
Mechanism and Machine Theory 86 (2015) 48–61

Contents lists available at ScienceDirect

Mechanism and Machine Theory

j ourna l homepage: www.e lsev ie r .com/ locate /mechmt
An experimental investigation of spin power losses of a
planetary gear set
A. Kahraman a,⁎, D.R. Hilty a, A. Singh b

a The Ohio State University, Columbus, OH, USA
b General Motors Powertrain, Pontiac, MI, USA
a r t i c l e i n f o
⁎ Corresponding author. Tel.: +1 614 292 4678.
E-mail address: kahraman.1@osu.edu (A. Kahraman

http://dx.doi.org/10.1016/j.mechmachtheory.2014.12.00
0094-114X/© 2014 Published by Elsevier Ltd.

Page 1 of 14
a b s t r a c t
Article history:
Received 18 August 2014
Received in revised form 2 December 2014
Accepted 3 December 2014
Available online xxxx
This experimental study investigates the contributions of the key components of load
independent (spin) power losses of planetary (epicyclic) gear sets. A dedicated test set up is
developed to operate a planetary gear set under unloaded conditions in various hardware
configurations within a wide range of speed. Torque provided to the gear set is measured as the
spin torque loss. A test matrix is executed specifically to measure total spin loss of the gear set
as well as the contributions of its main components, namely drag loss of the sun gear, drag loss
of the carrier assembly, pocketing losses at the sun planet and ring planetmeshes, viscous planet
bearing losses, and planet bearing losses due to centrifugal forces caused by the rotation of the
carrier. Variations of the same gear set are tested and results from these tests are compared to
estimate and rank order the contributions of these components of power loss. Impact of the
rotational speed and oil temperature levels on each component is also quantified.

© 2014 Published by Elsevier Ltd.
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1. Introduction

Powertrain efficiency has become a major topic in recent years within the transportation, aerospace, and energy industries due to
continuously increasing fuel prices and growing concern over sustainability and the environmental impact of fossil fuels. As part of
this focus, power losses from transmissions have become one of the major concerns of drive train engineers. On the automotive
side, automatic transmissions employ co axial designs where multiple stages of planetary (also called epicyclic) gear sets and wet
clutches are used to obtain different gear ratios. As such, the efficiency of the planetary gear sets dictates the overall efficiency of
these transmissions. Furthermore, the push towards having transmissions with larger number of forward ratios often results in
kinematic configurations that might operate planetary gear sets at higher speeds, presenting additional challenges in terms of
drivetrain efficiency.

Power losses of any gear system can be classified in two major groups. One group of losses, often referred to as mechanical
(load dependent) power losses, are induced by friction at the lubricated gear and bearing contacts and increaseswith the torque
transmitted by the gear system. The second group of losses is formed by load independentmechanisms, often referred to as spin
power losses. The term spin loss is used loosely to define losses taking place due to rotation of the system without transmitting
any torque. In gearboxes that operate in dip lubrication conditions, spin losses represent losses associated with the churning
(drag and pocketing) of oil surrounding the gears and bearings. In planetary gear systems, oil is typically delivered to gear
and bearing contact interfaces through lubrication paths, designed to spread oil from the rotational center outwards. Under
such conditions, gears and bearings are often subject to a certain mixture of oil and air.
).
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The major sources of spin loss within a planetary gear set comprise (i) viscous drag loss associated with spinning components,
namely gears, bearings and the carrier assembly (carrier with planet gears mounted on it), (ii) pumping of lubricant and air from
the spaces between meshing gear teeth, and (iii) friction induced losses occurring at planet gear bearings due to centrifugal forces
while the gear set free spinning. The drag power losses (Pd) are those associated with the interactions of each individual gear and
the carrier assemblywith the surroundingmedium,wherewindage refers to drag on a component spinning in air, and churning refers
to drag associated with lubricant interaction for a component that is fully or partially immersed in oil. The three main sources of drag
power loss of a planetary system are sun gear drag (Pds), planet carrier assembly drag (Pdc), and ring gear drag (Pdr). Any of these com
ponents that are stationary would result in zero drag. Each drag power loss term represents the sum of (i) power loss due to oil/air
drag on the periphery (circumference) of the gear or carrier, and (ii) power loss due to oil/air drag on the faces (sides) of the gear
or carrier [1 3]. The total drag power loss of the planetary gear set is given as the sum of each source as follows:
age
Pd Pds þ Pdc þ Pdr : ð1Þ
The pumping power losses (Pp) are caused by gears squeezing (or pumping) oil (or oil air mixture) out of the space between the
teeth contracts as they roll intomesh [1,4]. These losses occur at each sun gearmesh with planets (Pps) as well as at themeshes of the
ring gear with planets (Ppr) such that
Pp N Pps þ Ppr

� �
ð2Þ
where N is the number of planet gears in the gear set.
The planet bearing spin losses (Pb) can be described in terms of (i) load dependent (mechanical) losses and (ii) viscous (load in

dependent) power losses. Each planet bearing and washer is subject to viscous power loss Pvb. In addition, the rotation of the carrier
causes centrifugal forces Fb =mrωc

