validation of oil-jet acceleration loss

o . . Rotational speed | Peripheral speed | Oil supply rate | Oil jet speed
Oil jet direction ;
(rpm) (m/s) (L/min) (m/s)
7000-10000 40-58 0.12 10
Into-mesh ' 10-30
10000 58
0.06-0.27 10
,1 4 .
Out-of-mesh 7000-10000 058 0.12
10000 58 10-30

The simulation results for the oil jet acceleration loss are shown in Fig. 623 . In Fig. 253, (a) shows the
simulation result with respect to rotational speed changes under the conditions simulating the into-mesh
jet, (b) shows the simulation result with respect to jet speed changes under the conditions simulating the
into-mesh jet, and (c) shows the simulation result with respect to oil flow rate changes under the conditions
simulating the into-mesh jet. Fig. B2=3 (d) shows the simulation results with respect to rotational speed
changes under the condition simulating the out-of-mesh jet, and Fig. B22=8 (e) shows the simulation results
with respect to jet speed changes under the condition simulating the out-of-mesh jet. “A,)” “B,” and “C”
depicted in Fig. B2=3 correspond to “Condition A,” “Condition B,” and “Condition C” of Fig. b2 ,

respectively.
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Fig. 5.2-4 Comparison of oil flow during oil jet acceleration (simulation results)

In “A” of Fig. B3 (a), the numerical simulation results exceeded the theoretical calculation results. This
is because the loss caused by the oil flowing into the gear tooth valley, as depicted in Fig. BE2=4 (a), was
added to the loss caused by the oil acceleration.

On the other hand, in “B” of Fig. 6223 (b), the numerical simulation results were lower than the theoretical
calculation results. This is because there was no inflow of oil into the gear tooth valley, as shown in Fig.
622 (b), and the oil was scattered from the tip of the gear tooth, which resulted in insufficient oil
acceleration.

In “C” of Fig. 528 (d), the numerical simulation results exceeded the theoretical calculation results.
This is because the loss caused by the oil flowing into the gear tooth valley, as shown in Fig. B2 (c),
was added to the loss caused by the oil acceleration.

From the abovementioned results, it is found that although there are loss differences owing to the oil flow,
the oil injected by the oil jet nozzle to the into-mesh or out-of-mesh sides is accelerated by gear meshing,

and the loss by the acceleration can be estimated by the theoretical equation.
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Fig. 5.2-5 Comparisons of the theory and the numerical simulation on oil dynamic loss

Oil Dynamic Loss Phenomena due to Oil Reacceleration at the Gear Meshing Part
The oil acceleration at the gear meshing part of the two-axis helical gearbox (Fig. B22=1 (b)) is discussed
again. The oil acceleration at the meshing part of the gear is considered as the “acceleration of oil supplied
to the meshing part of the gear” as shown in Fig. B22=4 and “acceleration of oil when residual oil in the
shroud reflows into the gear meshing part”. In this part, the “acceleration of oil when residual oil in the
shroud reflows into the gear meshing part” of the latter is considered.
When the oil is accelerated by gear rotation, the momentum of the oil is considered to increase, as shown
in the theory of oil dynamic loss (Section E=3). Therefore, we compared the momenta before and after the
acceleration at the meshing part of the gear. The results are shown in Fig. b22=8 .
Figure 28 (a) shows the momentum flowing into the meshing part of the gear. from the input gear side.
This momentum was obtained from the oil density x volumetric flow rate of the oil passing through the
sampling section (“A” in the figure) x cross-sectional averaged flow speed. Figure B2228 (b) shows the
momentum flowing into the meshing part of the gear from the output gear side (this was obtained from
“B” depicted in the figure as the sampling section). Figure B22=8 (c) shows the comparison between the
total momentum flowing into the meshing part of the gear (the sum of (a) and (b) in the figure) and the
momentum at the meshing part of the gear (the momentum is calculated by subtracting the momentum
due to oil-jet acceleration from the momentum obtained from “C” depicted as the sampling section in the
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Momentum

figure).
Fig. B28 (c) shows the increase in the momentum between after meshing (“Section C” in the figure)
and before meshing (“Section A+B” in the figure). This increase in momentum is considered to cause an

increase in power loss. Therefore, when residual oil in the shroud flows into the meshing part of the gear,

the power loss due to re-acceleration of oil is considered to occur.
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Fig. 5.2-6 Comparison of inflow momentums and momentum through the gear mesh (simulation results, Shroud
2, 10000 rpm)

(4)

Oil Churning Phenomenon in the Peripheral Part of the Gear

Figure B2=0 shows the oil churning phenomenon. The oil distribution and streamlines flowing from the
gear side to the gear tooth are depicted on the left side of Fig. BE2=0 (a), and the oil contour on the gear
surface is shown on the right side of Fig. B2=1 (a). The oil distribution and streamlines that flow from
the gear tooth are shown on the left side of Fig. B2=2 (b), and the oil contour on the gear surface is shown
on the right side of Fig. 62=2 (b). Figure 21 (c) shows the total oil volume on the gear surface with
respect to the changes in the oil supply rate.

As shown in Fig. B2=1 (a), according to the oil flowing along the airflow from the side of the gear (“Inflow
of side oil to gear tooth” in the figure), oil adheres to the gear surface and the amount of oil increases
(“Adhesion of 0il” in the figure). As shown in Fig. B2=2 (b), the oil flows from the gear tooth as the
airflow spins (“Blowing up peripheral 0il” in the figure), causing the oil to separate from the gear surface
and reducing the amount of oil (“Separation of 0il” in the figure). From the above results, it was determined
that oil flows by airflow, causing oil adhesion on the gear surface or oil separating from the gear surface.

From Fig. B22=4 (c), it can be observed that the amount of oil on the gear surface increases as the oil
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supply flow rate increases, and that the slope of the increase becomes mild at a large flow rate (“Mild slope
on large flow rate” in the figure). It is presumed that this is because the centrifugal force increases with

the amount of oil on the gear surface, making it easier for the oil to separate from the gear.
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Fig. 5.2-7 Characteristics of oil churning phenomenon (simulation results)

5.2.2 Consideration of the Gear Peripheral Distribution of Oil Drag Torque

The relationship between the gear torque and pressure field was considered. Because most of the gear torque
is caused by pressure (Fig. BI= ), it is possible to consider the causes of torque generation by understanding
the pressure field.

The torque distribution, pressure distribution, and velocity vector due to the oil around the gears are depicted
in Fig. B8 . Figure depicted on the left side of Fig. B2=8 (a) shows the pressure distribution of the two-phase
flow of air and oil, and the one on the right side shows the pressure distribution of air. Both figures were obtained
by averaging the time intervals of each gear pitch. The pressure distribution of the oil was obtained by subtracting
the pressure distribution of the air depicted on the right side of Fig. B2=8 (a) from the pressure distribution of
the two-phase flow of the air and the oil depicted on the left side of Fig. E2=8 (a). The pressure distribution of
oil is shown in Fig. B2=8 (b). To make the deviation of the oil easier to distinguish, the contour was displayed
when the oil fraction in the calculation cell was 0.5% or more. For the gear meshing part, the center section
of the tooth width was used, as shown in the upper right of Fig. BE2=8 . This is because the center section of
the tooth width can detect the acceleration phenomena of the supplied oil because the oil supply jet is injected
toward the center of the gear width. In the other section, a section on the helical leading side of the gear was

used. This is because the helical leading side is not easily affected by the secondary flow owing to the vortex
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between the gear teeth, and it is easy to clarify the characteristics of the phenomena. Figure B2=8 (c) shows the
peripheral distribution of torque around the input gear. Figure B2=8 (d) shows the superposition of the pressure
distribution in Fig. E2=8 (b) and the torque distribution in Fig. B2=8 (c). Figure B2=8 (d) was used to discuss
the phenomena.

The relationship between the pressure and torque at the gear meshing part is indicated by “A” in Fig. b2=8
(d). “Pressure increase” in the figure is observed in the oil before and after the gear meshing. Pressure increase
is due to the pumping work of the gear, and it is considered that torque by the pumping work increased (“High

torque” in the figure) there.
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Fig. 5.2-8 Understanding of the oil flow phenomenon by torque and pressure distributions (simulation results,
Shroud 1, input 10000 rpm)
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In the phenomena near the oil jet nozzle indicated by “B” in Fig. E2=8 (d), there is an oil cluster near the oil
jet nozzle, where the torque increases (“High torque” in the figure). This oil cluster is considered to be caused
by the drag of the oil jet nozzle and shroud wall when the oil passes through the clearance between the tip of the
oil jet nozzle and shroud wall (shown in Fig. 522 ).

On the upstream side of the opening of the shroud, which is indicated by “C” in Fig. B2=8 (d), oil accumulation
(“oil cluster” in the figure) and torque increase (“High torque” in the figure) can be seen. In the vicinity of the
shroud opening, the relative velocity of the airflow around the gear is large, and the airflow decelerates, as shown
in Fig. B1=7 . In the peripheral part of the gear, the oil flows along the airflow, as shown in Fig. B2=1 (d) and
(e). Therefore, it is probable that the oil accumulation upstream of the opening of the shroud in “C” of Fig.
528 (d) is due to the deceleration of the airflow near the opening of the shroud. The increase in the torque is

highly attributed to stagnation of the oil.

5.2.3 Effect of Shroud on Oil Dynamic Loss

Because of the effects of shroud on aerodynamic loss, as described in Section B3, by covering the gear with
a shroud, the fluid around the gear and fluid outside the shroud are isolated, and therefore aerodynamic loss is
reduced. In this section, the effect of the shroud on the oil dynamic loss is estimated by comparing Shroud 1 and
Shroud 2.

(1)  Increase in the Amount of Oil Around the Gear
A comparison of the oil distribution in the shroud between Shroud 1 and Shroud 2 is shown in Fig. 629 .
Figure 5229 (a) shows the oil distribution in Shroud 1 (each gear has three peripheral openings) and Fig.
529 (b) shows the oil distribution in Shroud 2 (each gear has one peripheral opening). Comparing (a)
and (b) in Fig. B229 | it can be seen that Shroud 2 has more oil than Shroud 1.

No residual oil : Residual oil

(a) Oil distribution around input gear*, Shroud 1 (b) Oil distribution around input gear*, Shroud 2

* Isosurface of 2 % oil in calculation cells, time-averaged in every one pitch of gear rotaion, input 10000 rpm

Fig. 5.2-9 Comparison of residual oil in shroud (simulation results)
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“A1” (an opening of Shroud 1) in Fig. B2=9 (a) is compared with “A2” (no opening of Shroud 2 at the
position) in Fig. 6229 (b). In “A2” in Fig. 229 (b), it can be seen that no oil is discharged because
there is no shroud opening, and therefore oil remains inside the shroud. “B1” near the into-mesh in Fig.
B9 (a) is compared with “B2” in the same position in Fig. 229 (b). Residual oil is found in “B2” of
Fig. 229 (b). This residual oil flowed into the gear-meshing part.

From the above, it was found that when the number of shroud openings was small (the total opening area
was small), the amount of oil remaining inside the shroud increased, and the amount of oil flowing into the

gear mesh part increased.

Increase in the Oil Churning of the Gear

The influence of the difference in the shroud opening on the gear torque is depicted in Fig. B2=10 . The
figure on the left side of Fig. B2=10 (a) shows the pressure distribution of the two-phase flow of air and oil
in Shroud 2 and the one on the right side shows the pressure distribution of air. The pressure distribution
of oil obtained by subtracting the pressure distribution of air from that of the two-phase flow of air and
oil is depicted in Fig. 22210 (b). To make the deviation of the oil easier to distinguish, the contour was
displayed when the oil fraction in the calculation cell was 0.5% or more. For the meshing part of the gear,
the center section of the tooth width was used, as depicted in the upper right of the figure. In the other
section, a section on the helical leading side of the gear was used. The peripheral distribution of the torque
around the input gear in Shroud 2 is depicted in Fig. 5210 (c).

Figure B2=T0 (d) shows the superposition of the pressure distribution of oil around the input gear and
the peripheral distribution of torque in Shroud 1 (same as Fig. BE2=8 (d)). Figure B2=10 (e) shows the
superposition of the pressure distribution in Fig. B2=10 (b) and the torque distribution in Fig. B2=10 (c)
for Shroud 2. For comparison, the peripheral distribution of torque in Shroud 1 is also shown in the figure.
Focusing on the difference in torque between Shroud 1 and Shroud 2 in the vicinity of the gear meshing
part, as indicated by “A” in Fig. B2=10 (e). The torque of Shroud 2 was higher than that of Shroud 1.
This is considered to be due to the fact that the number of shroud openings in Shroud 2 is small, which
causes oil to reflow into the gear meshing part (“B2” in Fig. 5229 ), and the oil is accelerated by the gear
meshing part.

Focusing on the difference between the torques of Shroud 1 and Shroud 2 at the peripheral part of the
gear, as shown in “B” of Fig. B2=10 (e). The torque of Shroud 2 was larger than that of Shroud 1. This
is considered to be due to the increase in the amount of oil around the gear owing to the smaller number
of shroud openings in Shroud 2 (“A2” in Fig. b2=9).

From the above results, it was found that when the number of shroud openings was small (the total opening
area was small), oil reflowed into the meshing part of the gear and increased the torque there, and the

amount of oil increased around the peripheral part of the gear, which increased the torque there.

Increase in Oil Dynamic Loss

The effect of the difference in the shroud opening on the dynamic loss of oil is shown in Fig. B2=11 .

Figure =TT shows that the oil dynamic loss in Shroud 2 was larger than that in Shroud 1. This is

because, from Fig. 529 and Fig. B2=10 , when the number of shroud openings is small (the total opening

area is small), the loss increases owing to the inflow of oil into the gear meshing part and the acceleration

of the oil. In addition, the loss increases owing to the increase in the amount of oil in the peripheral part
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(d) Oil pressure distribution* and torque distribution**

of the gear and the acceleration of the oil.

From the above, it can be considered that the oil dynamic loss increases as the number of openings of
the shroud decreases (the total opening area is smaller). However, the aerodynamic loss decreased as the
number of openings of the shroud decreased (Section 5.3). This is the opposite tendency of the oil dynamic
loss. Therefore, it is considered that there is an optimal shroud shape that reduces the aerodynamic loss

while suppressing the increase in the oil dynamic loss.

gection on helical leading sicE
Input gear
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Air and Oil

Air
‘(a) Pressure distributions around input gear (Shroud 2)’
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Fig. 5.2-10 Understanding of the shroud effect by the difference of torque and pressure distributions between

Shroud 1 and Shroud 2 (simulation results, input 10000 rpm)

178



5 Clarification and Classification of Fluid Dynamic Loss Phenomena
5.2 Clarification of the Oil Dynamic Loss Phenomena

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Oil dynamic loss (kW)

Shroud 1 Shroud 2

Fig. 5.2-11 Oil dynamic loss increase in Shroud 2 compared to that in Shroud 1 (simulation results, input 10000

rpm)

5.2.4 Characteristics of Oil Dynamic Loss with respect to Rotational Speed Changes, Oil Supply

(1)

Flow Rate Changes, and the Dimensionless Evaluation

Characteristics of Oil Dynamic Loss with respect to Rotational Speed Changes

In the oil dynamic loss phenomenon, as described in the theory of oil dynamic loss (Section E33), both “a
phenomenon in which the oil flow rate accelerated by the gear rotation is constant and the oil dynamic loss is
proportional to the square of the rotational speed” and “a phenomenon in which the oil flow rate accelerated
by the gear rotation is proportional to the rotational speed and the oil dynamic loss is proportional to the
third power of the rotational speed” exist. In both cases, the rotational speed exponent of the oil dynamic
loss was obtained by adding two to the rotational speed exponent of the oil flow rate. Therefore, if the
actual phenomena follow the theory, the rotational speed exponent of the oil flow rate at which the gear
accelerates is from zero to one, and adding two to the rotational speed exponent of the oil flow rate yields
the rotational speed exponent of the oil dynamic loss. For example, if the rotational speed exponent of the
oil flow rate is 0.6, then that of the oil dynamic loss should be 2.6.

The characteristics of the oil dynamic loss with respect to rotational speed and oil supply flow rate changes

are shown in Fig. B2=192 .

5063
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53 ° E%
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% Q’G 3 Qa,oil,shl = 6.59 x 1071N021 5
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35 1 | @ Shroud 1 O Shroud 2 | 05 pous® ® Shroud 1
0 0.0 O Shroud 2
(a) Sampling sections 7000 8000 9000 10000 7000 8000 9000 10000
for oil flow rate Rotational speed N (rpm) Rotational speed N (rpm)
(b) Oil flow rate (c) Oil dynamic loss
with rotational speed changes with rotational speed changes

Fig. 5.2-12 Characteristics of oil flow rate and oil dynamic loss (simulation results, Shroud 2)

Figure B2=T2 (a) shows a sampling section of the oil flow rate around the gear. The oil flow rate in this
section represents the characteristics of the oil flow rate around the gear because it is a section in which the
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supplied oil and residual oil in the shroud flow. Figure E2=T2 (b) shows the oil flow rate with respect to
rotational speed changes, and Fig. B2=T2 (c) shows the oil dynamic loss with respect to rotational speed
changes.

For Shroud 1, the rotational speed exponent of the oil flow rate is 0.21, as depicted in Fig. B2=12 (b),
and falls in the range of 0-1, as predicted by the theory. The value 2.21 obtained by adding two to this
exponent becomes approximately equal to the rotational speed exponent 2.19 of the oil dynamic loss of
Shroud 1 shown in Fig. BE2=T2 (¢). For Shroud 2, the rotational speed exponent of the oil flow rate is
0.63, as shown in Fig. B2=12 (b), and falls in the range of 0-1, as predicted by the theory. The value 2.63
obtained by adding two to this exponent becomes approximately equal to the rotational speed exponent
2.69 of the oil dynamic loss of Shroud 2 shown in Fig. BE2=12 (c).

From the above, the validity of the theory was confirmed for the oil flow rate around the gear and the oil

dynamic loss caused by gear rotation.

Characteristics of Oil Dynamic Loss with respect to Oil Supply Rate Changes

The oil dynamic loss with changes in the oil supply rate is shown in Fig. B2=13 . The amount of oil on
the gear surface (Fig. 2= (c)) is also shown in the figure. From Fig. B2=13 , it can be seen that the oil
dynamic loss increases as the oil supply rate increases and that the increase in loss becomes mild at a large
oil supply rate. This trend is similar to that of the amount of oil on the gear surface shown in Fig. B2=13 .
This is because the amount of oil on the gear surface is related to the ambient fluid density around the

gear, which affects the oil dynamic loss.

0O0il dynamic loss (Experiment)
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Fig. 5.2-13 Analogy between experimental oil dynamic loss and the simulated volume of oil on gears regarding

oil supply rate (Shroud 2, Input 10000 rpm)

©)

Dimensionless Evaluation of Oil Dynamic Loss

To make the oil dynamic loss dimensionless, we consider the major phenomena and representative parame-
ters. The dynamic loss of oil in the gear meshing part is the sum of the acceleration loss of the supplied oil
(oil-jet acceleration loss) and loss due to the acceleration of the residual oil in the shroud that reflows into
the gear meshing part (oil reacceleration loss). The oil-jet acceleration loss is calculated by poiQsvp? cos 3

from the theory of oil dynamic loss (Section BZ3) (where p,;; is the oil density, Qs is the oil supply flow
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rate, v, is the pitch circle speed, and S is the helix angle). The oil reacceleration loss is considered to be a
function of the oil-jet acceleration loss as this loss is related to the amount of oil remaining in the shroud,
which is related to the oil supply flow rate.

Regarding the effect of the shroud, the smaller the shroud coefficient, the lesser the leakage of airflow
from the shroud, and smaller the oil discharge accompanying the airflow. In addition, when the opening
of the shroud is small, it is presumed that oil quickly accumulates inside it. Therefore, the smaller the
shroud coefficient, the larger the oil reacceleration loss. Assuming that the oil dynamic loss, including
the oil-jet acceleration loss and oil reacceleration loss, is a function of the oil-jet acceleration loss and
inversely proportional to the shroud coefficient (considering the accelerated accumulation of oil when the
shroud opening is small), the dimensionless number P,;; of the oil dynamic loss is defined by the following

equation:
Poil

poilevp2 CoSs B//\

P,;; is herein called the “oil supply acceleration ratio.”

Py =

(5.5)

Thereafter, we considered a dimensionless number related to the oil supply acceleration ratio, P,;. Because
the oil dynamic loss is related to the oil supply flow rate, we considered the dimensionless number for the
oil supply flow rate. The dimensionless oil supply flow rate Q, is expressed as the ratio of the oil supply
flow rate to the oil churning flow rate of the gear, using the following equation:

2 Qs
Qs =
v, BM,

(5.6)

The denominator in the above equation is proportional to the peripheral speed of the gear v,x gear
tooth area (o« BM,, where B is the tooth width, and M, is the gear module), which is considered to be
proportional to the oil churning flow rate of the gear.

The evaluation was performed using the above oil supply acceleration ratio (non-dimensional oil dynamic
loss) and non-dimensional oil supply flow rate. The results of the above-mentioned non-dimensionalization

using the experimental results in the two-axis helical gearbox in this study are shown in Fig. B2=14 .
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Fig. 5.2-14 Non-dimensional characteristics of the oil dynamic loss (experimental results including calculated

shroud coefficient)
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For the shroud coefficient, we used the values obtained from the empirical equations in Section B2 (to be
described later). In Fig. B22=14 , the results for Shroud 1 and Shroud 2 exhibit a constant tendency. The

approximate curve obtained from the points in the figure is given by the following equation:
P,y = —63.59 Q4 + 1.674 (5.7)

In both Shroud 1 and Shroud 2, the lower the oil supply flow rate, the larger the oil supply acceleration
ratio (non-dimensional oil dynamic loss); this is likely because, the smaller the oil supply flow rate, the
smaller the fraction of oil in the two-phase flow of air and oil, and easier it is for the oil to flow according
to the airflow (easier to accelerate).

The above results reveal that the characteristics of the oil dynamic loss can be clarified by the dimensionless
oil dynamic loss (oil supply acceleration ratio) and dimensionless oil supply flow rate. By using the
approximate curve (Eq. BX), the oil dynamic loss can be easily estimated from the gear dimensions,

shroud dimensions, operating conditions, and oil supply conditions (see Appendix BA73).

5.2.5  Summary of the Clarification of Oil Dynamic Loss

1.

The oil flow pattern included the acceleration of oil at the gear meshing part, division of oil flow in the
out-of-mesh side, blow up of oil adhering to the gear tooth surface, inflow of oil on the gear side to the

gear tooth surface, outflow of oil from the shroud opening, and residual oil in the shroud.

. The oil injected by the oil jet nozzle to the into-mesh side or the out-of-mesh side is accelerated in the gear

meshing part, and the power loss due to the acceleration can be estimated using the theoretical equation.

. When the residual oil in the shroud reflows into the gear meshing part, power loss due to oil acceleration

occurs.

. There is an increase in the pressure at the into-mesh and out-of-mesh sides, where torque increases. When

passing near an obstacle, such as an oil jet nozzle, oil stagnates and torque increases. The airflow decelerates

near the opening of the shroud, and the oil stagnates upstream of the opening, thereby increasing the torque.

. When the number of openings of the shroud (the small total opening area) is less, it causes oil to flow into

the gear meshing part, and the torque and the oil dynamic loss increase at the part, which causes a large
amount of oil around the gear peripheral part and the torque and the oil dynamic loss increase at the part.
However, the aerodynamic loss, contrary to the oil dynamic loss, decreases with decrease in the number
of shroud openings (the total opening area). Therefore, it is considered that there is an optimal shape for
the shroud that reduces the aerodynamic loss while suppressing the increase in oil dynamic loss.

In the theory of oil dynamic loss, the rotational speed exponent of the oil flow rate at which the gear
acceleration ranges from 0-1, the rotational speed exponent of the oil fluid dynamic loss ranges from 2-3,
and the rotational speed exponent of the oil dynamic loss is obtained by adding two to the rotational speed
exponent of the oil flow rate. The numerical simulation results showed that the exponents from the theory

were valid.

. The tendency of the amount of o0il on the gear surface with respect to the oil supply flow rate changes is

similar to that of the oil dynamic loss with respect to the oil supply flow rate changes. The rate of change

at a high oil supply flow rate was smaller than that at a low oil supply flow rate.

. Non-dimensionalization using the oil supply acceleration ratio (the oil dynamic loss divided by “the theo-

retical equation of the oil-jet acceleration loss / shroud coefficient”) and the dimensionless oil supply flow

rate (oil supply flow rate divided by “oil churning flow rate by gear tooth”) makes it possible to understand
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the characteristics of the oil dynamic loss.

5.3 Classification of Fluid Dynamic Loss

5.3.1 Classification of Aerodynamic Loss

The classification results of aerodynamic loss based on the knowledge obtained in the clarification of the
aerodynamic loss phenomena (Section 51) are depicted in Fig. B3=1 .

The loss caused at the gear meshing part is divided into the “air side-flow loss” shown in Fig. B3=1 (a) and
the “air pumping loss” shown in Fig. B3=1 (b). The loss generated around the peripheral part of the gear is
defined as the “air vortex loss, ” as shown in Fig. B3=1 (c).

At the gear meshing part, as shown in Fig. B23=01 (a), air is pushed out at the into-mesh side, and after passing
through the sides of the gear mesh, air is sucked in at the out-of-mesh side. Because of the flow pattern of this
flow passing through the sides of the gear mesh, the airflow is referred to as the “air side-flow loss”.

As another flow at the gear meshing part, flow passing through the tip clearance and backlash, as shown in
Fig. B3=1 (b), occurs. From the analogy of the oil-jet acceleration loss, it is assumed that the air is accelerated
in the tip clearance and backlash, and the loss due to this acceleration is referred to as the “air pumping loss,”
which is different from the air side-flow loss that passes through the sides of the gear mesh.

In the peripheral part of the gear, air vortices are generated in the gear tooth valleys, as depicted in Fig. B=3=1

(¢). The loss owing to these vortices is referred to as “air vortex loss”.
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Fig. 5.3-1 Classification of aerodynamic loss
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5.3.2 Classification of Oil Dynamic Loss

The classification results of the oil dynamic loss based on the knowledge obtained from the clarification of the
phenomena of oil dynamic loss (Section B2) are shown in Fig. B3 .

The loss caused at the meshing part of the gear is divided into the “oil-jet acceleration loss” shown in Fig.
BE3=2 (a) and the “oil reacceleration loss” as shown in Fig. B23=2 (b). The loss generated around the peripheral
part of the gear is defined as the “oil churning loss, ” as shown in Fig. 23322 (c).

In the gear meshing part, the oil is accelerated, as shown in the lower-left side of Fig. B33=2 . This oil consists
of the oil supplied to the gear meshing part by the oil jet nozzle, and the oil reflows into the meshing part.
Therefore, the loss generated when the supplied oil is accelerated through the gear meshing part is referred to
the “oil-jet acceleration loss” (Fig. B33=2 (a)) and the loss generated when the oil re-flows into the gear meshing
part and is accelerated is referred to the “oil reacceleration loss” (Fig. B33=2 (b)).

In the peripheral part of the gear, as shown in Fig. B23=2 (c), oil is entrained in the air vortex generated in

the gear tooth valley. The loss caused by the oil entrainment of the air vortex is referred to “oil churning loss”.
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Fig. 5.3-2 Classification of oil dynamic loss
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5.4 Summary of Chapter 5

In this chapter, based on the numerical simulation results, we clarify and classify the phenomena of fluid

dynamic loss. The results are summarized as follows.

5.4.1 Summary of the Clarification of Fluid Dynamic Loss

1. The findings obtained regarding the aerodynamic loss are as follows:

(a)

(b)

(c)
(d)

(e)

Air is sucked from around the gear shaft and discharged in the peripheral direction of the gear, and
the pumping efficiency owing to the gear rotation is low.

Torque is generated in the meshing part of the gear by the action of pushing out and sucking in of air,
whereas it is generated in the peripheral part of the gear by the air vortex generated in the gear tooth
valley.

Shrouding the gears reduces the torque by suppressing the flow in the peripheral parts of the gear.
The rotational speed exponent to which the airflow rate generated by the gear rotation is proportional
is one, and the rotational speed exponent to which the aerodynamic loss is proportional is three, which
is consistent with theory.

The characteristics of aerodynamic loss can be clarified by the dimensionless number of aerodynamic
losses using the dynamic pressure of the airflow loaded on the gear tooth surface and the gear aspect

ratio (dimensionless number).

2. The findings obtained regarding the oil dynamic loss are as follows:

(a)

(b)

(c)

(d)

(e)

€9)

The oil acceleration phenomena in the gear meshing part, blowing up of oil adhering to the gear tooth
surface, inflow of oil into the tooth surface in the peripheral part of the gear, and outflow from the
shroud opening and residual oil in the shroud are found to be related to torque.

The oil acceleration phenomenon in the meshing part of the gear includes the acceleration of the
oil supplied to that part and the acceleration of the oil reflowing into the gear meshing part, which
increases torque. The loss from the acceleration of the oil supplied to the gear meshing part agrees
with the loss obtained from the theoretical equation.

When oil flows near an obstacle such as an oil jet nozzle, it accumulates, and the oil flowing into the
tooth surface increases, further increasing the torque.

A smaller number of openings in the shroud (small total opening area) causes oil to re-inflow to the
gear meshing part and increases the amount of oil around the gear peripheral part, which increases
the torque and oil dynamic loss.

The rotational speed exponent of the oil flow rate churned by the gear rotation and the rotational
speed exponent of the oil dynamic loss are consistent with theory.

The characteristics of the oil dynamic loss can be clarified by the dimensionless number of the oil
dynamic loss using the theoretical equation of the oil-jet acceleration loss, shroud coefficient, and

dimensionless number of the oil supply flow rate, using the flow rate at which the tooth surface churns.

3. Enclosing the gear in a shroud reduces the aerodynamic loss but increases the oil dynamic loss. Therefore,

an optimal shroud shape that reduces aerodynamic loss while suppressing the increase in oil dynamic loss

should be considered.
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5.4.2 Summary of the Classification of Fluid Dynamic Loss

A summary of the classification of fluid dynamic losses is presented in Table B2=1 and described below.

1. The results of the classification of the aerodynamic loss are as follows:

(a)

(b)

(c)

Torque is generated at the meshing part of the gear through the action of pushing out and sucking in
of air; this flow passes through the sides of the gear mesh. Therefore, this flow is termed “air side-flow
loss.” The air side-flow loss is generated by the pressure rise owing to the pushing out of air at the
into-mesh side and pressure drop owing to the sucking in of air at the out-of-mesh side.

Other losses in the gear meshing part are considered to be losses due to airflow passing through the
clearances, such as the tip clearance and backlash. These are termed “air pumping losses” by analogy
with the oil-jet acceleration loss.

Because torque is generated at the peripheral part of the gear by the air vortex generated in the gear

tooth valley, the loss owing to this vortex is referred to as the “air vortex loss.”

2. The results of the classification of the oil dynamic loss are as follows:

(a)

(b)

(c)

Among the torques generated by the oil acceleration phenomena in the gear meshing part, the loss in
the acceleration of the oil supplied to the gear meshing part is termed as the “oil-jet acceleration loss.”
Among the torques generated by the oil acceleration phenomena in the gear meshing part, the loss of
accelerating oil re-flowing into the gear meshing part is termed the “oil reacceleration loss.”

Torque is generated by the blowing up of oil adhering to the gear tooth surface and the inflow of oil into
the gear tooth surface around the peripheral part of the gear. The blowing up of oil and inflow of oil
are generated via oil churning by air vortices in the tooth valley, and the loss due to this phenomenon

is termed as “oil churning loss.”

Table 5.4-1 Summary of the classification of fluid dynamic loss

Al# .Gear area'u Classification Cause of power loss
/Oil | Meshing | Periphery
Pressure rise at into-mesh due to pushing air
v Air side-flow loss out to gear sides, and pressure drop
Air at out-of-mesh due to sucking air from gear sides
v Air pumping loss Air pumping through gear tip clearance and backlash
Pressure difference between the front and
v Air vortex loss rear surfaces of teeth due to
air vortices in tooth valleys
v Oil-jet acceleration loss Oil acceleration in gear meshing (supplied oil)
Oil v Oil reacceleration loss Oil acceleration in gear meshing (re-inflowed oil)
v Oil churning loss Oil churned by air vortices generated in tooth valleys
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Chapter 6

Fluid Dynamic Loss Model

6.1 Overview of the Fluid Dynamic Loss Model

From the classification of the fluid dynamic loss based on the clarification of the phenomena described in the

previous chapter, the fluid dynamic loss Pfiyiq, includes the aerodynamic loss P, and the oil dynamic loss Py;;.
Pfluid = Pair + Poil (61)

The aerodynamic loss Fq;, consists of the air side-flow loss P, the air pumping loss Ppump, and the air vortex

loss P,.

Pair:Ps+Ppump+Pv (62)

The oil dynamic loss P,;; consists of the oil-jet acceleration loss Pjq., the oil reacceleration loss P4, and the oil

churning loss P.p,.

Py = Pjac + Prac + Pep (63)

6.1.1 Figures and Tables to Overview the Loss Model

The facts and assumptions used in the air side-flow loss model are shown in Fig. BI=1 . In Fig. BI=1, the
facts and proof of the phenomena shown in the clarification and classification of the phenomena in Chapter B are
shown. In addition, the assumptions and analogy required to construct the loss model are also shown.

Similarly, Fig. BI=2 shows the air pumping loss model, Fig. BI=3 shows the air vortex loss model, Fig. B1=4

shows the oil-jet acceleration loss model, Fig. BI=3 shows the oil reacceleration loss model, and Fig. GI=8
shows the oil churning loss model.

An outline of the aerodynamic loss model is shown in Table BZI=1 , an outline of the oil dynamic loss model is
shown in Table BEI=2 , and an outline of the modeling of the shroud effects is shown in Table EI=3 .

In Tables EI=1 and EI=2 , which outline the fluid dynamic loss model of air or oil, from the left column,
“Classification,” (classified loss elements) “Location,” (location that loss occurs) “Concept of power loss,” “Mass
flow rate due to gear rotation,” “Force on gear,” “Torque (moment) due to gear rotation,” and “Fluid dynamic
loss” are shown. The product of the pressure loaded on the gear tooth surface and the area on which the pressure
is applied becomes the force loaded on the gear, which is divided by the peripheral speed of the gear, and the
mass flow rate at which the gear rotates can be obtained. The rotational torque of the gear is the product of the
force loaded on the gear and rotational radius. The fluid dynamic loss is the product of the torque and angular
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velocity, or the product of the force loaded on the gear and the peripheral speed of the gear. The highlights
(yellow parts) in each figure indicate the most important equations in the model of each loss element.

An overview of the modeling of the shroud effect in Tables EI=3 shows the effect of shrouding on the aerody-
namic loss (“Effect of shrouding for air vortex loss” in the table) and the effect of shrouding on the oil dynamic
loss (“Effect of shrouding for oil reacceleration loss” and “Effect of shrouding for oil churning loss” in the table).

An outline of the coefficients in the aerodynamic loss model is shown in Table BEI=2, an outline of the coefficients
in the oil dynamic loss model is shown in Table BEI=3 , and an outline of the shroud coefficients is shown in Table
GI=8 . For the equations in which the coefficients in the loss model are used, refer to the highlights (yellow parts)
in the table of the outline for the fluid dynamic loss model (Table BI=1 for aerodynamic loss or Table BI=2 for
oil dynamic loss).

The values of the coefficients are listed in Tables BEI=4 and GEI=8 . These values correspond to the “Range of
values of the coefficients” shown in the right column of the outline of the coefficients (Tables BI=d , BI=3 , and

The facts and assumptions used in each fluid dynamic loss model, the outlines of the fluid dynamic loss, the
outlines of the coefficients in the loss model, and the tables of the coefficient values are described in Section G

The fluid dynamic loss model is then described in detail in Section B2.

Loss elements Fact, proof (in brackets) Assumption, analogy (in brackets)
Gear mesh
Air side-flow loss Flow pattern passing Air drag on tooth
through the sides (obstacle drag)

of the gear mesh
(numerical simulation)

Influence of helix angle
1 (volume change rate

= Pushing out and between gears)
sucking in of air

(simulation) p

Influence of the a2 4 [ )

Speed deviation of fl d Flow,deviation
=100 eviation of flow spee

(m/s) — (increased pressure loss = )
) in the piping flow on

with flow deviation) >

Rotational speed exponent of the loss is 3.
(theory of continuum conservation) Change in the flow cross-sectional area
by shrouding (pressure loss in piping flow)

Fig. 6.1-1 Facts and assumptions used in the air side-flow loss model
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Loss elements Fact, proof (in brackets)

Acceleration of air

Air pumping loss Flow pattern passing

Assumption, analogy (in brackets)

through the tip clearance

(oil-jet acceleration loss)

Loss elements

and backlash
(numerical simulation)

Acceleration of volume
in tip clearance and backlash

! P Pressure

LR

Fig. 6.1-2 Facts and assumptions used in the air pumping loss model

Fact, proof (in brackets) Assumption, analogy (in brackets)

Air vortex loss

Rotational moment on the gear periphery
(rotational moment on cylinder)

Flow pattern

around gear periphery
(numerical simulation)

Rotational moment on the gear sides
(rotational moment on cylinder)

Air vortex between tooth valley

Rotational speed exponent of the loss is 3.

