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Summary. This paper provides a review of experimental investigations and available models of gear load-
independent power losses (windage losses, churning losses and air-oil pocketing power losses) for spur, 
helical, and bevel gears. The aim of the review is to provide a comprehensive compilation of published 
information on gear load-independent power losses to assist gearbox designers in identifying relevant 
experimental and modeling information. While it is clear from the review of published work that the rotational 
speed, gear geometrical parameters, degree of confinement, and density of the fluid surrounding the gear are 
important, the degree of effect and general solutions for reducing power loss are less clear. The motivation for 
this is that for some applications, this power loss can be a significant component, particularly lightly loaded 
high-speed applications.  

Key words: transmissions, gears, windage loss, churning loss, air-oil pocketing loss, gearbox efficiency, 
empirical models. 

INTRODUCTION 

Environmental awareness is pushing mechanical engineers to develop 
mechanical systems, and in particular gear units, that have lower environmental impact. 
Such objective can be reached through different perspectives: reduce gear power loss 
and improve efficiency, reduce gear operating temperature, reduce friction between gear 
teeth, reduce gear load-independent power losses. The losses associated with meshing 
gears are important in the design of many industrial, marine, and gas turbine situations. 
Gearbox efficiency varies from 98% to 99% for the best designed high power 
applications. The highest rated gearboxes now exceed 100 MW [Weiss, T., and Hirt, 
M., 2002], so for such a gearbox a 1 per cent power loss equates to 1 MW and this is not 
insignificant. 

Power losses of a gearbox containing several gear pairs that are supported by 
shafts and rolling element bearings can be classified into two groups. The first group is 
comprised of load-dependent (friction-induced) power losses caused primarily due to 
contacting surfaces of gears and the bearings. The losses in the second group are 
independent of load and are often referred to as spin power losses. There are many 
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sources of such losses, the primary ones being oil churning and windage that are present 
as a result of oil/air drag on the periphery and faces of the gears, pocketing/squeezing of 
lubricant from the cavities of the gear mesh, and viscous dissipation of bearings. While 
losses from these two groups are often comparable under high-load, low-speed 
conditions, the spin losses were shown to dominate over the load-dependent power 
losses at higher operating speed conditions. Of the total losses, for a typical gearbox, 40 
per cent come from meshing, 50 per cent from bearings, and 10 per cent from windage 
and churning [Lord, A. A., 1998]. Windage power loss (WPL) is defined as the power 
loss due to the fluid drag experienced by the gear when it is running in air or an air-oil 
mist. Churning power loss (CHPL) is defined as the power loss when a gear is running 
in an oil bath or is dipping into oil “slugs.” During the meshing of high-speed spur or 
helical gears, the mixture of air and lubricant is successively compressed and expanded 
in the intertooth spaces giving rise to significant heating and power loss named as air-oil 
pocketing power losses. 

WINDAGE POWER LOSSES  

Estimates on the percentage effect of windage vary as the value is dependent on a 
number of different parameters. One of the critical parameters is the pitch line velocity; 
obviously, high velocities ([Townsend, D. P., 1992] suggests 51 m/ s, and [Diab, Y., 
Ville, F., and Velex, P., 2006] suggests tangential speeds greater than 90–120 m/ s) 
produce greater stirred motion, so large gears rotated at high rotational rates are 
particularly vunerable. Additionally, the lubrication flow rate and scavenge design are 
critical as these directly affect the properties of the fluid surrounding the gear 
[Townsend, D. P., 1992], [Akin, L. S., and Mross, J. J., 1975]. So, in a case where you 
have a high level of lubricant suspended around a gear with high pitch velocity, as is the 
case of an aero-engine, windage becomes a significant contributor to the power loss. It 
may only account for a few percent, but this can be critical. Traditionally, there have 
been two approaches to reducing WPL; the first is to use a shroud or baffle to enclose 
gears and the second is to positively pump the oil and air from the gearbox casing. 
Pumping from the gearbox casing is known as evacuating the gearbox [Weiss, T., and 
Hirt, M., 2002], and allows a reduction of fluid density within the casing. This can 
result in up to 1% improvement in efficiency but can only be used in a limited number 
of situations. 