2 acting on each planet radially. Here,m is themass of a planet including its bearing, r is the radius
of the circle defined by planet centers (sun planet center distance), andωc is the carrier rotational speed. These centrifugal forces in
duce load dependent friction drag at each planet bearing in spite of the fact that nomechanical power is transmitted by the gear set.
These radial forces result in certain power losses denoted here as Pbg. In its simplified form, power loss of a cylindrical roller bearings is
given as [5,6]
Pgb Cgbm: ð3Þ
Here Cgb = f1dmrωc
2ωb where dm being the bearing pitch diameter, ωb being the bearing speed (relative speed of the planet gear

with respect to the carrier) and f1 being an application constant determined through testing. For α = ωb/ωc, Cgb = f1αdmrωc
3. With

this, total power loss associated with all of the planet bearings of the planetary gear set is given as
Pb N Pvb þ Cgbm
� �

: ð4Þ
Summing these three main sources of power losses, the overall spin power loss of an N planet planetary gear set can be
written as
P Pd þ Pp þ Pb: ð5Þ
The majority of literature concerning power losses in gears pertains to mechanical efficiency of counter shaft (fixed center)
gearing applications. Mechanical efficiency models based on elastohydrodynamic lubrication formulations have been proposed in
recent years to investigate the impact of lubricant parameters, surface conditions (magnitude and lay of the surface roughness),
gear geometry and operating conditions on contact friction and mechanical power losses (e.g. ref. [7 10]). Likewise, there have
been a limited number of detailed experimental investigations of spur and helical gear mechanical power losses to provide much
needed experimental databases [11]. Furthermore, some of these models [7,8] were compared to these experiments to demonstrate
their accuracy. These studies, while significant to describe load dependent power losses of gears, are of limited relevance to this study,
which focuses on spin power losses.

Some studieswere conducted to investigate spin power losses of fixed center spur and helical gears. These studies exclude bearing
losses as fixed center gear systems can be studied separately from bearing losses. Studies such as references [12 15] presented
empirical or computational fluid mechanics based models of windage power losses for single gears in air. Some others [16 18]
empirically studied churning effects of a single disk or a gear rotating while partially and fully immersed in oil, thus capturing drag
effects caused by dip lubrication. Meanwhile, others [10,11,19 21] aimed at determining spin losses of counter shaft spur or helical
gear pairs in mesh with viscous drag and pocketing losses lumped together. Further studies by Perchesky and Whidtbrott [22] and
Diab et al. [23] presented models describing pocketing behavior, and Ariura et al. [24], Seetherman and Kahraman [1 3], Talbot
et al. [4], and Changenet and Velex [25], presented models capable of separately characterizing pocketing and drag losses for fixed
center gear pairs in mesh. These single gear or gear pair spin loss studies form a solid foundation for characterizing spin power losses
present in fixed center gearing applications. Their applicability to planetary gear systems, however, is yet to be demonstrated as a
planetary gear set possesses unique kinematic and mechanical features including planet bearings, rotating planet carrier, more com
plex lubrication schemes, and multi mesh external and internal gearing interactions.
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Most planetary gear sets employ cylindrical roller bearings to support the planet gears. These bearings can rotate at high speeds,
generating sizable power losses due to viscous effects and contact friction. As these bearings are an integral part of the planetary
system, their power losses also need to be studied. The large majority of literature on roller bearings has been confined to studies
of dynamics, load distribution, and fatigue life. Certain subsets of these studies [26 29] focused specifically on planet cylindrical roller
bearings using planet gear bores as outer raceways. More recently, Talbot el al [30] proposed a mechanical power loss model of
cylindrical roller bearings under combined radial force and overturningmoment loading, by incorporating a bearing load distribution
model with an elastohydrodynamic rolling power loss model.

Most of the planetary gear train efficiency studies available in the literature (e.g. refs. [31 34]) employed a gear train kinematics
point of view. These studies aimed at determining the overall mechanical efficiencies of planetary drive trains using speed and torque
equations. They were effective in comparing different transmission designs in terms of their approximate efficiency outcome for
designing systems with minimal power recirculation, but they all assumed a constant mechanical efficiency value η for each gear
mesh in contactwith no account ofmechanical losses of planet bearings or any of the spin power losses. These assumed that efficiency
values had no physical backing, and failed to include the speed, load, surface roughness and lubrication effects on efficiency. In one of
the early attempts in prediction of power losses of planetary gear sets, Anderson et al. [35] modeled power losses in planetary gears
using empirical equations derived for counter shaft spur gears. Gearmesh pumping and churning losses were not taken into account.
Also, the experiments conducted did not isolate any source of power loss, and so it could not be determined whether each source of
power loss was accurately modeled.