(theory of continyum conservation) Schematic of velocity distribution around a rotating disk,

Schlichting [118]

Loss elements

Influence of shrouding
(experiment [31])

Fig. 6.1-3 Facts and assumptions used in the air vortex loss model

Fact, proof (in brackets)
High speed oil

Oil-jet acceleration loss

Acceleration
of oil

Theory of oil acceleration loss
(numerical simulation)

Rotation

_ Low speed oil

Rotational speed exponent of the loss is 2. Splcgg
(theory of particle mass conservation, Oil jet R s
constant oil-supply flow rate) ) . Mg
(simulation)

Fig. 6.1-4 Facts and assumptions used in the oil-jet acceleration loss model
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Loss elements

Fact, proof (in brackets)

Assumption, analogy (in brackets)

Oil reacceleration loss

Momentum increase due to the

acceleration of re-inflowing
oil into the gear mesh
(numerical simulation)

Oil discharge from the peripheral opening
(numerical simulation)

Residual oil flow to gear mesh

L4

Influence of shrouding

Rotational speed exponent of the loss is 2
with the constant re-inflow rate of oil.
(theory of particle mass conservation)

Oil discharge efficiency influenced
by shrouding (dimensionless evaluation)

(dimensionless evaluation)

Peripheral opening

.

by shrouding

Fig. 6.1-5 Facts and assumptions used in the oil reacceleration loss model

Loss elements

Fact, proof (in brackets)

Oil churning loss

Assumption, analogy (in brackets)

Oil churning due to the
air vortex around the gear
(numerical simulation)

———

Blowing up, ofF ,,I i
peripheral% '3
i >

(simulation)

Oil mist influenced by the oil supply rate
(experiment [120])

Rotational speed exponent of the loss is 3,

—— when the oil particles behave like continuum.

(theory of continuum conservation)

Oil mist influenced by shrouding
(dimensionless evaluation)

Influence of shrouding
(dimensionless evaluation)

Influence by shrouding

_______

Oi]i;st./ : ,./:,\’f_!i:
#O :;1 )
feaaTs"

. A

A

% 2

Supplied oil

Fig. 6.1-6 Facts and assumptions used in the oil churning loss model
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6.1.2 Overview of the Air Side-Flow Loss Model

(1)

Facts and Assumptions Used in the Air Side-Flow Loss Model (Fig. BI=1)

The classification of the air side-flow loss is based on the fact that air is pushed out at the into-mesh part,
passes through the sides of the gear mesh, and is then sucked in at the out-of-mesh part, as shown in the
numerical simulation results (Fig. BI=3 (a)). In addition, from the theory of momentum conservation in
the continuum, it is also found that the air side-flow loss is proportional to the third power of the peripheral
speed (the mass flow rate of air at which the gear accelerates in the peripheral direction is proportional to
the peripheral speed, and the force loaded on the gear tooth surface is proportional to the square of the
peripheral speed).

To model the losses caused by this flow, the gear meshing part was assumed to be an obstacle to the flow,
and the airflow resistance of the tooth surface was used. In the airflow resistance of the tooth surface, the
helix angle, velocity deviation in the cross-section of the sides of the gear meshing part, and change in the
flow section near the gear meshing part were considered. The helix angle is related to the rate of volume
change during gear meshing. The influence of the velocity deviation at the cross-section of the sides of the
gear meshing part is analogously inferred from the increase in the pressure loss of the flow in the pipe with
velocity deviation. The influence of the change in the flow section near the gear meshing part is inferred

from the pressure loss of the flow in the piping, where the flow section changes.

Concepts, Representative Equations, and Coefficients for the Air Side-Flow Loss Model

In the air side-flow loss model, the gear meshing part was modeled as a flow drag element, as shown in
Table BEI=1 (al). The force loaded on the gear tooth surface by the flow is assumed to be due to air drag
on the gear tooth surface (highlighted in Table BEI=1 ).

Table EI=1 lists the parameters that affect the air drag coefficient, Cp , which are important for the flow
drag of the gear meshing part. The air drag coefficient Cp s is mainly affected by the helix angle of the
helical gear and the number of shroud openings.

The influence of the helix angle of the helical gear is presented in Table EI=1 (a2). When the gears are in
contact, the volume between the teeth changes, and air jetting occurs on the gear side. The helical angle
of the helical gear affects the strength of the air jet. For example, in the meshing of a spur gear pair, the
entire width of the tooth comes in contact simultaneously; thus, the air in the tooth valley is pushed out
all at once to the sides, and the accompanying airflow becomes stronger.

Another influential parameter is the number of openings in the shroud. In the shroud opening, flow velocity
deviation occurs in the flow in the shroud because the flow is divided into that flowing out of the opening
and that remaining in the shroud. The flow velocity deviation reaches the gear meshing part, which is
believed to increase the flow drag in the gear meshing part. The number of shroud openings is used as
an influential parameter because, as the number of shroud openings increases, the flow drag in the gear
meshing part is considered to increase owing to the increase in the flow velocity deviation. In addition, the
change in the flow section near the gear meshing part owing to the presence of the shroud is considered

the flow resistance.

Characteristics and Range of Coefficient Values in the Air Side-Flow Loss Model

Table B1=4 shows the characteristics and range of values of the air drag coefficient Cp s, which is a
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representative coefficient of the air side-flow loss model.

Diab et al. [d7] set a calculation grid at the gear meshing part, and the inflow and outflow of air at the
gear meshing part were solved numerically. However, a simple loss equation cannot be obtained because
the flow at the gear meshing part is numerically solved.

In this research, we introduced the concept of the air drag of the gear tooth surface, as described in (1)
above, and set the air drag coefficient. However, there is no precedent for the introduction of the concept
of air drag into the modeling of the gear meshing part; thus, it is necessary to validate it with various gears
and expand its applicability.

The range of values of the air drag coefficient obtained from the two-axis helical gearbox in this study is

from 1.3 to 2.1. The conditions for each value are listed in Table 61=4 .

6.1.3 Overview of the Air Pumping Loss Model

(1)

Facts and Assumptions Used in the Air Pumping Loss Model (Fig. B1=2)

The classification of air pumping losses is based on the fact that the flow passes through the tip clearance
and backlash between the gears, as shown in the numerical simulation results (Fig. BEI=3 (b)).

To model the losses caused by this flow, the acceleration of air at the tip clearance and backlash were
assumed from the analogy of the oil-jet acceleration loss. Assuming that the volume of air at the tip
clearance and backlash is the minimum volume when the gear teeth are closest to each other, a constant
volume is specified. Therefore, the mass flow rate to be accelerated was proportional to the peripheral
speed. Consequently, the torque and force loaded on the gear are proportional to the square of the

peripheral speed, and the air pumping loss is proportional to the cube of the peripheral speed.

Concepts, Representative Equations, and Coefficients for the Air Pumping Loss Model
For the air pumping loss model, consider the acceleration of air at the tip clearance and the backlash
between the gears, as shown in Table BEI=1 (b). The acceleration of air is assumed to be calculated by a

theoretical equation, like the oil-jet acceleration loss.

6.1.4 Overview of the Air Vortex Loss Model

(1)

Facts and Assumptions Used in the Air Vortex Loss Model (Fig. B1=3 )

The classification of the air vortex loss is based on the fact that vortices occur in the gear teeth valleys, as
shown in the results of the numerical simulation (Fig. BI=3 (c)). The theory of momentum conservation
in the continuum also indicates that the air vortex loss is proportional to the cube of the peripheral speed
(the mass flow rate of air at which the gear accelerates in the peripheral direction is proportional to
the peripheral speed, and the force loaded on the gear tooth surface is proportional to the square of the
peripheral speed). The reduction in air vortex loss by shrouding was clarified in the experimental results
of a previous study [&1].

To model the losses caused by the air vortices, we applied the idea of a rotational moment, which is
commonly used in flow resistance with a rotating cylinder (the idea of the rotational moment is applied
separately on the peripheral and side surfaces of the gear). This is because the gear is analogous to

a cylinder with a rough surface on the peripheral surface. The shroud is assumed to reduce both the
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rotational moment on the gear peripheral surface and the rotational moment on the gear sides.

Concepts, Representative Equations, and Coefficients for the Air Vortex Loss Model
In the air vortex loss model, the torque associated with the formation of the flow structure on the gear
peripheral surface and the torque associated with the formation of the flow structure on the gear side
surfaces were considered. The flow structure on the peripheral surface of the gear is shown schematically
in Table EI=01 (cl). The flow structure on the gear-side surfaces is shown schematically in Table BI=1
(c2).
(i) Loss Model at the Gear Peripheral Surface
Regarding the structure of flow on the gear peripheral surface, consider the structure of the flow near
the shroud peripheral surface (@) in Table EI=1 (cl)) and the radial jetting flow from the gear ((B)
in Table BI=0 (cl)). In relation to the torque generated by the formation of these structures, the
rotational moment coefficient Caz per; of a cylindrical surface is defined based on an analogy with the
general rotational torque of a cylinder (the highlight in Table BI=1).
The parameters that mainly affect Cps peri, of the gear peripheral surface are considered to be the
ratio of the gear module to the gear radius and the rotational Reynolds number (= angular velocity
x rotational radius? / kinematic viscosity), as shown in Table BI=1 .
Chr peri is thought to be affected by the ratio of the gear module to the gear radius, because it is
thought to affect the strength of the jetting flow (B) in Table BEI=0 (cl)) from the gear. The value of
Cr peri is affected by the rotational Reynolds number because it is thought to affect the development
of the boundary layer (@) in Table GI=1 (cl)) on the peripheral surface of the shroud.
The shroud coefficients included in the equations for the gear torque and air vortex loss on the gear
peripheral surface can be used to model the effect of the shroud on suppressing the flow structure
(Table BI=11 (c)) on the gear peripheral surface, as described in Section BIR.
(ii) Loss Model at the Gear Sides
The flow structure on the sides of the gear is considered to be the same as that on the rotating disk
shown in Table BI=1 (c2), and the coefficient of rotational moment on the sides, Chas siges, is defined
using the equation of rotational torque of the disk, as well as the flow on the rotating disk (highlighted
in Table BEI=1 ).
As shown in Table EI=1 , the parameter that mainly affects the coefficient of rotational moment of the
gear sides, Cps sides, is considered to be the rotational Reynolds number, because the boundary layer
(© in Table EI=1 (c2)) on the gear sides is considered to depend on the rotational Reynolds number.
The shroud coefficient in the equations for the gear torque and air vortex loss at the sides of the gear
can be used to model the effect of the shroud on suppressing the flow structure (Table BEI=1 (c)) at
the sides of the gear. This is described in Section GEI=R.
The angle range coefficient €y (= angle range of the gear peripheral part / 27) of the peripheral part
of the gear included in the equations of torque and fluid dynamic loss is defined as the fraction of the

gear peripheral part excluding the meshing part.

Characteristics and Range of the Coefficient Values in the Air Vortex Loss Model

The characteristics and range of values of the rotational moment coefficient, which is a typical coefficient
of the air vortex loss model, are listed in Table BI=2 . Dawson [Z1] constructed an empirical equation
for aerodynamic loss from experiments using 22 types of gears and four types of disks. Furthermore, he
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experimentally demonstrated the effects of the shrouds. The problems he found included the following: the
characteristics of the coefficients of the empirical equation were not shown, and the effect of the helix angle
of the helical gear was not considered. Diab et al. [20] constructed an empirical equation for aerodynamic
loss from the experimental results using four types of gears. However, the applicability of this equation is
limited because the effect of the flange (shaft) in the experimental equation has not been validated [B3].
In this study, we utilized the experimental results of Dawson [31] with a larger number of gears. The results
were re-evaluated by introducing the concept of general rotational moment coefficients. The coefficient of
the rotational moment is divided into the rotational moment coefficient of the gear peripheral surface and
rotational moment coefficient of the gear side surfaces.

On the influence of the helix angle, comprex experimental results on the influence of the helix angle exist,
in which the aerodynamic loss of the helical gear becomes larger and smaller than that of a spur gear [41].
Therefore, the influence of the helical angle was ignored for simplicity in the air vortex loss model. On
the influence of the air viscosity, we ignored the effects of air viscosity, because the influence of the shear
force of air is small (Fig. BEI=a4 ). However, the shear force of air should be considered in future studies to
improve the accuracy of the experimental equation.

The coefficients of the rotational moment were based on Dawson’s experimental results [81]. The rotational
moment coefficient Cpy peri 0f the peripheral surface is in the range from 0.01 (gear diameter 1160 mm,
tooth width 187 mm, and module 2 mm) to 0.5 (gear diameter 300 mm, tooth width 187 mm, and module
16 mm). The rotational moment coefficient of the side surfaces, Cas siges, i in the range from 0.02 (1160
mm in gear diameter) to 0.07 (300 mm in gear diameter). The conditions for each value are listed in Table
1= .

6.1.5 Overview of the Oil-Jet Acceleration Loss Model

(1)

Facts and Assumptions Used in the Oil-Jet Acceleration Loss Model (Fig. BT=4 )

The classification of oil-jet acceleration loss is based on the fact that the acceleration of the oil supplied
to the gear meshing part and the associated losses can be evaluated by a theoretical equation, as shown
in the numerical simulation results (Figs. b2d and 5223 ). It was also confirmed from the momentum
conservation theory of mass particles that the oil-jet acceleration loss is proportional to the square of the
peripheral speed (the oil mass flow rate at which the gear accelerates in the peripheral direction is constant
(= oil supply flow rate), and the force loaded on the gear tooth surface is proportional to the peripheral
speed). Because the oil supply acceleration occurs at the tip clearance and backlash, we assume that it is

not affected by the shroud.

Concept and Equation for the Oil-jet Acceleration Loss Model

In the oil-jet acceleration loss model, the forces generated by the acceleration of the oil at the tip clearance
and backlash between gears are considered, as shown in Table BEI=2 (a). This oil is defined as the supplied
oil jetted to the gear meshing part in this case, and the oil supply flow rate is constant regardless of the
peripheral speed of the gear. The force loaded on the gear tooth surface by the acceleration of the oil is
obtained from the theoretical equation based on the momentum change of the oil (highlighted in Table
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6.1.6 Overview of the Oil Reacceleration Loss Model

(1)

Facts and Assumptions Used in the Oil Reacceleration Loss Model (Fig. BT=9 )

The classification of oil reacceleration loss is based on the fact that the momentum of oil re-inflowing into
the gear meshing part increases around the gear mesh, as shown in the numerical simulation results (Fig.
628 ). In addition, the increase in the oil dynamic loss by shrouding is included in Eq. B3, a dimensionless
equation of the oil dynamic loss, as “the inverse of the shroud coefficient,” and its validity is shown in Fig.
b2=T4 . The inverse of the shroud coefficient assumes accelerated oil stagnation in the shroud when the
shroud opening is small (the shroud coefficient is small).

To model the loss caused by oil reacceleration, we focused on oil discharge from the shroud opening (Fig.
B0 (f)). Using the theory of momentum conservation of mass particles and the assumption of a constant
oil reacceleration flow rate, the oil reacceleration loss becomes proportional to the square of the peripheral
speed (the oil mass flow rate at which the gear accelerates in the peripheral direction is constant (= oil
reacceleration flow rate), and the force loaded on the gear tooth surface is proportional to the peripheral
speed).

Regarding the influence of the shroud, in the nondimensionalization of the oil dynamic loss (Fig. B2=14 ),
the oil dynamic loss includes the oil-jet acceleration, oil reacceleration, and oil churning losses. Because the
oil-jet acceleration loss is not considered to be affected by the shroud, as described above, it is considered
that the shroud affects either or both the oil reacceleration and oil churning losses. Here, we assume that
the shroud affects both the oil reacceleration and the oil churning losses, and consider the “inverse of the

shroud coefficient,” which influences the discharge of oil from the shroud opening.

Concepts, Representative Equations, and Coefficients for the Oil reacceleration loss Model

The oil reacceleration loss model considers the acceleration of oil flowing into the gear meshing part as well
as the oil-jet acceleration loss. The oil is supposed to re-flow into the gear meshing part, and the oil flow
rate is assumed to be constant regardless of the peripheral speed of the gear. Here, the oil reacceleration
coefficient x.. is introduced as the ratio of the flow rate of the oil reflowing into the gear meshing part to
the oil supply flow rate. The force loaded on the gear tooth surface by the acceleration of oil is obtained
from the theoretical equation based on the change in oil momentum (highlighted in Table E1=2 ).

The parameters affecting the oil reacceleration coefficient y,.. are listed in Table BI=2 . The oil reacceler-
ation coefficient x,. was mainly affected by the opening angle on the peripheral surface of the shroud and
the shroud coefficient.

The opening angle on the peripheral surface of the shroud is affected because the larger the opening of the
shroud, the more oil is discharged from the opening of the shroud, and the less oil reflows into the gear
meshing part.

The shroud coefficient is affected because, for example, when the clearance between the gear and shroud
is large, the amount of oil reflowing into the gear meshing part is reduced because oil is easy to separate

from the gear. This is described in Section BEI3.

Characteristics and Range of Coefficient Values in the Oil reacceleration loss Model
The characteristics and range of values of the oil reacceleration coefficient y,., which is a representative

coefficient in the oil reacceleration loss model, are listed in Table BEI=3 .
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In conventional studies, Ariura et al. [36] and Matsumoto et al. [d6] validated the theoretical equation
of loss due to oil acceleration from the experimental results of helical gears. As a problem, in the case of
large gears, an empirical coefficient was introduced to adjust the theoretical equation to the experimental
results; however, a method for predicting the coefficient with shrouding has not been developed.

In this study, the coefficient is defined as the oil reacceleration coefficient, as shown in (1), and a new
prediction method is proposed. The problem with this method is that because there is no precedent for
the prediction method, it must be validated with various gears, and its applicability must be expanded.
The range of values of the oil reacceleration coefficient is from 0.2 to 1.0 as obtained from the two-axis

helical gearbox in this study. The conditions for each value are listed in Tables B1=7 .

6.1.7 Overview of the Oil Churning Loss Model

(1)

Facts and Assumptions Used in the Oil Churning Loss Model (Fig. BI=8 )

The classification of oil churning loss is based on the fact that oil is churned by an air vortex at the gear
periphery, as shown in the numerical simulation results (Fig. 52=2 ). In addition, the increase in the oil
churning loss by shrouding is included in Eq. B3, which is a dimensionless equation, of oil dynamic loss as
“the inverse of the shroud coefficient,” and its validity is shown in Fig. b2=14 .

To model the loss caused by oil churning, we focus on the oil mist around the gear. We assume that the
amount of oil mist around the gear is related to the amount of oil on the gear surface, as shown in Figs.
652=7 (a) and (b). The amount of oil on the gear surface is a function of the oil supply flow rate, as shown
in Fig. 5220 (c¢). Therefore, the amount of oil mist around the gear is assumed to be a function of the oil
supply flow rate. Furthermore, assuming that the oil mist behaves as a continuum, using the momentum
conservation theory of continuum, the oil churning loss is proportional to the cube of the peripheral speed
(the oil mass flow rate at which the gear accelerates peripherally is proportional to the peripheral speed,
and the force loaded on the gear tooth surface is proportional to the square of the peripheral speed). As
for the influence of the shroud, it is assumed that the shroud affects both the oil reacceleration loss and
the oil churning loss, as in the oil reacceleration loss model, and the “inverse of the shroud coefficient” is

taken into account for the amount of oil mist.

Concepts, Representative Equations, and Coefficients for the Qil Churning Loss Model

In the oil churning loss model, the power loss due to the churning of the oil mist around the gear is
considered, as shown in Table EI=2 (b). The oil mist enters the air vortex and is churned, thus apparently
increasing the air density. Therefore, the ratio of the increase in power loss due to the churning of air
containing oil mist to the air vortex loss is defined as ®. In this case, the ratio of the increase in power
loss due to oil mist is ® — 1, which is defined as the oil mist coefficient (highlighted in Table E1=2 ).

The parameters affecting the oil mist coefficient ® — 1 are listed in Table BI=2 . The oil mist coefficient
® — 1 is mainly affected by the oil supply flow rate and the shroud coefficient.

The oil mist coefficient ® — 1 is affected by the oil supply flow rate because the quantity of oil around the
gear increases when the oil supply flow rate is high.

The oil mist coefficient ® — 1 is affected by the shroud coefficient because, for example, when the clearance
between the gear and shroud is large, the amount of oil around the gear is reduced because oil easily

separates from the gear. This is described in Section BETS.
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Characteristics of the Coefficients and Range of Values in the Oil Churning Loss Model

The characteristics and ranges of the values of the oil mist coefficient ® — 1 in the oil churning loss model
are shown in Table BT=3 .

In previous studies (e.g., [81] [@8] [27]), the oil churning loss was calculated by multiplying the aerodynamic
loss by the magnification of the density of the ambient fluid around the gear. The prediction equation for
the density of ambient fluid is a problem that has not yet been studied.

In this study, we propose a novel equation to predict the oil mist coefficient by dividing the density of the
atmospheric fluid into the surrounding oil density and air density, and introducing the oil mist coefficient
into the surrounding oil density. The problem with this method is that because there is no precedent for the
prediction method of the oil mist coefficient, it must be validated with various gears, and its applicability
must be expanded.

The range of oil mist coeflicient values is from 0.2 to 1.1, which was obtained from the two-axis helical

gearbox in this research. The conditions for each value are listed in Tables GI=4 .

6.1.8 Overview of the Modeling of Shroud Effects

(1)

Concepts and Representative Coefficients for Modeling the Shroud Effect

(i) Modeling the Effect of the Shroud on the Aerodynamic loss
A schematic of the shroud effect on acrodynamic loss is presented in Table EI=3 (a). As described in
the outline of the air vortex loss model (Section BI4), the shroud can effectively reduce the air vortex
loss by suppressing the flow structure on the gear sides and gear peripheral surfaces.
The shroud coefficient A is defined as the effect of suppressing the flow structure of air. The parameters
affecting the shroud coefficient X\ are listed in Table BEI=3 . The shroud coefficient A is mainly affected
by the radial clearances between the gear and shroud, axial clearances between the gear and shroud,
and peripheral opening angles.
The shroud coefficient is affected by the radial clearance because, for example, when the radial clearance
is increased, the flow structure on the shroud peripheral surface (@) in Table GI=1 (cl)) and radial
jetting flow from the gear (®) in Table 6.1-1(c1)) are considered to have developed.
The shroud coefficient is affected by the axial clearance because, for example, when the axial clearance
increases, a flow structure develops on the sides of the gear ((C) in Table EI=0 (c2)).
The shroud coefficient is affected by the peripheral opening angle because, for example, when the
peripheral opening angle increases, a flow develops from the gear ((B) in Table EI=0 (cl)).

(ii) Modeling the Effect of the Shroud on the Oil dynamic loss
A schematic of the effect of the shroud on the oil dynamic loss is presented in Table EI=3 (b). As
described in the overview of the oil reacceleration loss model (Section B1), oil accumulates in the
shroud and increases the oil reacceleration loss. Similarly, as described in the overview of the oil
churning loss model (Section B174), the shroud also increases the oil churning loss. In other words,
the shroud increases the oil dynamic loss as opposed to reducing the aerodynamic loss. Therefore, we
use the inverse of the shroud coefficient to consider the shroud in the oil dynamic loss model.
The effect of the shroud on the oil reacceleration loss model is included in the oil reacceleration
coefficient x,., and the effect of the shroud on the oil churning loss model is included in the oil mist

coefficient ® — 1.
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(@)

Characteristics of the Shroud Coefficient

(i) Characteristics of the Shroud Coefficient for the Aerodynamic Loss
The characteristics and ranges of values of the shroud coefficients for the air vortex loss are shown in
the upper part of Tables BI=8 .
Dawson [31] conducted a systematic study that included the effect of clearances between a gear and
shroud and opening angles on the aerodynamic loss. In the experiment, the effect of reducing the
aerodynamic loss in eight types of shrouds was shown. However, an empirical equation for the effect
of shrouds was not suggested.
In a different study, empirical equations for predicting the effect of shroud on aerodynamic loss (shroud
coefficient) were constructed using Dawson’s experimental results [B1]. The empirical equations have
no precedent; thus, it is necessary to validate them with various gears and shrouds, and to expand
their applicability.
According to Dawson’s experiment [31], the value of the shroud coefficient ranges from 0.34 to 1.0.
The conditions for each value are shown in Fig. 64=2 in Section 6Z8.

(ii) Characteristics of the Shroud Coefficient for the Oil Dynamic Loss
The characteristics and ranges of values of the shroud coefficients for the oil reacceleration loss and oil
churning loss are shown in the lower part of Tables BI=8 .
In a conventional study, Johnson et al. experimentally demonstrated the optimal value of the shroud
opening angle using six types of bevel gear shrouds [P8]. However, they did not present an empirical
equation for predicting the effect of the shroud on the oil dynamic loss, including the optimal value of
the shroud opening angle.
In this study, we propose a new prediction equation for the effect of shroud on the oil reacceleration
loss and oil churning loss. One problem is that there is no precedent for this prediction equation; thus,
it is necessary to validate it with various gears and shrouds to expand its applicability.
As shown in (1) and (ii) above, the inverse of the shroud coefficient is used as a coefficient to represent
the effect of the shroud on the oil reacceleration loss and oil churning loss. The values of the inverse of
the shroud coefficient range from 1.72 (= 1/0.58, Shroud 1) to 2.08 (= 1/0.48, Shroud 2) as obtained

for the two-axis helical gearbox in this study.

Range of Optimal Shroud Coefficient Values

The shroud reduces the aerodynamic loss by suppressing the flow structure on the peripheral and side
surfaces of the gear, as shown in Table BEI=3 (a). In contrast, the shroud causes oil to stagnate and
increases the oil reacceleration loss and oil churning loss, as shown in Table BI=3 (b). Thus, the shroud
reduces the aerodynamic loss, but increases the oil dynamic loss. Therefore, the shroud is considered to
have an optimal shape.

The results of the investigation of the optimal value of the shroud coefficient using the two-axis helical

gearbox are presented in Section [A.
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6.2 Air Side-Flow Loss Model
6.2.1 Phenomena Focused on the Air Side-Flow Loss Model

The air side-flow loss model focuses on the flow caused by the volume change between the teeth during gear
meshing, as shown in Fig. 2221 . The sequence of the flow pattern is thought to be as follows: combining of
the flows around the gears (1. Combining flow), the axial pushing out of the flow when the tooth crest of the
gear enters the tooth valley of the other gear (2. Pushing out), the side-flow in which the pushed flow passes
the sides of the gear mesh (3. Side flow), the sucking in of the flow when the gear tooth crest is separated from
the tooth valley of the other gear (4. Sucking in), and the dividing of the flow to the periphery of the gears (5.
Dividing flow). The fluid dynamic loss associated with these flows is defined as the “air side-flow loss” based on

the characteristics of airflow through the side of gear mesh, and its modeling is described as follows.

4. Sucking in

n

-@W%ﬂ &

3. Side flow
2. Pushing out

1. Combining flow

Fig. 6.2-1 Schematics of airflow due to the change in the inter-tooth volume at gear meshing (air side-flow loss
model)

6.2.2 Air Drag Coefficient

6.2.2.1 Definition of Air Drag Coefficient, Modeling Concepts of Each Coefficient Constituting the Air Drag Coefficient
(i) Definition of Air Drag Coefficient
The pressure p, loaded on the surface of the gear tooth by the airflow during gear meshing (Fig. B2=1 ) is
expressed by the following equation using the air drag coeflicient Cp s, the air density pqir, and the pitch

circle speed vp.

1
Ps = C'D,s épairvp2 (64)
In this study, the air drag coefficient Cp ¢ is defined as follows.

C(D,s = CstZ,B (65)
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In the above equation, (, is the gear meshing pressure loss coeflicient, Z, is the velocity coefficient, and

Zg is the helical angle coefficient.

(ii) Modeling Concept of Gear Meshing Pressure Loss Coefficient

The concept of modeling the gear meshing pressure loss coefficient (, is shown in Fig. 2222 . In this model,
the pressure loss associated with gear meshing is replaced by the pressure loss in the “orifice model” and
the pressure loss in the “sudden expansion tube” or “sudden contraction tube”.

The concept of the orifice model is shown in Fig. E2=2 (a). In the left of Fig. 62=2 (a), the condition
before gear meshing is indicated as “A”, the condition in which the gear is fully meshed is indicated as
“C”, and the intermediate condition is indicated as “B”. The air is gradually pushed out to the side of the
gear mesh by the time it changes from “A” to “B” to “C”. Therefore, “B” is assumed to be the average
condition of “A” and “C”, which can represent the pushing out characteristics of air to the side of the gear
mesh. The orifice model is shown on the right of Fig. B2=2 (a). On the right of Fig. B2=2 (a), consider
an orifice with an opening ratio of “area of a gear tooth valley / total area of a peak and a valley of a gear

tooth” as a model equivalent to “B”.

\'\/\ Shroud
\
\

/ \

B = Average
of Aand C

Mesh side area

Flow
area change

Lo

A

Inflow areas

Orifice model

Gear meshing (b) Modeling of flow area change

(a) Modeling of gear meshing to “Orifice model” to “expansion or contraction model”

t t

Increase of pressure drop

ey ——— ™ Velocity distribution €=========-=

Velocity deviation increases pressure drop
of a sudden expansion pipe (Idelchik [116]).

Velocity distribution
\\ /
>[4 5 T
=

|
Velocity deviation due to flow dividing (Idelchik [116])

¢) Modeling of the influence of shroud opening-induced velocity deviation

Fig. 6.2-2 Concept for the “pressure loss coefficient of orifice (;” with modeling gear meshing to “orifice model”

and “expansion or contraction model” (air side-flow loss model)
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Figure B2=2 (b) shows the concept of modeling the airflow entrained according to the gear rotation before
and during gear meshing. The model uses a pipeline which expands or contracts the area change around
the gear before and during gear meshing. The modeling region is from the cross-sectional area upstream
of gear mesh (“Inflow areas” in Fig. E2=2 (b)) to the cross-sectional area beside the gear mesh (“Mesh
side area” in Fig. 22 (b)). In this region, if the cross-sectional area of the flow path is expanded, it
is modeled with a sudden expansion tube, and if the cross-sectional area decreases, it is modeled with
a sudden contraction tube. The above mentioned modeling is for the into-mesh, to which the modeling
method for the out-of-mesh is similar.

Figure B22=2 (c) shows the influence of the velocity deviation in gear meshing on the pressure loss coefficient
and the image of the velocity deviation caused by shroud opening. It is generally known that the pressure
loss increases when there is a velocity deviation (if the flow velocity contains fast and slow parts in the
cross section perpendicular to the flow). In the shroud opening, flow is considered to be divided into the
flow flowing out from the shroud opening and the flow remaining in the shroud. Therefore, flow velocity
deviation occurs as shown in “Velocity deviation due to flow dividing” in Fig. BE2=2 (c) [I06]. When
this flow velocity deviation reaches the gear meshing, the pressure loss coefficient at the gear meshing part
increases, for example, the flow velocity deviation of the sudden expansion tube increases the pressure loss
coefficient [ITH].

Details of the orifice model, the sudden expansion tube or sudden contraction tube model, and the model

of the increase in the pressure loss coefficient due to the velocity deviation are described in Section B2

(ii)  Modeling Concepts for Velocity Coefficient
The velocity coefficient Z, is related to the representative speed at the gear meshing part. The details of
modeling the velocity coefficient Z,, is shown in Fig. B2=3 .
For Fig. B2=3 (a), (b) is rotated by half a pitch, (c) is rotated by another half pitch, and (d) is rotated
by another half pitch. “E” and “F” in Fig. B2=3 refer to the same tooth and move with rotation. “G” in
Fig. B2=3 indicates a fixed point in space on the pitch circle.
In “G” in Fig. B22=3 , at the fixed point in space on the pitch circle, panels (a) to (d) show that peaks
and valleys of the gear pass alternately. When the velocity in the object (gear) is set to zero, the average
velocity of “G” in Fig. E2E3 is considered to be smaller than the pitch circle speed. This is considered in
terms of the velocity coefficient Z,. The details of the modeling are described in Section B22273.

2\ \ \ N\
e L o,

E F

F G G ) G G
(a) “Open” at point G (b) “Close” at point G (c) “Open” at point G (d) “Close” at point G
Fig. 6.2-3 The concept for “velocity coefficient Z,” by focusing on alternating passing of gear teeth and valleys

at a fixed point (air side-flow loss model)
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(v)

Modeling Concept of Helix Angle Coefficient

The concept of modeling the helix angle coefficient Z3 is shown in Fig. E2=4 . The volume change between
the teeth in a spur gear part is shown in Fig. BE2=2 (a), and that in a helical gear part is shown in Fig.
624 (b). The contact surface in Fig. 6224 (a) and (b) is spatially fixed, and the gear teeth come in
contact on this contact surface.

In the spur gear part, contact among the teeth is made in the whole width of the tooth. Therefore, as
shown in “Rapid volume change” of Fig. B4 (a), the volume between the teeth rapidly changes, and
the air between the teeth is pushed out rapidly in the axial direction to generate a jet stream (“Strong air
jetting” in Fig. 624 (a)). In contrast, in the helical gear, tooth contact occurs in a part of the tooth
width. As shown in “Mild volume change” in Fig. 2= (b), the volume change between the teeth is slower
than that in a spur gear. Therefore, the air flow is possibly pushed out more slowly (“Mild air jetting” in
Fig. B2 (b)). This difference in the strength of pushing out of air is considered in terms of the helix
angle coefficient Zg. The modeling is described in detail in Section EZZZ4.

Simultaneous contact

Mild air jetting

V)

Strong air jetting

(a) Spur gear (b) Helical gear

Fig. 6.2-4 The concept of “helix angle coefficient Zg” with a focus on the difference in the volume change rate at

the gear meshing between spur gears and helical gears (air side-flow loss model)

6.2.2.2 Gear Meshing Pressure Loss Coefficient

(1)

Configuration of Gear Meshing Pressure Loss Coefficient

The orifice pressure loss coefficient that models the volume change between teeth is (4, the pressure loss
coefficients due to the change in the airflow carried along the gear rotation before and after the gear mesh
are (g1 and (pa, respectively, and the ratio of the increase in the pressure drop coefficient due to the
flow velocity deviation in the gear meshing part is M4, Mp1, and Mps. The gear meshing pressure loss

coefficient (, is defined by the following equation.

(s = CaMy + max ((g1Mp1,(B2Mp2) (6.6)

Orifice Pressure Loss Coefficient (4, Modeling the Volume Change between Gear Teeth
The pressure loss coefficient (4 due to the volume change between the teeth is estimated from the pressure
loss coefficient of the orifice shown in Fig. B2=3 . The orifice opening ratio (= orifice hole cross-sectional

area / main pipe cross-sectional area) is required to obtain the pressure loss coefficient of the orifice.
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As shown in Fig. B2=2 , the cross-sectional area of flow before gear meshing (“A” in Fig. BE2=2 ) is the
cross-sectional area of the main pipe, and the midway of the cross-sectional area between the cross-sectional
area at the time of gear meshing and the cross-sectional area before gear meshing (“B” in Fig. )
is the cross-sectional area of the orifice hole. The cross-sectional area of the main pipe is the sum of the
cross-sectional area of the tooth peak (area of the axially projected cross-section) and the cross-sectional
area of the valley. Assuming that the cross-sectional area of the orifice hole is the cross-sectional area of the
valley and that the cross-sectional area of the peak and the cross-sectional area of the valley are equivalent,
the opening ratio of the orifice ( = the cross-sectional area of the valley / the sum of the cross-sectional
areas of the peak and the valley) is 0.5.

From the experimental results of the orifice (Fig. EE2=3 ), the pressure loss coefficient of the orifice is 4.0

for an opening ratio of 0.5. Therefore, (4 is given as follows.

Ca=40 (6.7)

———| Sharp-edged orifice

103 F Flow

=

Pressure loss coefficient
of sharp-edged orifice

0 0.5 1
Area ratio of orifice to pipe

Fig. 6.2-5 The experimental pressure loss coefficient in orifice {4 [IT6] (air side-flow loss model)

Pressure Loss Coefficient (g1, (g2 due to Changes in Airflow Accompanying to the Rotation of the Gear Teeth
before and after Gear Meshing

Figure 228 shows the modeling of the pressure loss coefficients (g1 and (g2 due to changes in the airflow

accompanying the rotation of the gear teeth.

Figure GEZ=H (a) shows a cross section for estimating the pressure loss coefficient. As cross sections of the

airflow, consider “Section A” and “Section B” upstream of the gear meshing and “Section C” at the gear

meshing, as shown in Fig 2228 (a).

The cross-sectional area A through which the airflow passes in Section A and Section B is selected based

on the following two methods.

The first is the method of considering only the radial clearance (1) in Fig. 628 (a), subscript “B1”).
The other is the method of considering both the radial clearance and the axial clearance ((2) in Fig. G20
(a), subscript “B2”). The cross-sectional areas Api ;n and Apy oue at (1) in Fig. B2 (a) are shown in

the hatched part in Fig. 622=0 (a)(D7 and the cross-sectional areas Aps ;, and Apg oyt at @ are shown in
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the hatched part in Fig. E2Z=8 (a)(2). These are shown by the following equations.

ABl,in = ABl,out = (07"7' + h)(B + 207:8) (68)
1

Ap2,in = AB1,in + §(Df,in — Dy.in)Cry X 2 (6.9)
1

ABQ,out = ABl,out + §(Df,out - Da,out)crw x 2 (61())

where the subscript in is the input gear, the subscript out is the output gear, C}.,. is the radial clearance,
Cy is the axial clearance, h is the tooth height, B is the tooth width, Dy is the tooth root diameter, and
D, is the shaft diameter.

The cross sectional area Apy at the gear meshing part is obtained by the method shown in (3) in Fig. B2=4
(a). The cross sectional area Agp in (3) in Fig. E2=8 (a) is taken as the hatched part in Fig. E2=8 (a)(3)

and is given by the following equation.
Apo =2Cy2(La — Da,in/2 — Da,out/2) + B(La — Dfin/2 — Dy out/2) (6.11)

where L, is the distance between the input and output axes.

As shown in Fig. 2228 (b), {p1 is taken as the loss coefficient when the cross sectional area of flow changes
from Ap1,in + AB1,out = Ao — AB1,in + AB1,0ut (it corresponds to ) — 3) — () in Fig. 28 (a)).
As shown in Fig. B258 (c), (po is taken as the loss coefficient when the cross sectional area of the flow
changes as follows Aps in + Ap2,out — Ao = Ap2,in + Ap2,out (corresponding to 2) — (3) — (2) in Fig.
=D (a)).

