


test that spur gear mesh efficiency increases with rotational speed for 
pitch-line velocities below approximately 24 m/s.  Naruse et al [17-
18] also reported that gear mesh frictional power loss increases with 
transmitted torque at low torque values, but becomes nearly constant 
at higher loads.  Lastly, Naruse et al [17-18] showed that reducing 
module can have a significant influence on efficiency losses.  These 
studies also showed that efficiency losses are insensitive to changes 
in surface roughness between 0.5 μm and 3 μm for high load, and low 
to medium speed conditions.  However, the influence of gear surface 
roughness over a wider range of roughness values, operating 
conditions, and lubricating oil viscosity has not been studied in detail.  
Yoshizaki et al [19] demonstrated that below 10 cSt, gear tooth 
friction coefficient decreases as lubricating oil viscosity increases, 
while friction coefficient changes little as viscosity increases beyond 
that point.  Ikejo and Nagamura [20] also claimed based on 
measurements with a similar test setup that gear mesh frictional loss 
is weakly dependent on oil viscosity, and decreases slightly with 
increasing viscosity.  Conversely in terms of total power loss, Coy et 
al [21] reported that the overall efficiency of a helicopter 
transmission generally decreased with increasing viscosity. 
 Martins et al [22] measured average friction coefficient of dip-
lubricated FZG gears and reported that friction coefficient decreases 
with increasing rotational speed, and increases with transmitted 
torque for pitch-line velocities less than 19 m/s.  Traction 
measurements of combined rolling-sliding contacts of Xiao et al [23] 
suggested that gear mesh power loss is lower for smooth surfaces 
than rough surfaces, but few experimental studies have been pursued 
to quantify this.  One such study by Britton et al [24] reported that 
reduction of average surface roughness height from 0.4 to 0.05 μm by 
an isotropic chemical polishing technique reduced gear mesh power 
loss by between approximately 20 and 30%.  The range of operating 
conditions considered for this study were Hertzian contact pressures 
ranging from 0.4 to 1.3 GPa, pitch-line velocities up to 22 m/s, and 
operating temperatures of 50 to 10 .  While these test conditions 
represent a wide range of applications, it is desirable to expand this 
investigation to higher Hertzian pressures and pitch-line velocities in 
order to encompass high-performance applications that are more 
likely to take advantage of a chemical polishing process. 
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 Given this limited volume of experimental data, there is a need 
for an extensive database for spur gear efficiency, not only to validate 
the mathematical efficiency models but also to experimentally 
quantify the influence of gear module, lubricant and surface related 
parameters on spur gear efficiency using the same test method and 
test gears.  Also missing in the literature is experimental data on 
efficiency of spur gears under high-speed (pitch line velocities to 50 
m/s) and high-torque conditions.  Development of such a database 
through tightly controlled precision experiments is the first objective 
of this study.  
 Most of the previous studies on spur gear efficiency did not refer 
to other sources of power loss, especially load independent (spin) 
losses.  Numerous experimental studies [5-6,20,25-38] have shown 
that spin losses can be significant, especially under high-speed 
operating conditions.  Modifications to a gearbox to minimize 
mechanical power loss might also increase spin losses, resulting in 
larger overall power loss.  Therefore, it is critical that both 
mechanical and spin components of gear power loss be considered 
simultaneously in an effort to maximize efficiency. 
 Sources of load-independent spin power loss include air 
windage, oil churning for the case of dip lubrication, inertial power 
loss from an impinging oil jet for the case of jet lubrication, fluid 
trapping and squeezing between meshing gear teeth, rotating seals, 
and bearings.  Various models have been developed to quantify these 
sources of power loss.  
 The windage models of Dawson [25] and Diab et al [26] were 
obtained by measuring the deceleration of a single gear or disc in air 
on a spindle, then applying the kinetic energy theorem to obtain 
power loss from air drag.  Diab et al [26] employed dimensional 
analysis to define a windage moment coefficient in terms of angular 
velocity, fluid density and viscosity, Reynolds Number, face width, 
pitch radius, number of gear teeth, and nearby fluid flow obstructions 
such as close-fitting gear case walls.  While applicable to a single 
disc or gear rotating in air, these models did not consider the effects 
of a meshing gear or impinging oil jet, and so cannot be validated 
using geared transmissions.  As an alternative, Anderson and 
Loewenthal [5-6] developed a model for meshed spur gears based on 
pitch radius, face width, rotational speed, and viscosity of the 
ambient fluid.  All these models resulted in a nearly cubic 
relationship between rotational speed and power loss. 
 Ariura et al [27] identified sources of load-independent power 
loss in a spur gear system as (1) the inertial power loss to accelerate 
the impinging oil jet by the rotating gear teeth, (2) the power to trap 
and squeeze oil from between gear teeth as they meshed (trapping 
and squeezing), (3) the power to induce an air draft around the gear 
(windage), and (4) the churning power loss of the lubricant in an oil 
bath.  Torque measurements of Ariura et al [27] using a jet lubricated 
spur gear system led to the observation that inertial power losses are 
linearly related to rotational speed.  Ariura et al [27] also proposed a 
simple model to estimate the power loss due to oil trapping between 
the gear teeth.  Comparison to experimental results indicated that the 
model qualitatively captured trends in the data, but the magnitude of 
calculated power loss was consistently lower than measured values. 

Mizutani [28] reported from measurements of high-speed, 
long addendum spur gears that windage power loss was proportional 
to a power of rotational speed of 2.28 and the inertial losses resulting 
from the impinging oil jet were linearly proportional to rotational 
speed.  Here, the inertial losses from the impinging oil jet were 
shown to increase with oil jet pressure, and composed a significant 
portion of load-independent power loss. 
 An early analytical theory on the fluid flow of air and lubricant 
around jet-lubricated spur gear teeth was proposed by Akin and 
Mross [29].  This model elucidated the phenomenon of eddy current 
flow between gear teeth and introduced a vectoral model for 
penetration depth of impinging fluid on the rotating gear teeth.  Later, 
Pechersky and Wittbrodt [30] introduced a computational method for 
the trapping and squeezing of fluid between meshing gear teeth.  The 
model suggested that the volume and velocity of the fluid squeezed 
between gear teeth is higher for coarse-pitch gears than fine-pitch 
gears.  Most recently, Diab et al [31] developed a numerical model to 
analyze fluid trapping and squeezing in the case of windage by 
defining a matrix of intertooth volumes and flow restrictions, and 
numerically solving the equation of continuity for each discretized 
volume.  Analytical results compared favorably to experimental data 
from pressure transducers placed at the roots of spur and helical gear 
teeth in a test rig operated without lubricating oil. 
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