A recent study by Talbot et al. [36] presented the results of an extensive experimental planetary gear set efficiency study, including
the effects of load, speed, oil temperature, number of planets and gear tooth roughness amplitudes on power losses. By performing
measurements loaded and unloaded experiments at the same speed values, they were able to separate spin and mechanical losses.
Most recently, the same authors [37] proposed a planetary gear set efficiency prediction methodology including both spin and
mechanical losses. Their methodology employed a number of published physics based component power loss model, namely, the
elastohydrodynamic lubrication based mechanical gear loss model of Li and Kahraman [9], mechanical bearing loss model of Talbot
et al. [30], drag lossmodel of Seetharaman and Kahraman [1], the gearmesh pocketingmodel of Talbot et al. [4] aswell as the bearing
viscous loss equations of Harris and Kotzalas [5].

This existing body of work falls short of bringing an understanding of spin power losses taking place in planetary gear sets under
unloaded conditions. In automotive transmissions, losses taking place under unloaded or lightly loaded conditions are of special
interest for two reasons. First of all, automatic transmissions and transfer cases might operate certain decks of planetary gears
under no load according to specific kinematic configurations defining each gear ratio or power flow condition [38]. Secondly, the
duty cycles used to evaluate the fuel economy of a vehicle typically contain ample high speed, low torque driving conditions
representative of highway driving conditions. The purpose of this study is to experimentally investigate spin power losses of plane
tary gear systems. A set of experiments is carried out on a single set of unloaded, helical planetary gears using different hardware and
gearing configurations. The data from these experiments are then used to isolate and quantify the components of spin power loss
included in Eqs. (1) (5) and their contributions to the overall spin power loss of the planetary gear set operating throughout the
ranges of speed and temperature seen in typical automotive transmissions. The specific objectives of this study are as follows:

• Develop a test set up capable of spinning a single set of planetary gears at high carrier speeds under no load with controlled lubri
cation condition and accurately measure power loss.
Fig. 1. Efficiency test machine with the planetary test gearbox.
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• Develop and implement a repeatable and realistic test methodology that utilizes various hardware and gearing configurations to
eliminate, change, or isolate key components of the spin power loss of a planetary gear set.

• Present spin power loss data and comparisons that demonstrate trends in spin power losswith respect to speed and temperature for
all hardware configurations.

• Isolate and rank order the main components of the spin power loss and demonstrate the magnitudes and contributions of these
components to the overall spin power loss throughout ranges of the carrier speed and lubricant temperature.
2. Experimental set-up

A planetary gearboxwas designed, fabricated and incorporatedwith an existing high speed test bed used in several earlier studies
[2,11,12]. The gearboxwas intended to support a planetary gear set for operation under unloaded, high speed conditions. Fig. 1 shows
the test machine with the planetary gear test fixture. It comprises a high speed AC motor drive and a belt drive connecting the AC
motor to a high speed spindle. At the end of the spindle, a precision torque sensor and a flexible coupling are placed to measure
the torque provided to any gearbox mounted on the test bed. The test machine was designed to rotate any test gearbox at speeds
up to 10,000 rpm. An external lubrication system provides lubricant to the test gearbox at a desired flow rate and temperature within
the range of 30 to 120∘C.

The example epicycylic gear set identified for this study was used earlier by Ligata et al. [39,40] for planet load sharing studies,
Inalpolat and Kahraman [41,42] for planetary sideband modulation studies and finally by Talbot et al. [36] for planetary gear set
mechanical efficiency studies. In all earlier investigations, the gear set was operated in a back to back power circulation scheme to
allow testing under loaded gearing configurations. In those studies, torque was input through the sun gear, while the planet carrier
was the output member. The ring gear was held stationary through external splines. In this kinematic configuration, with the design
parameters of the test gear set defined in Table 1, a carrier to sun gear speed ratio of 1:2.712 was achieved. In this study, a kinematic
configuration was chosen with the carrier as the input member and the ring gear as the fixed member. In this configuration, a carrier
speed of 3000 rpm is considered, corresponding to a sun gear speed of about 8136 rpm and a planet bearing speed (relative to its
carrier) of about 14,400 rpm. These maximum speed values were deemed sufficient to study spin losses of planetary gear sets used
for automotive applications.

A cross sectional side viewof the gearbox is shown in Fig. 2(a) to specify its support flange andbase plate, whichwere designed for
the gearbox to be compatiblewith the existing testmachine. Also illustrated in this figure is the lubricant reservoir housing around the
gearbox. Focusing on critical details of the gearbox design, Fig. 2(b) shows a three dimensional cross sectional view with all key
components labeled. The input shaft shown in this figure was supported by two rolling element bearings (SKF 6207 deep groove
ball bearing). A flange in the middle of the shaft was press fit into the planet carrier and fastened with a set of bolts such that
(i) the carrier is the input member and (ii) it was supported rigidly in both radial and axial directions. Both rolling element bearings
were supported on their outer races by a two piece housing. The front side of the housingwasmounted on the vertical support flange
to achieve a position such thatwhen the sliding test bedwasmoved to forward position, the splined endof the input shaft engaged the
flexible coupling on themachine. The two sides of the housingwere piloted radially by the ring gear adaptor, which was sandwiched
between the front and backhousing details via a set of bolts. The inner surface of the ring adaptor had internal splines designed to hold
the ring gear stationary.