The pressure loss coefficient due to the change in the cross-sectional area of these flows is determined
by the combination of the sudden expansion tube shown in Fig. EZ=H (d) (cross-sectional area ratio
of the horizontal axis in Fig. BE228 (d) = outlet cross-sectional area / inlet cross-sectional area) and
the sudden contraction tube shown in Fig. EZ=8 (e) (cross-sectional area ratio of the horizontal axis in
Fig. 628 (e) = outlet cross-sectional area / inlet cross-sectional area). Whether to use the pressure
loss coefficient of the sudden expansion tube or that of the sudden contraction tube is determined by the
relationship between the magnitudes of Ap1,in+AB1,0ut (0r Ap2in+Ap2.out) and Apg. For example, when
Ap1,in + AB1,0ut < Apo, the pressure loss coefficient of the sudden expansion tube shown in Fig. BE2=8 (d)
is used for the pressure loss coefficient from the into-mesh to the gear mesh, and the pressure loss coefficient
of the sudden contraction tube shown in Fig. B2=8 (e) is used for the pressure loss coefficient from the
gear mesh to the out-of-mesh. The pressure loss coefficient in Fig. G20 (d) is given as (B expansion, and
the pressure loss coefficient in Fig. B2=8 (e) is given as (B contraction- ApPproximate equations for these

pressure loss coefficients are shown below with the area ratio denoted as R4.

(B expansion = 0.9905RA% — 1.9918 R 4 + 1.0 (6.12)
(B contraction = —1.33T6RA* +2.1397TR 4® — 1.2292R 4% — 0.5711R4 + 1.0 (6.13)

The above equations are obtained from Idelchik’s experimental data [I16].
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Fig. 6.2-6 Modeling of the airflow entrained into the gear meshing part (air side-flow loss model)

Ratios of Increase M4, Mp1, Mo in Pressure Loss Coefficient due to Velocity Deviation at Gear Meshing Part
We estimated the ratio of the increase in M4, Mgy, and Mps of the pressure loss coefficient due to the
flow velocity deviation at the gear meshing part from the pressure loss coefficient of the flow with the flow
velocity deviation in the sudden expansion tube. Figure BE2=4 shows the influence of the velocity deviation
on the pressure loss coefficient.

Figure 62=1 (a) shows the experimental results [[16] of the pressure loss coefficient when a flow velocity
deviation occurs upstream of the sudden expansion tube. In Fig. B2=4 , v shows the upstream average flow
velocity, and dv shows the deviation of the flow velocity with respect to the average flow velocity. dv/v is
the relative flow velocity deviation. The pressure loss coefficient (;; increases as the relative flow velocity
deviation dv/v increases.

Here, the “pressure loss coefficient increase ratio M” is defined as the “pressure loss coefficient (3, with a
flow velocity deviation” / “pressure loss coefficient (yy s,/5—0 Without flow velocity deviation”, as shown
in Fig. B2=2 (b). The horizontal axis in Fig. B2=2 (b) is the ratio of the cross-sectional areas of the
upstream and downstream flows.

The following equation shows the approximate equation of the pressure loss coefficient increase ratio ob-

tained using the least squares approximation with the data in Fig. 6E2=1 (b).

M, = Car/Carsoo—0 = exp { (2.555(Ag/A2)* — 1.964(A0/A2)* + 2.051(Ag/A2)?

+0.695(Ag/As) + 1.02) (6v/7)} (6.14)

The symbol “x” on the left side of the above equation is “B1”, “B2”, or “A”, and the area ratios Ay/As
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are as follows:
min(ABl/ABo,ABo/ABl) (fOI‘ MBl)
Ao/A2 = min(ABg/ABQ,ABo/ABg) (fOI‘ MB2) (615)
1 {min(Ap1/Apo, Apo/Ap1) + min(Ap2/Apo, Apo/Ap2)} (for Ma)
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(a) Flow resistance coefficient through (b) Amplitude of flow resistance coefficient through sudden
sudden expansion with velocity deviation expansion with velocity deviation (estimated with (a))

Fig. 6.2-7 Experimental effects of the flow velocity deviation on the pressure drop coeflicient (air side-flow loss
model)

We now relate the flow velocity deviation ratio dv/v to the shroud shape. Figure B2=8 shows the results of
the numerical simulation on the correspondence between the flow velocity deviation and the shroud shape.
Each point in the figure was obtained by the flow velocity deviation ratio (= (root-mean-square velocity —
mean flow velocity) / mean flow velocity) using the root-mean-square value of the flow velocity distribution
at the gear meshing section, as shown in the upper part of Fig. =R .

Figure B2Z8 (a) shows the relationship between the number of the shroud openings n,, (per gear) and the
flow velocity deviation. The two-axis helical gearbox (GA) in this study and the shroud shapes of Shroud
1 and Shroud 2 were used. Figure B2=8 (a) shows that the flow velocity deviation is large for Shroud 1
with three openings and small for Shroud 2 with one opening.

Figure 28 (b) shows the relationship between the shroud opening ratio (ratio of the total opening angle
per gear to the total periphery) and the velocity deviation. We used the two-axis helical gearbox (GA)
with shroud shapes with a different opening angle based on Shroud 2. Figure E2=8 (b) shows that the
larger the opening angle, the larger the velocity deviation.

Figures EZ8 (a) and (b) show that when the number of the openings is n,,, the ratio of the openings is
R,y (= % (AOs~ opin + D05 opout)/2}); Aby o) is the peripheral opening angle of the shroud (total per
gear), and the subscript “in” is the input gear and “out” is the output gear. The following approximate

equation is obtained:
§v/v = 8.618 x 1072R,,*?3%0p,,,1-413 (6.16)
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The above equation shows that the exponent of the number of the openings n,, is larger than the exponent
of the ratio of the openings R,,. Therefore, the number of the openings n,), is the parameter that mainly

affects the increase ratio in the pressure loss coefficient due to the velocity deviation.

Thus, it is possible to determine the gear meshing pressure loss coefficient (; from Eq. E3.
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(a) Approximation curve of velocity deviation ratio (b) Approximation curve of velocity deviation ratio
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* Simulation results
Fig. 6.2-8 Relationships between the flow velocity deviations and shroud openings evaluated using simulation

results (air side-flow loss model)

6.2.2.3 Velocity Coefficient Z,

As shown in Fig. BZ=3 , at a fixed point in space on a pitch circle (“G” in the figure), gear peaks and
valleys pass alternately. We model the case in which gear valleys pass through, whereas the airflow passes at
the peripheral speed. When gear peaks pass through, the airflow velocity is assumed to be zero because it is in
the gear structure. If the lengths of tooth peaks and tooth valleys on the pitch circle are the same, the average
flow velocity at the point G is 1/2 of the peripheral speed. In addition, because the pressure applied to the gear
tooth surface (Eq. B4) is proportional to the square of the flow velocity, the velocity coefficient Z, is set using

the following equation.
Zy, = (1/2)> = 0.25 (6.17)
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6.2.2.4 Helix Angle Coefficient Zg

Figure 229 (a) shows the results of an analysis of the effect of the helix angle on the aerodynamic loss in the
gear meshing part [44]. The analysis results were obtained by solving the fluid conservation equation by dividing
the space around the gear meshing part into calculation cells. In the analysis, this loss includes the air side-flow
loss and the air pumping loss. In contrast, the air pumping loss is negligibly small as described in Section BI1-3;
thus, the aerodynamic loss in Fig. 29 (a) can be regarded as equivalent to the air side-flow loss.

Figures EZ=9 (b) show the magnification of the air side-flow loss at helix angles 8 = 15° and 8 = 0° based
on the loss at 8 = 30° in Fig. 2229 (a). The loss at 8 = 30° is used as a base loss because the helix angle of
the two-axis helical gearbox (GA) used to validate the fluid dynamic loss model in this research is 30 °. Figure
6Z=9 (b) shows that the magnification increases as the helix angle 8 decreases (as it approaches the spur gear)
because, as shown in Fig. 2= , the whole width of the gear teeth in the spur gear comes into contact at one
time, causing air in the tooth valley to be rapidly pushed out to the axial direction.

Figure B9 (c) shows the helix angle coefficient Zg with the changes in the helical angle 8. The values at
each point in Fig. 229 (c) are those at the peripheral speed of 18 m/s or higher, which are roughly constant
in the magnification of loss in Fig. G2=9 (b). The values of “A”, “B”, and “C” in Fig. 229 (c) correspond to
“A” “B”, and “C” in Fig. B2=9 (b), respectively. An approximate equation for the helix angle coefficient Zg is

given as follows.
Zp = max(—6.4035% + 2.787,0) (6.18)

The unit of § is radian, and if the value of Zg is less than zero, the value of Zg is set to zero. In this approximation
equation, the value is extrapolated when § > 30°, which is considered to reduce the reliability of the value.

However, gears with a Helix angle of 30° or more are not generally used.
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(a) Influence of the helix angle on the (b) Amplitude of aerodynamic loss (c) Coefficient Zg on the influence
aerodynamic loss around the gear meshing based on f=30° (estimated with (a)) of helix angle (estimated with (b))

(numerical simulation, Talbot [44])

Fig. 6.2-9 Modeling of the influence of the helix angle (air side-flow loss model)

6.2.2.5 Influences of Shrouding on Gear Meshing Pressure Loss Coefficient

The effects of shrouding are included in the pressure loss coefficients (g1 and (g2 due to the change in the

airflow accompanied with the rotation of gear teeth before and after gear meshing and are included in the increase

ratios of pressure loss coefficients M4, Mgy, and Mps due to the flow velocity deviation at the gear meshing.
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These parameters are included in the gear meshing pressure loss coefficient (5. The other coefficients are modeled

to not be affected by shrouding.

6.2.3 Force Loaded on the Gear, Mass Flow Rate that the Gear Drives, Gear Rotational Torque,
and Air Side-Flow Loss

From the air side-flow pressure loss p,, we obtain the force Fj ;,, loaded on the input gear tooth surface and the
force Fs oyt loaded on the output gear tooth surface. Fj;, and Fj o+ are calculated by the following equation,

assuming that the air side-flow pressure loss p; is evenly distributed on the input gear and the output gear.

1
Fs,in = I's out — Pth/2 = CD,S ZpairBh'Upz (619)
1
Fs = Fs,in + Fs,out = pth = CD,S §pairBhvp2 (620)
The mass flow rate 1, of the air driven by the gear rotation is obtained by dividing the total of forces loaded
on the gears, F, by the peripheral speed v,,.

. 1
ms = (Fs,in + Fs,out)/vp = CD,sipairBh'Up (621)

The rotational torque Ty ;,, of the input gear is obtained as a product of the force Fj ;,, loaded on the input gear
and the rotational radius rp ;. Similarly, the rotational torque T .+ of the output gear is obtained as a product

of the force Fj o+ loaded on the output gear and the rotational radius 7, ou:. These are shown as follows:

1
Ts,in = L'sinTp,in = C1D,$ ZpairBhrUpQTp,in
(6.22)

_ _ 2
,Ts,out = Fs,outrp,out = CD,szpairBhUp Tp,out

The air side-flow loss P; ;;, of the input gear is obtained as a product of the rotational torque T ;;, of the input
gear and the angular velocity wj,. Similarly, the air side-flow loss Ps o, of the output gear is obtained as a

product of the rotational torque T o, of the output gear and the angular velocity woy:.

1 1
R@,in = Te,inwin = CD,S ZpairBhUpzrp,inwin = CD,S ZpairBhUpg
. 2 ) ) (6.23)
Ps,out = Ts,outwout = CD,S ZpairBhvp T'p,outWout = CD,S ZpairBhUp

where the following relationships exist: v, = 7p inWin = Tp outwWout. The air side-flow loss P, can be calculated by

the following equation.

1
P, = Ps,in + Ps,out = C'D,s gpairBh'Up?) (624)

6.2.4 Key Parameters of the Air Side-Flow Loss Model

The key parameters of the air side-flow loss model are the air drag coefficient Cp g, the (third power of)
peripheral velocity v,?, the tooth area (o< Bh), and the air density pqir, as shown in Eq. E24.

The key parameters that mainly affect the air drag coefficient Cp s are the helix angle § (Eq. BIX), which is
related to the strength of pushing out air during gear meshing, and the number of openings of the shroud n,y,
(Eqs. B4 and B10), which is related to the increase in the loss coefficient due to the flow velocity deviation.
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6.3 Air Pumping Loss Model
6.3.1 Phenomena Focused on the Air Pumping Loss Model

Figure b23=1 showed the classification of the aerodynamic loss in the gear meshing part. The figure shows that
in the gear meshing part, there is a flow passing through the sides of gear mesh and a flow in the tip clearance
and backlash in the gear mesh. The loss due to the flow through the sides of the gear mesh is regarded as air
side-flow loss, and the loss due to the flow in the tip clearance and backlash in the gear mesh is considered air
pumping loss. In the air pumping loss model, we focused on the flow in the tip clearance and backlash in the
gear mesh.

The air pumping loss is considered to be a loss caused by the acceleration of the air in the gear meshing part,
based on an analogy with the oil-jet acceleration loss, which is the loss caused by the acceleration of oil supplied

to the gear mesh. The oil-jet acceleration loss is described in Section B3.

6.3.2 Mass Flow Rate by Air Pumping

To evaluate the mass flow rate of air pumping, the tip clearance and backlash in the gear meshing part is shown
in Fig. B23=1 .

The mass flow rate 7pump pumped from the gear meshing part is calculated using the following equation using
the volume flow rate Qpump and the air density pqi- [26].
Win
21
where M, is the gear module, j is the backlash, S;, and S, are the tooth tip lengths, C;, and Cyy¢ are the tip

mpump = paierump = Pair {2Mg.7 + 05(8171 +.7 + Sout)(Ch,in + Ch,out)} Bzzn (625)

clearances, B is the tooth width, z;, is the number of teeth of the input gear, and w;, is the rotation angular
velocity of the input gear. Because Sy, + j + Sout & My, and Mgz, = D, (D) is the pitch circle diameter),

Mpump X Dp inwin < vp (vp is the pitch circle speed).

SOU.L'
b
¥ Ch,out
D F
J
2M,
c b W
h,in I
?L-._._&
_Sin Pumping volume

Fig. 6.3-1 Inter-tooth pumping volume for modeling aerodynamic loss (air pumping loss model)

6.3.3 Force Loaded on the Gear, Gear Rotational Torque, and Air Pumping Loss

Fpump,in loaded on the input gear tooth surface and Fpump,our loaded on the output gear tooth surface are
given by the following equation, assuming that F},,,,, generated by accelerating the air pumping mass flow rate
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Mpump t0 the gear peripheral speed is equally divided between the input and output gears.

1
Fpump,in = Fpump,out = ipaierumpUp COs ﬁ (626)
Fpump = Fpump,in + Fpump,out = paierumpvp COSs B (627)

The helix angle 3 of the tooth in the above equation was introduced as the acceleration of air in the direction
perpendicular to the tooth of the helical gear.

The rotational torque Tjpymp,in of the input gear is obtained as a product of the force Fpymp,in loaded on the
input gear and the rotational radius 7 ;,,. Similarly, the rotational torque Tjpymp,out Of the output gear is obtained
as a product of the force Fpymp,out l0oaded on the output gear and the rotational radius 7, ou¢- These are shown

below.

Tpump,in = Fpump,inrp,in = 2paierumpvprp,in COSﬁ
1

Tpump,out = Fpump,outrp,out = 2paierumpvap,out COSB

(6.28)

The air pumping loss Ppyump,in of the input gear is obtained as a product of the rotational torque Tpymp,in of the
input gear and the angular velocity w;,,. Similarly, the air pumping loss Ppymp,out Of the output gear is obtained
as a product of the rotational torque Tpump,out 0f the output gear and the angular velocity woy:. These are shown

in the following equation (v, = rp inWin = Tp owtWout )

1
5 — 2 5
Ppump,in = Tpump,inwin = ipaierump'Uprp,in Ccos ﬁwin - §pai7'qumpUp CObﬁ
(6.29)
5 — 2 .
Ppump,out = Tpump,outwout = ipai'erumpUprp,out €08 Bwout = ipaierumpUp cos 8
2
Ppump = Ppump,in + Ppump,out = paierumpUp COSﬂ (630)

Because Qpump x vp from Eq. BZ3, Pyymp o v,°. The air pumping loss can be calculated from the above

equation.

6.3.4 Key Parameters of the Air Pumping Loss Model

The key parameters of the air pumping loss model are the (third power of) peripheral velocity vp3, air density

Pair, and tip clearance and backlash from Eqs. B223 and B30, respectively.

6.4 Air Vortex Loss Model
6.4.1 Phenomena Focused on the Air Vortex Loss Model

Regarding the airflow pattern in the gear periphery, as shown in Fig. bB3=1, a flow exists in which air is sucked
in from around the gear shaft, flows on the gear sides, and is then discharged to the peripheral direction of the
gear. In addition, classification of the aerodynamic loss in Fig. BZ3=1 shows the air vortex between the gear
teeth.

On the air vortex loss model, we focus on the structure of the flow, such as the air vortex generated on the
gear peripheral surface and the side surfaces. A schematic diagram of the flow structure generated on the gear
peripheral surface is shown in Table BEI=1 (cl) and that on the gear side surfaces is shown in Table EI=1 (c2).
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6.4.2 Rotational Torque and Air Vortex Loss Associated with the Formation of Flow Structure on
the Peripheral Surface and Sides of the Gear

For the torque T, peri« associated with the formation of the flow structure on the gear peripheral surface, we
use the general equation Tper; = CM,peM%pwzr‘lwh [T7] for the torque of the rotating drum, where the torque
is evaluated separately for the input and output gears, and “x” stands for “in” (input gear) or “out” (output
gear). Tper; is the rotational torque on the peripheral surface, Cas peri is the rotational moment coefficient on
the peripheral surface, p is the fluid density, w is the rotational angular velocity, r is the cylinder radius, and h

is the tooth height. T, peri,« is given by the following equation:

Tv,peri,in = CJ\/I,peTi,in ipairﬂ'Brf,inzvaAineO,in
(6.31)

1
2,2
Tv,pem’,out = OM,peri,out ipairﬂBrf,out vy /\outee,out

where subscript v is the air vortex loss, B is the tooth width, rs . is the radius of the tooth bottom circle, A.
is the shroud coefficient, and €y , is the angular fraction of the gear peripheral part. The shroud coefficient is
described in Section 4@, and the angular fraction of the gear peripheral part is described in Section G2=2.

The power loss P, peri« (* = in,out) due to the rotational torque of the peripheral surface of the gear is
calculated as a product of the rotational torque 7}, peri« Of the gear peripheral surface and the angular velocity
Wy (Tf,inWin = Tf,outWout = VF).

_ 3
Pluperi,in = CM,peri,in §pair7TBrf,inUf )\m69,m

1

— 3
P’U,peri,out = C]VI,peri,outipairﬂ-BTf,outvf )\outeﬁ,out

(6.32)

For the torque T, gides,» associated with the formation of the flow structure on the side surfaces of the gear,
the general equation Ty;zes = CM,Sides%prﬁ [TT8] for the torque of the rotating disk is used, where T} siges
represents the rotational torque on the side surfaces, and Chps,siqes represents the rotational moment coefficient

on the side surfaces. T} sides,« is expressed using the following equation:

3, 2
Tv,sides,in = CM,sides,in §pairrf,in vf >\in€0,in
(6.33)

_ 3,, 2
Tv,sides,out = CM,sides,out ipairrf,out vy )\out€0,out

The power loss P, giges,«(* = in,out) due to the rotational torque on the sides of the gear is obtained as a

product of the rotational torque T} giges,~ on the sides of the gear and the angular velocity wi.

2.3
Pv,sides,in = CM,sides,inipairrf,in vf >\in€0,in

1
2.3
Pv,sides,out = C]W,sides,out ipairrf,out vf )\outGO,out

(6.34)

The air vortex loss is the sum of the power loss due to the rotational torque on the peripheral surface of the

gear and the power loss due to the rotational torque on the side surfaces of the gear as follows:

Pv = Z P’u,peri,* + Z Pv,sides,* (635)

*=in,out *=1in,out
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6.4.3 Rotational Moment Coefficient on the Peripheral Surface and Sides of the Gear

The rotational moment coefficient on the peripheral surface of the gear and the rotational moment coefficient on

the side surfaces of the gear are important parameters that represent the characteristics of the flow structure that

causes rotational torque. An empirical equation for the coefficient of rotational moment is obtained with reference

to Dawson’s empirical equation [31] (Eq. ) for the aerodynamic loss in a single spur gear. Dawson equated

the loss on the gear side surface with the loss on a single disk and constructed an equation for the aerodynamic

loss in the peripheral surface and side surfaces of the gear. In this study, these equations are converted into the

form of the coefficient of rotational moment.

(1)

Rotational Moment Coefficient at the Gear Peripheral Surface
An empirical equation for the rotational moment coefficient on the gear peripheral surface obtained by

converting Dawson’s empirical equation [B1)] is given as follows:

B —0.25 M 1.15
CM,pe'r'i,in = 20.90 Rem_o'l () < g >

Tf7in Tf,’L'?’L
B —0.25 M 1.15 (636)
CM7P€Ti,Out =20.90 Reout_o.l ( ) ( 4 )
7Af,Out /rf,Out

where Re;, and Re,,: are the rotational Reynolds number of the input gear and the rotational Reynolds

number of the output gear, respectively, and are defined by the following equations.
Re,, — WinTf,in” _ TfinVf
Vair Vair (637)

2
WoutT fout”™  TfoutVf

Reout =
Vair Vair

Rotational Moment Coefficient at the Gear Side Surfaces
An empirical formula for the rotational moment coefficient at the sides of gear obtained by converting

Dawson’s empirical formula [1] is shown as follows:

CM,sides,in =44.10 Reinio'SS (]_ — -Da)

(6.38)

|44 .Da
C]VI,sides,out =44.10 Reoutio.oo (1 - )
Dy

where Dy is the diameter of the bottom circle of the tooth, and D, is the diameter of the shaft. The
term “1 — D,/D;” in the equation represents the reduction in the pumping work on the sides of the gear
due to the presence of the shaft. The formulation of the function was determined by comparison with the

experimental results of the two-axis helical gearbox in this research.

Validation of the Equation for the Rotational Moment Coefficient
To confirm the validity of Eq. for the rotational moment coefficient on the gear peripheral surface and
Eq. B33 for the rotational moment coefficient on the gear side surfaces, Fig. 62=1 shows a comparison

between the experimental results [31] and the calculation resultsEl. In Fig. EZ=1 , the measurement error

*1 The shroud coefficient (Section EZH) and the angular fraction of the gear peripheral part (Section EZ4) were both set to 1
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is indicated by error bars, and & 15% of the practical error is indicated by broken lines. The figure shows
that the calculation results of air vortex loss are approximately within the practical error range, considering

the range of measurement error, and it was found that Eqs. EZ38 and are valid.
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Fig. 6.4-1 Validation of the empirical equations of air vortex loss on the gear periphery and sides (air vortex loss

model)

6.4.4 Characteristics of the Rotational Moment Coefficient on the Gear Peripheral Surface

In Fig. B2=2 (a), the rotational moment coefficient Cs per; on the gear peripheral surface with the changes in
Reynolds number is compared with the experimental result of Furukawa et al. [IT9] on the moment coefficient
of a cylinder.

Fig. B2=2 (a) shows the experimental result of the coefficient of rotational moment on the gear peripheral
surface with different modules extracted from the experimental result of Dawson [31], excluding the aerodynamic
loss on the sides of the gear. Figure 62=2 (a) shows the experimental result of Furukawa et al. on the moment
coefficient of a cylinder and “a cylinder with rivets”.

The dimensionless sizes of a cylinder and a riveted cylinder are compared with dimensionless sizes of the
corresponding gear in Fig. B2=2 (b). In Eq. B30 of the rotational moment coefficient of the peripheral surface
if the gear, the exponent 1.15 for module M, is larger in the magnitude than the exponent —0.25 for the tooth
width B. Therefore, considering the module as a parameter that mainly affects the rotational moment coefficient,
we focus on the parameters corresponding to the module considered as hr /74 (in the case of the riveted cylinder)
and h/ry (in the case of the gear).

The gear close to hg/rq of the riveted cylinder is “(3) Gear module 16” from Fig. E2=2 (b) (gray cell in the
table of Fig. 62=2 (b)). However, the riveted cylinder is surrounded by shrouds, whereas the gears of (3) do
not have a shroud. Therefore, the shroud coefficient corresponding to the relative clearance C,.,./rq of the riveted
cylinder is corrected using 0.27 obtained from the equation of the shroud coefficient shown in Section B28. The

gear with the correction with the shroud coefficient is shown in “(4) Gear module 16” in Fig. E2=2 (a).

according to the experimental conditions. The effect of the diameter of the shaft was ignored because it was as small as 2-8%
of the gear diameter.
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Fig. 6.4-2 Experimental rotational moment coefficients on gear periphery vs. rotational Reynolds number (air

vortex loss model)

The comparison of the riveted cylinder and the “(4) Gear module 16” shows that the coefficient of rotational
moment of the gear is larger than that of the riveted cylinder; furthermore, the slope of the rotational moment
coefficient with respect to the Reynolds number changes is more mild than that of the riveted cylinder.

The rotational moment coefficient of the “(4) Gear module 16” is larger than that of the riveted cylinder because
the air drag of the gear is larger than that of the riveted cylinder because the gear is angularly shaped.

On the reason that the slope of the rotational moment coefficient with respect to the Reynolds number changes
of “(4) Gear module 16” is more mild than that of the riveted cylinder, we consider it based on the air vortex
in the tooth valley. The air vortex in the gear tooth valley is a flow that is characteristically generated in the
peripheral surface of the gear, as shown in Fig. BEI=3 (c). The slope of the rotational moment coefficient with
respect to the Reynolds number changes of the gear is mild because the size of the air vortex depends on the size

of the gear tooth valley, and the size of the gear tooth valley is not affected by the Reynolds number.

6.4.5 Characteristics of the Rotational Moment Coefficient on the Sides of the Gear

The rotational moment coefficient on the sides of the gear Cis siges With respect to the Reynolds number
changes is compared with the rotational moment coefficient of a disk [[1R], as shown in Fig. BE4=3 (a). The
rotational moment coefficient of the gear in Fig. B4=3 (a) is calculated using Eq. B33.

The experimental results of the disk shown in Fig. GZ=3 (a) indicate that the moment coefficient increases as
the axial non-dimensional velocity vo./wR (veo is axial air velocity toward the disk, and R is the disk radius) of
air toward the disk increases. This could be because the air pumping work (the work of air sucking in from the
axis center and air flowing out to the periphery) of the disk as shown in Fig. BZ=3 (b) increases as the axial air

velocity increases.

222



6 Fluid Dynamic Loss Model
6.4 Air Vortex Loss Model

Gear sides

0.02

0.002
10* 10° 106 107
Rotational Reynolds Number

Rotational moment coefficient on gear sides

(b) Schematic of velocity distribution around
(a) Rotational moment coefficient Cp siges a rotating disk (Schlichting [118])
on gear sides vs. rotational Reynolds number

Fig. 6.4-3 Experimental rotational moment coefficients on gear sides vs. rotational Reynolds number (air vortex

loss model)

The rotational moment coefficient on the sides of the gear tends to rapidly reduce with increasing Reynolds
number in comparison with the rotational moment coefficient of the disk with constant axial flow velocity. This
is because, for example, when the rotational speed of the gear increases, the efficiency of the pumping work of

the gear decreases by an increase of the flow drag.

6.4.6 Modeling of Shroud Effect (Development of Empirical Equation for Shroud Coefficient)

By enclosing the gear with a shroud, the flow structure on the gear peripheral surface ((cl) in Table GI=1 ))
and the flow structure on the gear side surfaces can be suppressed ((c2) in Table GI=1 ). The shroud coefficient
is defined as the loss reduction ratio for the aerodynamic loss without a shroud and is an important index for
suppressing the flow structure. The experimental results of the shroud coefficient by Dawson [31] are shown in
Fig. 62=4 .

In Fig. B2=2 , “a” is without a shroud and is a base for aerodynamic loss (it is set to 100%), “b” is similar
to “a” but with a rough side plate of 1.2 m x 1.2 m spaced 27 mm from each side of the gear, “¢” is similar to
“b” but with the four outer faces also enclosed with rough surfaces, “d ” is similar to “a” but with the rough
cylindrical shroud enclosing 270 © of the gear and spaced 30 mm from gear tooth tips, “€” is similar to “b” and
“d” combined, “f” is similar to “€” but is a smooth cylindrical shroud enclosing 270 ° of the gear and spaced
15 mm from gear tooth tips, “¢g” is similar to “f” but is a smooth shroud totally enclosing the gear and spaced
15 mm from tooth tips, and “h” is similar to “b” but the ends of teeth are shrouded by a stationary “washer”

spaced 8 mm off the ends of the teeth. Figure E2=4 shows the loss reduction ratio for each shroud shape.
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Aerodynamic power loss

Aerodynamic power loss

Description (a gear in free space is 100%) Description (a gear in free space is 100%)
a (760 mm root e |“b” and “d”
diameter, 187 mm F“‘\ combined
facewidth, 8 mm [
module gear running HE /' 100 37
in free space. | L/
o
b |As “a” but with a f |As “e” but smooth =
rough side plate 1.2 cylindrical shroud \\
mm square spaced 27 enclosed 270° of . _1) Bl
mm from each side 81 gear and spaced 15 i 4 53
of gear. mm from gear tooth =t #
tips. 15mm
¢ |As “b” but with the g |As “f” but smooth [7
four outer faces also shroud totally _‘J ,’fft\
enclosed with rough 66 enclosing gear and B l. \1\} 14
surfaces. spaced 15 mm from | , F
tooth tips. \: %
d |As “a” but with h |As “b” but ends of
rough cylindrical = teeth shrouded by a ~8 mm
shroud enclosed | \\\L stationary "washer' 4 Teeth
270° of gear and /' 86 spaced 8 mm off the 7
spaced 30 mm from = = ends of the teeth.
gear tooth tips. 30 mm

Fig. 6.4-4 Experimental results of the aerodynamic loss reduction by shrouding [37]

In Dawson’s experimental results of the shroud coefficient [31], no empirical equation of the shroud coefficient

is presented. Therefore, in this study, an empirical equation is developed to generalize the experimental results.

The shroud coefficient A is defined by the following equation, which divides the shroud coefficient of the gear

peripheral surface into Ay, and the shroud coefficient of the gear side surfaces into .
A=K or + (1 — K)Az

where k represents the fraction of air vortex loss on the gear peripheral surface.

(6.39)

The radial relative clearance R,., peripheral opening ratio Ry, axial relative clearance R,, and side wall coef-

ficient Ry sy (coefficients related to the presence or absence of side walls) are set as dimensionless numbers of

the shroud shape. R,, Ry, R, and R _cf; are given as follows:

2Crr
R . =
T -Dp
- AbOyy, i
R0 — Zz D,
2m
2C,
R, =
B

R ] the width of peripheral wall of the shroud/B  (without side walls of the shroud)
weel s (with side walls of the shroud)

where ). Af,, ; is the total peripheral opening angle of the shroud (per gear).
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We assume that Mg, and A, can be approximated by an exponential function. The detailed form of the
approximate equations was set to agree with the experimental results. The approximate equations are shown

below:

Aor = awil)WRw’eff (1 -\ ) + /\/07" (
(A — 1)(1—R9)"9 +1 (
= (1 —a, Orfirynr (6.46
= ( (

17a7bR)

/
Or

where a.,, a,, and a; are coefficients and b,,, ng, b,, n,, by, and n, are exponents, which are determined using
the least squares method.

A comparison of the calculated shroud coefficients with the experimental results is shown in Fig. 64=3 . The
values of the coefficients used in the experimental equations are shown in Table B2=1 . The experimental equations
(Eqgs. B339-621) and coefficients (Table B2=1 ) for the shroud coefficients were valid because the calculated and
experimental results agreed well.

According to Eqs. BZ39-647, the parameters that mainly affect the shroud coefficient A are the ratio of the
radial clearance C,, between the gear and the shroud and the gear diameter D, the ratio of the axial clearance

Cy¢ to the tooth width B, and the peripheral opening angle Af,,.

1.2
a»/\/
- 1.0 ‘ Table 6.4-1 Values of the coefficient in the empirical equa-
8 g tions for the shroud coefficient
=208
5=
s 3
f_,; o Parameter | Value
5§06 K 0.7875
I
aa % Qw 3.5295
S Eo04 buo 0.5627
= g .
2 ‘; ___ Calculation ng 1.8365
% 0.2 = Experiment ar 53.3096
~TT *15%error by 0.3186
0.0 N 0.2942
0.0 0.2 0.4 0.6 0.8 1.0 12.8704
Shroud coefficient, experiments o -
by 2.6370
Fig. 6.4-5 Validation of the empirical equations for the N 15.3235

shroud coefficient

6.4.7 Angle Range Coefficient of Gear Peripheral Part

The angle range coefficient €y of the gear peripheral part indicates the ratio of the peripheral angle of the gear
peripheral part to the entire periphery to which the air vortex loss model is applied. A schematic diagram is
shown in Fig. BZ=8 .

Two points where the input gear tip circle and the output gear tip circle intersect are determined, and these
points are set as the starting and ending points, respectively. The range not including the gear meshing part as

indicated by the arrows in the figure is defined as the range where the air vortex loss model applies. €p, and
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€9,0ut are shown below.

1 Lo 4 (Dy.in/2)? — (Dy.out/2)?
in = 5= X 2c0s” 1§ = o — 6.48
€Oiin = 9 208 { 2Lo(Dyin/2) (6.48)
1 1 [ Lo + (Dyout/2)? — (Dy.in/2)?
_ = 9 —1 a ,ou Jin 6.49
COuout = o X 2C08 { L0 (Dt out/2) (6.49)
where D; is the diameter of the tooth tip circle.
€6,in . | €g,0ut

Fig. 6.4-6 The range of angle to which the air vortex loss model applies

6.4.8 Key Parameters of the Air Vortex Loss Model

In the air vortex loss equation, i.e., Eq. B33, the loss on the gear peripheral surface P, pers,« is considered to be
larger than the loss on the gear side surfaces P, iqes,« due to the peaks and valleys of the gear teeth. Therefore,
we consider the main parameters of loss P, peri« on the gear peripheral surface.

Extracting the main parameters from P, per; « (Eq. B32) gives the following:
Pv,peri,* X CM,peri,*pairBrf,*UfB)\ (650)

Here, we extract the main parameters of the rotational moment coefficients Cis peri« of the gear peripheral
surface and consider the main parameters of P, peri« together with the above equations. Extracting the main
parameters from the equations of Chs peri« (Eq. BE38) and rotational Reynolds number (Eq. BG337) gives the

following equation:

C’M,peri,* x (rf7*vf)70‘1Bfo'25Mg1'15rf *70.9 o T‘f7*711)]070'1370'25Mgl'15 (651)

s

From Eqgs. and B2,

Pv,peri,* X pairBO.75Mq1.15Uf2'9)\ (652)

we get that BO'75M91'15 is correlated with tooth area Bh (. h o< M,). As a result, the main parameters of
P, peri,« are shroud coefficient A, (2.9th power of) peripheral speed vf2‘97 tooth area Bh, and air density pg;r-
The parameters that mainly affect A are the ratio of the radial clearance C,, to the pitch circle diameter D, the

ratio of the axial clearance C,, to the tooth width B, and the peripheral opening angle Af,,.
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6.5 Qil-Jet Acceleration Loss Model

6.5.1 Phenomena Focused on the Qil-Jet Acceleration Loss Model

Figures B2 and B2=3 validating the acceleration phenomenon of the oil supplied to the gear meshing part
showed that oil is accelerated to the gear peripheral speed and that the loss due to acceleration can be theoretically
predicted. In the oil-jet acceleration loss model, we focus on the acceleration phenomena of the oil supplied to

the gear meshing part.

6.5.2 Mass Flow Rate at which the Gear Accelerates and the Force Loaded on the Gear by the
Acceleration

The mass flow rate 4. at which the gear accelerates is given by the following equation, where p,; is the

density of the oil and Q; is the supply flow rate of the oil (total of the into-mesh and out-of-mesh jets).

mjac = poile (653)
The force Fjq. loaded on the gear when the gear accelerates the supplied oil is generated by the rotation of gear
teeth accelerating the mass flow rate ;4. from the jet speed vje; to the gear peripheral speed v, in the direction
perpendicular to the surface of the tooth. This is shown in the following equation.

Qs Qs
Fjac = poil?(vp - Ujet) COSﬁ + poil?(vp + Ujet) COSB = poilevp COSB (654)

Here, v, — vjet is the speed increase of the oil jet from the into-mesh side to the gear meshing, and v, + vjet
is the speed increase of the oil jet from the out-of-mesh side to the gear meshing. In these speed increases, a
speed difference is generated by the oil jet speed vj.:. When the oil jet is injected from the into-mesh side and
the out-of-mesh side at the same jet speed, these speed differences are canceled. Here, (3 is the helix angle of the

helical gear teeth.

6.5.3 Gear Rotational Torque, Oil-Jet Acceleration Loss

Assuming that the force loaded on the gear is equally divided between the input and output gears, the gear

rotational torque is given by the following equation.

Tjac,in = ipoileUprp,in COS B

(6.55)
Tjac,out = ipoile’Upr,out COSs ﬁ
The oil-jet acceleration loss Pjq4. is given by the following equation:
Pjac = Fjacvp = Z ,-Tjac,*w* = poilevpz COSﬁ (656)

*=1in,out

6.5.4 Key Parameters of the Qil-Jet Acceleration Loss Model

Equation shows that the main parameters of the oil-jet acceleration loss are the oil supply flow rate Qs

and the (second power of) peripheral speed v,%.
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6.6 Qil Reacceleration Loss Model
6.6.1 Phenomena Focused on the Qil reacceleration loss Model

Figure 221 (f) showed that the supplied oil is accelerated at the gear meshing part, and then, part of the oil
re-flows into the gear meshing part. Figure 62=8 shows that the oil re-flowing into the gear meshing part is re-
accelerated at the gear meshing part. In the oil reacceleration loss model, we focus on the process of accelerating

the oil that reflows into the gear meshing part.