Published gear windage power losses experiments, which have been few and far, 
can be grouped based on their primary focus. One group of studies focused on the 
measurement of air windage losses [Dawson, P. H., 1984] by measuring the 
deceleration of a single gear or disk rotating in air, and then applying the kinetic energy 
theorem to obtain power loss from air drag. [Diab, Y., Ville, F., Velex, P., and 
Changenet, C., 2004] used the tool of dimensional analysis to define an empirical 
windage moment coefficient in terms of speed, oil properties, Reynolds number, gear 
size, tooth parameters, and the geometry of nearby fluid flow obstructions such as close-
fitting gear case walls. While applicable to a single disk 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, [Ariura, Y., Ueno, T., and Sunaga, T., 1973] and [Anderson, N. 
E., and Loewenthal, S. H., 1981], [Anderson, N. E., and Loewenthal, S. H., 1982] 
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developed empirical models for meshed spur gears based on pitch radius, face width, 
rotational speed, and viscosity of the ambient fluid. Likewise, [Mizutani, H., 1999], 
based on measurements of high-speed, long addendum spur gears, reported that 
windage power loss was proportional to the 2.8th power of the rotational speed and also 
that the inertial losses resulting from the impinging oil jet were linearly proportional to 
the 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. 

Table 1 is divided into experimental and modeling studies into WPL for spur, 
helical, and bevel gears. 

OIL CHURNING POWER LOSSES 

Most of experimental studies considered a single gear, disk, or bladed rotor 
immersed in oil [Daily, J., and Nece, R., 1960], [Mann, R., and Marston, C., 1961], 
[Soo, S. L., and Princeton, N. J., 1958]. These oil churning studies were also devoted to 
developing empirical equations to obtain a dimensionless churning moment coefficient. 
[Daily, J., and Nece, R., 1960] proposed four different flow regimes around a rotating 
disk fully submerged in fluid and correlated these flow regimes to Reynolds number and 
enclosure effects based on experimental results. Mann and Marston [Mann, R., and 
Marston, C., 1961] studied friction drag of bladed and unbladed disks and related 
experimental results to a moment coefficient based on Reynolds number and axial 
clearance with the chamber, etc.  

However, in the case of gears, there are fewer empirical models and, because of 
experimental difficulties, measurements of thermal performance and power losses have 
been limited. The first in situ temperature measurements date back to the classic works 
by [Blok, H., 1937], [Niemann, G., and Lechner, G., 1965], while the specific studies on 
churning losses comprise those of [Terekhov, A. S., 1975], [Lauster, E., and Boos, M., 
1983] and, more recently, [Boness, R. J., 1989] and [Changenet, C., and Velex, P., 
2007]. 

[Terekhov, A. S., 1975] developed empirical relations for a dimensionless 
moment coefficient from numerous experiments on gears rotating partially submerged 
in a fluid and identified separate power loss equations for meshed gears rotating upward 
or downward in an oil bath. [Boness, R. J., 1989] conducted friction torque tests with a 
simple bench setup using smooth disks of various diameters and face widths, which 
were partially submerged in high-viscosity oil, and compared these results to 
experimental observations with a gear (See table 2).  

More recent efforts using similar methods include that by [Höhn, B.-R., 
Michaelis, K., and Vollmer, T., 1996], [Luke, P., and Olver, A., 1999], and [Changenet, 
C., and Velex, P., 2007]. 

[Luke, P., and Olver, A., 1999] performed a number of experiments to determine 
churning loss in single and meshed spur gear pairs. They compared their experimental 
observations on spin power losses with the empirical formulations of [Boness, R. J., 
1989] and [Terekhov, A. S., 1975] and found that contrary to what Bones had predicted, 
the spin power losses were not strongly affected by the viscosity of the lubricant. 
Furthermore, their observations called into question the attempt used to characterize 
spin power loss based on a Reynolds number dependent on lubricant viscosity.  
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 [Ariura, Y., Ueno, T., and Sunaga, T., 1973] measured losses from jet-lubricated 
spur gear systems experimentally. They proposed an analysis of the power required to 
pump the oil trapped between mating gears.  