Each planet gearwasmounted to the carrier through a pin, two rows of caged needle bearings and two thrustwashers as labeled in
Fig. 2(b) and shown in Fig. 3(a). Fig. 3(b) shows an assembled carrierwith six planets. Since the carrierwas designed to be taken apart
to replace planet components, two retaining rings were devised, one on each side of the carrier, to prevent axial movement of planet
pins. In addition, one of these retainer rings prevented any rotations of the pins with respect to the carrier while the other retaining
ring acted as a lubricant catcher to increase the oil flow to the planet bearings.

The sun gear was held in position axially between the carrier and the back housing detail by a pair of thrust bearings (SKF AXK
90120). As the gears are of helical type, the axial thrust force acting on the sun gear was taken by these thrust bearings shown in
Fig. 2(b). No radial constraints were applied to the sun gear. Therefore, an ideal radial floating condition could be achieved to prevent
undesirable load sharing issues [40,41]. Fig. 3(c) shows a view of the ring, sun, and planet gears.
Table 1
Basic design parameters of the test e gear set used in this study [39].

Parameter Sun Planet Ring

Number of teeth 73 26 125
Normal module [mm] 1.81 1.81 1.81
Pressure angle [deg.] 23 23
Helix angle [deg.] 13.1 13.1
Center distance [mm] 92.1
Active face width [mm] 25 25
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Fig. 2. (a) Cross-sectional side view and (b) isometric cross-sectional view of the test gearbox showing its components.
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Lubrication of the contacts of a planetary gear set is more complex than that of counter shaft gearing. Neither the dip lubrication
method nor the jet lubrication method is optimal for planetary gears. Since the planets rotate in most cases, application of dip
lubrication at a certain oil level is risky since planet meshes are forced to operate above the oil level for certain portions of carrier ro
tation. Likewise, it is not practical to design oil manifolds that rotate with the carrier such that the nozzles of jet lubrication follow the
meshes of the rotating planets. The most common planetary lubrication system used in various systems such as automatic transmis
sionshas been the application of the oil from the rotational center of theplanetary gear set. Thisway, the centrifugal forces push theoil
radially outward, directing it to gearmesh and bearing locations through carefully designed paths. The gearboxwas lubricated using a
typical automatic transmission fluid (ATF). The lubricant was supplied and extracted from the gearbox by a temperature controlled
external lubrication system with a large reserve. This system is capable of holding the temperature of the fluid within 5 degrees of
desired set temperature. Temperature of the oil was measured within the reservoir and at the inlet to the gearbox.

Large openings machined in front and back sides of the housing, as shown in Fig. 2(b), ensured that the oil pumped through the
gear set drained out of the gearbox so that any dip lubrication conditions are prevented. The lubricant drained from the gearbox
was accumulated in a large reservoir that contained the gearbox, as shown in Fig. 2(a). Oil collected in the bottom of the reservoir
was pumped by a sump pump back to the external lubrication system.
Page 5 of 14 GKN 2008



Fig. 3. (a) A test planet gear with its pin, bearings and thrust washers, (b) the carrier assembly, and (c) the gears of the test gear set.
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2.1. Various test hardware options

Per the scope of this study, the power losses caused by viscous air/oil drag on the sun gear and planet carrier, Pds and Pdc, air/oil
pumping at each sun planet and ring planet meshes, Pps and Ppr, and the viscous and load dependent friction within the planet bear
ings, Pvb and Pgb, were considered in this study. The ring gear did not have any drag loss (Pdr =0) in this case since it was stationary.
With that, the total spin power loss of an N planet planetary gear set in Eq. (5) reduces to
age
P Pds þ Pdc þ N Pps þ Ppr

� �
þ N Pvb þ Pgb

� �
: ð6Þ
Variations to the baseline gear set configuration were designed and implemented to isolate various components of power losses.
These variations included running tests with missing or modified hardware. The intent of testing with these variations was to collect
data under conditions when some of the components of the power loss specified in Eq. (6) were changed or absent. These conditions
and associated hardware variations are described below.

(i) Case of no sun related power losses. This variation required operation without a sun gear, hence, removing sun drag (Pds) and
sun planetmesh pumping losses (Pps) fromEq. (6).While theplanetary gear set can be rotatedwith no sun gear, the additional
space created in the absence of the sun gear impacts the lubricant flow paths, potentially influencing the other components of
power loss. In order to avoid changes in the lubricant flow, a non rotating dummy disk made out of a polymer material was
designed to occupy the space of the sun gear.

(ii) Case of no pumping losses. It was shown in Ref. [1 4] that losses associated with the pumping of medium from the gear mesh
cavities were strongly related to the affective face widths of the gears. In order to create a condition when all the power loss
components in Eq. (6) were present except the pumping losses Pps andPpr, a set of planet gears with significantly reduced
face widths were designed and fabricated. Fig. 4(a) shows a baseline full face width planet gear with a 25 mm face width
while Fig. 4(b) shows a reduced face width version with only 3.175 mm face width.

