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EFFECT OF GECMETRY AND OPFERATING CONDITIONS ON
SPUR GEAR SYSTEM POWER LOSS
by Neil E. Anderson* °
. Propulsion Laboratory
AVRADCOM Research anfl Technology Laboratories .
and
* Stuart H. Loewenthal#
Lewis Research Center
" Cleveland, Ohio
ABSTRACT
‘The results of an:anaIysis of the effects of spur gear size, pitch,
width and ratio’on total mesh power loss for a wide range of speeds,
torqies and oil viscosities are presented. The adalysis-uses simple alge-~
braic expressions to determine gear sliding, rolling and windage losses and
also incorpdrztes an approximate ball béaring power loss expression. The
analysis shows good agreement with published data. - Large diameter and fine-
pitchéd éearé had higher ‘peak efficiencies but lower part-load efficiency.
Gear efficiencies were generally greater than'98 percent except at very
low torque levels. Tare (no-load) losses are geqerglly a significant per-
centagé of the fuli-load loss except at low speeds.-’
INTRODUCTION
With to&ay's emphasis on minimizing -energy consumption of rotating
machinery, methods to accurately predict drive train power losses have
taken on renewed imporfance. A significant source of power- loss in many
drive systems is due to the géaring. Many methods have been proposed to
calculate gear power loss [l-5]."-Most of these methods utilize a friction

coefficient to calculate the gear power loss. Tew consider the losses

*Member ASME.
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associated with forming an elastohydrodynamic film (rolling traction), gear
windage or those associated with the support bearings. These later power
loss terms contribute significantly to the power loss occurring under part-
load operation. Consideration of these speed-dependent loss terms becomes
important in determining the cumulative power consumption gf machines that
spend much of their operating lives at less than full-power levels.

Furthermoée, most of these earlier methods do not conveniently account
for the effects of gear mesh geometry, such as diametral pitch, tooth num-
ber, width, ratio, and operating conditions on gear power loss. An excep-
tion to this is the spur gear efficiency analysis of [5]. 1In Fhis_inves-
tigation instantaneous values of sliding and rolling ﬁower loss were intg-
grated:over the path of contact and averaged. The effect of gear geometry
is incorporated into this analysis.

In [6] this approach was extended to include windage and support bear-
ing loss-terms and improved expressions for sliding and rolling traction
loss components. This method showed good agréemént with power loss data
generated on a back-to~back spur gear test rig reported in [7]. The work
of [6] concluded that the'rolling traction, support bearing; and, to a

'leséer extent, windage power losses comprise a significant portion.of the
total mesh loss:

The predictive technique of [6] makes an excellent tool for studying
the effects of gear geometry and ;perating conditions on spur gear power
loss and efficiency. Accordingly, the objectives of the present study are
to use the method of [6] to investigate the effects of spur gear size, dia-

metral pitch, ratio, width, lubricant viscosity, pitch line velocity and

pinion torque on full- and part-load gear performance.
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SYMBOES
support bearing basic static capacity, N (1bf)
constants of proportionality
pitch circle diameter, m (in.) L
bearing pitch diameter, m (in.)
static equivalent bearing load, N (1bf)
face width of tooth, m (in.)
coefficient of friction
ball bearing lubrication factor
central film thickness, m (in.)
gear capaclty factor
path of contact distances, m (in.)

bearing friction torque, N-m (in-1bf)

load-dependent part of bearing friction torque, N-m (in-1bf)

viscous part of bearing friction torque, N-m (in-1bf)
gear ratio, Dz/bl

rotational speed, rpm

total power loss in support bearings, kW (hp)

power loss due to rolling traction, kW (hp)

power loss due to tooth sliding, kW (hp)

power.loss due to windage, kW (hp)

pitch circle radius, m (in.)

sliding velocity, Vl'- Vz, uVEec (in/sec)

rolling velocity, Vl + V2, m/sec (in/%ec)

gear contact normal load, N (1bf)

distance along path of contact from initial contact to pitch

point, m (in.)



A

X distance along path of contact, m (in.)
[ . lubricant absolute viscosity, cp (reyns)
v lubricant kinematic wviscosity, .cs (ftz/%ec)
?, thermal reduction factor
Sﬁbscripts:
R rolling
S sliding
1 refers to pinion
2 referg to gear
Superscript:
& simplified
ANALYSTIS

Part- and full-load gear efficiency for a wide range of operating con-
ditions and gear geometries were analyzed by the method of [6]., This method
is applicable to" a jet lubricated spur gear set in which thé gears do not
contact oil in the sump thus eliminating churning loss. 1In addition to the
gear mesh losses, gear windage and support bearing losses were also con-
sidered,