[Akin, L. S., and Mross, J. J., 1975], [Akin, L. S., Townsend, J. P., and Mross, J. 
J., 1975] analyzed the effect of rotationally induced windage on the lubricating oil 
distribution in the space between adjacent gear teeth in spur gears. The purpose of their 
study was to provide formulations to study lubricant fling-off cooling. They proposed 
that impingement depth of the oil into the space between adjacent gear teeth and the 
point of initial contact was an important aspect in determining cooling effectiveness.  

[Pechersky, M. J., and Wittbrodt, M. J., 1989] analyzed fluid flow in the meshing 
zone between spur gear pairs to assess the magnitude of the fluid velocity, temperature, 
and pressures that result from meshing gear teeth.  

A more recent study by [Changenet, C., and Velex, P., 2007] investigated the 
influence of meshing gear on oil churning power losses by performing a number of gear 
oil churning experiments to come up with empirical formula for power losses. 
Parameters included were gear module, diameter and face width, speed, and lubricant 
viscosity. Their empirical formula (See table 2) suggested that the influence of viscosity 
on oil churning loses is insignificant with regard to viscosity at high speeds of rotation 
for single gears, corroborating similar findings from the experimental observations of 
[Luke, P., and Olver, A., 1999].  

Another relevant work by [Höhn, B.-R., Michaelis, K., and Vollmer, T., 1996] 
also stresses this apparent lack of dependence of oil type on load-independent losses. In 
their experiments, [Höhn, B.-R., Michaelis, K., and Vollmer, T., 1996] measured gear 
and bearing power losses, and forged a balance between generated heat in the gearbox 
due to gears and bearings and the dissipated heat in the form of free and forced 
convection and through radiation as well, from housing and rotating parts, to calculate 
mean lubricant temperature.  

CONCLUSIONS 

This review describes a number of studies that have investigated gear windage 
and churning power loss. While it is clear from all of these investigations that the 
rotational speed, gear geometrical parameters, degree of confinement, and density of the 
fluid surrounding the gear are important, the degree of effect and general solutions for 
reducing power loss are less clear. The majority of the modeling methodologies are 
experimental correlations derived from specific experiments that have unique elements, 
making a general conclusion regarding the best methodology difficult. The 
methodologies do allow a general assessment of the expected levels of gear windage 
and churning present in a specific design and possible routes to reducing gear windage 
and churning power loss. It is clear from this review that a modeling methodology 
capable of being used for all gear types and configurations is required, which allows 
analysis of the fluid dynamics phenomena.  
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NOMENCLATURE 

d = pitch diameter (m)                                            = helix angle (deg) 
b = face width (m)                                                  r = pitch radius (m) 
m = tooth module                                                   z = number of teeth 
N = rotational speed (rpm)                                     = speed (rad/s) 
Re = Reynolds number                                          Fr = Froude number 
h = immersion depth of a pinion (m)                     Sm = immersed surface area of the 

pinion (m2) 
 = density                                                             V0 = oil volume (m3) 

i = current (amps)                                                  v = voltage (volts) 
 = dynamic fluid viscosity                                    = kinematic viscosity (m2/s) 
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ПОТЕРИ МОЩНОСТИ В ЗУБЧАТЫХ ПЕРЕДАЧАХ,  
НЕ ЗАВИСЯЩИЕ ОТ ПЕРЕДАВАЕМОЙ НАГРУЗКИ 

Ставицкий В., Носко П., Филь П., Карпов А., Величко Н. 

Аннотация. Статья посвящена обзору экспериментальных исследований и существующих 
математических моделей для определения потерь мощности, не зависящих от нагрузки 
(аэродинамические потери, потери на периодическое сжатие и расширение в защемленном зубьями 
объеме) прямозубых, косозубых и конических колес.  Цель данного обзора — помочь разработчикам 
зубчатых передач провести  сравнительный анализ опубликованной экспериментальной и модельной 
информации. На основании проведенного обзора сделан вывод о значительном влиянии на 
аэрогидродинамические потери скорости вращения зубчатых колес, их геометрических параметров, а 
также плотности и вязкости масла и масляно-воздушной смеси. 

Ключевые слова. Передачи, колеса, аэрогидравлические потери, потери на сжатие, эффективность 
зубчатых передач, эмпирические модели. 