(iii) Case of reduced centrifugal effects. As stated earlier, the term Pgb in Eq. (6)was intended to represent bearing losses caused by the
centrifugal forces of planets rotating with the carrier. In order to create an operating condition where these forces were signif
icantly less, another variation of planet gears with reduced mass was designed and procured. As shown in Fig. 4(c), these had
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Fig. 4. (a) A baseline planet gear, (b) a reduced face width planet gear and (c) a reduced mass planet gear.
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the same geometrical features as the baseline planets but had amuch lowermass. These gears weremade of PEEK plastic resin.
This material had a density of 1300 kg/m3, compared to 7800 kg/m3 of steel. Therefore, the material maintained the shape
mimicking steel gears throughout the testing temperature range while only contributing a fraction of the weight of steel
gears. Since the bores of planets serve as the outer raceways for the planet bearings, a thin (3.2 mm) steel insert was pressed
into each plastic planet. This ensured that the interactions between the bearings and washers with the planet remained the
same as the baseline conditions. The mass of a plastic gear, shown in Fig. 4(c), was only 0.06 kg, slightly over one third of
the 0.17 kg baseline planet gears.

In addition to above variations requiringdifferent hardware, the existinghardware could also be used in different configurations to
represent different power loss combinations. One such configurationwas obtained byusing the current carrierwith only three planets
instead of six. In this case, while the drag components of losses were retained, the planet related losses were reduced to half. Another
configuration involved the gear set operatedwithout the sun and ring gears. In this case, nomeshing action took place, so the velocity
of the planets relative to the carrier was zero. Therefore, the only active power loss component was expected to be Pdc, which also in
cluded the losses associated with the rolling element bearings holding the carrier shaft and the oil seal.
2.2. Test procedure, data acquisition and test matrix

Special carewas taken to ensure that the samehardware and gearing alignmentswere used for every test. Thiswas done to ensure
that any small amount of power loss caused by hardware manufacturing errors was consistent throughout all tests where possible.
The same sun and ring gears were used for every test in which a sun or ring gear was present. Planet gears, washers, and bearings
were replaced on a few occasions between testing, but an extensive gear run in procedure was followed after each hardware change
to ensure that the friction properties within the gearbox did not drastically change during testing due to gears running in. Each set of
planet hardware was numbered to identify with which pin locations it would occupy. One tooth on each planet was marked as a ref
erence tooth, and planets were assembled in the gearbox such that these reference teethwere positioned radially outwards. Likewise
marked reference teeth on the sun and ring gears were aligned initially with the first planet. This way, any run out or eccentricity re
lated effects would be repeated in each test in an attempt to reduce variability. For the tests with three planets, the planets, washers,
and bearings housed in the first, third, and fifth planet locations in the carrier were removed. The planet gear pins associatedwith the
removed planets remained installed in the test machine to ensure consistent lubrication system behavior between tests run with six
and three planet configurations.

A high precision non contact digital torque sensor (full scale range of 50 Nmwith an installed linearity of 0.03% of full scale) was
used tomeasure the torque T provided to the planetary gear set, representing the torque loss of the gear set. Due to the high accuracy
required in tests, the torquemeter was recalibrated after each test. The gear set was put through a run in cycle before the actual tests
gears to ensure that the bearings operate under stable run in surface roughnesses.
Page 7 of 14 GKN 2008
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Each test was conducted by starting up the test machine at the desired test speed and recording (i) input torque to the gearbox T,
(ii) planet carrier speed ωc, and (iii) the temperatures at the fluid system reservoir and the inlet to the shaft lubrication system. All
data was then averaged over the test period to arrive at a set of representative values of T, ωc, and reservoir and shaft inlet tempera
tures for each test. Each test was run for a period of 10 min. The total spin power loss of the gearbox within the tested configuration
was then computed as P = ωcT.

A test matrix shown in Table 2 was defined to generate data for four different variations. Test A used a 6 planet carrier with base
line, full facewidth planets. Test B again used baseline planets, but in a 3 planet carrier arrangement. Test Cwas done using a 6 planet
arrangement with reduced face width steel planets while Test Dwas performed by using the 3 planet arrangement with the reduced
mass plastic gears. For tests A to C, three variationswere considered: (1) complete gear setwith both sun and ring gear active, (2) gear
set without the sun gear (with the dummy disk in place of the sun gear) and (3) gear set without both sun and ring gears. With this
notation, Test 3C, for instance, represents tests with no sun or ring gear andwith a 6 planet carrier housing reduced facewidth planet
gears. Meanwhile, Test D was only conducted using variation (2) with no sun gear. Accordingly, measured spin power loss values for
each test configuration represented the following variations of Eq. (6):
Table 2
Spin po