6.6.2 Mass Flow Rate of Oil at which Gear Accelerates, Force due to Oil Re-acceleration, Gear
Rotational Torque, and QOil reacceleration loss

In the oil reacceleration loss model, the oil re-inflow rate to the gear meshing part is defined based on the oil-jet
acceleration loss model, and the loss due to the oil acceleration is considered.
The ratio of the oil re-inflow rate to the oil supply flow rate is defined as the oil reacceleration coefficient x...

as follows:

Xre = Qre/Qs (6.57)
The mass flow rate churned by the gear is given as
Mrac = XrePoil@s (6.58)
The force loaded on the gear is given by the following equation, assuming that it is similar to Eq. 654.
Frac = XrepoitQsvp cos B (6.59)

Assuming that the force loaded on the gear is equally divided between the input and output gears, the gear

rotational torque is given by the following equation:

Trac,in = §X7'epoileUprp,in cos 3

(6.60)
Trac,out = §XrepoileUprp,out cos 3
The oil reacceleration loss P,.q. is given by the following equation:
Proe = racUp = Z Trac,*w* = Xrepoilevp2 COSB (661)

x=1in,out

6.6.3 Oil Reacceleration Coefficient

The oil reacceleration coefficient x.. is related to the oil discharge from the shroud openings. Figure GBI
shows the modeling of the oil discharge from the shroud openings.

Figure EB=1 (a) shows a schematic diagram of oil supply, oil discharge from the shroud openings, and oil reflow
into the gear meshing part. The oil supplied at the oil supply flow rate Qs moves in the peripheral direction with
gear rotation, and a part of the oil is discharged from the shroud openings. Here, the flow rate of the oil that is
not discharged from the opening of the input gear shroud but re-flows into the gear meshing part is denoted as

Qre,in- Similarly, the flow rate of the oil that is not discharged from the opening of the output gear shroud but
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re-flows into the gear meshing part is denoted as Qre out- In the next gear rotation, the reflowed oil in addition to
the supplied oil flows into the gear meshing. To obtain the steady oil re-inflow rate, the recurrence equation of the
oil supply flow rate and the oil reflow rate must be solved. In the following paragraphs, after first modeling the
oil discharge from the shroud openings, we have developed recurrence equations for calculating the oil re-inflow

rate, and the oil re-inflow rate is calculated.

Oil supply rate Qg

Opening angle Afy o, = 2 0op, i«
(i: opening No.,
*=in or out)

Revintlow IR R Y in 10w
charged

Qs+Qre,*,n
Are,* o

2 Bmax

\4 Oil flow rate

Phase angle from gear meshing Gm%x
=2r

Re-inflow rate Q¢ Re-inflow rate Qre oyt

(a) Schematic of oil supply, oil discharge from shroud (b) Mo_deligg of oil discharge rate
openings, and re-inflow to gear meshing region and oil re-inflow rate (per gear)

Fig. 6.6-1 Modeling of the oil discharge from the shroud openings (oil reacceleration loss model)

Modeling of the ratio of oil discharged from the shroud openings is shown in Fig. EB=1 (b). For simplicity,
the oil re-inflow for each gear is considered. The horizontal axis indicates the phase taken from the gear meshing
along the rotational direction for one gear. The shroud opening angle is set to Af,y, .. If multiple openings exist,
Abop « is set to the sum of the opening angles of each (excluding the gear meshing part) as shown by the following

equation:
A0S op s = Y Oopi s (6.62)

For example, if there are three openings, and the width of each is 7/6 (= 30°), then Afs~,, , = 7/2 (= 90°).

The vertical axis indicates the flow rate per unit angle. Q. . indicates the oil re-inflow rate to the gear
meshing part, and n corresponds to the gear rotation in the recurrence equation of the oil re-inflow rate. A, . is
used to consider the influence of the clearance between the gear and the shroud. This is defined as the “re-inflow
reduction coefficient” because it reduces the oil re-inflow rate. The contours of Are,* are shown in Fig. EB6=2 .

For the re-inflow reduction coefficient A, ., two types of phenomena were modeled. As the first type of
phenomenon, for example, when the clearance between the gear and the shroud becomes wider, the turbulence in
the vicinity of the shroud wall decreases, making it easier for the oil to be discharged from the opening. To easily
model this phenomenon, as shown by the horizontal axis in Fig. B6=2, when the gear enclosure is narrow (Shroud
¢ with shroud coefficient A = 0.34 from Dawson’ s Experiment [31]), the oil re-inflow rate is large (A,. . = 1.0).
In contrast, when the gear enclosure is large (Shroud g with A = 0.66 from Dawson’ s Experiment [31]), the oil
re-inflow rate is 0 (Aye « = 0.0). By modeling, A,. . is inversely proportional to the shroud coeflicient A in the
range of A = 0.34-0.66. As the second type of phenomenon, for example, when the shroud opening is extremely
small, oil discharge becomes difficult. It is similar to the case when the pressure loss coefficient of the flow to the
branch pipe increases [[16]. For simple modeling, we used a function in which A,. , increases in a range in which
the shroud opening angle width is less than 30 °.
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Enclosed shroud Shroud with large clearance
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Shroud coefficient A
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30

Opening angle Afy 4 . (°)

Fig. 6.6-2 Defined contour of the value of “re-inflow reduction coefficient A,.” (oil reacceleration loss model)

The equation for A,. . constructed based on the above ideas is shown as follows:

. 0.66 — A\
Are’* — max {0, min <10, 066—034> }

. 0.66 — A, 0.52A05 ..
+ |:].O — max {O,mln (10, ()66—034) } X exp <27T):|

For the purpose of simplification, the peripheral distribution of the re-inflow rate into the gear meshing part

(6.63)

(Qs + Qrex,n by combining the oil supply flow rate and the oil re-inflow rate) is assumed to be divided equally
between the input and output gears and is assumed to be evenly distributed over the entire gear periphery, as
shown in Fig. GB6=1 (b). Then, the flow rate per unit angle becomes Aye «(Qs + Qre,«n)/(20maz). The oil
discharge from the opening is the ratio of the total value of the opening angles Afy~,, . to the entire periphery.
We assume that the rest of the oil in the shroud will re-flow into the gear meshing part. Therefore, the recurrence
equation for the oil reacceleration flow rate is given as follows (the oil re-inflow flow rate is calculated for each

gear for simplicity) :

st Qrexn
mas (6.64)
emaz - AHZ op,*
= AT@)*QH— (QS + QT@,*,n) = Cre7* (Qs + Qre,*m)
emaz - Ae op,*
Cre,* = Are,*—m (665)

20maw
We then solve the recurrence equation Eq. of the oil re-inflow rate, which gives the following equation:

Cre,*

Qre,* = 1_7%

Qs (6.66)

The total flow rate @, of the oil re-inflow rate from the input gear periphery and oil re-inflow rate from the

output gear periphery and oil reacceleration coefficient x,. are given by the following equations:

Crei C,
Qre = Qre,in + Qre,out = <1 _ g::’m + 1_ g::iut) Qs (6'67)
Cre in Cre out
re — Wre s = ’ ’ 6.68
X Q /Q 1- Cre,in * 1- Cre,out ( )
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6.6.4 Modeling of Shroud Effects

The effect of the shroud in the oil reacceleration loss model is modeled as the sum of the shroud opening angles
Aby- op,« and as the shroud coefficient A (included in the re-inflow reduction coefficient A, .) in the equation of
the oil reacceleration coefficient x,. of Eqs. 663 and B6S.

From Eqs. BBA and BX0, the oil reacceleration coefficient ... decreases as the shroud coefficient A or the sum
of the shroud opening angle Afs-~,, . increases. If coefficient C'. . is sufficiently smaller than 1, x;. is inversely

proportional to A,. . and the shroud coefficient A.

6.6.5 Key Parameters of the Oil Reacceleration Loss Model

The key parameters of the oil reacceleration loss are the oil reacceleration coefficient x,., the oil supply flow
rate Qs, and the (second power of) peripheral speed v,?, as shown in Eq. EBI. The main parameters of the oil

reacceleration coefficient x,. are the peripheral opening angle A#f,, . and shroud coefficient A.

6.7 Oil Churning Loss Model
6.7.1 Phenomena Focused on the Qil Churning Loss Model

In the oil churning loss model, the oil dynamic loss caused by oil being drawn in (Fig. B2=1 (a)) and blowing
up (Fig. 6222 (b)) by the airflow around the gear is considered. In addition, for the amount of oil adhering to
the gear surface (Fig. BE2=4 (c)) with the changes in the oil supply flow rate, we found that the amount of oil
adhering to the gear surface increases with an increase in the oil supply flow rate and that the rate of increase
on the large oil supply flow rate is lower than that on the small oil supply flow rate. This change in the rate of

increase in the amount of oil adhering to the gear surface is considered in the oil churning loss model.

6.7.2 Oil Churning Loss

We assume that the apparent density of air increases due to oil entrapment in the airflow. If the ratio of the
apparent fluid density around the gear to the air density is ®, and the air vortex loss is P, ., the oil churning

loss P, is given by the following equation:

P’ng + Pch,* = (b*Pv,*
' 6.69
Pch,* = (q) - 1)*Pv,* ( )

Po= Y (2-1).P,, (6.70)

*=1in,out

The ratio “® — 1”7 of the oil churning loss to the air vortex loss of the above equation is called the oil mist

coeflicient, and the prediction equation is given as follows.
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6.7.3 Oil Mist Coefficient

6.7.3.1 Overview of QOil Mist Coefficient

Considering that oil mist coefficient and the amount of oil around the gear are correlated, an estimation method
of the amount of oil around the gear is developed.

We found that the amount of oil on the gear surface increases as the oil supply flow rate increases, and that the
rate of increase on the large oil supply flow rate is lower than that on the small oil supply flow rate (Fig. B2=1

(c)). Therefore, the function constituting the oil mist coefficient is divided into a small flow rate function fa .

when the oil supply flow rate is small, and a large flow rate function fp . when the oil supply flow rate is large.

The equation of the oil mist coefficient is given as follows using the small flow rate function f4 ., the large
flow rate function fp ., the transition function H, between the small flow rate function and the large flow rate
function, and the shroud influence coefficient (0.405/\,)? (Details of fa . are described in Section 27232, details
of fp . are described in Section BZZ2333, details of H, are described in Section BZ234, and details of (0.405/\.)?
are described in Section GE733).

0.405> 2 6.71)

(CI) - 1)* - {(1 - H*)fA,* + H*fB,*} < )\*

The oil churning loss is calculated from Eq. B270 using the oil mist coefficient (® — 1), in the above equation and

the air vortex loss P, ..

6.7.3.2 A Small Flow Rate Function in the Case where the Qil Supply Flow Rate is Small

The small flow rate function fa . is constructed by applying the experimental results of the one-axis spur
gearbox (GB3) to the two-axis helical gearbox (GA).

The experimental results show that the oil churning loss P,;, of the one-axis spur gearbox (GB3) is 1.57 kW.
The air vortex loss P, was 0.323 kW from the numerical simulation results. Using these, the oil mist coefficient

® — 1 in the one-axis spur gearbox (GB3) becomes the following:

® — lone-axis spur = % = 4.86 (6.72)

In the application of the one-axis spur gearbox (GB3) to the two-axis helical gearbox (GA), the difference
between the one-axis spur gearbox and the two-axis helical gearbox is modeled. The modeling image is shown in
Fig. BZZ=1 . As the difference between the one-axis spur gearbox and the two-axis helical gearbox, the difference
between the shroud openings (“@)” in Fig. EZ=1) and that between the oil supply flow rates (“B)” in Fig. B27=1)
are focused on.

With respect to the difference in the shroud openings (“®)” in Fig. E7=1 ), Fig. bI=8 shows that the flow
from the shroud opening close to the out-of-mesh side of the gear meshing part considerably disturbs the air in
the gearbox. That is, the airflow near the opening close to the out-of-mesh side has large turbulence, and this
turbulence of air diffuses the oil; it is thought to be lower than the amount of oil discharged from the shroud

opening.
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Considering the influence to discharge oil due to turbulence
of the flow if the opening is close to gear meshing (®)

Oil discharge

One rotation to Rotation angle 0,

disch d i
\2?,./ ischarge (assumed) to discharge

-

V4 0
k L R)
Considering the difference / \Rotatlon
of oil supply rate (®) Z /*U—\Jr\
Oil supply rate 20 L/min <i> Oil supply rate (Qs + Qy.)/2 (L/min)
(a) One-axis spur gearbox with shrouding (GB3) (b) Two-axis helical gearbox (GA)

Fig. 6.7-1 “Small flow function f4 .” in oil mist coefficient ® — 1 obtained by the conversion of the experimental

result in one-axis spur gearbox to that in the two-axis helical gearbox

We model the reduction in the oil discharging ability of the shroud opening close to the out-of-mesh side of the
gear meshing part by the ratio of the phase from the gear meshing to the opening against whole periphery. For
the two-axis helical gearbox, the phase from the gear meshing to the opening is the average value of the input
and output gears. For the one-axis spur gear box, because the opening is located at only one place and the oil is
supplied on the inner peripheral side of the gear, we assume that the oil flows at one rotation from oil supply to
discharge, and the phase of the opening is set to 360 ° (= 2).

The conversion coefficient of the shroud opening position from the one-axis spur gearbox to the two-axis helical
gearbox is F¢¢ ch «, and the phase from the gear meshing to each opening of the shroud is 6, ;; the number of

openings is ngp .. Then, Efs cp « is given by the following equation.

Nop, =
1 9*,1’

Nopx = 27

Etf chy = , (* = in,out) (6.73)

Next, consider the difference in the oil supply flow rate (“®)” in Fig. 67=11 ). The oil supply flow rate of the

one-axis spur gearbox is 20 L/min, and that of the two-axis helical gearbox is (Qs + Q.c)/2 (per gear). Therefore,

the conversion coefficient of the oil supply flow rate is assumed to be the flow rate ratio {(Qs + Qrc)/2}/20.
From the above, the small flow rate function fa . of the oil mist coefficient ® — 1 is given by the following

equation®2.

I (Qs +Qre)/2
Effch 20

fA,* =4.86 = ach,*(Qs + Qre) = ach,*Qly (* =1n, OUt)
0.122

Qch,x = E 9 Q QS +Qrc
ff-ch,x

(6.74)

The conversion coefficient of the shroud opening position Ey¢ . « is incorporated as an inverse number in the
above equation because the closer the shroud opening is to the gear meshing part, the smaller the Ef¢ ., . and

the larger the oil mist coeflicient.

*2 fa,x is a dimensionless number. Because the unit of Q' is m3/s (SI unit), coefficients a.p, . have units of s/m3.
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6.7.3.3 A Large Flow Rate Function in the Case where the Oil Supply Flow Rate is Large

The large flow rate function fp . is constructed by applying the experimental results of the previous research
to the two-axis helical gearbox (GA).

Because the oil mist coefficient is considered to be associated with the amount of oil on the gear surface,
the measurement result of the oil film thickness of the oil attached to the gear when oil is sprayed on the gear
(Terajima et al. [I0]) is used. This is shown in Fig. E7=2 . The gear specifications and experimental conditions
are shown in Table BZ7=1 .

The left of Fig. BEZ=2 (a) shows a photograph of the spray observed from the lateral direction of the gear, and
the right shows a photograph seen from the axial direction. The diameter of the spray at the gear position is
estimated to be ~55 mm from the photograph. Because the spray diameter is larger than the tooth width of 20
mm, only a part of the sprayed oil reaches the gear surface. The spray area normal to the gear axial direction is
estimated to be 50 mm x 20 mm, as shown on the right of Fig. =2 (a).

Figure 62222 (b) shows the experimental results of the oil film thickness on the gear surface as the spray flow
rate changes. The oil film thickness was measured using the laser-induced fluorescence (LIF) method. Each point
in the figure shows the oil film thickness at 2000 s after spraying, when the oil film thickness reached almost

steady state in the experiment.

16 —
i °
BT 14 Staas
xz-plang., 2 e
Ry o .-
Z 10
S g g
“Spray. width: 2 8 /
: 51111)1/1 ; : g . /‘ \ Approximation curve
= /
= 4
5
2
0
0 2 4 6
Oil supply rate (mg/s)
(a) Visualization of an oil spray to gears (b) Experimental results of oil film thickness

Fig. 6.7-2 Experimental results of an oil spray to gears [I20]

Table 6.7-1 Gear specifications and test conditions for an oil spray to gears

Items Parameter Value
Module 2.5
Number of teeth 20
Gear Pitch circle diameter 50 mm
Face width 20 mm
Rotational speed 484 rpm
Oil spray Direction Into-mesh
Mass flow rate 0.7-5.9 mg/s
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The flow rate of oil impinging on the gear surface is estimated from Fig. E2=2 . Figure B27=3 (a) shows the
ratio of the oil spray reaching the gear surface when the radial flow rate distribution of oil is assumed to be a
Gaussian distribution. In the range of the width of 20 mm (= tooth width) indicated in gray in Fig. BE7=3
(a), the area ratio to the whole becomes 0.415. Therefore, we estimate that 41.5% of the oil spray flow rate has
reached the gears. Figure B7=3 (b) shows the estimated real supply rate on gears for the oil film thickness on
the gear surface with changes in the spray flow rate. Using the experimental results in Fig. B57=2 (b), the spray

flow rate on the horizontal axis was multiplied by 41.5%.

16 =
= Area ratio 0.415 'Sect'ion AA 14 7 -~ 0
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(a) Estimated volume fraction of oil spray rate Estimated oil supply spray rate (mg/s)
reaching to the gears (b) Estimated oil spray rate reaching the gears

Fig. 6.7-3 An estimation of the actual oil spray rate reaching the gears
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Fig. 6.7-4 “Large flow function fp.” obtained by converting the measured oil film thickness to the oil mist

coefficient

Construction of the large flow rate function fp . of the oil mist coeflicient ® — 1 using the experimental results
of the oil film thickness shown in Fig. BZ=4 . The horizontal axis of Fig. B2Z=4 is defined as the non-dimensional
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oil supply flow rate (see Section 624), and the definition is divided into the case of oil spray and the case of oil

jet of the two-axis helical gearbox. It is given by the following equation:

Qs sprayed area

for oil
vpBM,  oil jetted area (for oil spray)

Qs
vpBMy

Non-dimensional oil supply flow rate = (6.75)

(for oil jet)

where @), is the oil supply flow rate, v, is the pitch circle speed, B is the tooth width, and M, is the gear module.

In Eq. BZ73, the oil supply flow rate to the two gears is used for both the oil spray and oil jet cases. In “sprayed
area/oil jetted area” of Eq. B273, the difference in the areas of the oil reaching the gear between the oil spray and
oil jet cases is considered as the area ratio.

When results of the oil spray experiment by Terajima et al. [[20] are shown, the spray area is set to 50 mm x
20 mm, as shown on the right of Fig. EEZ=2 (a). The point indicated by the hollow circle in Fig. 224 indicates
the experimental results of the oil film thickness and refers to the vertical axis on the right. The change in the
oil film thickness when the value on the horizontal axis is 0.004 or less is different from the change in oil film
thickness when it is 0.004 or more. When the value on the horizontal axis is 0.004 or less, it is referenced as a
small flow rate. When it is 0.004 or more, it is referenced as a large flow rate. The approximate equation of the

oil film thickness at a large flow rate is given by the following equation:

' ' - 0. \"?2
Oil film thickness (large flow rate) = 34.02 <vaMg (6.76)

This is shown by the broken line in Fig. =4 (“Modeling (1)” in Fig. B4 ).

Because Eq. 678 is an equation of the oil film thickness, it must be converted to the oil mist coefficient ® — 1.
Therefore, Fig. B27=4 shows the small flow function f4 . (which is the convert function of the experimental result
of the one-axis spur gearbox into the two-axis helical gearbox) as a straight line. The vertical axis of the small
flow function fa . is the oil mist coefficient ® — 1 and refers to the left vertical axis. At this time, the left vertical
axis is adjusted to match the experimental result of the oil film thickness on the small flow rate (the horizontal
axis is 0.004 or less), as shown for “Modeling (2)” in Fig. B2z . Using a conversion equation from the right to
left axis, the empirical Eq. BZ78 for the oil film thickness on the large flow rate can be converted to the oil mist
coefficient & — 1.

The conversion coefficient Fy o, « must be considered for the opening position when converting the empirical
equation Eq. BZ7@ for the oil film thickness at the large flow rate to the oil mist coefficient ® — 1. This is because
fa becomes smaller when Ef o5 . increases (when the opening position is located more downstream from the
gear meshing part). Considering this, the conversion coefficient of the oil film thickness at large flow rate to the
oil mist coefficient becomes “0.1111 — 0.07407E ¢ _ch,«”.

Based on the above, the large flow rate function fp . is expressed as follows®.

0.2
fB.« = 34.02 (%;\%) (0.1111 — 0.07407Ef f _eh «) = Ben Q" °2, (x = in, out)
P )
34.02 .
Behx = W(O.llll —0.07407E ¢ _ch ) (6.77)
p g
Ql = Qs + Qre

Q. in the above equation was introduced to consider the effect of the oil reacceleration flow rate.

*3 fB,« is a dimensionless number. Because the unit of Q" is m3/s, the coefficients Bcp, . have units of (s/m?3)%-2.
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6.7.3.4 Transition Function from Small Flow Function to Large Flow Function

We set a function H that switches from the small flow function fa . to the large flow function fp . within a
specific flow range, considering the possibility of regions in which the small flow functions f4 . and large flow
function fp . are intermingled, such as a transition from laminar flow to turbulent flow.

The transition function H is given by the following equation, where Q.,’ is the flow rate at the intersection
of the small flow rate function f4 . and the large flow rate function fg .. 7ven = 3.0 was determined through
a comparison between the experimental results of oil churning loss and the calculation results by using the loss
model. The graph of H is shown in Fig. E7=8 B

!/ !/
H, = max [O,min {1.07 Q,QCT’*}}
ch,* (’Ych - 1)

1.25
Q, = Qs + Qre, ch,*/ = <%) , Yeh = 3.0

Qch,*

(6.78)

7 ‘ 7 = s T Qre
Qcr Yenler ¢ ¢ ¢

Fig. 6.7-5 “Iransition function H” to model the transition from “small flow function f4 .” to “large flow function

fB,*”

6.7.3.5 Modeling the Shroud Effect

An effect of the shroud, for example, is the case in which the clearance between the gear and the shroud is
widened (when the shroud coefficient A increases). In this case, the volume of air between the gear and the shroud
increases whereas the oil supply flow rate remains constant; thus, the apparent density between the gear and the
shroud and the oil churning loss P, are likely to decrease. On the basis of the above and the non-dimensional
equation B3 of oil dynamic loss, we assume that the oil churning loss P, is inversely proportional to the shroud
coefficient A.

The oil churning loss P, is the “oil mist coefficient & — 1”7 x the air vortex loss P,, as shown in Eq. BZ.
The air vortex loss P, is proportional to the shroud coefficient A, as shown in Eq. EB2. Therefore, for the oil
churning loss P, to be inversely proportional to the shroud coefficient A, the oil mist coefficient ® — 1 must be
inversely proportional to the “square” of the shroud coefficient \.

In addition, a proportional coefficient must be introduced. In this case, referring to the conversion in which the
experimental results of the one-axis spur gearbox (GB3) were converted to the two-axis helical gearbox in the
small flow function f4 ., the same conversion is to be made for this proportional constant. The shroud coefficient

of the one-axis spur gearbox is 0.405 using the calculation equation of the shroud coefficient shown in Section

*4 H is a dimensionless number. The unit of Q' is m®/s. The unit of Qcr,+’ is m3/s because the unit of acp . is s/m> and the
unit of Bep  is (s/m3)02, ~; is a dimensionless number.
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648. Using this as the proportional coefficient, and using the shroud coefficient A of the two-axis helical gearbox,
the coefficient for the shroud effect is “(0.405/))2”.

6.7.4 Key Parameters of the Oil Churning Loss Model

According to Eq. B2, the key parameters of the oil churning loss model are the oil mist coefficient (& — 1),
and air vortex loss P, .. The parameters that affect the oil mist coefficient (& — 1), are the oil supply flow rate
Qs and the shroud coefficient A, from Eqs. B2, 6274, and B74.

6.8 How to Experimentally Implement Fluid Dynamic Loss Classification

We have described the process of separating the experimental measurements of fluid dynamic loss into “aero-
dynamic loss” and “oil dynamic loss” in Section BZ22. This section describes how to further classify these losses

into loss elements.

6.8.1 Experimental Classification Method for Aerodynamic Loss

The experimental results of the aerodynamic loss are classified into “air side-flow loss”, “air pumping loss”,
and “air vortex loss”. Theoretical values are used for the air pumping loss, and experimental values are used for
the air vortex loss. The air side-flow loss is the remaining loss. These are shown below.

The air pumping losses Pyymp,cat (Where “cal” represents the calculated value) can be calculated using theo-
retical equations, as detailed in Section B2.

The air vortex loss experimental values P, ¢, (where “exp” represents the experimental values) are obtained
by measuring the aerodynamic losses Py in,exp Of the input gear alone, and the aerodynamic losses Pyir,out,exp

of the output gear alone, as shown below.
Pv,e:rp = Fair,in,exp€h,in + Pai'r,out,empee,out (679)

where €y is the angle range coefficient and is calculated using Eqs. B4R and GZ9.
The air side-flow loss Pk ¢sp is obtained by subtracting the measured air vortex loss and the calculated air

pumping loss from the measured aerodynamic loss P,y czp, as shown in the following equation.
Ps,e:rp = Pair,e:vp - Pv,ezp - Ppump,cal (680)

From the above, the aerodynamic loss can be experimentally classified into loss elements.

6.8.2  Experimental Classification Method for Oil Dynamic Loss

The classification method is shown in Fig. 6E8=1 . The oil dynamic loss is classified into “oil-jet acceleration
loss”, “oil reacceleration loss”, and “oil churning loss”. We use theoretical values for the oil-jet acceleration loss.
The remaining loss is separated using the characteristics in which the oil reacceleration loss is proportional to the
square of the rotational speed (Eq. BB1) and the characteristics in which the oil churning loss is proportional to
the cube of the rotational speed (Eqs. 532, 634, 633, and 620). These are shown as follows:
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Fig. 6.8-1 An experimental separation method for the oil dynamic loss

We calculate the oil-jet acceleration loss Pjgc,cqi using the theoretical equation, Eq. (Fig. =1 (a)).
When the oil-jet acceleration loss Pjgc,car is subtracted from the measured oil dynamic loss Py eqxp, the oil

reacceleration 1oss Prgc ezp and the oil churning loss Ppj, eqp remain (Fig. B30 (b1)).
Poil,ea:p - Pjac,cal = P'rac,ea:p + Pch,emp (681)

The remaining losses (the right term of above equation) are separated into a component proportional to the
square of the rotational speed and a component proportional to the cube of the rotational speed, which are the
oil reacceleration loss and the oil churning loss, respectively, as shown in the following equation (where N is the

rotational speed).
Poil,emp - Pjac,cal = E3N3 + E2N2 (682)

where Fs5 and Es are coefficients and are determined by the least-squares method. Figure BEE8=11 (b2) shows the
cubic proportional component E3N? in Fig. E=1 (bl), and Fig. 681 (b3) shows the square proportional
component Fo N? in Fig. EZ=1 (bl). E;N? corresponds to the oil reacceleration loss. That is,

Prac,ea:p = E2N2 (683)

To match the total loss of the loss elements to the oil dynamic loss, the oil churning loss is determined by

subtracting the oil-jet acceleration loss and the oil reacceleration loss from the oil dynamic loss (Fig. B3=1 (c)).
Pch,ewp = Poil,ezp - Pjac,cal - Prac,exp (684)

From the above, the oil dynamic loss can be experimentally classified into loss elements.
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6.9 How to Numerically Implement Fluid Dynamic Loss Classification

The method of separating the numerical simulation value of fluid dynamic loss into “aerodynamic loss” and
“oil dynamic loss” is described in Section BT4. This study describes a method of further classifying the losses

into loss elements.

6.9.1 Numerical Classification Method for Aerodynamic Loss

The numerical simulation values of the aerodynamic loss are classified into “air side-flow loss”, “air pumping
loss”, and “air vortex loss”. The numerical classification method of the aerodynamic loss is the same as the
experimental classification method (Section B=X), except that the air vortex loss is obtained by numerical
simulation. That is, the theoretical value is used for air pumping loss, the numerical simulation value is used for
the air vortex loss, and the air side-flow loss is the remaining loss. These are shown below.

The air pumping losses Ppymp,cai (Where “cal” represents the calculated value) can be calculated using theo-
retical equations, as shown in Section GZ.

Numerical simulation models for the air vortex loss are shown in Fig. BE9=11 . The two-axis helical gearbox
(GA) is used as an example. The simulation model of the input gear is shown in Fig. E9=1 (a). The input gear
is simulated as a single gear, and the shroud opening at the gear meshing part is closed by adding a shroud in
the peripheral direction. This is to minimize the effect of the gear meshing part. The simulation model of the
output gear is shown in Fig. B9=0 (b). The output gear is simulated as a single gear, and the shroud opening
at the gear meshing part is closed.

Original shroud wall Additional shroud wall
Additional shroud wall Original shroud wall

(a) Modeling of isolated input gear with shrouding (b) Modeling of isolated output gear with shrouding

Fig. 6.9-1 Numerical simulation models to evaluate the air vortex loss

Using the air vortex loss Fgirin,crp of the input gear and the air vortex loss Py in,crp of the output gear
obtained by numerical simulations, the numerical value of the air vortex loss P, crp can be calculated using the

following equation:
PU,CFD = Pair,in,CFD €0,in t+ Pair,out,CFD €0,0ut (685)

where €y is the angle range coefficient and is calculated by Eqs. 628 and 629.

The air side-flow loss Ps crp is obtained by subtracting the simulated air vortex loss P, crp and the calculated
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air pumping loss Ppump,cal from the simulated aerodynamic loss P,ir crp, as shown in the following equation:
Ps,CFD = Pair,CFD - PU,CFD - Ppump,cal (686)

Based on the above, the aerodynamic loss can be numerically classified into loss elements.

6.9.2 Numerical Classification Method for Oil Dynamic Loss

The oil dynamic loss is classified into “oil-jet acceleration loss”, “oil reacceleration loss”, and “oil churning
loss”. The theoretical value is used for the oil-jet acceleration loss. The oil mist coefficient is evaluated from the
numerical simulation result to calculate the oil churning loss. The remaining loss is the oil reacceleration loss.
These losses are shown below.

The oil-jet acceleration loss Pjqc.cqr is calculated by the theoretical equation, i.e., Eq. EG8.

The numerical simulation value P, crp,« of the oil churning loss is calculated from the following equation

using the numerical simulation values P, crp« of the air vortex loss and the oil mist coefficient (® —1)..
Pepcrps« = (2 — 1) Py,crps (6.87)

The oil mist coefficient (& — 1), must be evaluated from the numerical simulation results. The larger the
number of oil particles around the gear, the larger the ambient density around the gear, and the larger the oil
mist coefficient. Therefore, the atmospheric density is assumed to be p,,, which is evaluated using the results of
the numerical simulation. p,, is shown below.

Prmx = Qoil xPoil + (1 — Qi+ ) Pair (6.88)
The relationship between the ambient density p,, and the oil mist coefficient (& — 1), is shown below.
(@ —1), = 2mx (6.89)
Pair

The atmospheric density is considered to be different between the gear meshing part and the gear peripheral
part. Therefore, the atmospheric density p,, is evaluated in the gear meshing part and the gear peripheral part
separately. The evaluation section (sampling section) of the atmospheric density at the gear meshing part is
shown in Fig. B9=2 (a). The evaluation sections (sampling sections) of the atmospheric density at the gear
peripheral part are shown in Fig. E9=2 (b).

For the gear meshing part, we focus on the cross section (Fig. 92 (a)) of the gear meshing part. This section
does not include the tip clearance and the backlash of the gear meshing. This makes it possible to eliminate the
fluid dynamic loss (oil-jet acceleration loss and oil reacceleration loss) due to oil acceleration at the tip clearance
and backlash.

The total flow rate of air and oil passing through the section beside the gear meshing part is Qusides,m, and

the flow rate of oil is Qumsides, 0 (“msides” indicates the sides of the gear mesh). The ambient density pp, msides

beside the gear meshing can be evaluated by using the ratio of these flow rates.

_ Qmsides,oil ) (690)

pm,msides — ol
Qmsides,m
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Sampling
surface

Inter-tooth area (tip clearance ¢
and backlash) is not included. 4 Sampling
P surface
4 ’
i . . / /.
": { Oil flow rate Qms’des',‘”l 4= (il volume on the surface ~ ~= Oil volume on the surface
Flow rate of air and 0il Qsiges airoil of input gear Vog im of output gear Vg im
(a) A sampling section for flow rate of air and oil (b) Schematics of a sampling surface
through the sides of the gear mesh for oil volume on the gear

Fig. 6.9-2 Sampling surfaces for evaluating oil mist coefficient

The atmospheric density of the oil near the gear surface is considered to be important in the gear peripheral
part. Therefore, using the amount of oil calculated with the gear surface cells, we assume that this is replaced at
every rotation of the gear. The oil flow rate Qsur face,oit,« in the cells on the gear surface is given by the following

equation (“surface” denotes gear surface).
qurface,oil,* = Voil,* X N, (691)

where V1« is the total oil volume of the gear surface cells. N, is the rotational speed. V,; . is evaluated from
the results of the numerical simulation.

The flow rate of air and oil around the gear is set to be the same as the flow rate Qmsides,m using the gear
meshing part. The atmospheric density pm, peri,« in the gear peripheral part is evaluated using the following
equation:
geris = Splacesle (692
The above can be used to evaluate the ambient density pm, msides besides the gear meshing, and the ambient
density pym peri,« at the gear peripheral part.

The ambient density p;, « representing value in the gear meshing part and the gear peripheral part for each
gear is obtained as follows. If p,, . is the average value of p, msides a0d P peri,«, Pm,« 1S Obtained using following

equation:

1

Pm,x = §(pm,msides + pm,peri,*) (693>
Using the evaluation equation Eq. BEY3 of the atmospheric density p, ., and using the relational equation Eq.
between the atmospheric density py, . and the oil mist coefficient (& — 1), the oil mist coefficient (® — 1),
and the oil churning loss P.,,crp,« can be obtained. The oil churning loss P, crp can be obtained by summing

the oil churning loss Py, crp.in Of the input gear and the oil churning loss Py, crp,out of the output gear.
Pen,crp = Pen,crp,in + Pen,cFD,out (6.94)
The oil reacceleration loss Prqc,crp can be obtained by subtracting the calculated oil-jet acceleration loss Pjgc,cai

and the above oil churning loss P, ,crp from the simulated oil dynamic loss Py, crp-

Prac,CFD = Poil,CFD - Pjac,cal - Pch,CFD (695)

Based on the above, oil dynamic loss can be numerically classified into loss elements.
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6.10 Method for Evaluating Loss Element from Numerical Simulation Results
such as Pressure and Oil Distributions

To allow easy understanding of the phenomena of fluid dynamic loss elements, we aimed to evaluate the loss

elements using the pressure and oil distributions obtained from the numerical simulation results.

(1) Method for Evaluating Element of Aerodynamic Loss
Methods for evaluating the simulation results to understand the loss elements of aerodynamic loss are
shown in Fig. BI0=1 .
An example of a streamline with a speed contour is shown in Fig. BI0=0 (a). This gives an overview of
the flow field.
Figure BITED (b) shows an example of the pressure distribution at the gear surface at the gear meshing
part to understand the air side-flow loss. We consider that the differential pressure between the pressure

rise at the into-mesh side and the pressure drop at the out-of-mesh side is related to the air side-flow loss.

(a) Streamline with velocity contour

Relating to air side-flow loss

Relating to air vortex loss

Pressure
m 2

kP,
i,

Pressure distribution should be evaluated near shroud
opening at which pressure is equivalent to gearbox
internal pressure

(b) Pressure distribution on gear surface (c) Pressure distribution on gear surface
around gear mesh to evaluate air side-flow loss around gear periphery to evaluate air vortex loss

Fig. 6.10-1 An example of the evaluation methods of a simulation result to understand aerodynamic loss (Shroud

2, input 10000 rpm, oil supply rate 7.40 L/min)
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Figure BEI0=0 (c) shows an example of the gear surface pressure distribution in the gear peripheral part
to understand the air vortex loss. The pressure difference between the pressure rise in the forward surface
and the pressure drop in the backward surface in the direction of tooth rotation is considered to be related
to the air vortex loss.

When we change the parameters, the air pressure difference at the gear meshing part and the air pressure
difference on the tooth surface at the gear peripheral part shown above change. This is considered to be
related to the change in the fluid dynamic loss element. This helps understand the phenomena of the

aerodynamic loss.

Method for Evaluating Element of Oil Dynamic Loss

Methods for evaluating simulation results to understand the loss elements of oil dynamic loss are shown in
Fig. EO10=2 .

The oil distribution with speed contours is shown in Fig. BEI0=2 (a). This provides an overview of the oil
distribution.

Figure BEI0=2 (bl) shows an example of the gear surface pressure distribution at the gear meshing part
which will help understand the oil reacceleration loss. This pressure distribution is obtained by subtracting
the simulation result with air from the simulation result with air and oil. It shows the pressure by oil only.
Therefore, the pressure difference between the pressure rise at the into-mesh side and the pressure drop at
the out-of-mesh side is considered to be related to the oil reacceleration loss.

Figure EI0=2 (b2) shows an example of the contour of the oil fraction on the gear surface of the gear
meshing part to understand the oil reacceleration coefficient x,. (a parameter of the oil reacceleration loss
model). We consider that the amount of oil in the gear meshing part is related to the oil reacceleration
coefficient Y.

Figure =2 (c1) shows an example of the gear surface pressure distribution at the gear peripheral
part to understand the oil churning loss. This pressure distribution is also obtained by subtracting the
simulation result with air from the simulation result with air and oil. Therefore, we consider that the
pressure difference between the pressure rise on the forward surface and the pressure drop on the backward
surface in the direction of tooth rotation is related to the oil churning loss.