The gear mesh losses, which account for a major portion of the syst;m
loss, consist of a sliding component and a rolling traction or pumping com-
ponent. Sl;ding losses arise from the friction forces déveloped as two
gear teeth move across each other. Rolling losses are caused B& the hydrb-
dynamic pressure forces acting on the gear teeth as an elastohydrodynamic,
EHD, film is formed. These pressure forces, gemerated by the relative mo-
tion of the gear teeth, retard the motion of the two rotating gearé and

thus agbsorb power.
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In {6] the mesh losses were calculated by numerically integrating the
sliding and rolling losses over the path of contact. A simple tooth load-
ing diagram shown in Fig. 1 was assumed., The effect of tooth load sharing
was ingluded. The frictional sliding loss was based on disc machine data
generated by Benedict and Kelley [é]. Tﬁis‘friction coefficient expression
is considered to be applicable to.gear sliding loss calculations in the EHD
lubrication regime where some asperity contact occurs for A ratios less
than 2 (A = ratio of minimum EHD film thickness to composite surface rough-
ness). In [6] rolling losses were based on disc machine data generated by
Crook in [9j. Crook found that the rolling loss was simply a constant value
multiplieé by the EHD central f£ilm thickness. Gear tooth film thickness was
calcylated by the method of Hamrock [10] and adjusted for thermal effects
using Chengfs‘thermal reduction factér [11]. At high pitch line velocities
the isothermal equations such as Hamrock's will predict an abnormally high
film thickness since inlet shear heating of the lubricant is not considered.
Cheng's thermzl reduction factor will account for the inlet shear heating
and reduce the film thickness accordingly. Inlet starvation effects at high
speeds were not considered, however.

In Fig. 2 a typical distribution of instantaneous sliding and rolling
power loss across the‘path of contact is shown. A simpson's rule integra-
tion was used to obtain an average power loss over the path of cont;ct. The
relatively simple shape of the instantaneous loss curves suggested that a
simplified expression might be utilized to approximate this integration
without the use of numerical methods. In [6] such an expression was devel-
opaed and the results were found to be within 1 percent of the numerical in-
tegrated value for a large number of cases. The simplified expression for

rolling and sliding losses are repeated here:
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where
Pg = G,V fw (3)
P = cszhcp tf ()

c, = %102 (ST units) c, = 1.515%10™% (English units)

02 = 8.96X104 (51 units) 62 = 1,970 (English units)
In addition to the mesh losses, an expression for gear windage loss was aiso ‘

4

developéd in [6] from experimental data on turbine disc windage losses. To
acco;ntaf5r tﬁe oily atmosphere within the gearbox the density and viséosity
of the gearbox atmosphere were corrected to reflect a 34.25 part air to 1
part oil combination as in [12]. Constant values for air density and vis-

cosity at 339 K (1500 F) and oil specific gravity of 0.9 were assumed. The

expression for pinion and gear windage were found to be:

B F\ 2.84.6 0.2
Pyi = s (1 + 2.3 Rl) o] Ry (0.028 p + C,) (59
o \2-8
_ F il 1 4.6 0.2
By2 = Cy \1+2.3 X, =, Ry"(0.028 p + C)) (6)

C. = 2.82x1077 (ST units) 4.05%10" >3 (English units)

3

04 = 0.019 (ST units) 2.86x10'9 (English units)
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‘Supbort Bearing loss was ‘also included in [6). An approximate method
described by Harris in [13] was used. A straddie mounted deep groove ball
bearing arrangement Washassumed for comparison purposes. The deep groove
ball bearing losses are a function of the bearing pitch diameter, static
capacity, lubricant viscosity, shaft speed and bearing load. These equa-
tionS are:

P n, + M.n

prg - Cs(ymy T Myny) ™)

¢. = 2.10x10"% (S units) C, =

5 .].8)(10—5 (English units)

Eplasm

M is a torque loss consisting of a load-dependent and a viscous term. For

a deep éroové‘ball bearing:

1.55
FST
ML = 0.0009 Em Dm 8)
s
2/3p3 . 200
C6fo(vn) D for (vn) > 2000 ‘
Mv = (9)
c.£D> for (wn) < 2000

T om
© =2 . -2 s ;
C6 = 9.79x10 ~ (SI units) 66 = 2.91x10 (English units)
G, = 2.1 (ST units) C, = 3.49x10™°> (English units)
COMPARISON WITH DATA

To test the accuracy cf this power loss method, calculated power loss
values were compared with the data of [7]. These data were generated on a
back-to-back test stand for a gearset described in Table 1. Power loss was
measured as a function of speed, torgque, oil flow rate, oil jet location,

-~

gear width, and lubricant viscosity. The results of this comparison are



shown in Fig. 3 where gear power loss (including bearing_lpss) is plotted
as a function of torque.