Test

1A
2A
3A
1B
2B
3B
1C
2C
3C
2D

age
P1A Pds þ Pdc þ 6 Pps þ Ppr

� �
þ 6 Pvb þ CgbmAB

� �
; ð7aÞ
P2A Pdc þ 6Ppr þ 6 Pvb þ CgbmAB

� �
; P3A Pdc; ð7b; cÞ

P1B Pds þ Pdc þ 3 Pps þ Ppr

� �
þ 3 Pvb þ CgbmAB

� �
; ð7dÞ

P2B Pdc þ 3Ppr þ 3 Pvb þ CgbmAB

� �
; P3B Pdc; ð7e; fÞ

P1C≅Pds þ Pdc þ 6 Pvb þ CgbmC

� �
; ð7gÞ

P2C≅Pdc þ 6 Pvb þ CgbmC

� �
; P3C Pdc; ð7h; iÞ

P2D Pdc þ 3Ppr þ 3 Pvb þ CgbmD

� �
: ð7jÞ
Here, the load dependent bearing power loss is described by the relation Pgb = Cgbm as explained in Section 1, wheremAB is the
mass of a full face width steel planet gear as shown in Fig. 4(a), mC is the mass of a reduced face width steel planet gear as shown
in Fig. 4(b) andmD is the mass of a reduced mass plastic planet gear as shown in Fig. 4(c). These 10 variations of spin loss measure
ments were then used to estimate the contributions of different power loss components defined in Eq. (6).

Each test configurationwas run at two different oil temperatures of 40 °C and 90 °C. The contributions of various lossmechanisms
may be different at the two test temperatures since ATF experiences significant changes in viscosity with respect to temperature [11].
Each test variation at each temperature level was run at 6 discrete input (carrier) speeds ranging from ωc = 500 to 3000 rpm (in in
crements of 500 rpm).With 10 hardware variations (1A to 2D in Table 2), two temperature levels and 6 speed values at each temper
ature value, a total of 120 pieces of data were defined in this test matrix, excluding the repeatability tests.

In order to demonstrate the repeatability of the measurements, test group 1A in Table 2 was chosen as the repeatability test con
dition, and several 1A tests were performed at various stages of the test program. These tests were staggered throughout the entire
wer loss planetary gear configuration test matrix.

Number of Planets, n Sun gear Ring gear Planet gears

6 Yes Yes Baseline
No Yes Baseline
No No Baseline

3 Yes Yes Baseline
No Yes Baseline
No No Baseline

6 Yes Yes Reduced face width
No Yes Reduced face width
No No Reduced face width

3 No Yes Reduced mass
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Fig. 5.Measured power losses from Test 1A repeatability tests at 90 °C.
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test program to ensure that no tangible changes took place to the test conditions, the measurement system, or the test articles that
would have an effect on P measurements. Fig. 5 compares the P values measured through five different 1A tests at various input
speed values at 90 °C showing acceptable levels of repeatability.

The spin power loss values P1A through P2D in Eqs. (7a) (7j) represent a certain sub set or variations of the total planet gear set
spin power loss expression given in Eq. (6). A direct measurement of every component of the spin power loss without others present
is not possible as these components cannot be separated physically. For instance, one cannotmeasure bearing viscous loss Pvbwithout
Fig. 6.Measured power losses (a)P1A, P2A, and P3A, (b) P1B, P2B, and P3B, (c)P1C, P2C, and P3C, and (d) P2B and P2D as functions of ωc at 40 °C.
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having the centrifugal loss Pgb. Likewise, pocketing losses Pps and Ppr cannot be isolated from the drag losses Pds and Pdc. However, each
component of power loss in Eq. (6) can be estimated indirectly by comparing the results from each test variation P1A to P2D. Here, the
term “estimation” is used in place of “measurement” to indicate that the results are a composite of two or more individual experi
ments, rather than being direct measurements.

3. Experimental results

Themeasured spin power loss results from the tests listed in Table 2, denoted P1A through P2Dmeasured from tests 1A through 2D,
are shown in Fig. 6 at an oil inlet temperature of 40 °C. In this figure, individual graphs are provided to compare (P1A,P2A,P3A), (P1B,P2B,
P3B) and (P1C, P2C, P3C) as well as a separate plot for P2D. In Fig. 6(a), the contributions from Pps and Pds can be seen as the difference
between P1A values from the example gear set under baseline condition 1A (with six full face width steel planets and sun and ring
gear), and P2A from test 2A with no sun gear (no sun drag and pocketing losses). In this figure, P1A is about 3.85 kW at
ωc = 3000 rpm while P2A reaches only about 2.92 kW at the same speed. The contributions of Ppr, Pvb, and Pgb with the mass of the
baseline planet gear mAB can be viewed as the difference between tests P2A and P3A. P3A values represent the test condition 3A,
where the sun and ring gears are removed (only the contribution of Pdc is present). At ωc = 3000 rpm, P3A is measured to be only
0.35 kW. The corresponding tests 1B, 2B and 3B with the 3 planet carrier yield results (Fig. 6(b)) considerably less than those for
the 6 planet carrier. For instance, P1B is about 1.48 kW lower than P1A atωc=3000 rpm. This decrease represents the losses associated
with the three missing planets. Values of P2B and P3B are again smaller compared to P1B, as expected.