Figure BI0=2 (c2) shows the contour of the oil fraction on the gear surface in the gear peripheral part to
understand the oil mist coefficient ® — 1. The amount of o0il around the gear is considered to be related to
the oil mist coefficient & — 1.

When the parameters are changed, we consider that the oil pressure difference at the gear meshing part
and the amount of oil on the tooth surface change, and the oil pressure difference on the tooth surface
around the gear periphery and the amount of oil on the tooth surface change. This change is considered
to be related to the changes in the fluid dynamic loss element and the changes in the parameter of the loss

model, which can help understand the phenomena of the oil dynamic loss.
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(b1) Pressure distribution on gear surface around gear mesh (c1) Pressure distribution on gear surface around gear periphery
to evaluate oil reacceleration loss * to evaluate oil churning loss *

* Subtracted the simulation result of air from that of air and oil

Relating to oil mist coefficient ®-1

Relating to oil reacceleration coefficient y,. Oil fraction
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Oil fraction Oilfintojgear mesh

—

(b2) Oil fraction contour on gear surface around gear mesh ~ (c2) Oil fraction contour on gear surface around gear periphery
to evaluate oil reacceleration coefficient y,.. to evaluate oil mist coefficient ®-1

Fig. 6.10-2 An example of the evaluation methods of a simulation result to understand oil dynamic loss (Shroud

2, input 10000 rpm, oil supply rate 7.40 L/min)
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6.11 Validation of Fluid Dynamic Loss Model and Validation of Numerical
Classification Method of Fluid Dynamic Loss

6.11.1 Overview of Validation

To consider the fluid dynamic loss elements in detail, the loss model calculation results and the numerical
simulation results must qualitatively agree with the experimental results at the loss element level.

For the fluid dynamic loss model, the models described in Sections B to 624 are used. For the numerical clas-
sification method of the fluid dynamic loss, the method shown in Section B is used. To obtain the experimental
results to validate the results of the loss model calculation and the numerical simulation, the method to classify
fluid dynamic loss experimentally (Section BR) is used.

A list of validations given in this section is shown in Table BEII=1 . The validation of the fluid dynamic loss is
described in Section 1172, the validation of aerodynamic loss is described in Section E113, and the validation
of the oil dynamic loss is described in Section BITA4.

In the validations of the fluid dynamic loss (Section EIT2), we used these patterns: (1) the oil supply flow rate
condition was set constant to 3.85 or 7.40 L/min, and the rotational speed was set to 7000 to 10000 rpm, and (2)
the rotational speed was constant to 10000 rpm, and the oil supply flow rate was 1.48 to 7.40 L/min.

The validation of the aerodynamic loss (Section BI1-3) was performed under the condition that the rotational
speed condition is 7000 to 10000 rpm.

In the validations of the oil dynamic loss (Section BEIT4), we used the following patterns: (1) the oil supply
flow rate condition was set to 3.85 or 7.40 L/min constant, and the rotational speed was set to 7000 to 10000
rpm, and (2) the rotational speed was constant to 10000 rpm, and the oil supply flow rate was 1.48 to 7.40 L/min.

Shroud 1 or Shroud 2 was used for all validations.

Table 6.11-1 Calculation conditions to validate the fluid dynamic loss model and the numerical classification
method

. Vahdatlorll of fluid Parameter | Module Pitch diameter Width Oil supply Operating
Section dynamic loss to ch (mm) (mm) (mm) te (L/min) d ( ) Shroud
1, mm mim T min rpm
Air & oil | Air | Oil © change Wheel | Pinion ate spee P
Rotational Shroud 1
v 3.85, 7.40 7000-10000 ’
6.11.2 speed ’ Shroud 2
v Oil supply 5 191 81 34 1.48-7.40 10000 Shroud 1,
rate Shroud 2
6.11.3 v Rotational 0 7000-10000 | Soroud 1.
speed Shroud 2
Rotational Shroud 1
v 3.85, 7.40 7000-10000 ’
6.11.4 speed ’ Shroud 2
Oil supply Shroud 1,
1.48-7.40 10000
v rate Shroud 2
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6.11.2 Validation of Loss Model and Numerical Classification Method for Fluid Dynamic Loss

The results of the validation of the loss model and the numerical simulation on the fluid dynamic loss of air
and oil are shown in Fig. BIT=1 .

Figure EII=1 (al) and (a2) show losses with the changes in rotational speed at the oil supply flow rate of 7.40
L/min. Figure BEII=1 (bl) and (b2) show losses with the changes in rotational speed at the oil supply flow rate
of 3.85 L/min. Figure EII=0 (c1) and (c2) show the losses with the changes in the oil supply rate. Figure EII=1

(al), (bl), and (cl) show the results of Shroud 1 and Fig. BII=1 (a2), (b2), and (c2) show the results of Shroud
2.
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Fig. 6.11-1 Validation results on the fluid dynamic loss with respect to input speed changes, oil supply rate

changes, and different shrouds

In the experimental results shown in Fig. BII=1 , the measurement error (maximum +0.08 kW (from Table
B5=H ) as a standard error of 20) is indicated as error bars. In the numerical simulation results in Fig. BEII=1
, the simulation error (£8% for the fluid dynamic loss of air and oil, £5% for the aerodynamic loss, +14% for

the oil dynamic loss (from Table B2=1 ) as the difference between the experimental results and the simulation
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results) is indicated using error bars.
In each panel of Fig. BIT=1 , the trend of the loss model calculation results and the trend of the numerical
simulation results agree with the trend of the experimental results. Therefore, the fluid dynamic loss of air and

oil can be considered using the loss model calculation results and numerical simulation results.

6.11.3 Validation of Loss Model and Numerical Classification Method for Aerodynamic Loss

The results of the validation of the loss model and numerical simulation on the aerodynamic loss are shown
in Fig. 112 . Figures EI1=2 (al) and (a2) show the aerodynamic loss, which can be classified into the air
side-flow loss, the air pumping loss, and the air vortex loss.

Figures EIT=2 (bl) and (b2) show the air side-flow loss, Figs. BII=2 (cl) and (c2) show the air pumping
loss, and Figs. EIT=2 (d1) and (d2) show the air vortex loss. Figures EII=2 (al), (bl), (c1), and (d1) show
losses at Shroud 1, and Figs. BII=2 (a2), (b2), (c2), and (d2) show losses at Shroud 2. Here, our experimental
results of the air vortex loss in Figs. EII=2 (d1) and (d2) are substituted by the numerical results. We consider
that the numerical simulation results can be substituted for it because we believe that the numerical simulation
method had practical accuracy because of the validation of the aerodynamic loss with the single gears described
in Section B2 T.

In each panel in Fig. BII=2 , the trend of the loss model calculation results and the trend of the numerical
simulation results agrees with the trend of the experimental results. Therefore, it is possible to consider the
aerodynamic loss using the loss model calculation results and numerical simulation results. In addition, the air
pumping loss was found to be negligibly small enough. This is probably due to the small mass flow rate due to

the small tip clearance and backlash volumesE3.

6.11.4 Validation of Loss Model and Numerical Classification Method for Oil Dynamic Loss

First, Fig. BEII=3 shows the oil dynamic loss with respect to the rotational speed changes at a constant oil
supply flow rate of 7.40 L/min. Figures EI1=3 (al) and (a2) show the oil dynamic loss. The oil dynamic loss is
classified into the oil-jet acceleration loss, oil reacceleration loss, and oil churning loss. Figures BII=3 (bl) and
(b2) show the oil-jet acceleration loss, Figs. BII=3 (c1) and (c¢2) show the oil reacceleration loss, and Figs. BI1I=3

(d1) and (d2) show the oil churning loss. Figures BI1=3 (al), (bl), (cl), and (d1) indicate the losses at Shroud
1, and Figs. BII=3 (a2), (b2), (c2), and (d2) indicate the losses at Shroud 2. Because the oil-jet acceleration
loss (Figs. EII=3 (bl) and (b2)) is a theoretical calculation result which is common in both the loss model, the
numerical simulation, and the experiment, these three results agree. In each figure in Fig. BEII=3 , the trend of
the loss model calculation results and the trend of the numerical simulation results roughly agree with the trend
of the experimental results.

Next, Fig. BEIT=4 shows the oil dynamic loss with respect to the rotational speed changes at a constant oil
supply flow rate of 3.85 L/min (52% of the oil supply flow rate of 7.40 L/min), similar to Fig. EII=3 . In each
panel of Fig. BEIT=a , the trend of the loss model calculation results and the trend of the numerical simulation

results roughly agree with the trend of the experimental results.

*5 The mass flow rate of air is 2.8 g/s (161 L/min) and the air pumping loss is 0.02 kW at 10000 rpm with the two-axis helical
gearbox.
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Next, Fig. BII=3 shows oil dynamic loss with respect to the oil supply flow rate changes at a constant rotational
speed of 10000 rpm, similar to Fig. BII=3 (The difference is that the horizontal axis is the oil supply rate). In
each panel of Fig. BEIT=3 , the trend of the loss model calculation results roughly agrees with the trend of the
experimental results. Regarding the simulation results, the trends with the minimum flow rate (1.48 L/min) and
the maximum flow rate (7.40 L/min) agree with the experimental results. In contrast, although the oil churning
loss simulation results at the midstream flow rate around 4 L/min simply increase with respect to the oil supply
flow rate, the experimental results differ in that the midstream flow rate has a maximum value. The difference
between the simulation results and the experimental results at the midstream flow rate is discussed using the loss
model because the loss model calculation results and the experimental results agree.

In the oil churning loss model, a phenomenon in which the oil film thickness linearly increases with respect
to the flow rate on the small flow rate and a phenomenon in which the rate of increase of the oil film thickness
decreases on the large flow rate are modeled, and the weighted function is derived so that these phenomena are
switched at a constant width of the flow rate. The region affected by the weighted function is considered to be
the transition region between the phenomenon at the small flow rate and the phenomenon at the large flow rate.
The loss has a maximum value in the loss model because of the weighted function. It is considered that these
phenomena cannot be reproduced in the numerical simulation.

The above discussion indicates that it is possible to use the loss model because the calculated results of the
oil dynamic loss model qualitatively agreed with the experimental results. The numerical simulation except for
the midstream condition of oil churning loss can be used because the numerical simulation results qualitatively

agreed with the experimental results except for the midstream condition.

6.11.5 Breakdown of Fluid Dynamic Loss and Trends with respect to Rotational Speed Changes

Figure EIT=0 shows the experimental results for the fraction of fluid dynamic loss at Shroud 1 with an oil
flow rate of 7.4 L/min. From the figure, the fraction of elements of fluid dynamic loss under the condition can
be observed. In addition, the fraction change in the loss with respect to rotational speed changes is considered
using the proportional exponent of each loss element mentioned in this chapter. See Appendix O for additional
data.

Figure BEIT=0 (a) shows the fraction of fluid dynamic loss at a input speed of 10000 rpm. The ratio of the
aerodynamic loss to the oil dynamic loss was approximately fifty-fifty. Figure BII=0 (b) shows the aerodynamic
and oil dynamic losses with respect to rotational speed changes. The fraction of aerodynamic loss increased
as the rotational speed increased, because the proportional exponent of the oil dynamic loss was 2 to 3, while
that of the aerodynamic loss was 3. Figure BEII=0 (c) shows the elements of aerodynamic loss with respect to
rotational speed changes. The fraction of the air side-flow loss to air vortex loss was approximately equal. The
fraction of these losses did not change as the rotational speed changes, because the proportional exponents of
the air side-flow and air vortex losses were both 3. Figure EIT=0 (d) shows the element of oil dynamic loss with
respect to rotational speed changes. The oil-jet acceleration loss accounted for approximately half of the total.
The fraction of oil churning loss increased as the rotational speed increased, because the proportional exponents
of oil-jet acceleration and oil reacceleration losses were 2, while that of oil churning loss was 3. Figure EI1=0 (e)
shows the losses in the gear meshing and peripheral parts of the gear. The fraction of loss in the gear meshing
part exceeded 50%, because the fraction of oil-jet acceleration loss was large. The fraction of loss in the gear

peripheral part increased as the rotational speed increased, because the proportional exponent of loss in the gear
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meshing part was 2 to 3, while that of loss in the gear peripheral part was 3.
These results indicate that the aerodynamic and oil dynamic losses were approximately fifty-fifty, while the
fraction of elements with a proportional exponent of 3 (aerodynamic loss (air side-flow loss and air vortex loss),

oil churning loss, and loss in the gear peripheral part) increased as the rotational speed increased.
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Fig. 6.11-6 Breakdown of fluid dynamic loss (experimental results, Shroud 1, oil flow rate 7.4 L/min)

6.11.6 Error of Fluid Dynamic Loss Model

Figure EIT=4 shows the error of the fluid dynamic loss model in comparison with the experimental results for
the two-axis helical gearbox.
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Fig. 6.11-7 Experimental error, numerical simulation error, and loss model error
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In Fig. BII=2, the losses that are important for practical use are targeted. In addition to the loss model error,
the experimental measurement error and the numerical simulation error are also shown.

For the experimental measurement error, the relative standard deviation was calculated using a relative stan-
dard error of 20 under each condition as the statistical universe (see Sections B2 and BBA for details). For the
numerical simulation and loss models, the relative standard deviation was calculated using the difference from the
experiment under each condition as the statistical universe (see Sections B3 and B2 for details of the numerical
simulation error).

From Fig. 6.11-6, it was found that the experimental measurement error, the numerical simulation error, and

the loss model error were empirically practical error of 15% or less for the two-axis helical gearbox.

6.12 Summary of Chapter 6

In this chapter, we proposed a fluid dynamic loss model and experimental and numerical classification methods
for fluid dynamic loss elements using the clarification and classification results of fluid dynamic loss described
in the previous chapter. We validated the loss model and the numerical classification method by comparing
the experimental classification results with the fluid dynamic loss model calculation results and the numerical

simulation loss classification results. The results are summarized as follows:

1. The fluid dynamic loss model was constructed by generalizing the characteristics of the velocity distribution
and oil distribution obtained through the classification of the fluid dynamic loss and by generalizing the
conventional researches.

(a) The air side-flow loss is modeled as a loss due to the air drag of gear teeth. The key parameters are the
air drag coefficient, air density, tooth area, and peripheral speed?. The air drag coefficient is affected
by the helix angle of the teeth and the number of shroud openings. The coefficient is in the range of
1.4-2.1 under the condition of the two-axis helical gear box in this study.

(b) The air pumping loss is modeled as a loss because of the acceleration of the air at the tip clearance
and the backlash. This loss is negligible because the mass flow rate of the air accelerated in the tip
clearance and the backlash is small.

(c) The air vortex loss is modeled by dividing it into loss at the gear peripheral surface and loss at the
gear side surfaces.

i. The air vortex loss on the gear peripheral surface is defined as the loss due to the torque associated
with the formation of a flow structure on the gear peripheral surface. The rotational moment
coefficient on the gear peripheral surface is defined in the same way as the rotational moment
coefficient of a cylinder. The rotational moment coefficient is affected by the ratio of the gear
module to the gear radius and the rotational Reynolds number. This coefficient is in the range of
0.01 to 0.5 under conditions of a previous study conducted on a single gear.

ii. The air vortex loss at the sides of the gear is the loss due to torque associated with the formation of
the flow structure at the sides of the gear. The rotational moment coefficient on the side surfaces
of the gear is defined in the same way as the rotational moment coefficient of a disk. The rotational
moment coefficient is affected by the rotational Reynolds number and is in the range of 0.02 to
0.07 under the conditions of a previous study conducted on a single disk.

iii. The shroud reduces the flow structure on the gear peripheral surface and the flow structure on

the gear side surfaces and reduces the fluid dynamic loss. The loss reduction ratio by shrouding is
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defined as the shroud coefficient, which is affected by the relative radial clearance (ratio of radial
clearance to gear diameter), the relative axial clearance (ratio of axial clearance to tooth width),
and the peripheral opening angle. The coefficient is in the range of 0.34 to 1.0 under the conditions
of a previous study conducted with a gear.

iv. As the main parameters of the air vortex loss, we consider the loss on the gear peripheral surface
because the loss on the gear peripheral surface is greater than the loss on the gear side surfaces
due to the gear tooth peak and the valleys. When the equation of the moment coefficient on the
peripheral surface is decompressed and arranged, the key parameters of loss on the gear peripheral
surface are air density, tooth area, peripheral speed??, and shroud coefficient.

(d) The oil-jet acceleration loss is modeled as the loss in which the supplied oil is accelerated to the gear
peripheral speed. The key parameters are the oil supply flow rate and the peripheral speed?.

(e) The oil reacceleration loss is modeled as the loss in which the mass flow rate of the oil re-flowing into
the gear meshing part is accelerated to the gear peripheral speed. The key parameters are the oil
reacceleration coefficient (= re-inflow rate/oil supply flow rate), oil supply flow rate, and peripheral
speed?. The oil reacceleration coefficient is affected by the peripheral opening angle and the shroud
coefficient, which is in the range of 0.2 to 1.0 under the condition of the two-axis helical gearbox
in this study. The more the gear is enclosed by the shroud (the smaller the shroud coefficient), the
more oil remains inside the shroud. To consider this factor in the oil reacceleration loss model, the oil
reacceleration loss is inversely proportional to the shroud coefficient.

(f) The oil churning loss is modeled by multiplying the air vortex loss by a magnification (oil mist coef-
ficient) as a loss due to the churning of the oil mist around the gear. The key parameters are the oil
mist coefficient and air vortex loss. The oil mist coefficient is affected by the oil supply flow rate and
the shroud coefficient. The oil mist coefficient is in the range of 0.2 to 1.1 under the condition of the
two-axis helical gearbox in this study. The oil churning loss is inversely proportional to the shroud
coeflicient to consider the effect of oil accumulating in the shroud as the gear is more enclosed.

(g) Because the air vortex loss is proportional to the shroud coefficient, and the oil reacceleration loss and
the oil churning loss are inversely proportional to the shroud coefficient, it is considered that there
exists an optimum value for the shroud coefficient.

. As a method for classifying the fluid dynamic losses experimentally, a method for classifying aerodynamic

loss using the theoretical equation and the experimental result with a single gear is proposed, and a method

for classifying the oil dynamic loss using the theoretical equation and the difference in the rotational speed
exponent of the loss is proposed.

. As a method for classifying the fluid dynamic losses numerically, a method for classifying aerodynamic loss

using a theoretical equation and numerical analysis results of a single gear is proposed, and a method for

classifying the oil dynamic loss using a theoretical equation and flow rates of air and oil around the gear is
proposed.

. For the loss element of fluid dynamic loss, the loss model calculation results and the numerical simulation

results qualitatively agree with the experimental results. Therefore, the loss model and the numerical

simulation can be used to consider the tendency of the loss.

. The fraction of elements with the proportional exponent of 3 (aerodynamic loss (air side-flow loss and air

vortex loss), oil churning loss, and the loss in the gear peripheral part) increases as the rotational speed

increases.
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Chapter 7

Influence and Optimization of Design Parameters
in Gearbox

In this chapter, the influences of the gearbox design parameters on the fluid dynamic losses are described while
the phenomena are clarified, and the effects of parameter optimization on the fluid dynamic loss reduction are

shown.

7.1 Design Parameters

The design parameters relating to fluid dynamic loss are shown in Fig. 7.1-1. The gear diameter, tooth width,
gear module, helix angle, and gear aspect ratio (tooth width / gear diameter) are listed as gear design parameters.
The shroud design parameters include the radial clearance, axial clearance, peripheral opening angle, peripheral
opening phase, and the number of peripheral openings. The gear shaft design parameters include the rotational
speed and the transmitted power. The oil jet design parameters include the oil flow rate, oil jet speed, and oil
density. The breather design parameters include the internal pressure (or air density).

The influence of these design parameters on the fluid dynamic loss is discussed in this chapter, and the gear

aspect ratio and shroud coefficient are taken as typical parameters and optimized.

Gear shafts

Breather

* Rotational speed*
* Transmitted power*

* Internal pressure (air density)*

Gears

* Gear diameter® , gear width* Oil jets

* Gear module*, helix angle*

* Gear aspect ratio (width/diameter)**
Shroud**

* Oil supply flow rate*
* Oil jet speed*
* Oil density*

* Radial clearance*
* Axial clearance*
* Peripheral opening angle*
* Peripheral opening phase*
* Number of openings*

* To be studied
** To be studied and optimized

Fig. 7.1-1 Summary of design parameters (which influence the fluid dynamic loss)
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7.2 Method of Study

(1)  Method for Studying Fluid Dynamic Loss
For the low-power-loss design of the gearbox, the fluid dynamic loss model (Chapter B) is used for the
calculation of the fluid dynamic loss, and the influence of the design parameters shown in Fig. [I=1 is
studied based on a two-axis helical gearbox (Section BI). The range of parameters in this chapter is
beyond those examined in Section B, therefore the results should be treated carefully.
From among the design parameters, the influences of the gear aspect ratio and the shroud parameter (pe-
ripheral opening angle), which are the targets for optimization were validated using numerical simulations

to ensure the reliability of the results (see Appendix O).

(2)  Method for Studying Gear Friction Loss
In the optimization of the gear aspect ratio, the gear friction loss must be considered because the gear
friction loss changes in addition to the fluid dynamic loss.
The calculation method of the gear friction loss (power loss at the gear contact surface) can be divided into a
simple calculation method using a time-averaged equation for the friction coefficient at the contact surface,
and a detailed calculation method for calculating the friction coefficient in consideration of unsteady contact

conditions, which are shown in Appendix B. The detailed calculation method was used in this chapter.

7.3 Conditions of Study

Table [Z3=11 shows the base conditions in these study. The “M3” gear in Table [Z3=1 is the gear with module
3. The “M5-1” gear has the same pitch diameter as the M3 gear and but with module changed to 5.

The “M5-2” gear is a gear in which the rated rotational speed of the M5-1 gear is lowered (The rated rotational
speed was set to 0.7 times that of the M5-1 gear. To keep the pressure of the tooth surface constant, the tooth
width was set to 1/0.7 times). The gears based on the study of each design parameter are shown in “Objectives”
in Table [3=1 . In the optimization of the gear aspect ratio and the shroud coefficient, the difference between the
oil supply temperature and the oil discharge temperature was kept constant on the assumption of an application
to the actual gearbox design. This is based on the consideration that the oil supply flow rate can be reduced
when the power loss is reduced.

Figure 3=1 shows typical gears used for studying the gear aspect ratio®. Figure 3=1 (a) shows the M3
gear (gear aspect ratio of 0.25). Figure Z3=11 (b) shows a modified M3 gear for which the tooth width x gear
diameter? is the same as that of the M3 gear and the gear aspect ratio is changed to 1.12.

Figure 3=2 shows the M5-1 gear, which is used as the base model for the study of the shroud parameters*!.

The gear is surrounded by a shroud and has two openings on the peripheral surface.

*1 These models are also numerical simulation models used for an additional validation in Appendix O.
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Table 7.3-1 Base conditions for considering the influence and optimization of the design parameters

Parameter M3 | M5-1 M5-2
Influence of gear diameter, aspect ratio v
Influence of gear width, module, helix angle v
Influence of shroud parameters v
Objectives Influence of operating parameters v
Optimization of gear aspect ratio v
Optimization of shroud V&
Optimization of gear aspect ratio and shroud | v'* V&
Module (mm) 3.0 5.0
Pressure angle (°) 20
Gear ratio 2.4
Gear parameters Number of teeth Input gear 55 33
Output gear 23 14
Pitch diameter (mm) Input gear 191
Output gear 80
Face width (mm) 34 49
Radial clearance (mm) 5.0
Axial clearance (mm) 5.0
Shroud parameters Opening angle (°) 30
Opening phase (°) 180
Number of openings (per gear) 1
Transmitted power (kW) 570
Rotational speed (rpm) Input gear 10000 7000
Output gear 23913 16739
Operating conditions Oil supply flow rate (L/min) 7.40%
Oil jet speed (m/s) 20%*
Air density (kg/m®) 1.062
Oil density (kg/m?) 971

* Adjusted to keep a 30 °C temperature difference between the supplied oil and the scavenged oil

for optimization of the gear aspect ratio and/or shroud
** Proportional to the oil supply flow rate under different conditions of the oil supply flow rate

(b) Gear with gear aspect ratio reduced to 1.12
(a) M3 gear with gear aspect ratio 0.25 based on M3 gear

Fig. 7.3-1 Models for studying the influence of changes in the gear aspect ratio
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7.4

74.1

(1)

- Opening phase
6,,=180°

‘o EEeR

| Opening angle |

b Axial clearance Af,p=30"

Radial clearance
C=5.0 mr/n

(a) Radial clearance (b) Axial clearance (c) Peripheral opening angle and phase

Fig. 7.3-2 Models for studying the influence of the shroud parameters (M5-1 gear)

Influence of Design Parameters
Influence of Design Parameters

Influence of Gear Parameters

The influence of the gear parameters on the fluid dynamic loss is shown in Fig. 2=1 . Figure [Z=1 (a)
shows the result for an oil supply flow rate of 1.48 L/min, and (b) shows the result for an oil supply flow
rate of 7.40 L/min. The vertical axis is the ratio of the fluid dynamic loss to the base condition, and the
horizontal axis is the ratio of the change in each parameter to the base condition. The inverse of the gear
aspect ratio is used to compare the trend with those of other parameters.

Figures [Z=T (a) and (b) show that a reduction in the gear diameter is the most effective way of reducing
the fluid dynamic loss, and that a reduction in the tooth width or gear module and an increase in the
gear aspect ratio (= tooth width / gear diameter) are equivalent. Reductions in the gear diameter, tooth
width, and gear module reduce the rated load (surface pressure strength). If the rated load changes, it is
necessary to redesign the gear specifications. Increasing the helix angle reduces the fluid dynamic loss, but
because the thrust force changes, peripheral parts such as bearings must be redesigned.

27 constant, the surface pressure strength (im-

In contrast, by keeping the “tooth width x gear diameter
portant for high-speed gears) of the tooth surface can be kept constant, and the rated load can also be
kept constant (gear weight can also be kept constant). Therefore, if the tooth width xgear diameter? is
constant, a gear aspect ratio with a specific low fluid dynamic loss can be selected. In Section 272, the
change in the fluid dynamic loss phenomenon with a change in the gear aspect ratio is considered using

the loss model. In Section [, the gear aspect ratio is optimized.

Influence of Operating Conditions

The influence of the operating conditions on the fluid dynamic loss is shown in Fig. [2=2 . Figure [[2=2
(a) shows the result for an oil supply flow rate of 1.48 L/min, and (b) shows the result for an oil supply
flow rate of 7.40 L/min. The vertical axis shows the ratio of the fluid dynamic loss to the base condition,

and the horizontal axis shows the ratio of the change in each parameter to the base condition.
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Fig. 7.4-1 Influence of gear parameter on the fluid dynamic loss (obtained using loss models)
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Fig. 7.4-3 Influence of shroud parameter on the fluid dynamic loss (obtained using loss models)
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From Fig. [Z=2 (a), the influence of the rotational speed is the largest, followed by air density, oil supply
flow rate, and oil density. The influence of the oil jet velocity cannot be observed. In Fig. TZ=2 (b), the
influence of the air density is smaller and the influence of the oil density is larger than in Fig. Z=2 (a),
which is considered to be because the ratio of the oil dynamic loss to the fluid dynamic loss increased with

an increase in the oil supply flow rate.

Influence of Shroud Parameters

The influence of the shroud parameters on the fluid dynamic loss is shown in Fig. Z=3 . Figure [Z2=3 (a)
shows the result for an oil supply flow rate of 1.48 L/min, and (b) shows the result for an oil supply flow
rate of 7.40 L/min. The vertical axis is the ratio of the fluid dynamic loss to the base condition (when the
shroud coefficient is 1.0), and the horizontal axis is the shroud coefficient.

Figures T2=3 (a) and (b) show that the fluid dynamic loss can be reduced by adjusting each parameter
of the shroud. This is related to the fact that installing a shroud reduces the aerodynamic loss while
increasing the oil dynamic loss, as shown in Chapter B. In Section 273, changes in the fluid dynamic loss
phenomenon when the shroud coefficient is changed are considered using the loss model, and the shroud

coeflicient is optimized in Section [A.

7.4.2 Consideration of the Influence of Gear Aspect Ratio on Fluid Dynamic Loss

(1)

Trend of Fluid Dynamic Loss

Figure Z=2 (a) shows a breakdown of the fluid dynamic loss, (b) shows a breakdown of the aerodynamic
loss, and (c¢) shows a breakdown of the oil dynamic loss. It can be seen that each element of loss is reduced
by increasing the gear aspect ratio.

Figure [Z=3 shows an analysis of the changes in the elements of the fluid dynamic loss. The influence of
changes in the gear aspect ratio on the fluid dynamic loss is shown in Fig. 2=3 (a). The fluid dynamic loss
at a gear aspect ratio of 0.13 as indicated by the arrow in Fig. TZ=9 (a) is 100%, which can be decomposed
into the aerodynamic loss and the oil dynamic loss, resulting in an aerodynamic loss of 33% (leftmost bar
graph in Fig. TZ=3 (b)) and an oil dynamic loss of 67% (leftmost bar graph in Fig. TZ=3 (c)). A waterfall
diagram for a comparison of the gear aspect ratios of 0.13 and 1.12 in terms of the aerodynamic loss is
shown in Fig. TZ=8 (b). As a result of the decrease in 4 points in the air side-flow loss and 19 points in
the air vortex loss, the loss is 9% for a gear aspect ratio of 1.12. Here, the air pumping loss was ignored
because it was sufficiently small.

Figure TZ=3 (c) shows a waterfall diagram comparing the gear aspect ratios of 0.13 and 1.12 in terms of
the oil dynamic loss. The total of the oil-jet acceleration loss and the oil reacceleration loss decreased by
38 points, and the oil churning loss decreased by 14 points. As a result, the loss was 16% for a gear aspect
ratio of 1.12. The aerodynamic loss for a gear aspect ratio of 1.12 was 9% (rightmost bar graph in Fig.
Z=3 (b)) and the oil dynamic loss for a gear aspect ratio of 1.12 was 16% (rightmost bar graph in Fig.
Z=3 (c)), which adds up to 25%. This is the fluid dynamic loss at a gear aspect ratio of 1.12 shown by
the arrow in Fig. [Z=3 (d).

The relative changes in the elements of the fluid dynamic loss in Figs. T2=3 (b) and (c) are shown in Figs.
2=3 (el)—(e4), and it can be seen from Figs. T2=3 (el)—(e4) that each element of the fluid dynamic loss

decreased.
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Fig. 7.4-4 Variation in fluid dynamic loss with respect to gear aspect ratio changes (obtained using loss models)

(2)  Consideration with Regard to Parameters of Loss Model
To understand the cause of the relative changes in the elements of the fluid dynamic loss, Fig. [Z=8 shows
the change in each parameter of the loss model according to the gear aspect ratio. The vertical axis of
each figure shows the logarithmic values normalized for a gear aspect ratio of 0.13.
In the parameter change of the air side-flow loss shown in Fig. TZ=8 (a), the peripheral speed® decreases
and the tooth area increases with an increase in the gear aspect ratio. It is considered that the decrease
in the loss for the gear aspect ratio of 1.12 in Fig. T2=3 (el) is due to a larger decrease in the peripheral
speed® rather than an increase in the tooth area.
For the parameter change of the air vortex loss shown in Fig. ZZ=8 (b), as in (a), the peripheral speed?-?
decreases and the tooth area increases with an increase in the gear aspect ratio. It is considered that the
decrease in the loss for the gear aspect ratio of 1.12 in Fig. Z=3 (e2) is due to a larger decrease in the
peripheral speed?? rather than an increase in the tooth area. It is considered that the reason why the loss
decrease rate of the air vortex loss is larger than that of the air side-flow loss is because the area of the
gear sides decreases with an increase in the gear aspect ratio and the loss decreases accordingly.
As shown in Fig. Z=8 (c), the parameter changes of the oil-jet acceleration loss and the oil reacceleration
loss reduced the peripheral speed?. Therefore, the reduction in the loss for a gear aspect ratio of 1.12
shown in Fig. Z=3 (e3) was caused by a reduction in the peripheral speed?. The reduction rate of the loss
in this case was equivalent to the reduction rate of the air vortex loss (Fig. T2=8 (b)), and it is considered
that this was because the exponent of the peripheral speed was smaller than that of the air vortex loss,
but that the increase in tooth area had no influence.
For the parameter change of the oil churning loss shown in Fig. ZZ2=8 (d), the air vortex loss decreased,
and the loss reduction rate of the oil churning loss (Fig. 2=3 (e4)) was the same as that of the air vortex
loss (Fig. [2=3 (e2)), probably because the oil mist coefficient was hardly changed and only the influence

on the air vortex loss was affected.
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Results from Numerical Simulations

The change in fluid dynamic loss is discussed based on the numerical simulation results. Figure [2=7
shows the results of the numerical simulation at a gear aspect ratio of 0.13. Figure =1 (a) shows the
streamline, (bl) shows the contour of the air pressure, (b2) shows an enlarged view of the gear meshing
part of (bl), and (b3) shows an enlarged view of the gear peripheral part. Figure TZ=1 (c) shows the oil
distribution (contour of 2% of the oil in the calculation cell). Figure 2= (d1) shows the oil pressure
(result of subtracting the air pressure from the air and oil pressures), (d2) shows an enlarged view of the
gear meshing part of (d1), and (d3) shows an enlarged view of the gear peripheral part. Figure [C4=2
(el) shows the oil contour on the gear surface, (e2) shows an enlarged view of the gear meshing part, and
(e3) shows an enlarged view of the gear peripheral part. Figure 2=8 shows the result of the numerical
simulation for a gear aspect ratio of 1.12 in the same manner as Fig. 2= . In Fig. [2=8 | a comparison
with Fig. =2 is shown.

The differential pressure (Figs. T2=8 (b2), (b3), (d2), (d3)) at a gear aspect ratio of 1.12 is respectively
lower than the differential pressure (Figs. TZ=2 (b2), (b3), (d2), (d3)) at a gear aspect ratio of 0.13, which
corresponds with the decrease in the fluid dynamic loss elements (Figs. [Z2=3 (el)—(e4)). Therefore, it
is revealed that the decrease in the fluid dynamic loss elements appears as a decrease in the differential
pressure.

The oil on the gear surface at a gear aspect ratio of 1.12 (Figs. T2=8 (e2) and (e3)) is more dispersed
than the oil on the gear surface at a gear aspect ratio of 0.13 (Figs. 2= (e2) and (e3)), but there was
no significant change in the amount of oil, corresponding to no significant change in the oil reacceleration
coefficient (Fig. TZ=8 (c)) or the oil mist coefficient (Fig. ZZ=8 (d)).

These results indicate that increasing the gear aspect ratio reduces the fluid dynamic loss, but that increasing

the tooth area suppresses the reduction in the loss. Moreover, the reduction in the fluid dynamic loss appears in

the form of a reduction in the differential pressure between the gear meshing and the gear peripheral parts.
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7.4.3 Consideration of the Influence of Shrouding on Fluid Dynamic Loss

(1)

Fluid dynamic loss (kW)

Trend of Fluid Dynamic Loss

Figure TZ=9 (a) shows a breakdown of the fluid dynamic loss, (b) shows a breakdown of the aerodynamic
loss, and (c) shows a breakdown of the oil dynamic loss. From Fig. 2= (a), it is found that the fluid
dynamic loss becomes minimal around a shroud coefficient of 0.63. This is because when the shroud
coefficient increases, the air vortex loss tends to increase (Fig. Z=9 (b)), while the oil reacceleration loss
and oil churning loss tend to decrease (Fig. 2= (c)).

Figure =10 shows an analysis of the changes in the fluid dynamic loss components at shroud coefficients
of 0.48 (peripheral opening angle of 30°, large loss condition) and 0.58 (peripheral opening angle of 90°, low
loss condition), and Figs. =10 (el)—(e4) show the relative changes in the fluid dynamic loss components
in Figs. Z=10 (b) and (c¢). The comparison method for the fluid dynamic loss components is the same
as in Fig. Z=3 . Figures CZ=10 (el)—(e4) show that the aerodynamic loss increases and the oil dynamic
loss decreases as the shroud coefficient increases.
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Fig. 7.4-9 Variation in fluid dynamic loss according to shroud coefficient changes (obtained using loss models with

respect to radial clearance changes)

()

Consideration with Regard to Parameters of Loss Model

To understand the cause of the relative change in the fluid dynamic loss components, Fig. Z=T1 shows
the change of each parameter in the loss model according to the gear aspect ratio (only parameters which
changed are shown). The vertical axis of each figure shows the normalized value using a value for the
shroud coefficient of 0.48.

Figure Z=T1 (a) shows that the parameter change of the air side-flow loss (change in the air drag
coefficient) is small. As a result, it is considered that the change in the air side-flow loss became small, as
shown in Fig. TZ=10 (el). From the parameter change of the air vortex loss shown in Fig. Z=T1 (b), it
can be seen that the increase in the air vortex loss (Fig. Z=10 (e2)) is due to an increase in the shroud
coefficient. From the parameter change of the oil reacceleration loss shown in Fig. =TT (c), it can be
seen that the decrease in the oil reacceleration loss (Fig. =10 (e3)) is caused by a decrease in the oil
reacceleration coeflicient (because the oil-jet acceleration loss does not change). For the parameter change
of the oil churning loss shown in Fig. Z=T1 (d), as the shroud coefficient increases, the oil mist coefficient
decreases and the air vortex loss increases. Therefore, it is considered that the decrease in the oil churning
loss (Fig. [Z=10 (e4)) was caused by the decrease in the oil mist coefficient exceeding the increase in the
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Fig. 7.4-10 Analysis of the decrease in loss due to a decrease in the shroud coefficient (obtained using loss models)
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Fig. 7.4-11 Changes in the parameters of the loss model according to shroud coefficient changes
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Results from Numerical Simulations
The change in fluid dynamic loss is discussed based on the numerical simulation results. The results of
the numerical simulation for a shroud coefficient of 0.48 are shown in Fig. [Z=T2 , and the results of the
numerical simulation for a shroud coefficient of 0.58 are shown in Fig. [2=T3 . The display method of the
pressure distribution and the oil distribution is the same as in Fig. [2=1 .
The differential pressure in the gear meshing part at a shroud coefficient of 0.58 (Fig. Z=I3 (b2)) is
equivalent to the differential pressure at a shroud coefficient of 0.48 (Fig. TZ=T2 (b2)), which corresponds
to an equivalent air side-flow loss (Fig. =10 (el)). The differential pressure in the gear peripheral part
is higher for a shroud coefficient of 0.58 (Fig. Z=13 (b3)) than for a shroud coefficient of 0.48 (Fig. =12
(b3)), which corresponds to an increase in the air vortex loss (Fig. Z=10 (e2)).
The differential pressure in the gear meshing part (Fig. TZ=13 (d2)) or the differential pressure in the gear
peripheral part (Fig. TZ=13 (d3)) for a shroud coefficient of 0.58 are lower than the differential pressure
for a shroud coefficient of 0.48 (Fig. T2=T2 or Fig. =12 (d3)), corresponding to a decrease in the total
of the oil-jet acceleration loss and the oil reacceleration loss (Fig. Z=1T0 (e3)) and a decrease in the oil
churning loss (Fig. =10 (e4)), respectively. That is, it was found that the change in the elements of the
fluid dynamic loss appeared as a differential pressure.
The oil on the gear surface at a shroud coefficient of 0.58 (Fig. =13 (e2) and (e3)) decreased compared
with the oil on the gear surface at a shroud coefficient of 0.48 (Fig. TZ=12 (e2) and (e3)), corresponding
to a decrease in the oil reacceleration coefficient (Fig. =11 (c)) and the oil mist coefficient (Fig. Z=11
(d)), respectively. That is, it was found that the change in the oil reacceleration coefficient and the change

in the oil mist coefficient appeared as the amount of oil on the gear surface.

From the above results, it was found that the main cause for the change in the fluid dynamic loss was an

increase in the air vortex loss due to an increase in the shroud coefficient and a decrease in the oil reacceleration

loss due to a decrease in the oil reacceleration coefficient. It was found that the change in the fluid dynamic loss

appeared due to the differential pressure of the gear meshing part and the gear peripheral part, and that the

change in the oil reacceleration coefficient and the oil mist coefficient appeared due to a change in the quantity

of oil in the gear meshing part and the gear peripheral part, respectively.
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Fig. 7.4-12 Results of the numerical simulation for a shroud opening angle of 30° (shroud coefficient of 0.48)
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Fig. 7.4-13 Results of the numerical simulation for a shroud opening angle of 90° (shroud coefficient of 0.58)

compared with those for a shroud opening angle of 30° (shroud coefficient of 0.48)
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7.5 Optimization of Gear Aspect Ratio

To determine the optimal gear-aspect ratio, it is necessary to consider not only the fluid dynamic loss but also
the gear friction loss. Figure =1 shows the change in the fluid dynamic loss, the gear friction loss, and the
efficiency as the gear aspect ratio changes. It can be seen that the gear friction loss increases monotonically and

that the fluid dynamic loss decreases monotonically as the gear aspect ratio increases. Because the trends of

these losses are opposite, it can be seen that there is an optimal gear aspect ratio (“A” in Fig. 5=1).

The optimal gear aspect ratio is considered to change with changes in the gear friction loss and fluid dynamic
loss. Figure 5=2 (a) shows the losses and efficiency when the transmitted power is set to 1/2. It can be seen
that the optimal gear aspect ratio increases as the gear friction loss decreases (from “A” in Fig. =1 to “B” in
Fig. 32 (a)). Figure =2 (b) shows the losses and efficiency when the air pressure is set to 1/3. It can be

seen that the optimal gear aspect ratio decreases as the fluid dynamic loss decreases (from “A” in Fig. =1 to

“C” in Fig. Z52 (b)).
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7.6 Optimization of Shroud

Because the shroud shape has no influence on the gear design, it can be optimized for reducing the fluid dynamic
loss. The optimal value of the shroud coefficient is determined from the characteristic that the aerodynamic loss
increases and the oil dynamic loss decreases as the shroud coefficient increases (Figs. 2= (b) and (c)). The
optimal value of the shroud coefficient is shown in Fig. [6=1. Typical parameters affecting the shroud coefficient
are the rotational speed, transmitted power, and air pressure. The vertical axis shows the optimal shroud
coeflicient, and the horizontal axis shows the rate of change of each parameter with respect to the base condition.
From Fig. [[B=1 , it can be seen that the optimal shroud coefficient is in the range of approximately 0.6-0.7.

When the transmitted power is increased, the fraction of the oil dynamic loss increases as the oil supply flow
rate is increased (in consideration of a real design, a constant temperature difference between the oil supply and
the scavenged oil was set as a condition). It is considered that the optimal shroud coefficient increased because
increasing the shroud coefficient is effective in reducing the oil dynamic loss.

When the air pressure is increased, the fraction of the aerodynamic loss increases with increasing air density.
Because it is effective to lower the shroud coefficient in order to reduce the aerodynamic loss, it is considered
that the optimal shroud coefficient was lower.

When the rotational speed is increased, the aerodynamic loss increases in proportion to the power of 3 of the
rotational speed, and the oil dynamic loss increases in proportion to the power of 2-3 of the rotational speed
(from Chapters B and B). With an increase in the fluid dynamic loss, the oil supply flow rate increases in order to
keep the temperature difference between the supplied and the scavenged oil constant. When the rotational speed
is low, the fraction of the aerodynamic loss is considered to increase, because the effect of the oil supply flow rate
is small. Therefore, the optimal shroud coefficient decreases with an increasing rotational speed so as to suppress
the aerodynamic loss. In contrast, when the rotational speed is high, it is considered that the fraction of the
oil dynamic loss increases with an increase in the oil supply flow rate. Therefore, the optimal shroud coefficient
increases as the rotational speed increases, so as to suppress the oil dynamic loss.

As described above, the increase and decrease in the optimal shroud coefficient are considered to be due to the

fractions of the aerodynamic loss and oil dynamic loss.
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Fig. 7.6-1 Influence of rotational speed, transmitted power, and air pressure on the optimal shroud coefficient

(obtained using loss models)
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7.7 Effect of the Optimization of Gear Aspect Ratio and Shroud

An example of the effect of the gear aspect ratio and shroud optimizations is shown in Fig. [7=1 . Figure ["Z=1
(a) shows an example of the effect of the gear aspect ratio and shroud optimizations at a rated speed of 7000
rpm and (b) at a rated speed of 10000 rpm. The horizontal axis indicates the gear aspect ratio and peripheral
speed, and the vertical axis indicates the efficiency. In Figs. =1 (a) and (b), “A” indicates the initial design

point (assumed as the realistic condition), “B” indicates the design point for an optimized gear aspect ratio, and

“C” indicates the design point for an optimized shroud.
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In the example of the rated speed of 7000 rpm (Fig. =1 (a)), the gear aspect ratio of 0.2 (peripheral speed
of approximately 80 m/s, “A” in the figure) of the initial design was increased to 0.5 (peripheral speed of approx-
imately 60 m/s, “B” in the figure), and by optimizing the shroud, the loss was reduced by approximately 20%
(efficiency increased by approximately 0.1 points, “C” in the figure). Similarly, a loss reduction of approximately
20% (approximately 0.1 point increase in efficiency) was achieved for the rated speed of 10000 rpm (Fig. [Z7=1
(b)).

These examples of loss reduction are proof that a 20% reduction in power loss, as assumed in the introduction
to Chapter 1, is realistic. The approximately 0.1 point improvement in efficiency shown here is only valid for
the transmission efficiency of the gear system. It is considered that a reduction in the size and weight of the
lubricating system, including the oil pump, oil tank, and oil cooler, would further improve the overall efficiency
of the airframe. For example, when this improvement in efficiency is converted into the effect of geared engines,
it can contribute to a 0.3% improvement in engine efficiency, as described in Chapter 1. It is also considered
that the reduction in power loss can contribute to the feasibility of geared engines through the feasibility of an

oil cooler.

7.8 Summary of Chapter 7

In this chapter, the influence of the gearbox design parameters on the fluid dynamic loss were detailed using
a fluid dynamic loss model. The gear aspect ratio and shroud coefficient were selected as parameters that can
be optimized to reduce the fluid dynamic loss, and their influence on the fluid dynamic loss was considered. The
trends of the optimal values and the effects of improving the engine efficiency were studied. The results are

summarized below.

1. When a reduction in the fluid dynamic loss is carried out by changing the gear parameters, a reduction
in the gear diameter is most effective. Reductions in the tooth width and gear module or an increase in
the gear aspect ratio (= tooth width/gear diameter) are equivalent. When the rated load and gear weight
are fixed (tooth width x gear diameter? is constant) and the gear aspect ratio is changed, increasing the
gear aspect ratio reduces each element of the fluid dynamic loss, but increasing the tooth area suppresses
this decrease in loss. The optimal value of the gear aspect ratio is obtained by considering the opposite
tendencies of the fluid dynamic loss and the gear friction loss.

2. When the reduction in the fluid dynamic loss is carried out through a shroud installation, an optimum
value exists for the shroud coefficient, because the tendency of the aerodynamic loss and the tendency
of the oil dynamic loss are opposite according to changes in the shroud coefficient. The main factors for
the change in the fluid dynamic loss are changes in the shroud coefficient and in the oil reacceleration
coefficient. In the case of the two-axis helical gearbox presented in this study, the minimum value for the
fluid dynamic loss was obtained for a shroud coefficient of approximately 0.6-0.7.

3. When the gear aspect ratio is changed or the shroud coefficient is changed, a change in the fluid dynamic
loss tendency appears as a change in the differential pressure at the gear meshing part or the gear peripheral
part. A change in the oil reacceleration coefficient and oil mist coeflicient (parameters of the oil dynamic
loss) appears as a change in the amount of oil at the gear meshing part and the gear periphery, respectively.

4. Tt was found that the engine efficiency can be significantly improved by optimizing the gear aspect ratio

and the shroud.
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Chapter 8

Contribution to Standardization of

Low-Power-Loss Design

In this chapter, we propose a standardization for low-power-loss designs for high-speed gear systems and describe

the contributions of this research to such standardization, with reference to the standardization of existing gear

strength designs.

8.1

Proposal for Standardization of Low-Power-Loss Design

The standardization of the low-power-loss design for high-speed gear systems is shown in Fig. ET=1 .

(1)

Requirements for Standardization of Design

To consider the requirements for the standardization of low-power-loss designs for high-speed gear systems,

reference is made to already established standardizations of gear strength designs. Figure EI=1 (a) shows

the standardization of the gear strength design. An outline of the existing gear strength design standards

is described below.

Based on a clarification of gear failure phenomena, the phenomena are classified into tooth surface
fatigue, tooth surface scuffing, and tooth root bending failure (“Classification of gear damage” in Fig.
BT=1 (a)).

As an example of a standard experimental measurement method, the Forschungsstelle fiir Zahnrader
und Getriebebau (FZG) gear standard experimental method has been established (“Standard experi-
mental methods” in Fig. BI=1 (a)).

A strength design standard has been established based on an analysis and classification of gear failure
phenomena and experimental data using standard experimental methods (“Development of strength
design standard” in Fig. BI=1 (a)). For example, the American Gear Manufacturers Association
(AGMA) 218.01 provides design criteria for the tooth surface strength and tooth bending strength,
and AGMA 217.01 provides design criteria for tooth surface scuffing.

The established design standards are updated based on results from applications to actual gearbox
developments (“Update of strength design standard” in Fig. BI=1 (a)). For example, AGMA 2001-
D04 is an update of the design standards for the tooth surface strength and tooth bending strength. It
specifies a method for evaluating the tooth surface strength and tooth bending strength, and indicates

the factors affecting gear life (and calculation methods therefor). AGMA 925-A03 is an update of the
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standards for tooth surface scuffing, and describes the effects of oil lubrication on tooth surface damage

such as tooth surface scuffing and abrasion.

As described above and shown in Fig. BI=1 (a), it can be seen that clarification and classification of phe-

nomena, development of standard experimental measurement methods, development of design standards,

and update of design standards are necessary for design standardization.

Proposal for Standardization of Low-Power-Loss Design

The standardization of the low-power-loss design for high-speed gear systems is shown in Fig. &I=1 (b).

As the power loss of a high-speed gear system can be classified into the fluid dynamic loss and gear friction

loss, a standardization of the low-power-loss design is considered for each.

Standardization of Low-Power-Loss Design for Fluid Dynamic Loss

The classification is necessary to be made based on a clarification of the fluid dynamic loss phenomena
(“Clarification and classification of fluid dynamic loss phenomena” in Fig. EI=1 (b)). This corresponds
to a clarification and classification of the phenomena concerning the standardization of the gear strength
design ( “Classification of gear damage” in Fig. BI=1 (a)).

A standard experimental measurement method is necessary to be established for measuring the fluid
dynamic loss ( “Standard experimental methods to measure fluid dynamic loss” in Fig. BI=1 (b)).
This corresponds to the standard experimental measurement method applied in the standardization
of the gear strength design ( “Standard experimental methods” in Fig. BI=1 (a)).

A fluid dynamic loss model is necessary to be developed based on the clarification and classification
of the fluid dynamic loss phenomena, and on experimental data obtained using standard experimental
methods ( “Development of fluid dynamic loss models” in Fig. BI=1 (b)). This corresponds to the
design criteria in the standardization of the gear strength design ( “Development of strength design
standard” in Fig. EI=0 (a)).

In contrast to the standard for the gear-strength design, it is difficult to set a standard for the fluid
dynamic loss according to the various gearbox design conditions. Thus, it is necessary to use a fluid
dynamic loss model; this model must be adaptable to various gearbox design conditions, and have the
same reliability as the gear-strength design.

The developed fluid dynamic loss model must be updated based on the results from application to
actual gearbox development ( “Update of power loss models” in Fig. BT=1 (b)). This corresponds
to the update of strength design standard applied in the standardization of the gear strength design
( “Update of strength design standard” in Fig. BI=1 (a)).

Standardization of Low-Power-Loss Design for Gear Friction Loss

The standardization for the low-power-loss design of the gear friction loss has been generally estab-
lished by conventional research (e.g., [22], [23]) as shown in Fig. BI=1 (b), e.g., “Clarification and
classification of gear friction loss phenomena,” “Standard experimental methods to measure gear

friction loss,” and “Development of gear friction loss models.”
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As the standardization of the gear friction loss has been generally established by conventional research, it is

considered that the standardization of the low-power-loss design will be possible by advancing the standardization

of the low-power-loss design for the fluid dynamic loss.

8.2 Contribution to Standardization of Low-Power-Loss Design

The following shows the contribution of the results of this research to the standardization of low-power-loss

design.

(1)

Contribution to Clarification and Classification of Fluid Dynamic Loss
Regarding the clarification and classification of the phenomena of fluid dynamic losses, in Chapter B, the
phenomena were clarified according to flow fields, pressure fields, oil distributions, and torque distributions,

7w

and the fluid dynamic losses were classified into loss elements such as the “air side-flow loss,” “air pumping

7w 7w RREN1Y

loss,” “air vortex loss,” “oil-jet acceleration loss,” “oil reacceleration loss,” and “oil churning loss.”

This loss classification was applied through the fluid dynamic loss model, an experimental classification
method for the loss, and a numerical classification method for the loss (Chapter B), in consideration of
the studies and optimizations on the influences of the design parameters of the gearbox (Chapter @). The
effectiveness of the classification was confirmed.

The results from the clarification and classification of the fluid dynamic loss phenomena can contribute to

the same in the standardization of the low-power-loss design for the fluid dynamic loss ( “(1)” in Fig. BI=1

(b))-

Contribution to Standard Experimental Measurement Methods for Fluid Dynamic Loss

Regarding experimental measurement methods for the fluid dynamic loss, this study proposes a measure-
ment method for the friction losses on gears and bearings and an experimental classification method for
the fluid dynamic loss, as necessary for experimental measurements of the elements of the fluid dynamic
loss (Chapter B).

This experimental measurement method was applied to clarify and classify fluid dynamic loss phenomena
(Chapter B) through validation of the applicability of the numerical simulation method (Chapter @), and
the effectiveness of the measurement method was confirmed.

The results from this experimental measurement method for the fluid dynamic loss can contribute to the
standardization of experimental measurement methods for the standardization of the low-power-loss design
for the fluid dynamic loss ( “®” in Fig. BI=1 (b)).

Contribution to Development of Fluid Dynamic Loss Model with Applicability and Reliability

(i) Proposal of Fluid Dynamic Loss Model

Regarding the development of the fluid dynamic loss model in the standardization, a fluid dynamic loss
model was proposed in this research (Chapter B).

This fluid dynamic loss model was applied to the studies and optimizations on the influences of the design
parameters of the gearbox (Chapter @). The effectiveness of the model was confirmed.

The results from this fluid dynamic loss model can contribute to the development of a fluid dynamic

loss model with applicability and reliability in the standardization of the low-power-loss design of a fluid
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dynamic loss ( “®)” in Fig. BI=1 (b)).

(ii) Complement of Fluid Dynamic Loss Model by Numerical Simulation Method

To develop a fluid dynamic loss model, it is necessary to complement the fluid dynamic loss model with
a numerical simulation method, as the difficulty of the experimental measurements is high. Therefore, we
proposed a numerical simulation method in this research (Chapter @).

The applicability of this numerical simulation method to the gearbox was validated by comparing with
experimental measurements (Chapter @), and was applied to the clarification and classification of fluid
dynamic loss phenomena (Chapter B) and development of fluid dynamic loss model (Chapter B). In the
study on the influences of the design parameters of the gearbox, it was used for the validation of the fluid
dynamic loss model (Appendix O).

In this way, the numerical simulation method of this research complements the experimental measurement
method ( “@” in Fig. BI=1 (b)).

Based on the above, it is considered that the bases of the clarification and classification of phenomena of
fluid dynamic loss, standard experimental measurement method of fluid dynamic loss, and development of fluid
dynamic loss model for the standardization of the low-power-loss design for high-speed gear systems have been

established in this research.

8.3 Summary of Chapter 8

To standardize low-power-loss designs for high-speed gear systems, the “Clarification and classification of
phenomena,” “Standard experimental measurement methods,” “Fluid dynamic loss model with applicability
and reliability,” and “Update of loss models based on application results” are required by analogy with already
established standardizations of gear strength designs.

In this research, regarding the fluid dynamic loss, we proposed the “Clarification and classification of phe-
nomena,” “Standard experimental measurement method,” and “Fluid dynamic loss model,” and confirmed
their effectiveness. That is, this research is considered to have constructed the basis for the standardization of
the low-power-loss design of a high speed gear system.

By applying the results from this study to various gearboxes, it is expected that a fluid dynamic loss model with
wide applicability and high reliability will be established, and that updates of loss models based on application
results will be possible in the future. This will enable rational design based on phenomena for aeroengine

transmission gears (e.g., those with a peripheral speed exceeding 50 m/s).
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Chapter 9

Conclusions

9.1 Conclusions

Based on the importance of reducing fluid dynamic losses in high-speed gear systems, the purpose of the research
was set to “Clarification and classification of fluid dynamic loss phenomena in two-phase flow of air and oil, which
contributes to the standardization of low-power-loss designs for high-speed gear systems.” Therefore, the subjects
were “clarification and classification of phenomena based on the understanding of the location and cause of fluid
dynamic loss” and “construction of a fluid dynamic loss model that contributes to low-power-loss design.” In
addition, we constructed an “experimental measurement method” and “numerical simulation method,” which are
necessary to solve these problems, and demonstrated their applicability to gear systems. To show that the above
results form the basis for standardization of low-power-loss design, the “effectiveness of low-power-loss design and
contribution to standardization of low-power-loss design” was demonstrated.

In this study, phenomena were observed at the gear contact surface in the minimal area of the tooth surface
(i.e., the contact line with the Hertz contact width), and it was shown that the region around the gear could
be divided into “phenomena at the gear contact surface” and “phenomena in the region around the gear except
for the gear contact surface.” The fluid dynamic loss considered in this research was the loss caused by “the
phenomena in the region around the gear except for the gear contact surface.”

First, “1. Experimental measurement method and its applicability” and “2. Numerical simulation method
and its applicability” are described. Then, based on the facts of these methods and theories, “3. Clarification
and classification of phenomena based on the understanding of the location and cause of fluid dynamic loss”
is described. In addition, “4. Constructing fluid dynamic loss models” using assumptions of phenomena and
facts is described. Finally, “5. Effectiveness of low-power-loss design and contribution to standardization of

low-power-loss design” is described.

1. Experimental Measurement Method and its Applicability
(a) To validate the numerical simulation of fluid dynamic loss, we used a two-axis helical gearbox with a
maximum peripheral speed of 100 m/s, which has specifications equivalent to those of real aeroengine
gears. To improve the measurement accuracy of the fluid dynamic loss, in-situ measurements were
conducted for the friction losses of the gears, bearings, and seals, by controlling the internal pressure
of the gearbox and adjusting the bearing and seal temperatures. Consequently, the measurement error
of the friction loss was sufficiently reduced (the measurement error could be reduced to be equivalent

to the measurement error of the torque meter).
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(b) To validate the simulation results for the oil flow, we used a measurement method for the oil fraction

and mixture velocity and an oil flow visualization method. To measure the oil fraction and mixture

velocity, we applied the isokinetic suction method, which was applied to dust measurements and two-

phase air and oil flows, and its practical accuracy was confirmed. In the oil flow visualization method,

we measured the velocities of the oil particles using an air purge mechanism to eliminate the effects of

oil mist and a borescope equipped with a light source. The visualization results were consistent with

the measurement results for the oil fraction and mixture velocity, and the visualization method was

confirmed to be valid.

2. Numerical Simulation Method and its Applicability

(a) Numerical Simulation Method for Fluid Dynamic Loss and Experimental Validation

i.

ii.

As a numerical simulation method for clarifying the phenomena of fluid dynamic loss, a rectangular
grid system was used for the grid calculations, and the volume-of-fluid method was used as the
calculation method for the gas—liquid interface. The porosity method was used to model object
boundaries. The mass conservation and momentum conservation equations were set as equations
common to the oil and air (one-fluid model), and a condition of no velocity slip was used at the
gas—liquid interface. The object movement was modeled in terms of changes in the fluid volume
(air and oil) in the cell and in the fluid area of the cell surface. The shear stress at the wall surface
was calculated from the difference between the object velocity, fluid velocity, and turbulent flow
models. The large eddy simulation method was used for the turbulent flow model owing to its
numerical stability. The fluid dynamic loss is obtained by integrating the pressure and shear forces
on the gear tooth surface.

Regarding the fluid dynamic loss of air and oil, aerodynamic loss, and oil dynamic loss, the trends
of the simulation and experimental results agreed within a practical error of +15%. Therefore,

the numerical simulation results can be applied to clarify the phenomena of fluid dynamic losses.

(b) Modeling Method of Numerical Simulation for Airflow and Experimental Validation

i

ii.

iii.

iv.

As a modeling method for airflow simulation, to ensure numerical stability, a clearance was pro-
vided for the tooth surface in the contact surface between the actual gears.
The air pressure in the tip clearance at the gear meshing was validated to determine the airflow in
the gear meshing part. Consequently, the numerical simulation reproduced the pressure increase
trend in the into-mesh and the pressure decrease in the out-of-mesh. However, the magnitude
of the pressure decrease in the out-of-mesh case was decreased by the influence of the clearance
provided between the gear tooth surfaces. This difference was approximately within a practical
error of £15% when evaluated in terms of the force loaded on the gear. Therefore, it was concluded
that the difference did not affect the applicability of the numerical simulation.
To validate the airflow around the gear, with the exception of the gear meshing part, the aero-
dynamic losses in the single gears were validated. As a result, the numerical simulation could
reproduce the aerodynamic loss in single gears with the number of teeth within 65 and the trend
of the loss reduction rate via shrouding.
Because the trend of the numerical simulation of the airflow agreed with that of the experimental
result, it was proven that the numerical simulation result could be applied to the clarification of
fluid dynamic loss phenomena.
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(c) Modeling Method of Numerical Simulation for Oil Flow and Experimental Validation

i.

ii.

iii.

iv.

As modeling methods for oil flow simulation, this study employed a coarse graining concept in
which the momentum transfer of the oil in a calculation grid was modeled by an approach based
on the coarse graining of oil particles, a simple modeling method for an oil jet to reduce the
number of calculation grids, and a method for improving the simulation accuracy by considering
a phenomenon in which the flow drag coefficient in a two-phase flow is lower than that in a
single-phase flow.

The flow of the oil jet into the gear meshing part was validate regarding the oil flow in the
gear meshing part. The simulation results reproduced the trend of the experimental results for
visualizing the oil outflow from the gear mesh at a low rotational speed, and the entrainment of
the oil jet into the gear mesh at a high rotational speed.

The oil spray flow to the gear tooth surface was validated regarding the oil flow around the gear.
The simulation results reproduced the trends of the experimental results for visualizing the spray
reaching the gear valley at a low rotational speed and failed to reach it at a high rotational speed.
To validate the oil flow near the shroud wall, the oil fraction, mixture velocity, and oil flow velocity
between the gear tooth tip and shroud wall were validated. The simulation results reproduced
the experimental results concerning the trend of the oil fraction near the shroud wall (i.e., large),
the trend of the flow velocity near the tooth tip (i.e., high), the decreasing trend of the mixture
velocity as it approached the shroud wall, and the trend of the oil velocity (oil fraction x mixture
velocity) to show a peak value slightly away from the shroud wall.

As the trends of the numerical simulation for the oil flow agreed with those of the experimental
results, it was proven that the numerical simulation results could be applied to clarify fluid dynamic

loss phenomena.

3. Clarification and Classification of Phenomena Based on the Understanding of the Location and Cause of Fluid

Dynamic Loss

(a) Classification by Location of Fluid Dynamic Loss and Fluid Type

i.

ii.

iii.

The location where fluid dynamic loss occurs is divided into the “gear meshing part” and “gear
peripheral part.” This is because the results of the numerical simulation show that the flow around
the gear mesh is affected by rapid changes in volume between gears during gear engagement and
disengagement, whereas the flow around the gear periphery is affected by the air vortices generated
in the valleys between the gear teeth.

Fluid dynamic losses are divided into those due to air and those due to oil. This is because the
airflow is based on the momentum conservation theory of the continuum, whereas the oil flow is
based on the momentum conservation theory of the mass particles and continuum.

From the above, the fluid dynamic loss is divided as “aerodynamic loss in the gear meshing part,”
“aerodynamic loss in the gear peripheral part,” “oil dynamic loss in the gear meshing part,” and

“oil dynamic loss in the gear peripheral part.” Each feature is described in (b) — (e), respectively.

(b) Aerodynamic Loss in the Gear Meshing Part

i.

The airflow in the gear meshing part is divided into “airflow that is pushed out when the gear

is engaged, passes the side of the gear mesh, and is sucked in when the gear is disengaged” and

“airflow that passes through the tip clearance and backlash of the gear.” These results were
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ii.

iii.

iv.

obtained from the numerical simulation results for the airflow pattern. The former is defined as
“air side-flow loss” because it passes through the sides of gear mesh, and the latter is defined as
“air pumping loss” because air is pumped by the gear through the tip clearance and backlash.
The peripheral speed exponent of the air side-flow loss was derived from the continuum theory,
in which the air side flow is simplified to accelerate airflow in the peripheral direction with gear
rotation while avoiding the gear meshing part (because of the small volume of the tip clearance
and backlash, the gear meshing part becomes an obstacle for the airflow). The results show that
the mass flow rate of the air accelerated by gear rotation is proportional to the gear peripheral
speed, the force loaded on the gear teeth is proportional to the square of the peripheral speed,
and the air side-flow loss is proportional to the cube of the peripheral speed. The proportional
exponents were validated using numerical simulation results. In addition, the compressibility of
air is negligible because the peripheral speed proportional exponent does not exceed three in
conventional research with a peripheral speed exceeding 150 m/s, and the rapid temperature rise
due to adiabatic compression in the gear meshing does not occur in the clearance between the gear
and shroud equivalent to the actual gearbox.

By analogy with the theory of oil-jet acceleration loss, the air mass flow rate accelerated by the
gear rotation in the volume between the gear tip clearance and backlash is proportional to the gear
peripheral speed, the force loaded on the gear teeth is proportional to the square of the peripheral
speed, and the air pumping loss is proportional to the cube of the peripheral speed. However, the
air pumping loss was found to be negligible owing to the small mass flow rate of the accelerated
air.

If a gear shroud (gear enclosure) is installed, the numerical simulation results of the root-mean-
square flow-speed at the cross section of the gear mesh reveal that the flow-speed deviation around
the gear mesh is affected by the shroud shape (the number or angle of the opening). From the
analogy with the flow resistance of general piping, this flow-speed deviation is thought to increase

the flow resistance at the gear meshing part and increase the air side-flow loss.

(c) Aerodynamic Loss in the Gear Peripheral Part

i.

ii.

iii.

From the numerical simulation results of the airflow pattern, it was understood that the charac-
teristic of the airflow around the gear is “vortex generated in the tooth valley of the gear.” This
was defined as “air vortex loss” based on the characteristics of the flow.

The peripheral speed proportional exponent of the air vortex loss is obtained from continuum
theory, assuming that the air around the gear receives peripheral acceleration from the gear. It
was found that the mass flow rate of air accelerated by the gear was proportional to the gear
peripheral speed, the force loaded on the gear was proportional to the square of the peripheral
speed, and the air vortex loss was proportional to the cube of the peripheral speed.

Numerical simulation results indicate that the flow around the gear is suppressed by the shroud
when the gear is covered by the shroud. The aerodynamic loss reduction rate due to the suppression
of this flow is defined as the shroud coefficient from the experimental results of conventional
research on isolated gears. The applicability of the shroud coefficient to the air vortex loss in a
two-axis helical gearbox was confirmed using a dimensionless number incorporating the shroud

coefficient.
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(d) Oil Dynamic Loss in the Gear Meshing Part

i.

ii.

iii.

The oil flow pattern and the increase in the momentum of the oil in the gear meshing were ascer-
tained in the numerical simulation such that the oil flow in the gear meshing part is classified into
two phenomena: “the phenomenon in which the oil supplied into the gear meshing is accelerated to
the gear peripheral speed” and “the phenomenon in which the oil re-enters the gear meshing and is
reaccelerated.” The former was defined as “oil-jet acceleration loss” from the characteristics of the
acceleration phenomenon of oil supplied into the gear mesh, and the latter as “oil reacceleration
loss” based on the characteristics of the acceleration phenomenon of oil re-entering the gear mesh.
The peripheral speed proportional exponent of the oil jet acceleration loss was obtained from the
theoretical equation of conservation of momentum when the gear accelerated the mass particles
and the mass flow rate of the supplied oil into the gear mesh was constant. It was found that
the force loaded on the gear is proportional to the peripheral speed, and the oil jet acceleration
loss is proportional to the square of the peripheral speed (the peripheral speed exponent of the oil
reacceleration loss is the same as that of the oil jet acceleration loss when the reaccelerated flow
rate is assumed to be proportional to the oil supply flow rate).

When the peripheral opening of the gear shroud is small, the amount of oil remaining in the
shroud and the re-entry rate of oil into the gear mesh increase are observed from the numerical
simulation result of the oil flow pattern. Without the shroud opening, it is thought that the oil
cannot be discharged, and the oil accelerates stagnation, which accelerates the oil reacceleration
loss. The effect of this accelerated increase in the oil dynamic loss (including the oil reacceleration
loss) was considered as the inverse of the shroud coefficient, and its validity was confirmed by
a dimensionless number. The oil-jet acceleration loss was not affected by the shroud because it
occurred at the tip clearance and backlash between the gears. Therefore, the shroud only affects

the oil reacceleration loss.

(e) Oil Dynamic Loss in the Gear Peripheral Part

i.

ii.

iii.

From the flow pattern of the airflow and the distribution of the oil, it was understood that the oil
flow around the gear periphery is “the flow in which the air vortex generated in the gear tooth
valley churns the oil.” This was defined as “oil churning loss” from the characteristics of the flow.
The peripheral speed proportional exponent of the oil churning loss was obtained from continuum
theory, assuming that the oil particles were entrained into the air vortex and the apparent fluid
density increased. It was found that the mass flow rate of the oil accelerated by the gear was
proportional to the gear peripheral speed, the force loaded on the gear was proportional to the
square of the peripheral speed, and the oil churning loss was proportional to the third power of
the peripheral speed.

In the case of installing a gear shroud, the phenomenon of the increasing amount of oil remaining
around the gear inside the shroud was understood from the result of the numerical simulation
of the oil flow pattern. When the shroud opening is small, it is considered that oil discharge
becomes difficult and oil accelerates stagnation, which accelerates oil churning loss. The influence
of this accelerating stagnation phenomenon on the oil dynamic loss (including oil churning loss) was
considered as the inverse of the shroud coefficient, and its validity was confirmed by a dimensionless

number.
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4. Constructing Fluid Dynamic Loss Models
(a) Air Side-Flow Loss Model (Modeling a Part of the Aerodynamic Loss in the Gear Meshing Part)

i.

ii.

The air side-flow loss was defined as a “loss due to flow being pushed out at the into-mesh part
of the gear mesh, passing beside the gear mesh, and sucked in at the out-of-mesh part of the
gear mesh” in a “aerodynamic loss in the gear meshing part” according to the clarification of the
phenomenon. The air side-flow loss is presumed to be the loss due to the airflow resistance of the
gear teeth and was modeled using the aerodynamic drag coefficient.

The main parameters influencing the aerodynamic drag coefficient were the helix angle related to
the strength of air pushed out at the into-mesh of the gear, and the number of shroud openings
related to the flow-speed deviation of the channel across the sides of the gear mesh (which increases
the pressure loss of flow in the channel). In modeling the shroud effect, the effect of the shroud
shape (such as the number of shroud openings) was considered. The main parameters of the air
side-flow loss model were the aerodynamic drag coefficient, air density, tooth area and peripheral
speed®. The air side-flow loss model was shown to be valid within the experimental conditions by

experimental validation.

(b) Air Pumping Loss Model (Modeling a Part of the Aerodynamic Loss in the Gear Meshing Part)

i.

ii.

The air pumping loss was defined as a “loss due to the flow passing through the tip clearance and
backlash of the gear” in a “aerodynamic loss in the gear meshing part” according to the clarification
of the phenomenon. The air pumping loss is modeled as the loss owing to the acceleration of air
at the tip clearance and backlash from the analogy of the oil-jet acceleration loss.

This loss was negligible because of the small mass flow rate of air accelerated by the tip clearance
and backlash.

(c) Air Vortex Loss Model (Modeling Aerodynamic Loss in the Gear Peripheral Part)

i.

ii.

The air vortex loss was defined as “the aerodynamic loss around the gear periphery” due to “vor-
tices generated in the tooth valley of the gear” according to the clarification of the phenomenon.
In the air vortex loss model, the gear was regarded as a rotating cylinder, and the loss experimen-
tal equation of the conventional research was rearranged using the equations “rotational moment
coefficient on the peripheral surface” and “rotational moment coefficient on the side surfaces,”
which are commonly used in conventional research.

The rotational moment coefficient on the peripheral surface in the air vortex loss model was found
to be significantly affected by the ratio of the gear module to the radius (corresponding to the
surface roughness of the peripheral surface) from a rearrangement of the experimental results
of previous studies. However, the effect of the rotational Reynolds number was small, probably
because the size of the vortex depended on the size of the tooth valley. The rotational moment
coefficient on the side surfaces was found to be significantly influenced by the rotational Reynolds
number from a rearrangement of the experimental results of previous studies. It is presumed that
this is because the loss owing to turbulence increases with an increase in the rotational Reynolds
number, and the air pumping efficiency decreases. The rate of reduction of the air vortex loss
by shrouding was defined as the shroud coefficient, as in previous studies. This loss reduction
corresponds to the suppression of the flow around the gear according to the clarification of the
phenomenon. The shroud coefficient is presumed to be affected by the radial and axial clearances
between the gear and shroud, and the peripheral opening angle of the shroud, because the volume

285



9 Conclusions
9.1 Conclusions

between the gear and shroud is related to the flow strength. The main parameters of the air vortex
loss model were air density, tooth area, peripheral speed??, and shroud coefficient (from the loss
equation on the peripheral surface of the gear with large loss). The air vortex loss model was

shown to be valid within the experimental conditions by experimental validation.

(d) Oil-jet Acceleration Loss Model (Modeling a Part of the Oil dynamic Loss in the Gear Meshing Part)

i

ii.

The oil-jet acceleration loss was defined as “the loss when oil supplied into the gear mesh is
accelerated to the gear peripheral speed” in the “oil dynamic loss in the gear meshing part”
according to the clarification of the phenomenon.

The oil-jet acceleration loss was calculated from the theoretical equation for the conservation
of momentum of mass particles. The acceleration of the target oil is unaffected by the shroud
because it occurs at the tip clearance and backlash of the gear. The main parameters of the oil-jet
acceleration loss model were the oil supply flow rate and peripheral speed?. The oil jet acceleration

loss model was validated using numerical simulation results.

(e) Oil Reacceleration Loss Model (Modeling a Part of the Qil dynamic Loss in the Gear Meshing Part)

i

ii.

The oil reacceleration loss is defined as “a loss that occurs when oil that has reflowed into the
gear mesh is accelerated by the gear” in “oil dynamic loss in the gear mesh part” according to
the clarification of the phenomenon. The oil reacceleration loss was modeled based on the oil-jet
acceleration loss (which can be calculated using the theoretical equation), assuming that the mass
flow rate of the oil re-entering the gear mesh is proportional to the oil supply flow rate, and the
re-entered oil is accelerated to the gear peripheral speed.

In the oil reacceleration loss model, the ratio of the oil reinflow rate to the oil supply flow rate
(oil reinflow rate/oil supply flow rate) was defined as the “oil reacceleration coefficient.” It was
presumed that the oil reacceleration coeflicient was affected by the peripheral opening angle (the
larger the angle, the better the oil drainage) and the shroud coefficient (the wider the clearance
between the gear and shroud, the less affected by turbulence around the gear, and the better the oil
drainage). It is confirmed that the influence of the gear shroud on the oil reacceleration loss can be
considered as the inverse of the shroud coefficient by the evaluation using dimensionless numbers.
The inverse was assumed to be the accelerated oil stagnation when the shroud opening was small.
The main parameters of the oil reacceleration loss model were the oil reacceleration coefficient, oil
supply flow rate, and peripheral speed?. The oil reacceleration loss model (including the influence

of the shroud) was shown to be valid within the experimental conditions by experimental validation.