The tests with reduced face width planets (tests 1C, 2C) in Fig. 6(c) reveal lower loss values than those from full face width planet
tests (1A and 2A) in Fig. 6(a). For instance, at 3000 rpm, P1C is about 0.88 kW lower than P1A at 40 °C. This reduction in power loss can
be attributable to the pocketing loss term 6(Pps+ Ppr) in Eq. (6). Finally, in Fig. 6(d),measured P2D (representing test 2Dwith reduced
mass gears and no sun gear) values are presented. They are compared to the corresponding P2B values in this figure to illustrate the
influence of losses associated with the centrifugal loads due to the planet mass. Here P2B is only 0.05 kW higher than P2D at
ωc = 3000 rpm, suggesting that the centrifugal effects are secondary in this case.
Fig. 7. Comparison of (a) P1A, (b) P1B, (c) P1C, (d) P2D as functions of ωc at 40 and 90 °C.
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Direct comparisons between the power lossmeasurements at 40 and 90 °C aremade in Fig. 7. The viscosity of theATF lubricant is a
key parameter for all of the components of power loss. A decrease in oil viscosity was shown to decrease both pumping and drag
power losses of spur and helical gears [1,2,11] operating under jet or dip lubrication conditions as well as and hypoid gear [43,44].
The ATF used in this study has a kinematic viscosity of 29.5 cSt at 40 °C and only 7.15 cSt at 90 °C [11]. As seen in Fig. 7, this directly
impacts the resultant spin loss values. In Fig. 7(a), the P1A values at 40 °C are considerably higher than those at 90 °C. For instance, at
ωc=3000 rpm, P1A=3.85 kWat 40 °C and only 2.98 kWat 90 °C. This 0.87 kW (25%) difference seen in P1A is directly attributable to
the oil temperature. Similar trends are observed in Fig. 7(b− d) for P1B, P1C and P2D, respectively, further demonstrating the influence
of oil temperature and resultant changes in oil viscosity.

3.1. Determination of spin power loss components

Individual components of spin power loss defined in Eq. (6) can be estimated using the test data presented in Figs. 6 and 7 in view
of the set of Eqs. (7a) (7j). Various schemes were used here to estimate (i) the viscous drag losses Pdc and Pds from the planet carrier
and the sun gear, (ii) gear mesh pumping losses Pps and Ppr from the planet sun and the planet ring gear meshes, and (iii) planet
bearing viscous and mechanical friction losses (Pvb and Pgb).

According to Eqs. (7b,c), (7e,f), (7h,i), the carrier viscous drag loss Pdc should dictate the bulk of the losses in tests 3A, 3B and 3C
with the losses associated with the input shaft bearings and the seal also lumped with these measurements. Accordingly, the Pdc
values from these tests are given as
Pag
Pdc P3A: ð8Þ
The same can be found as Pdc = P3B or Pdc = P3C. The data presented in Fig. 6 indicates that Pdc values estimated by these three
separate tests are in close agreement.

The sun gear viscous drag loss Pds can be estimated by processing the losses from tests 1A, 2A, 1B and 2B as
Pds P2A−P1A þ 2 P1B−P2Bð Þ: ð9Þ
Alternatively, results of tests 1C and 2C can be used more directly to estimate the same as Pds = P1C − P2C. Next, the pumping
power loss of a single planet sun gear mesh (Pps) can be estimated as
Pps
1
6
P1A−P2A−P1C þ P2C½ � ð10Þ
Fig. 8. Components of the spin power loss of the 6-planet gear set at (a) 40 °C and (b) 90 °C.
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P

while there are two otherways to estimate the same from other combinations of tests. Likewise, an equation to calculate the pumping
power loss of a single planet ring gear mesh (Ppr) is given as
Fig

age
Ppr
1
6
2P2B−2P3B−P2C þ P3C½ � þ 1

3

mC−mABð Þ
mAB−mDð Þ P2B−P2D½ �: ð11Þ
In this equation, the first termwould be sufficient to estimate Pprwith the assumption that the difference inmasses of the full face
width and reduced facewidth planets (mAB andmC) is small enough to cause the same levels of bearing power losses. The second term
in this equation corrects for any differences in bearing power losses caused by a change in the mass of the planet gears due to the
reduction in the face width.

Meanwhile, the viscous (load independent) power loss Pvb of a single bearing can be estimated in two ways, one of which is
given below
Pvb
1
6
P2C−P3C½ �−1

6

mC

mAB−mDð Þ P2A þ P3A−2P2D½ �: ð12Þ
Again, the second term of this equation is to account for the differences in planet masses. Finally, the planet bearing mechanical
power loss parameter Cgb(Pgb = Cgbm) can be found as
Cgb
1

3 mAB−mDð Þ P2B−P2D½ �: ð13Þ
Using Eqs. (8) (13), each of the six power loss sources can be isolated and themagnitudes of their contributions to overall P can be
quantified. Fig. 8(a) and (b) show a break down of spin power loss components of the planetary gear set estimated by using the
scheme outlined above at 40 and 90 °C, respectively. In these figures, individual contributions of components Pds, Pdc, 6Ppr, 6Pps,
6Pvb and 6Pgb to the total power loss are shown. Here, P is calculated for test 1A as the sum of these components rather than using
the actual P1A measurements from test 1A. Several observations are made from these figures:

• The power losses caused by viscous effects at the planet bearings appear to be themost dominant components of the planetary gear
set spin loss. This is true at different temperatures aswell as throughout the entire carrier speed range. The 6Pvb values constitute as
much as 56% of the total power loss at 40 °C and 62% of the power loss at 90 °C. These percentages are rather consistentwith speed.