(f) Qil Churning Loss Model (Modeling the Oil dynamic Loss in the Gear Peripheral Part)

i.

ii.

The oil churning loss was defined as “oil dynamic loss around the gear periphery,” which is a
loss caused by “a flow in which an air vortex generated in the tooth valley involve oil particles”
according to the clarification of the phenomenon. The oil churning loss model was modeled as an
increase in the apparent air density owing to the dispersion of oil particles in the air.

In the oil churning loss model, the loss was modeled by multiplying the air vortex loss by a
magnification factor (oil mist coefficient). It was presumed that the oil mist coefficient was affected
by the amount of oil around the gear, which is related to the oil supply flow rate (the higher the
oil flow rate, the larger the amount of oil around the gear) and the shroud coefficient (the wider
the clearance between the gear and shroud, the easier it is for oil to leave the gear). It is confirmed
that the influence of the gear shroud on the oil churning loss can be considered as the inverse of
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the shroud coefficient by the evaluation using dimensionless numbers. The inverse was assumed
to be the accelerated oil stagnation when the shroud opening was small. The main parameters of
the oil churning loss model are the oil mist coefficient and air vortex loss. The oil churning loss

model was shown to be valid within the experimental conditions by experimental validation.

5. Effectiveness of Low-Power-Loss Design and Contribution to Standardization of Low-Power-Loss Design

(a)

(b)

(c)

(d)

To demonstrate the effectiveness of the low-power-loss design, the fluid dynamic loss is reduced by
changing the gear parameters. As a result, it was revealed that reducing the gear diameter is the
most effective method, reducing the tooth width and gear module, and increasing the gear aspect ratio
(tooth width / gear diameter) are equivalent. When the gear aspect ratio is changed for a rated load
and gear weight constant (surface pressure load and gear weight are proportional to tooth width x
gear diameter?), the optimal value of the gear aspect ratio can be obtained by considering the opposite
tendencies of fluid dynamic and gear friction losses.

When the fluid dynamic loss is reduced by installing a shroud, the optimal value of the shroud coefficient
can be obtained by considering the opposite tendencies of aerodynamic and oil dynamic losses. In the
case of the two-axis helical gearbox in this study, the optimal shroud coefficient with minimum fluid
dynamic loss was 0.6-0.7.

The optimization of the gear aspect ratio and shroud can significantly reduce the fluid dynamic loss
and contribute to the improvement of the fuel efficiency of the aircraft engine.

To standardize low-power-loss designs for high-speed gear systems, the “clarification and classification

RREN1Y

of phenomena,” “standard experimental measurement methods,” “fluid dynamic loss model with appli-
cability and reliability,” and “update of loss models based on application results” must be determined
by analogy to already established standardizations for gear strength designs. In this research, we

7 “a standard experimental measurement

proposed the “clarification and classification of phenomena,
method,” and “a fluid dynamic loss model” and demonstrated their effectiveness. In other words, this
study is considered to have constructed a basis for the standardization of the low-power-loss design of

a high-speed gear system.

287



9 Conclusions
9.2 Summary of Key Points for Clarification of Phenomena and Low-Power-Loss Design

9.2 Summary of Key Points for Clarification of Phenomena and Low-Power-Loss

Design

The answers to the key points regarding clarification of the phenomena of fluid dynamic loss and to the key
points of the low-power-loss design as described in Chapter 0 (i.e., those raising the problems in this research,
Section [TA4) are summarized below. To facilitate understanding of the phenomenon, we first present an image

of the elements of fluid dynamic loss, and then describe the key points for clarification and low-power-loss design.

9.2.1 Image of the Phenomena of Fluid Dynamic Loss Elements

An image of the fluid dynamic loss phenomenon obtained in this study is shown in Fig. BZ2=1 . The gear
meshing and gear peripheral parts are shown on the upper left of Fig. B2=1 . The flow patterns of the airflow
and oil flow are shown in the upper right of Fig. E2=1 . The air and oil flow phenomena in the gear meshing
part are shown in the middle left of Fig. @2=1 . The airflow in the gear meshing area is divided into two flows,
as shown in the lower left of Fig. BEZ2=1 : “the flow in which air is pushed out laterally at the into-mesh part,
passing through the sides of gear mesh, and sucked in at the out-of-mesh part,” and “the flow through the tip
clearance and backlash of the gear.” The loss caused by the flow at the sides of the gear mesh was defined as
“air side-flow loss,” and the loss caused by the flow through the tip clearance and the backlash was defined as
“air pumping loss.” The oil flow in the gear meshing part is divided into two flows, as shown in the lower right
in Fig. B2=1 : “the flow in which the oil supplied to the gear meshing part is accelerated,” and “the flow in
which the oil reflowing into the gear meshing part is accelerated.” The loss associated with the acceleration of
the oil supplied to the gear meshing part was defined as the “oil-jet acceleration loss,” and the loss associated
with the reacceleration of oil was defined as the “oil reacceleration loss.” The air and oil flow phenomena at the
gear periphery are shown in the middle right of Fig. B2=1 . The loss associated with airflow around the gear
periphery was defined as “air vortex loss” and the loss associated with oil flow around the gear periphery as “oil

churning loss.”

9.2.2 Summary of Key Points for Clarification of Phenomena and Low-Power-Loss Design

Figure X2 shows the key points for the clarification of the phenomena of fluid dynamic loss and the key

points of the low-power-loss design as obtained in this research.

1. Classification of Fluid Dynamic Loss Based on Clarification of Loss for Understanding Fluid Dynamic Loss
Phenomena (“Al” in Fig. @2=2)
e Aerodynamic loss is classified into air side-flow loss, air pumping loss, and air vortex loss.
e Air side-flow loss and air pumping loss occur at the gear meshing part.
e Air vortex loss occurs at the gear peripheral part.

e Oil dynamic loss is classified into oil-jet acceleration loss, oil reacceleration loss, and oil churning loss.

Oil-jet acceleration loss and oil reacceleration loss are losses generated at the gear meshing part.

Oil churning loss occurs at the gear peripheral part.
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Fig. 9.2-1 Images of fluid dynamic loss elements
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2. Development of Fluid Dynamic Loss Model for Understanding Fluid Dynamic Loss Phenomena and Understand-
ing of Main Parameters of Loss (“A2" in Fig. B2=2)

The main parameters of the air side-flow loss are air drag coefficient, peripheral speed?, tooth area,
and air density.

The air pumping loss is sufficiently small to be negligible.

The main parameters of the air vortex loss are the shroud coefficient, peripheral speed??, tooth area,
and air density.

The main parameters of the oil-jet acceleration loss are the peripheral speed? and the oil supply flow
rate.

The main parameters of the oil reacceleration loss are the oil reacceleration coefficient, peripheral
speed?, and oil supply flow rate.

The main parameters of oil churning loss are the oil mist coeflicient and air vortex loss.

3. Optimization of Gear Aspect Ratio for Low-Power-Loss Design (“A3" in Fig. B22=2 )

In optimizing the gear aspect ratio, the relationship between the tooth surface strength and weight of
the gear is approximately proportional to the tooth width x gear diameter?.

When the gear aspect ratio is increased while the tooth width x gear diameter? remains constant, the
gear friction loss increases, mainly owing to the increase in the area of the gear tooth surface, and
the fluid dynamic loss decreases, mainly owing to the decrease in the gear peripheral speed. As these
trends are opposite, there is an optimum value for the gear aspect ratio. The optimal value is affected

by air pressure, transmitted power, and rotational speed.

4. Optimization of Shroud Shape for Low-Power-Loss Design (“A4" in Fig. 822 )

Shroud shape can be optimized relatively freely because it is lightweight (i.e., uses light materials) and
easy to install.

Reducing the shroud coefficient reduces aerodynamic loss by suppressing the vortex structure of air
while increasing the oil dynamic loss by deteriorating the discharge ability of the oil. Therefore, an
optimal value exists for the shroud coefficient. The optimal shroud coefficient for the two-axis helical

gearbox obtained in this study is approximately 0.6-0.7.
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9.3 Effective Range of This Research

The effectivity ranges for the numerical simulation method and loss model proposed in this research are limited
to those that have been experimentally validated. The two-axis helical gearbox used to validate the fluid dynamic
loss in this study is shown in Fig. @3=1. The gear specifications, shroud parameters, and operating conditions are
presented in Table EE3=11. A dimensionless evaluation of the experimental conditions is presented in Fig. B3=2 .
The horizontal axis was set to the rotational Reynolds number (dimensionless number of the rotational speed),
and the vertical axis was set to the dimensionless oil supply flow rate.

Experimental results of rotating disk
1

Transition Reynolds number
Input helical gear Critical Reynolds number (End of turbulence transition)

(Start of turbulence

I_l transition)
) Bearings >< >

(e]

Spacer with oil jets

0.01

o

b Spacer with
i oil jets
for bearings

Qs/(vaMg)

(e}

(e}

o

W
OO0 0O
OO0 0O
0O0O0O0 (o]
0000 O
0000 O
0000 O
0000 O

oL— o o olooo—o0—
2% 10° 3x10° 4 % 105

Rotational Reynolds number (vap / 2) /Vair
(Dp = (Dp,in + Dp,out)/z)

Fig. 9.3-1 Two-axis helical gearbox used in this re- Fig. 9.3-2 Rotational Reynolds number with respect to

Non-dimensional oil supply rate

Output helical gear Spacer with
oil jets for seal

search (repost of Fig. BI=2 ) non-dimensional oil-supply rate changes (experimental

results)

Table 9.3-1 Effective range validated by comparison with experiments

Gear type A pair of single helical gears with shrouding
Gear ratio 0.4
Gear specifications Input diameter 191 mm, output diameter 81 mm

Module 5 mm, face width 34 mm
Shroud 1: peripheral opening six ports, 30° each

Shroud parameters Shroud 2: peripheral opening two ports, 30° each
Clearance 5 mm (axial & radial)
7000-10000 rpm of input gear
70-100 m/s* (pitch line velocity), no load

Two oil-jets (into-mesh and out-of-mesh)

Operation conditions

Oil supply conditions 0-7.4 L/min**
Mil-PRF-23699 (Mobil Jet II )
Internal pressure 1.0 atm, 0.5 atm

* Rotational Reynolds number v, (Dy/2)/Vair = 2.5 x 10°-3.6 x 10°
** Nondimensional oil-supply rate Qs/ (v, BM,) = 0-1.0 x 1072
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In Fig. BC3=2, the critical Reynolds number (the starting Reynolds number for the turbulent transition, 4.5 x
10%-2.32 x 10°) and transition Reynolds number (end Reynolds number for the turbulent transition, 2.65 x 10°—
3.5 x 10°) [I26] are shown for a rotating disk. Considering that the conditions used in this research are roughly
in the range of the transition Reynolds number and that the gear more easily transitions to turbulence than the
disk owing to its convexity, the experimental conditions used in this research are considered to be within the
range of the turbulent flow. It is considered that the numerical simulation results validated in the range of Table
O3=1 give a practically reasonable result (within a practical error of £15%), as long as the conditions are within

the experimentally validated range.

9.4 Future Perspectives
9.4.1 Contribution to Standardization of Low-Power-Loss Design for Other Gear Types

As a future perspective, it is considered that the standardization for low-power-loss design will be extended
from the helical gear pair targeted in this research to other gear types. The trend of the fluid dynamic loss may
differ depending on the gear type. A schematic diagram of the differences in the trends of the fluid dynamic loss
when the knowledge of the fluid dynamic loss obtained in this study is applied to other gear types is shown in
Fig. B©Z=1 .

Figure I2=1 (a) shows the helical gear pair on which the trend of fluid dynamic loss is based. The locations
where the fluid dynamic loss occurs are the gear meshing and peripheral parts. In the case of a helical gear pair,
there is one gear meshing part, and the gear peripheral parts are located around it. A spur gear pair is similar
to a helical gear pair.

Figure @Z=1 (b) shows a schematic of the trend of the fluid dynamic loss for a bevel gear pair. Similar to a
helical gear pair, a bevel gear pair has one gear meshing part and two gear peripheral parts around it. In contrast,
the bevel gear pair is considered to have a larger pumping work (i.e., the suction of air from the inner diameter
side and air discharge to the outer diameter side, similar to an impeller) for the gear at the gear periphery than
a helical gear pair. Therefore, the fluid dynamic loss generated at the peripheral part of the gear is considered
to increase.

Figure BZ=1 (c) shows a schematic diagram of the trend of fluid dynamic loss in a spur gear train. A spur
gear train is a gear train with multiple parallel axes. In the spur gear train, the number of gear meshes increases,
thereby increasing the fluid dynamic loss at the gear meshing parts.

Figure @Z=1 (d) shows a schematic diagram of the fluid dynamic loss trend of a planetary gear system. A
planetary gear system consists of a sun gear in the center, multiple gears meshing with the sun gear (planetary
gears), and a ring gear inscribed with multiple gears. In the planetary gear system, the fluid dynamic loss
generated at the gear meshing part increases owing to multiple gear meshing. In addition, the fluid dynamic loss
generated at the gear peripheral part increases because the directions of the tooth movements are opposite on
the tooth surfaces where the planetary gears are close to each other.

The trends of the fluid dynamic loss elements in the gear types shown above are summarized in Table B2=1 .
When the fluid dynamic loss generated in the gear meshing part increases, as shown in Fig. E2=2 | the air
side-flow, oil-jet acceleration, and oil reacceleration losses increase (the air pumping loss is negligible because it
is sufficiently small). When the fluid dynamic loss generated in the peripheral part of the gear increases, the air

vortex and oil churning losses increase.
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By applying the knowledge of fluid dynamic losses obtained in this research, the details of the features shown in
Fig. and Table BZ=1 can be identified, thereby contributing to the standardization of the low-power-loss design

for these gears.

One gear meshing
One gear meshing

Periphery

Periphery of each gear of each gear

(a) Spur / helical gear pair

Multiple gear meshing

Multiple
gear meshing

Counter-direction

Periphery
of each gear

airflow

(c) Spur gear train (d) Epicyclic gear system [6]
Fig. 9.4-1 Schematics for applying the knowledge of the fluid dynamic loss to other gear systems

Table 9.4-1 Anticipated trends in elements of fluid dynamic loss for various gear systems

(i Loss may increase.)

Loss— Aerodynamic loss* Oil dynamic loss
Gear typel Air side-flow loss ‘ Air vortex loss | Oil-jet acceleration loss ‘ Oil reacceleration loss ‘ Oil churning loss
Spur/helical gear pair (Base) (Base) (Base) (Base) (Base)
Bevel gear pair f i
Spur gear train T 1 L
Epicyclic gear system f f i i 1

* Air pumping loss is negligible.

9.4.2 Possibility of Contributions to Gear Systems of Future Aeroengines

(1)  Possible Contributions to Future Engines Equipped with Fan Drive Gear System
Future engines may include improvements in the engine efficiency equipped with the current fan drive
gear system for small- and medium-sized aircraft [8] [I27], and the expansion of the applications of the
fan drive gear system to engines for medium and large aircraft [I28]. The improvement in the engine
efficiency for small- and medium-sized aircraft includes increasing the fan diameter and/or increasing the
turbine speed, and changing the fan to an open rotor. In both the cases, the efficiency was improved by
increasing the bypass ratio. To increase the fan diameter and/or turbine speed, it is necessary to increase
the speed reduction ratio of the gear system (turbine speed/fan speed). To increase the reduction ratio,
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it is effective to change from the star-type epicyclic gear system (fixing the carrier of the planetary gears
and driving the fan with the ring gear) used in the current geared turbofan to a planetary-type epicyclic
gear system (fixing the ring gear and driving the fan with a planetary carrier) [§]. In the case of an open
rotor fan, a planetary gear system is installed between the front and rear propellers, and the sun gear,
which receives the turbine driving force, drives the front fan connected to the planetary carrier and the
rear fan connected to the ring gear. In this case, the gear system deceleration ratio also increases [[27].
Therefore, to improve the efficiency of engines equipped with a fan drive gear system, the reduction ratio
of the gear system is increased. In general, the transmission efficiency decreases as the reduction ratio
increases. Therefore, standardization of the low-power-loss design proposed in this study is considered
effective. Additionally, with the expansion of the applications of the fan drive gear system to engines
for medium and large aircraft, the transmitted power of the gear system increases [I28]. The power loss
increased as the transmitted power increased. Therefore, standardization of the low-power-loss design

proposed in this study is considered effective.

Possible Contributions to Future Engines Equipped with an Accessory Gearbox Applicable for Large-Capacity
Power Generation

In current engines, an accessory gearbox is powered by a high-pressure turbine shaft to drive the power
generators and other auxiliary equipment. However, the increasing electrification of the airframe requires
large-capacity power generation, and the extraction of power from the high-pressure turbine shaft ap-
proaches its limits. If excessive power is extracted from the high-pressure turbine shaft, the rotation of the
shaft may become unstable, particularly under idle conditions. To solve this problem, it is conceivable to
extract power from the low-pressure turbine shaft of an engine. However, the range of the rotational speed
of the low-pressure turbine shaft is wider than that of the high-pressure turbine shaft (e.g., the rotation
range of the low-pressure turbine shaft is approximately 5:1 and that of the high-pressure turbine shaft is
approximately 2:1 [[29]). If the rotational speed of the generator (power generation frequency) varies over
a wide range, it becomes difficult to design an electrical system. Therefore, a gear system equipped with
a mechanism for converting rotational speed, such as a clutch or transmission mechanism, is required to
maintain the rotational speed of the generator within a realistic range. The ideas for the speed conversion
gear system include a mechanism for connecting a generator connected to a high-pressure turbine shaft to a
generator connected to a low-pressure turbine shaft via a transmission mechanism [[29], and a mechanism
for driving a generator from each shaft of the engine via a speed reducer [T30]. In both cases, increasing
the efficiency of the gear system is important, as the power loss increases with the addition of gear systems.
Therefore, standardization of the low-power-loss design proposed in this study is considered an effective

approach.
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A Simple Estimation Equations for Fluid Dynamic Loss and Simple Design Method for Optimum Shroud Shapes

Appendix A

Simple Estimation Equations for Fluid Dynamic
Loss and Simple Design Method for Optimum

Shroud Shapes

A.1 Simple Estimation Method for Aerodynamic Loss

A simplified non-dimensional equation for estimating the aerodynamic loss is given as follows (see Section B4

for details). \
Fair = 3.522 ( B >0'436 (A.1)

1 3 hB
)\5[)““‘1}1’ cosﬁnG Dp

In the above, Py, is the aerodynamic loss, A is the shroud coefficient (the empirical equation is shown in Section
B3), pair is the air density, v, is the pitch circle speed, h is the tooth depth, B is the tooth width, 3 is the helix
angle, ng is the number of gears (= 1 for a single gear, = 2 for a gear pair), and D, is the pitch circle diameter.
The left side of the above equation is the dimensionless number for the aerodynamic loss Py;,., and is a function
of the gear aspect ratio B/D,, (dimensionless number) on the left side.

The above equation was constructed based on the results from the two-axis helical gearbox experiment in this
research and Dawson’s single spur gear experiments [31]. Therefore, when the equation is applied beyond the
range of these experiments, it is necessary to separately validate it by experiments or numerical simulations (as

validated by experiments).

A.2 Simple Estimation Method for Oil Dynamic Loss

A simplified non-dimensional equation for estimating the oil dynamic loss is given as follows (see Section 624

for details).
Poil Qs
= —63.59—=— + 1.674 A2
PoitQsvp? cos B/A v, BM, * (A.2)

Here, P,;; represents the oil dynamic loss, p,; represents the density of the oil, @, represents the oil supply flow

rate, and M, represents the gear module. The left side of the equation is the dimensionless number for the oil
dynamic loss (oil supply acceleration ratio), and the right side Q,/(v,BM,) is the dimensionless number for the
oil supply flow rate Qs (dimensionless oil supply flow rate).

The above equation was constructed based on the results from the two-axis helical gearbox experiment in this
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research. Therefore, when the equation is applied beyond the range of these experiments, it is necessary to

separately validate it by experiment or numerical simulation (as validated by experiments).

A.3 Experimental Equations for Shroud Coefficient
The empirical equation for the shroud coefficient A is as follows (see Section 648 for details).
A=k or + (1 — K)Az (A.3)

In the above, Ay, represents the shroud coefficient on the gear peripheral surface, and A, represents the shroud
coeflicient on the gear side surface. x represents the ratio of the air vortex loss on the peripheral surface of the

gear to the total air vortex loss. Ay, and A, are calculated as follows.

Ao = gy~ Reeet 1 (1= 25,) + Xy, (A.4)
or = (A = 1)(1 = Rg)™ +1 (A.5)
A= (1= a, 70 fir)n (A.6)
Ao = (1 — a, befe)ne (A7)

Here, R, is the radial relative clearance, Ry is the peripheral opening ratio, R, is the axial relative clearance,
and R, s is the side wall coefficient (a factor related to the presence or absence of the side wall). R., Ry, Rq,

and R, .f¢ are calculated as follows.

2C,
R, =—"=" A8
) (45)
i A00 %
Ry = 721 L (A 9)
2
2C,
R Al
Re= 5 (A.10)
Rw = the width of the perip}éeral wall of the shroud (Without the side walls of the shroud) (A_ll)
o 00 (with side walls of shroud)

where ). Af,, ; is the total peripheral opening angle of the shroud (per gear).
K, Gy, ar, and a, are the coefficients, and b,,,ng, b, n-, by, and n, are the exponents. The corresponding values

are shown in the table below.

Table A.3-1 Coefficients for evaluating shroud coefficient

Parameter Value

K 0.7875
Qw 3.5295
bw 0.5627
iy 1.8365
ar 53.3096
by 0.3186
Ny 0.2942
sz 12.8704
be 2.6370
Ng 15.3235
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The above equations were constructed from Dawson’s experimental results regarding the effects of shrouds on
a single spur gear [B1]. Therefore, when the equations are applied beyond the range of that experiment, it is

necessary to validate them separately by experiment or by numerical simulation (as validated by experiments).

A.4  Simple Design Method for Optimal Shroud Shapes

The following is a simplified design method for the shroud that minimizes the fluid dynamic loss (providing an
optimal shroud) under the conditions of the two-axis helical gearbox studied in this research.

R, + R, (the sum of the radial relative clearance and the axial relative clearance) and the oil supply flow
rate with respect to the gear aspect ratio changes are shown in Fig. BZ=1 . In Fig. B==1 , two cases with
Cyr = Cpyp and Cpy = 0.5C,., are shown. R, + R, is 0.65-0.75 at the gear aspect ratio of 0.3 or higher, in which
the maximum efficiency exists. R, + R, increased when the gear aspect ratio was 0.3 or less, but this was because
the oil supply flow rate increased as the efficiency decreased. That is, to maintain the difference between the
oil supply temperature and scavenging temperature at 30°C, it is considered to be the result of increased the
clearance to improve oil discharge performance from the shroud. Optimum A#§,, of the peripheral opening angle
was approximately a constant value (60°) even in the gear aspect ratio changes. This is the angle at which the oil
reacceleration loss becomes approximately zero and does not depend on the gear aspect ratio or the clearances.

From these results, it was found that the optimal shroud shape can be obtained by setting the sum of the
radial relative clearance R, (Eq. B3R) and axial relative clearance R, (Eq. BT0) to 0.65-0.75, and the peripheral
opening angle to 60°.

This design method is obtained from the fluid dynamic loss model as validated by the experimental results
for the two-axis helical gearbox studied in this research. Strictly speaking, the method requires experimental

validation, because the range of parameters is beyond the validated range.

Low efficiency range

12 (ignored)
2/ o R +E,

(Crr = Cry)
A Rr+ Ry
(Crr = 0.5 Cry)
+ Oil supply rate
(Crr = Cry)

g Oil supply rate
(Crr = 05 Cry)

—_
(=)

—_
(=)

<
o0

N
~

.o
)

Radial clearance (relative) R,
+ axial clearance (relative) R,
(=)
(@)}

S = N W B U N O 0 O
Oil supply rate (L/min)

o
o

0.0 0.3 0.5 1.0 1.5 2.0

Gear aspect ratio

Fig. A.4-1 Trend of clearances for a simple design method of an optimal shroud (obtained using loss models)

A.5 Investigating the Influences of Parameters

Parameter studies were conducted using the simple estimation equations shown in BT and B2 for the fluid
dynamic loss.
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The default parameters are shown in Table BA5H=T . The results from changing only one of the parameters are
shown in Fig. B50 . The horizontal axis shows the changed parameter, and the vertical axis shows the relative
value when the default value is set to 1.0. Figures Bh=1 (a) to (d) exhibit the parameters for the gear shape,
(e) and (f) shows the fluid densities, (g) and (h) address the operating conditions, and (i) displays the influence
of the shroud coefficient.

Notably, of the parameters in Eqs. B and B2, the helix angle 8 can be excluded, because the change in the

air side-flow loss is large, and therefore, the error is large for a simple estimation equation.

Table A.5-1 Default values of parameters to study the influence of parameters on fluid dynamic loss

Items Simbol | Value Unit Source
Shroud coefficient A 0.58 - Shroud 1
Air density Pair 1.06 kg/m3 1 atm
Oil density Poil 971 kg/m3 MIL-PRF-23699
Pitch line speed Up 100 m/s Two-axis helif:al gears,
10000 rpm of input gear
Tooth height h 11.3 mm Two-axis helical gears
Gear width B 34.0 mm Two-axis helical gears
Helix angle B 30.0 deg Two-axis helical gears
Pitch circle diameter D, 191 mm Two—a.)qs helical gears,
Input gear
Number of gears ng 2 - Two-axis helical gears
Oil supply rate Qs 7.40 | L/min Two-axis helical gears
Gear module M, 5.00 mm Two-axis helical gears

Regarding the influences of the parameters on the gear shape (Figs. B5=1 (a) to (d)), all parameters affect
the fluid dynamic loss, but the influence of the tooth width is relatively larger. In Section 2T, the influence of
the gear diameter was larger than that of the tooth width. This is because in Section [, the gear peripheral
speed increased as the gear diameter increased, whereas in this section, only the gear diameter was increased (the
rotational speed was decreased to maintain the peripheral speed).

As to increasing the operating torque, one of the parameters of the gear shape, i.e., the (a) tooth width, (b)
gear diameter, or (c) tooth height should be increased. That is, increasing the operating torque increases the
fluid dynamic loss.

Regarding the influence of the fluid density (Figs. BH=1 (e) and (f)), the influence of the air density is large.
Insofar as the operating conditions (Figs. BB=0 (g) and (h)), the influence of the gear peripheral speed is
relatively large. However, the influence of the shroud coefficient (Fig. B=1 (i)) to the fluid dynamic loss Pjyiq
is relatively small compared to the other parameters. This is because the oil supply flow rate is high under the
conditions of Table BA5=T , and the influence of the increased oil dynamic loss owing to the installation of the
shroud becomes large.

The results in this section have not been validated by either experiments or numerical simulations, so the

results obtained should be carefully treated, for example, by conducting a separate validation.
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Fig. A.5-1 Results of the study conducted on the influence of various parameters on the fluid dynamic loss

(obtained using non-dimensional equations)
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Appendix B

Gear Friction Loss, and Power losses in Other
Parts of Gearbox

The power losses except for fluid dynamic loss include the power loss at the gear contact surface (gear friction
loss), the power losses in the rolling bearings and journal bearings, power losses in the seals, and power losses in

the oil pumps. The methods for calculating these losses and their characteristics are described below.

B.1 Gear Friction Loss

There are two methods used for the calculation of gear friction loss: a simple method that calculates the friction
coefficient at the contact surface by a time-averaged equation, and a detailed method that calculates the friction
coeflicient by considering the unsteady state of contact. This section describes both methods. Before that, an

unsteady phenomenon at the gear contact surfaces is described.

B.1.1 Unsteady Phenomena at Gear Contact Surface

Examples of time changes in the load applied to gear tooth surfaces are shown in Fig. BTI=1 . In gear meshing,
the gears mesh along the line of action. In Fig. BTI=1 (a), the tooth “A” is meshed with “Mesh 1” and the tooth
“B” is meshed with “Mesh 2”. That is, in this phase, the number of meshing teeth is 2. In Fig. BTI=1 (b), where
the gear moves to the right from the state of (a), the tooth “B” is meshed with “Mesh 2”. That is, in this phase,
the number of meshing teeth is 1. In Fig. BI=1 (c), where the gear is further moved to the right, the tooth
“B” is meshed with “Mesh 2” and the tooth “C” is meshed with “Mesh 3”. That is, in this phase, the number
of meshing teeth is 2. Thus, the number of teeth of the gear to be meshed changes from 1 to 2 to 1 depending
on the phase.

Changes in the load due to changes in the number of teeth meshed are shown in Fig. BI=1 (d). “(a)”, “(b)”,
and “(c)” in Fig. BII=0 (d) correspond to Fig. BI=1 (a), (b), and (c) respectively. For example, in the case
of Mesh 2, the load per tooth is 1/2 because two teeth are meshed in the phase of (a). In the phase of (b), the
load on the gear is fully applied to the tooth surface because one tooth is meshed. In the phase of (c), the load
per tooth is 1/2 because two teeth are meshed. Thus, the load on the gear tooth surface varies depending on the
phase.

In addition to the unsteady changes in the load described above, the relative velocity of the contact surface

changes. For example, the sliding velocity of the tooth surface (the relative velocity of the tooth surface) is large
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at the tip and root of the gear tooth. On the pitch circle, the sliding velocity becomes zero. If there is a relative
velocity at the contact surface, it is necessary to consider the loss caused by the sliding between the contact
surfaces (sliding loss at the contact surface). In addition, regardless of the presence or absence of the relative
velocity, it is necessary to consider the loss that results from drawing oil into the gap between the contact surfaces
(rolling loss at the contact surface).

The simple calculation method for the gear friction loss uses an equation that averages the unsteady phenomena
at the contact surface, and the detailed calculation method uses an equation that takes into account the load on

the tooth surface and the sliding speed that varies unsteadily with the phase.

Rotation

(a) Two meshings with Mesh 1 and Mesh 2 (b) One meshing with Mesh 2 (c) Two meshings with Mesh 2 and Mesh3

?3 (5:)
8 .
§ Mesh 1
Path of contact ) L Mesh 2 carries full load
1 7
< (@ O
L8 1 1 __---= Mesh 2 and Mesh 3 share load
5= v Y _ 7
O %
8 Mesh 2

<
'
R ~.

-~ Path of contact
(f)
4]

Path of contact
(d) Time history of load on gear teeth

Start of Mesh 2 .~ =< End of Mesh 2 engagement

engagement

Mesh 3

Gear
tooth load

Fig. B.1-1 Concept of tooth load sharing [P2] [I21]

B.1.2 Simple Calculation Method for Gear Friction Loss

The simplified equation proposed by Hohn et al. [82] for the gear friction loss, Pyesh, is given by the following
equation.
Pmesh - PAfmeshHV - yAUpfmeshHV (Bl)

where Py is the transmitted power (Py = Far,w = F4v,, peripheral speed on the pitch circle v, = rpw, 7, is
the radius of the pitch circle, w is the rotational angular velocity), fmesn is the averaged friction coefficient on

the tooth surface, and Hy is the loss coeflicient calculated from the gear specifications. The value of f,esn is
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expressed by the following equation.

Z:/B

Usum QC

0.2
fmesh = 0.048 ( ) toit U RSP X (B.2)

where Vg, is the sum of the velocities at the pitch points of the gears (e.g., the sum of velocities of the surfaces of
the two meshing gears), %, is the force in the direction perpendicular to the tooth surface, B is the tooth width,
Loi 1s the oil viscosity, and o, R, and X, are the constants determined by the gear specifications. Equation B2
is an empirical equation that considers the local oil shear at the contact line of the tooth as well as the local oil

~0-2 can be surmised from

drawing. As vgy,m, is proportional to the peripheral speed of the pitch circle, fmesn o vp
Eq. B2. The friction coefficient f,,.sn decreases as the peripheral speed v, increases because the tooth surface is

in the mixed lubrication condition. From Eqgs. B and B2, the relationship between v, and Py,cqn is as follows.
Presh X Up - Up_0'2 x Upo.s (B.3)

From the above equation, it can be seen that the proportional exponent of the peripheral velocity on the pitch
circle with respect to the gear friction loss is 0.8. Considering the temperature dependence of the gear friction
loss, from Eqgs. B and B2, P,esn X fog 2% indicates that the oil viscosity fi,; and the gear friction loss
change as the temperature changes.

The averaged friction coefficient (Eq. B™) used in the simplified calculation method in this section is assumed
to have large error as, for example, the contact ratio (the time-averaged value of the number of meshing teeth
shown in Fig. BT=1) is neglected. Therefore, in the next section, we introduce a method that considers the local

phenomena on the gear contact surface.

B.1.3 Detailed Calculation Method for Gear Friction Loss

In this study, the method proposed by Anderson et al. [22] is used to perform the calculations. An outline of

this method is shown below.

(1) Calculation of Sliding Loss at Gear Contact Surface
The following equation details the instantaneous frictional force .#g caused by the slippage between the

two gear tooth surfaces that come into contact with each other.
yS(X) = fc(X)wc(X) (B4)

where X represents the coordinates on the line of action, f. is the instantaneous friction coefficient, and
we is the load that acts perpendicular to the tooth surface. The Benedict and Kelley method [127] is used

to calculate the instantaneous friction coefficient f. according to the following equation.

29.66w.(X)/B
foi Vs (X) {Vp(X)}?

where B is the tooth width, ue; is the oil viscosity, Vs is the sliding speed between the tooth surfaces (=

fo(X) = 0.0127log

(B.5)

difference in speed between the two tooth surfaces = V; — V3, V; and V; are the speeds of each gear), and
Vr is the rolling speed between the tooth surfaces (= total speed of two tooth surfaces = V4 4+ V3). By
calculating w.(X), Vs(X), and Vp(X) on the line of action, the instantaneous friction coefficient f.(X) can

be calculated using Eq. BH. The minimum value of the friction coefficient (the boundary value between
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mixed lubrication and hydrodynamic lubrication in the Stribeck Curve (Fig. )) was set to 0.01 from
the experiment by Matsumoto et al. [48].

The instantaneous friction force .#g(X) can be calculated from Eq. BA using the instantaneous friction
coefficient f. and the load w.

The instantaneous sliding loss Pg at the gear contact surface is calculated using the following equation.
Ps(X) = Vs(X)Zs(X) (B.6)

The above is the loss per contact surface. The sliding loss of the entire gear mesh needs to be the sum of

the sliding losses at each contact surface.

Calculation of Rolling Loss at Gear Contact Surface
The Crook method [Z3] is used to calculate the instantaneous traction force .Zx due to rolling on the gear

contact surface, and this is shown in the following equation.
Fr(X) =9.0x10"h.(X)p:(X)B (B.7)

where h. is the central oil film thickness for a uniform temperature, and ¢, is the thermal reduction
coefficient.

Hamrock and Dowson’s oil film thickness at the contact surface of the gear [[24] is applied to h..
he = 2.69 U2 G023 W, 7097 (1 — 0.61e ") Ry (B.8)

U, is the dimensionless velocity parameter, G, is the dimensionless material coefficient, W, is the dimen-
sionless load coefficient, & is the ellipticity parameter (= semi-major axis / semi-minor axis of the contact

ellipse), and Ry is the equivalent rolling radius. U., G., and W, are calculated by the following equation.

V1%2~V2 Hoil
G.=&d (B.10)
ar
W, — 2t (B.11)
&' Rx*

where &’ is the equivalent stiffness coefficient expressed by the following equation, .7 is the pressure

viscosity coefficient of oil, and .%; is the vertical load on the tooth surface.

’r 2
“= (1 —m2)/E 4+ (1 —722) /b (B.12)

where 1 and ~» are the Poisson’s ratios of each gear, and &1 and &3 are the Young’s modulus of each gear.

Cheng’s diagram [75] is used to evaluate the thermal reduction factor ¢;. The coefficients used in the
diagram are the functions of oil viscosity g, average velocity of contact surface (V4 + V4)/2, temperature
viscosity coefficient of oil, and thermal conductivity of oil.

The instantaneous rolling loss Pr at the gear contact surface is calculated by the following equation.
Pr(X) = Vi (X)Zr(X) (B.13)

This equation represents the loss per contact surface. The rolling loss for the meshing of the entire gear

must be summed up by the rolling loss at each contact surface.
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Sample Calculation for Gear Friction Loss

An example of the calculation by Anderson et al. [22] based on the above method is shown. The calculation
conditions are shown in Table BTI=1 . The change in the number of meshed teeth is the same as in Fig.
BT=1 (d) (according to gear rotation, two tooth contacts — one tooth contact — two tooth contacts).
The results of the calculation are shown in Fig. B-T=2 .

The changes in sliding speed on the line of action are shown in Fig. BT=2 (a). The sliding speed becomes
maximum at the tooth tip and root, and reduces to zero on the pitch circle.

The changes in the rolling speed on the line of action are shown in Fig. BI=2 (b). The rolling speed
reaches the maximum value on the pitch circle and decreases slightly at the tooth tip and root.

The change in the friction coefficient along the line of action is shown in Fig. (c). The friction
coefficient reaches its maximum value on the pitch circle. This is mainly because the friction coefficient
increases (Eq. B3) due to a decrease in the sliding speed (Fig. BI=2 (a)).

The change in sliding loss on the line of action at the gear contact surface is shown in Fig. BT=2 (d). The
sliding loss reduces to zero on the pitch circle because the sliding speed becomes zero at this position. In
addition, the loss decreases around the pitch circle because the contact area is reduced as only one gear is
in mesh.

The change in rolling loss on the line of action at the gear contact surface is shown in Fig. BTI=2 (e). As
in the case of the sliding loss, the rolling loss decreases around the pitch circle because the contact area is

reduced by having only one gear meshing.

Validation of Calculation Program for Gear Friction Loss

The detailed method introduced in this section is used to calculate the gear friction loss.

To validate the program created using this method, the calculation was performed using the conditions
specified in Anderson et al. (Table BTI=T ). The obtained results agreed with Anderson et al. (Fig. B1=2 ),

and the validity of the calculation program was confirmed.

Table B.1-1 Gear geometry and operating parameters [27]

. . Pinion 152 mm
Pitch diameter
Gear 254 mm
Pinion 48
Number of teeth
Gear 80
Diametral pitch 8 inch™!
Pressure angle 20°
Width 40 mm
Lubricant Mineral oil with antioxidant additive
Viscosity at oil jet temperature of 333 K 60 mm?/s
Pinion speed 2000 rpm
Pinion torque 271 Nm
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Fig. B.1-2 Instantaneous values of sliding velocity, rolling velocity, coefficient of friction, sliding power loss, and

rolling power loss on the path of contact (calculation results) [22]

B.2 Power Loss in Bearings

(1)

Power Loss in Rolling Bearings
The simplified equation of Palmgren [83] regarding the power loss Pgpr of the rolling bearings is shown in

the following equation.
PBR = TBRW = {fO(Voil N)2/3dpb3 X 10_7 + flybdpb} w (B14)

In the above, Tg is the friction torque, fy is a coefficient related to the bearing, fi is a coefficient related
to the lubrication method, v, is the kinematic viscosity of the oil, dyy is the pitch circle diameter of the
bearing, and .%; is the load.

From Eq. B4, it can be seen that the power loss Ppp is proportional to the 5/3 power of the rotation

speed N, as shown in the following equation (w = 27 N).
Pgr x N?/3. N « N°/3 (B.15)

Regarding the temperature dependence of the power loss of the rolling bearings, from Pgpr o v4;%/3 in Eq.
B4, it can be seen that the kinematic viscosity of the oil and power loss of the rolling bearings change

when the temperature changes.

Power Loss in Journal Bearings

The power loss Pp; of a journal bearing and load capacity W; of the bearing can be obtained by solving
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the Reynolds equation using the short-width assumption and the half-Sommerfeld condition (e.g., [I31]).

MoilBrjvj2 2
Pr = B.16
B ;. (1—e2)i? (B-16)
W, = bontiB? e {721 — %) + 16e2}"/? (B.17)
J 4Cj2 (1 _ 62)2 :

Here, B is the bearing width, r; is the bearing radius, v; is the surface speed of the bearing (proportional
to the rotational speed), Cj; is the radial clearance of the bearing, and ¢ is the eccentricity ratio (¢ = £/C},
where £ is the eccentricity). Equation BTA becomes the following equation when the order is evaluated
with 1l —e= 2.

o ,um'lvaS \/]. — %
- 40]2 %2

1/2 — 205

W; {16 — (16 — )2}~ x v; 77

(295 =/ & (B.18)

Here, if the load capacity W is constant, then 2~ o v;. Using this result, the order evaluation of Eq. B1d

yields as follows.

Ppy o v;2 2700 vj2v;0‘5 oc v; 10 (B.19)

From the above, it can be seen that the power loss Pp; of the journal bearing is proportional to the 1.5th
power of the surface speed v; of the bearing (proportional to the 1.5th power of the rotation speed).

Regarding the temperature dependence of the power loss of the journal bearing, from Pp; o v,; in Eq.
BTA, it can be seen that the kinematic viscosity of the oil and power loss of the journal bearing change

when the temperature changes.

B.3 Power Loss in Seals

In general, the materials and shapes of seals are designed so that the friction coefficient does not increase
significantly as the rotational speed increases. An example of a mechanical seal is shown in Fig. BZ3=1 . A seal
ring is attached to the rotary shaft, and a mating ring is attached to the housing. By pressing the seal ring
against the mating ring with a spring, the sealing performance is achieved. A power loss is generated by friction
between the rings. Examples of power losses are shown in Fig. BZ3=2 [I32]. The power loss equation for this seal

is as follows.
Pseal = (Apseal . kseal + psp'ring)'UslideAslidefseal (BQO)

Here, Apgeq: is the pressure difference of the seal, kseq: is the balance distribution coefficient, pspring is the
pressure generated by the spring, vsqe is the sliding speed of the contact surface (proportional to the rotational
speed), Agiige is the area of the contact surface, and fseq is the friction coefficient. In Fig. BZ3=2 | k.o and
Dspring are kept constant. Figure BZ3=2 shows that the power loss increases in proportion to the increase in the
rotational speed, and that the power loss increases as the shaft diameter increases and/or pressure difference
increases. In this example, the power loss of the seal is proportional to the rotational speed.

With regard to the temperature dependence of the power loss of the seal, Eq. shows that the temperature
dependence of the power loss is small. However, if thermal deformation occurs owing to the temperature change
of the gear shaft and housing and the extension of the spring changes, the power loss of the seal may change

owing to the change in the spring load.
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Fig. B.3-1 Example of a mechanical seal [32] Fig. B.3-2 Examples of power losses in the mechanical

seal (calculation results) [I32]

B.4 Power Loss in Oil Pump

The calculation method for the power loss of an external gear pump (commonly used as an oil pump for aircraft
engines) is shown below.

A schematic diagram of an external gear pump is shown in Fig. BZ=1 [33]. Oil sucked from the pump inlet
is discharged from the pump outlet through the outside of a pair of meshing gears.

Manring et al. [I34] divided the efficiency 74, of an external gear pump into a torque efficiency 7y, and
volumetric efficiency 7,p,v, and made them a function of the oil viscosity 0% rotational angular velocity w/
differential pressure Apg, at the inlet and outlet of the pump.

The efliciency 7y, of the pump is shown by the following equation.

_ ApgpQyp

lov Tgpw

(B.21)
Here, Qg is the discharged volume flow rate, and T}, is the torque.

As mentioned above, the pump efficiency 74, can be divided into the torque efficiency 74, and volumetric
efficiency ngp,v .

Ngp = Ngp,T Tgp,V (B.22)
The torque efficiency ng, 7 is expressed as follows:

VopApgp

(B.23)
TQP

Ngp, T =

Here, Vg, is the unit theoretical discharge flow rate per radian, and the discharge flow rate per revolution is
21 Vp-
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The volumetric efficiency 14y, v is expressed as follows:

QQP

Ngp,v =
Vgpw

(B.24)

Vgpw in the denominator is the theoretical discharged flow rate.

The volumetric efficiency 74,1 and torque efficiency 74, 7 are modeled as follows.

Ap [Ap
Ngp,v =1 —Cy1 L Cygy| —2£ (B.25)
HoilwW HoilW

HoilW HoilW
— Crs B.26
Apgp Apgp ( )

Ngp,7 = 1 — Cr1 — Cra

In the above, Cy; is a coefficient related to the influences of the fluid compressibility and leakage at a low
Reynolds number, Cy is a coefficient related to the leakage at high Reynolds number, Cry is a coefficient related
to torque loss at start-up, Crs is a coefficient for the Coulomb friction torque loss (proportional to the load
applied to the inside of the pump), and Crs is a coefficient for the fluid dynamic torque loss caused by the fluid

friction.

100 =

Y — — —

Outlet

jl 20 . 2 Mechanical
A Driven gear [ z efficiency ngp 1
2 70
¢k
S(MN4
~ 7 j 60
” 50
0 1 2 3 4

Inlet (Hoiw/Dpgp) X 10°

Drive gear

Efficiency (%)

Fig. B.4-1 Schematic of an external gear pump [[33]  Fig. B.4-2 Volumetric, mechanical, and overall effi-
ciency curves (representative) of external gear pumps
for displacement of 31.8 to 56.5 cc, speed of 600 to 3000
rpm, and differential pressure of 1.38 to 27.6 MPa (ap-

proximation curve of experimental results) [[33]

Michael et al. [[33] obtained empirical equations for the volumetric efficiency 74, v and torque efficiency ng, v
from experimental results concerning actual gear pumps (discharge flow rate was 31.8-56.5 cc, rotational speed

was 600-3000 rpm, differential pressure between inlet and outlet was 1.38-27.6 MPa), as shown below.

A A
Doy =1 — 6.8 x 10792L92 9 g 1079, | 2Pap (B.27)
HoilwW HoilW
HoilW Hoilw
=1-0124—1. 10° ~73. B.2
Tgp,T 0 07 x 0P = —T3.78, [~ (B.28)

The curves from drawing the results of these empirical equations are shown in Fig. B4=2 .
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The oil supply pumps for aeroengine gearboxes have high rotational speeds, for miniaturization. In addition,
the rotation speed of the pump varies with changes in the engine speed. For example, if the kinematic viscosity
of the oil is 26 mm? /s, density is 981 kg/m?, rotation speed is 300 to 3000 rpm, and pump discharge pressure is 2
MPa (set to a constant for simplification), then pouw/Apgy = 0.4 x 1076 ~ 4.0 x 1075, The volumetric efficiency
in this range is approximately constant, as shown in Fig. BZ=2 . Therefore, the volumetric flow rate discharged
by the pump is approximately proportional to the rotational speed. The power consumed by the pump under
these conditions is calculated from Eqs. BZ21 to as 0.1 kW (2 L/min, 2 MPa) to 1.1 kW (20 L/min, 2 MPa).

Using the pump power as P,,, the rotational speed exponent can be calculated. Using Eq. BZZI, the pump
flow rate Qgp = Ngp,v Vgpw (Eq. B24), and the pump discharge pressure Ap,, Qgp2 (general piping pressure

loss).
3
ApgpQgp x Qop” _ (gp.v Vopw)® ~ (ngp,V)Bws (B.29)
Tgp Tgp Mgp Ngp

Pop = Topw =

Figure BZ2=3 shows the results from calculating the coefficients (ngp,V)3 /ngp from Fig. BZ=2 (Eqs. B22, BZ3,
and BZ6). In addition, it shows that the coefficient (1,,.1/)% /1y is approximately on the order of 1. Therefore,
from Eq. B2, the power for driving the pump is roughly proportional to the cube of the rotational speed.
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(.uoilw/Apgp) x 10°

Fig. B.4-3 Variation of the coefficient (1,,,1/)/n4p in the power loss equation (estimation)

3
(ngp,V) /Mgp

B.5 Rotational Speed Exponent Characteristics of Gearbox Power Loss

The features of the power loss by each loss element (gear contact surfaces, air and oil flows, bearings, seals, oil
pump) in the gearbox are summarized by focusing on the rotational speed (peripheral speed) exponents. Figure

BT shows the rotational speed exponent of the power loss for the loss element.

1. As a simple calculation method for the power loss at the gear contact surface, Section BT describes a
method based on using the average friction coefficient on the tooth surface. In this calculation, the power
loss at the gear contact surface is proportional to the 0.8th power of the rotational speed (peripheral speed).

2. For the loss owing to the flow of air and oil in the gearbox (fluid dynamic loss), the aerodynamic loss is
proportional to the cube of the rotational speed, and the oil dynamic loss is proportional to the 2-3th
power of the rotational speed.

3. The power loss in the rolling bearings is proportional to the 5/3th power of the rotational speed according
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to the empirical equation, and the power loss in the journal bearings is proportional to the 1.5th power of
the rotational speed according to the theoretical equation.

. Regarding the power loss in the seal, in the example of the mechanical seal (Section BZ3), the power loss
is proportional to the rotational speed.

. In the example of power loss of an oil supply pump (an external gear pump) (Section BA), the power loss

is approximately proportional to the third power of the rotational speed.

Rotational speed exponents of power loss
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Gear friction (experiment) 1
Aerodynamic loss (theory & experiment) 1
Oil dynamic loss (theory & experiment) I
Rolling bearing (experiment) 1
Journal bearing (theory) 1
Mechanical seal (theory) 1

Oil supply pump (gear pump, experiment) s

Fig. B.5-1 Rotational speed exponents of power loss on each loss component in a gearbox
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Appendix C

Additional Validation of the Fluid Dynamic Loss
Model

C.1 Validation of Fluid Dynamic Loss Model for Gear Aspect Ratio

Figure CZ3=1 shows a comparison of the calculation results of the loss model with the numerical simulation
results to ensure the reliability of the influence of the gear aspect ratio on the fluid dynamic loss (Section [C43).
Figure C3=1 (a) shows the fluid dynamic loss, (b0) shows the aerodynamic loss, (b1)-(b3) show elements of the
aerodynamic loss, (c0) shows the oil dynamic loss, and (c1)—(c3) show elements of the oil dynamic loss.

From Fig. C3=1, it is found that the trend of the loss model results and the trend of the numerical simulation
results agree. Because the numerical simulation method is considered to have a certain reliability due to agreeing

well with the experimental results, the loss model detailed in Section 42 is considered to be valid.

C.2 Validation of Fluid Dynamic Loss Model for Shroud Opening Angle

Figure CZ3=2 shows a comparison of the calculation results of the loss model with the numerical simulation
results to ensure the reliability of the influence of the shroud opening angle on the fluid dynamic loss (Section
Z23). The method of comparison is the same as in Fig. CZ3=1 .

Because Fig. T332 shows that the trend of the loss model results agrees with the trend of the numerical

simulation results, the loss model explained in Section [273 is considered valid.

C.3 Validation of Fluid Dynamic Loss Model for a Spur Gear Pair

The loss model is validated for the fluid dynamic loss of a spur gear pair. In this paper, the experimental
result of Delgado et al. [B3] was used as validation data. Table CZ3=1 shows the gear specifications, operation
conditions, and shroud conditions. The gearbox is shown in Fig. T3=3 .

A comparison of the calculation results of the loss model results with the experimental results is shown in
Fig. C3=4 . Figure C33=4 shows that the loss model results and the experimental results correspond roughly.
Possible reason for the differences between the loss model results and the experimental results are the error of

the influence coefficient Zz (Eq. EI8) of the helix angle coefficient.
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Table C.3-1 Calculation conditions for validating the fluid dynamic loss of a spur gear pair

(a) Gear specifications (b) Operation conditions
Parameter Drive-side | Driven-side Parameter Value
Number of teeth 44 52 Lubricant Royco 555
Module (mm) 6.35 Temperature (°C) 394
Face width (mm) 28.4 Oil supply flow rate (L/min) 3.2
Pitch diameter (mm) 2794 | 3302
Pressure angle (°) 25
Outside diameter (mm) 291.85 | 342.65

(c) Shroud conditions

Shroud Parameter Drive-side | Driven-side
U Radial clearance (mm) 63.5 25.4
Axial clearance (mm) 57.2
Radial clearance (mm) 16.8
C36 -
Axial clearance (mm) 29.7

Shroud U, experiment [63]
—O— Shroud U, loss model
----- Shroud C36, experiment [63]
- -/ - Shroud C36, loss model

18
Upper Drive-Side _ Upper Driven-Side 5 16
Clam-shell Housing : 2 14
: . 2 12
2
= 10
a 8
o6
)
k= 4
=~ 2
0
0 2000 4000 6000 8000 10000
Rotational speed (rpm)
s - | Lower Driven-Side
. X : i 0 20 40 60 80 100 120 140
Oil-Drain Slot 1 Jwo Drive-Side Pitch line speed (m/s)
Fig. C.3-3 Spur gearbox [G3] Fig. C.3-4 Validation of changes in the fluid dynamic

loss of a spur gear pair
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Appendix D

Fraction and Trend of Elements of Fluid Dynamic
Loss

To understand the fraction and trends of the elements of fluid dynamic loss, the rotational speed characteristics
and the oil supply flow-rate characteristics of the elements were investigated using the two-axis helical gearbox
(GA) in this research.

D.1 Rotational Speed Characteristics of Elements of Fluid Dynamic Loss

The rotational speed characteristics of the elements of the fluid dynamic loss are shown in Fig. D11 . Figure
D=1 (al)—(a6) shows the results of Shroud 1 and the oil supply flow rate of 7.40 L /min, (al) shows the rotational
speed change of the aerodynamic and oil dynamic losses, (a2) shows the rotational speed change of the elements
of aerodynamic loss, (a3) shows the rotational speed change of the elements of oil dynamic loss, (a4) shows the
rotational speed change of loss in the gear meshing part and loss in the gear peripheral part, (a5) shows the
fraction of the losses at a rotational speed of 7000 rpm of the input gear, and (a6) shows the fraction of the losses
at 10000 rpm of the input gear. Figure =0 (b1)—(b6) shows the results of Shroud 2 and an oil flow rate of
7.40 L/min are similar to the results of Shroud 1.

Based on the results of Shroud 1, as shown in Fig. D=1 (al)—(a4), each element of the loss increases as the
rotational speed increases. Figure TN (a5) shows that the fraction of air side-flow loss (21%) and that of
air vortex loss (23%) are equivalent (air pumping loss is sufficiently small) for the elements of aerodynamic loss,
and that the fraction of oil-jet acceleration loss (31%) is dominant for the elements of oil dynamic loss. From
a comparison of (a5) and (a6) in Fig. OI=1 , the fraction of aerodynamic loss increases as the rotational speed
increases (44% (air side-flow loss 21% + air vortex loss 23%) — 50% (23% + 27%)), and the fraction of loss
around the gear periphery increases (37% (air vortex loss 23% + oil churning loss 14%) — 42% (27% + 15%)).

Based on the results of Shroud 2, as shown in Fig. IT=1 (b1l)-(b4), each element of the loss increases as the
rotational speed increases. Figure DI=1 (b5) shows that the fraction of air side-flow loss (14%) and the fraction
of air vortex loss (17%) are equivalent (air pumping loss is sufficiently small) for the elements of aerodynamic
loss, and that the fraction of oil-jet acceleration loss (28%) is dominant for the elements of oil dynamic loss. From
a comparison of (b5) and (b6) in Fig. DI=1, the fraction of aerodynamic loss increases as the rotational speed
increases (31% (air side-flow loss 14% + air vortex loss 17%) — 36% (15% + 21%), and the fraction of the loss
around the gear periphery increases (34% (air vortex loss 17% ~+ oil churning loss 17%) — 40% (21% + 19%).

Comparing Fig. OI=1 (a5) of the loss fraction results at a rotational speed of 7000 rpm in Shroud 1, with the
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loss fraction results in Shroud 2 as shown in Fig. DT=1 (b5), shows a significant increase in oil reacceleration
loss (11% — 23%) and an increase in oil churning loss (14% — 18%). These trends are similar to those of the
loss fraction at 10000 rpm (Fig. OT=0 (a6) and (b6)).

D.2 Oil Supply Flow Rate Characteristics of Elements of Fluid Dynamic Loss

The oil supply flow rate characteristics of the elements of the fluid dynamic loss are shown in Fig. D=2=1 .
Figure D21 (al)—(a6) shows the results of Shroud 1 and the rotational speed of 10000 rpm of the input gear,
(al) shows the oil supply flow rate change of aerodynamic and oil dynamic losses, (a2) shows the oil supply flow
rate change of the elements of aerodynamic loss, (a3) shows the oil supply flow rate change of the elements of
oil dynamic loss, (a4) shows the oil supply flow rate change of loss in the gear meshing part and loss in the gear
peripheral part, (ab) shows the fraction of the losses at an oil supply flow rate of 1.48 L/min, and (a6) shows
the fraction of the losses at an oil supply flow rate of 7.40 L/min. Figure D2=1 (b1)—(b6) shows the results of
Shroud 2 and the rotational speed of 10000 rpm of the input gear, in the same way as the results of Shroud 1.

Based on the results of Shroud 1, as shown in Fig. D2=1 (al)—(a3), only the elements of the oil dynamic loss
increased with an increase in the oil supply flow rate. Figure D2=1 (a4), which is the diagram of oil supply
flow rate change of the loss in gear meshing part and the loss in the gear peripheral part, shows that the loss in
the gear meshing part increases significantly. In Fig. D2=1 (a5) of the result at an oil supply flow rate of 1.48
L/min, the fraction of acrodynamic loss was large (79% (air side-flow loss 36% + air vortex loss 43%)). However,
as illustrated in Fig. O2=1 (a6) of the result at the oil supply flow rate of 7.40 L/min, the fraction of oil dynamic
loss increases (50% (oil-jet acceleration loss 26% + oil reacceleration loss 9% + oil churning loss 15%)).

Based on the results of Shroud 2, as shown in Fig. D2=1 (b1)—(b3), only the elements of the oil dynamic loss
increased with an increase in the oil supply flow rate. Figure =1 (b4), which is the diagram of oil supply
flow rate change of the loss in gear meshing part and the loss in the gear peripheral part, shows that the loss in
the gear meshing part increases significantly. In Fig. DZ2=1 (b5) of the result at an oil supply flow rate of 1.48
L/min, the fraction of aecrodynamic loss was large (67% (air side-flow loss 29% + air vortex loss 38%)). However,
as illustrated in Fig. O2=1 (b6) of the result at the oil supply flow rate of 7.40 L/min, the fraction of oil dynamic
loss increases (64% (oil-jet acceleration loss 25% + oil reacceleration loss 20% + oil churning loss 19%)).

Comparing Fig. D2=1 (ab) of the loss fraction results at an oil supply flow rate of 1.48 L/min in Shroud 1,
with Fig. I2=0 (b5) Shroud 2 shows an increase in the oil reacceleration loss (0% — 6%) and oil churning loss
(13% — 18%). These trends were similar when comparing the loss fraction at an oil supply flow rate of 7.40
L/min (Fig. D2=1 (a6) and (b6)).
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Fig. D.1-1 Breakdown of fluid dynamic loss elements with respect to rotational speed changes (experimental

results decomposed using the experimental classification method)
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Fig. D.2-1 Breakdown of fluid dynamic loss elements with respect to oil supply flow rate changes (experimental

results decomposed using the experimental classification method)
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Appendix E

Example of Calculations of Fluid Dynamic Loss
Model

The following tables show the results for the two-axis helical gearbox with “Shroud 2” (see Section BT for

details), as an example of calculations from the fluid dynamic loss model.

E.1 Gear Specifications and Operating Conditions

Table E.1-1 Specifications of gears and shroud (an example calculation with fluid dynamic loss model)

Item Variable Value | Unit Reference
Pitch diameter, input gear Dy in 191 mm Section B0, Fig. IT2=2
Tip diameter, input gear Dy in 201 mm Section BT, Fig. 22
Root diameter, input gear Dy in 179 mm | Section B, Fig. T2=2
Pitch diameter, output gear Dy out 81.2 mm Section B0, Fig. IT2=2
Tip diameter, output gear D¢ out 91.2 mm Section B, Fig. 22
Root diameter, output gear Dy out 68.7 mm | Section B, Fig. T2=2
Number of tooth, input gear Zin 33 - Section BT
Number of tooth, output gear Zout 14 - Section BT
Gear module M, 5.00 mm Section Bl
Face width, input gear & output gear Bin, Bout 34.0 mm | Section B, Fig. IT2=2
Tooth height, input gear & output gear h 11.3 mm Fig. BI=12
Backlash J 0.181 mm Fig. B3=1
Pressure angle - 20.0 deg -
Helix angle B8 30.4 deg Fig. BI=12
Tip clearance, input gear & output gear | Ch in, Ch out 1.25 mm Fig. B23=1
Shaft diameter, input gear Da,in 70.0 mm | Section B, Fig. IT2=2
Shaft diameter, output gear Da,out 51.0 mm Section B0, Fig. [2=2
Shaft distance Lg 136 mim Section BT
Shroud radial clearance, o 5.00 mm Section BT
input gear & output gear
Shroud side clearance, o 5.00 m Section BoD
input gear & output gear
Shroud opening angle, Aboy 30.0 | deg Section BT
input gear & output gear
Phase of Shroud opening center Oop 180 deg Section BT
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E.2 Calculation Results

Table E.1-2 Operating conditions (example calculation with fluid dynamic loss model)

Item Variable | Value Unit Reference
Rotational speed, input gear N; 10000 rpm Section B0
Rotational speed, output gear Nout 23571 rpm Section BZI
Pitch line velocity Vp 100 m/s Section BT
Oil density Poil 971 kg/m3 | Section B0
Air density Pair 1.06 kg/m3 | Section BT
Oil supply rate, volumetric (total) Qs 7.40 L/min | Section BT

E.2 Calculation Results

Table E.2-1 Typical variables and values in aerodynamic loss model

Ttem Variable Value Unit Reference
Pre‘ssure loss coef.ﬁcient ¢ 5.40 B Section E23, Eq. EB
during gear meshing
Velocity coefficient Zy 0.25 - Section 6222, Eq. 614
Helix angle coefficient Z3 1.00 - Section 62232, Eq. BI3
Air drag coefficient Cp,s 1.35 - Section 6222, Eq. B3
Pressure due to the élrﬂow s 15.9 KPa. Section E23, Eq. 63
through gear mesh sides
Air side-flow loss, input gear P in 0.306 kW Section B232, Eq. 623
Air side-flow loss, output gear Ps out 0.305 kW Section 6222, Eq. 623
Air side-flow loss, total Py 0.611 kW Section 622, Eq.
Air pum?ing flow rate at gear mesh, Qpump 161 L/min Section B3, Eq. 623
volumetric
Air pumping loss Ppump 0.0246 kW Section B3, Eq. 630
Shroud coefficient, input gear Ain 0.434 - Section B4, Eq. B39
Shroud coefficient, output gear Aout 0.516 — Section B4, Eq.
Peripheral angle ratio, input gear €6,in 0.922 - Section 64, Eq. 6243
Peripheral angle ratio, output gear €0, 0ut 0.821 - Section 64, Eq. 629
Air vortex loss, input gear Poperiin 0.520 kW Section B4, Eqs. 6232 and 6232
+P'u,sides,in
Air vortex loss, output gear Poperi,out 0.355 kW Section B4, Eqs. 6232 and 6232
+Pv,sides,out
Air vortex loss, total P, 0.876 kW Section 64, Eq. B33

Table E.2-2 Typical variables and values in the oil dynamic loss model

Ttem Variable Value Unit Reference

Oil-jet acceleration loss Pjac 1.04 kW Section B3, Eq. 23
Oil re-inflow rate to gear mesh Qre 7.26 L/min | Section BB, Eq. 662
Oil reacceleration coefficient Xre 0.981 — Section B4, Eq. GG
QOil reacceleration loss Prac 1.02 kW Section 68, Eq. 661
Non—dimensior?al oil inflow rate Qs4+Qre 0.0143 B Section 632, Eq. B2
to gear mesh, input gear & output gear vpBMyg

Oil mist coefficient, input gear (@ —1)in 0.979 - Section B2, Eq. BZZ1
Oil mist coefficient, output gear (® —1L)out | 0.693 - Section 524, Eq. B2
Oil churning loss P, 0.76 kW Section 674, Eq. 6270

Table E.2-3 Aerodynamic loss, oil dynamic loss, and fluid dynamic loss

Item Variable | Value | Unit Reference
Aerodynamic loss Pyir 1.51 kW Section B, Eq. 632
Oil dynamic loss P, 2.81 kW Section B, Eq. B3
Fluid dynamic loss Prruia 4.32 kW Section 6, Eq. B0
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Nomenclature

A

Ao

A

ABo

Ap1, A2
Ahnole

Are

Au, Ay, Al
o

Gr, G, G
Qch

Qoil

C.

C’V‘e

C’V"V‘

CT'SC
Ct1,Cr2,Cr3
Cv1,Cva
C

Ca

Cqg

Cflange
Cp

Da

Dal

dy,ds
ds, da
b

Area

Cross-sectional area of the small diameter side of the pipe (sudden expansion pipe)
Cross-sectional area of the large diameter side of the pipe (sudden expansion pipe)
Cross-sectional area of gear meshing part

Cross-sectional area through which the air flows according to move of the gear teeth
Cross-sectional area of the measurement hole of the two-phase flow probe

Oil re-inflow reduction coefficient

Area of the cell surface in the x direction, y direction, and z direction, respectively
Pressure viscosity coefficient of oil

Coefficients of the air vortex loss model

Coefficients of the oil churning loss model

Oil fraction in a two-phase flow of air and oil

Tooth width, Bearing width

Thickness of gear web

Block in gear mesh

Exponents of the air vortex loss model

Helix angle

Coefficient of the oil churning loss model

Sharpening coefficient of gas—liquid interface

Drag coefficient of flow

Tip clearance of gears

Radial clearance of the bearing

Rotational moment coefficient

Coefficient on the temperature dependence of oil viscosity

Coefficient of the oil reacceleration loss model

Radial clearance between gear and shroud

Axial clearance between gear and shroud

Coefficients for torque efficiency of gear pump

Coefficients for volumetric efficiency of gear pump

Momentum conversion coefficient

The speed of sound of fluid

Smagorinsky constant

Influence coefficient of flange near the side of the gear

Local pressure coefficient

Shaft outer diameter

Shaft inner diameter

Root circle diameter

Equivalent diameter of a circular pipe

Pitch circle diameter

Tooth tip diameter

Hub outer diameter, and pitch circle diameter of weight reduction holes, respectively
Rim inner diameter, and diameter of weight reduction holes, respectively

Pitch diameter of bearing
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Nomenclature

dr Rivet Diameter

Ap Pressure drop, pressure difference

Al Shroud peripheral opening angle (one opening)

Abs op Shroud peripheral opening angle (sum in one gear)

d Thickness of the oil layer

op Pressure change

v Deviation of velocity from mean velocity

dx, 0y, 0z Calculation mesh size in the x direction, y direction, and z direction, respectively
E, Coefficient of squared proportional component of rotational speed
Es Coefficient of cubic proportional component of rotational speed
Ef¢cn Conversion coefficient of shroud opening phase (0il churning loss model)
Ey Standard error of 20

E, Standard error of o

E! Relative standard error of o

E Eccentricity

&1, & Young’s modulus

&' Equivalent stiffness coefficient

€ij Strain rate tensor

€0 Angle range coefficient on gear periphery (air vortex loss model)

€ Eccentricity ratio

Ngp Efficiency of the gear pump

Ngp, T Torque efficiency of gear pump

Ngp,V Volumetric efficiency of gear pump

F The force that the gear receives from the fluid

Fr Froude number

F Volume of Fluid in the calculation cell

Fiet Qil jet source

Fa Transmitted force

Fy Load on the bearing

Fr Instantaneous traction force owing to rolling on the gear contact surfaces
Fs Friction force generated by sliding between the gear tooth surfaces
Ft Force in the vertical direction of the tooth surface

fo Coefficient for bearing (Palmgren’s equation)

f1 Coefficient for lubrication method (Palmgren’s equation)

fa Small flow rate function (oil churning loss model)

fB Large flow rate function (oil churning loss model)

fa Calibration function for oil fraction a

faa,pP Gaussian distribution of power loss P

Sfum,s Simple calibration function of mixture velocity u,

Sfum,p High accuracy calibration function of mixture velocity wm,

fas [y, f= Viscous acceleration term in the x direction, y direction, and z direction, respectively
fe Instantaneous friction coefficient on tooth surface

frmesh Average friction coefficient on tooth surface

G, Dimensionless material coefficient

g Gravitational acceleration

Y1, Y2 Poisson’s ratio

Yeh Coefficients in the oil churning loss model

H Transition function from small and large flow rate functions (oil churning loss model)
Hy Gear friction loss coefficient (H6hn’s equation)

h Tooth height (tooth depth)

he Central oil film thickness under uniform temperature assumption
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Nomenclature

Pl

seal

S

Py
P

Ppr

Rivet height

Backlash

Index for tooth surface strength

Volume force

Ellipticity parameter

Balance distribution coefficient of the seal

Fraction of loss on gear peripheral surface in air vortex loss

Calculation mesh size

Distance between input and output axes

Distance between rivets

Shroud coefficient

Shroud coefficient of the gear peripheral surface

Shroud coefficient of the gear peripheral surface for the effect of radial clearance and axial clearance

Shroud coefficient of the gear peripheral surface for the effect of radial clearance

Shroud coefficient of the gear sides

Increase ratio of pressure loss coefficient owing to velocity deviation (air side-flow loss model)

Gear module

Mass

Gear ratio or reduction ratio (not less than 1.0)

Dynamic viscosity

Rotational speed

Number of rotations

Number of measurement conditions

Number of measurement locations

Number of measurement iterations (same measurement condition)

Number of gears (= 1 for a single gear, = 2 for a gear pair)

Number of weight reduction holes

Number of peripheral openings in the shroud

Exponents of the air vortex loss model

Kinematic viscosity

Eddy viscosity

Rotational angular velocity

Power loss

Transmitted power

Power loss of journal bearing

Power loss of rolling bearings

Instantaneous rolling power-loss on the gear tooth surface

Instantaneous sliding power-loss on the gear tooth surface

Pressure

Ratio of apparent fluid density around the gear to air density

Density of the fluid around the gear

Oil mist coefficient (oil churning loss model)

Ratio of drag coefficient in two-phase flow to drag coefficient in air

Thermal reduction coefficient

Volumetric flow rate

Sum of volumetric oil supply flow rate and re-inflow rate of oil into gear meshing (= Qs + Qre)

Volumetric flow rate around gear

Flow rate at which the small flow rate function is equal to the large flow rate function (oil churning
loss model)

Re-inflow rate of oil into gear meshing

Volumetric oil supply flow rate
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Nomenclature

R Disk radius
Ra Ratio of outlet cross-sectional area and inlet cross-sectional area in sudden expansion pipe or sudden

contraction pipe

R, Constant determined by gear specifications (Héhn’s equation)
Re Rotational Reynolds number

R, Radial relative clearance of the shroud

Rjet Source term of the oil jet

Rsor Source of the fluid

Ry Peripheral opening ratio of the shroud

Rx Equivalent rolling radius

R, Axial relative clearance of the shroud

Ruw_efy Side wall coefficient (air vortex loss model)

r Radial distance

Td Cylindrical radius

Ty Base circle radius

rj Bearing radius

Tp Pitch circle radius

p Density

Oc Constant determined by gear specifications (Hohn’s equation)
S Tooth tip length

s Gas-liquid slip ratio

o Standard deviation

Oc Surface roughness

T Torque

Tsr Friction torque of rolling bearing (Palmgren’s equation)
T Temperature

t Time

tij Stress tensor (i =1,2,3, j =1,2,3)

t, Rim thickness of gear

T Shear stress of flow

0 Phase in the rotational direction, or phase in the rotational direction from gear meshing
0o Phase from the stagnation point of the cylinder

Omas Maximum phase from gear meshing (= 27)

U Velocity of the oil particles

U, Axial velocity (on the surface of blocks of gear meshing)
U. Dimensionless velocity parameter

U, Radial Velocity (on the surface of blocks of gear meshing)
U Velocity, or velocity in x direction

Ue Density-weighted average velocity of the oil layer

1% Volume

Vi, Vo Velocity of the tooth surfaces

Vs Volume of the fluid in the cell (porosity method)

Vs Sliding speed between tooth surfaces

Vr Rolling speed between tooth surfaces

v Velocity, or velocity in y direction

vf Root circle speed

Voo Axial flow velocity to disk

v Bearing surface speed

Va Apparent velocity

Up Pitch circle speed

Vsum Total speed at the gear pitch point
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Nomenclature

w

We

W
WOBS
w

We
Wn+1
WST, WSY, WSZ
X

XL

X

T4

Xre

Yy

Ca
¢B1,(B2

CB,cont'ract'Lon

CB,ezpansion

Cumr
Cs

Accent symbol

Time Average

Shroud wall width (inner width)

Dimensionless load coefficient

Load capacity of the bearing

Velocity in the z-direction of the object surface

Velocity in z direction

Force loading perpendicular to the tooth surface

Velocity in the z direction for the next time step

Wall shear force in the x direction, y direction, and z direction, respectively

Coordinates on the line of action

Constant determined by gear specifications (Hohn’s equation)

Lockhart-Martinelli parameter

Spatial Coordinates (i = 1,2, 3)

Oil reacceleration coefficient (oil reacceleration loss model)

Tooth face height direction

Helix angle coefficient (air side-flow loss model)

Velocity coefficient (air side-flow loss model)

Number of teeth

Radial distance from shroud inner wall

Distance from shroud inner wall to gear tooth tip

Pressure loss coefficient

Pressure loss coefficient owing to changes in the volume between teeth (air side-flow loss model)

Pressure loss coefficient owing to changes in air flows according to move of gear teeth (air
side-flow loss model)

Pressure loss coefficient in sudden contraction pipe

Pressure loss coefficient in sudden expansion pipe

Pressure loss coefficient of flow with velocity deviation

Pressure loss coefficient through the sides of gear mesh (air side-flow loss model)

Time derivative

Dimensionless

Superscript

Ensemble Average

*  Measured value

Subscript
aeration Aeration of oil
air Air
CFD Computational fluid dynamics
cal Calculated value
ch Parameters for the oil churning loss model
corr Calibrated value
cyl Cylinder
exp Experimental value

333



Nomenclature

fluid
gp
hom
in

00
inside
jac

jet

l

m

mes
mesh
mod
msides
oil

out
outside
org

P

par
pert
pipe
pressure
pump
r

rac
rep

re

s

seal
set

shl
sh2
shear
sides
slide
spring
stag
sum
sur face
0

total
um

up

v

vac

w

T

zero — oil
*

By means of a fluid (of air and oil)

Gear pump

Homogeneous distribution

Input gear

Atmosphere

Inside

Parameters for the oil-jet acceleration loss model
Oil jet

Peripheral direction

Mixed fluid of air and oil

Measured value

Gear meshing

Modified

The sides of gear meshing

Oil

Output gear

Outside

Before calibration (original)

Power loss

Particle

Gear peripheral part (excluding gear meshing part)
Circular pipe

Pressure induced

Pumping

Radial direction, or relative velocity of gas and liquid
Parameters for the oil reacceleration loss model
Repetitive

Oil re-inflow into gear meshing
Parameters for the air side-flow loss model
Seal

Setting value

Shroud 1

Shroud 2

Caused by shear

Gear sides (both sides)

Sliding speed of the contact surface
Spring

Stagnation point

Sum total

Gear surface

Peripheral direction

Total pressure

Parameters for the mixture velocity
Parameters for particle velocity
Parameters for the air vortex loss model
Zero absolute pressure (vacuum)

Sidewall

Axial direction

Zero oil supply

in (input gear) or out (output gear)
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