• Load dependent bearing losses caused by centrifugal forces represented by 6Pgb are almost nonexistent at lower speeds, but become
a more significant contributor at the higher speeds, especially at higher oil inlet temperatures where the elastohydrodynamic film
thicknesses along the contacts of the planet bearings become thinner to increase the corresponding mechanical losses.
. 9. Comparisons of the total power loss calculated from its components using Eq. (6) to the actual measurements from test 1A at (a) 40 °C and (b) 90 °C.
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• The gear mesh pumping losses are also a major contributor to the overall power loss. Here 6Ppr constitutes as much as 28% of the
total power loss at lower speeds for both temperatures, but its contributions decrease at higher speeds. This may indicate that it
does not rise as sharply with speed as some of the other forms of power loss. 6Pps, on the other hand, is negligible at lower speeds,
but increases sharply with speed, attaining as much as about 14% of the total power loss at high speeds for both temperatures. In
general pocketing losses at the ring planet meshes are higher than those at the sun planet meshes since the internal gear mesh
is more conformal resulting in an increase in the number of pockets formed. In addition, oil to air ratio of the medium pumped
out of the internal meshes can be expected to be higher than that of the external meshes since the oil spreads outward from the
center of the gear set accumulating along the ring gear.

• The power losses caused by viscous drag, Pds and Pdc, do not appear to be major contributors to P. In fact, Pds is almost negligible at
high speeds for both test temperatures, while Pdc accounts for about 7 9% of the total power loss throughout the range of speed.

In order to show that themethods used to separate sources of power loss, represented by Eqs. (8) (13) are reasonable, power loss
values calculated by using Eq. (6) from for a six planet system displayed in Fig. 8were compared to actualmeasurements from test 1A
test in Fig. 9(a) and (b) at 40 °C and 90 °C, respectively. At both temperatures, total spin loss P calculated as sum of its components
matches the direct measurements from test 1A (baseline 6 planet gear set) quite well. A difference well below 10% is observed be
tween the values calculated by using Eq. (6) as the sum of the components given by Eqs. (8) (13) and actual measurements for
the entire speed and temperature ranges. Such a difference can be viewed to be reasonably small, considering that many components
of power loss were calculated using data from different tests.

4. Summary and conclusion

An experimental study was performed to investigate the mechanisms of spin power loss of planetary gear sets. A test set up was
developed for this purpose with the capability of spinning a single, unloaded planetary gear set in various hardware configurations at
desired test speeds while measuring torque provided to the gear set. This torque value, representing the torque loss of the gear set,
was used to determine the spin power loss at a given speed value. It has been shown that this test machine as well as the test proce
dure implemented is capable of producing repeatable power loss measurements within wide ranges of speed and lubricant temper
ature. A test matrix was defined specifically to not only measure total spin loss but also provide test variations that can be used to
determine the contributions of the following main components of the power loss: (i) drag loss of the sun gear, (ii) drag loss of the
carrier assembly, (iii) pocketing losses at the sun planet meshes, (iv) pocketing losses at the ring planet meshes, (v) viscous planet
bearing losses, and (vi) planet bearing losses due to centrifugal forces. For this purpose, planetary gear set versions were developed
with different sets of hardware. These included reduced face width planets to eliminate the pocketing losses at the gear meshes
and reduced mass planets to alter the bearing losses caused by centrifugal effects. In addition, the test fixtures were designed to
allow operation without the sun gear or the ring gear to isolate the losses associated with them.

Based on the results presented in this study, several conclusions can bemade in regards to spin power losses of planetary gear sets.
First of all, the main premise of this study was that the spin power loss of a planetary gear set could be represented by a set of com
ponents consisting of viscous drag power losses on the sun gear and the planet carrier, gear mesh pumping losses in the planet sun
meshes and planet ringmeshes, and losses in the planet bearings attributed to viscous andmechanical (centrifugal load dependent)
friction. Tests have shown that this assumption is indeed valid, i.e. the total power loss can be considered as the sumof these relatively
independent components. This is rather significant especially formodeling efforts, indicating that individual models to predict each of
these power loss components can be superimposed to obtain the total spin power loss of a planetary gear set. Power losses caused by
viscous friction within the planet bearings were shown to be by far the most dominant sources of spin power loss, accounting for
about one half of the spin power loss at all temperatures in a 6 planet gear set with the mechanical bearing losses due to centrifugal
forces becomingmore significant at higher speeds. Gearmesh pumping losseswere also shown to be primary contributors to the spin
power losses while the contributions of the power losses caused by viscous drag being secondary. The temperature of the lubricant
was also seen to influence spin power losses tangiblywhere an increase in lubricant test temperaturewas shown to produce a sizeable
decrease in overall spin power loss.
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