The theory of [6] shows good agreement with the data especially for
the most inefficient method of gearset lubrication (11.4 Lﬁmin (3 gpm) oil
flow r;te with the oil jet directed into the gear mesh). At all three test
speeds shown in Fig. 3 the theory of [6] follows thg trends shown by the
data.

Figure 3 also presents the power loss prediction.of [5]. This method
[5] predicts a power loss which is greater than either thét measured or pre-
éictgd by the theory of [6]. The reason for this difference is primarily
due to the less acc&ratelexpression chosen for predicting the friction co-
efficient.

DISCUSSION OF RESULTS

Power loss calculations utilizing the method of t6] %ere performed -for
a wide range of gear geometry and operating variables: These variables in-
cluded diametral pitch, pitch diameter, lubricant viscosity, gear ratio,
pitch line velocity, pinion torque, and pinion width/aiameter ratio. The
results are presented in Figs. 4 through 11.

Effect of Speed, Size, and Pitch

In Fig. & the gear power loss (excluding bearing loss) of gearsets
-which have pinion pitch diameters of 10 ecm (4.0 in.) and 41 cm (16.0 in.),
respectively, are shown as a function of pinion torque for three operating
surface speeds. Pitch line velocity is used to compare the performance of
the two gearsets since there is a great difference in their size. The
torque levels shown may be far greater than the capacity of any 10 cm pin-

ion but the power loss is calculated for comparison purposes nonetheless.
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For this figure, the lubricant wviscosity was held at 30 cp, the pinion
Width/diaméter ratia-was 0.5 and the gear ratio was 1.0.

For a given.gearset at constant surface speed the windage loss is con-
stant. The variation in power loss with torque shown in Fig. 4 is due to
changes in the mesh rolling and sliding loss. Rolling power loss will de-
crease slightly with increasing torque (or load) since the film thickness
theorétically Hecrea;es with load to the -0.07 power.

Sliding loss increages nearly in direct proportion to load. At-very
low'torqhe levels the gear power loss is essentially the tare (no-load)
loss gf'the‘gearset at that speed. §ince thé sliding loss is near zero at
iawhtorquéllevels, the loss is made up of just windage and rolling losses.-
The film thickness and, thus, the rolling loss is not a strong function
of 1oad. As a result, the power loss remains constant for a wide range of
loé~torque values.

At high torque values the power loss curves form nearly a 45 degree
aﬁgle with the torque axig (slope = 1l). This indicates that the power loss
is directly‘proportional to the torque being transmitted. This is due to
the stronger influence of sliding loss on the total loss at higher torque
levels. At intermediate torque levels there is a cross-over between de-
creasing rolling and windage loss, and increasing sliding loss as torque
is increased. Figure 4 shows that this cross-over occurs at lower torque
levels for the smaller gears.

.The data of Fig. & can be analyzed in terms of.gearset efficiency. 1In
Fig. 5 the power loss data of Fig. 4 has been replotted and combined with
data for gears of 4 to 32 diametral pitch. Data for a 20-cm (8.0-in.) di-

ameter pinion has also been included. The efficiency of all three size
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gears reach 99 percent at relatively low torque levels. Efficlency is geﬁ-
erally greater than 98 percent at a pinion.torque leéel that is only 5 per-
cent of the torque transmitted at peak efficiency.

Pitch dizmeter has a strong effect on gearset efficiency at low torque

levels but less of an effect as torgque is increased. Peak efficiencies for
-i" . -

[ TR
AN

all gearsets ranged fromaéﬁproximately 99.3 to 99.9 percent. It'should be
kept in mind that these small differences in efficiency can cause‘suﬁstan-
tial changes in the power loss and conséquently in cooling considerations.
At high,torqye lévels th; larger gear is more efficient. This is because
the teeth of a large diameter gear are subjected to lower loads fhan the
teeth on a smaller gear at the same torque level. Thig reduces.tﬁe coeffi-_
cient of friction and the sliding loss.

Also shown in Fig. 5 is the effect of diametral pitch:. At low torQueé
the coarse-pitched gears are more efficient, At higher torques the trend
is rgversed and the fine-pitched gears become more efficieﬁt. Thé reason -
is that at high torques, the sliding loss becomes a2 dominant fa;tor in the
gear loss., Since fine-pitch gearing reduces the length of the path of con-
tact and the magnitude of the sliding wvelocity, the gliding p;wer loss is
also reduced. This results in a more efficient gearset under these high
torque,cénditions.

To normalize the data of Fig. 5 in terms of gear capacity, the effi-
ciency data for the 10- and 4l-cm gears have been replotted in Fig. 6 ver-
sus a gear capacity factor K as described in {1]:

Csw(m + 1)
K= 28— : -(10)
‘ ."Dlmg :

where
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Cq = 1.45X10d4 {SI units) Cg = 1.0 (English units)
The K-factor provides an estimate of the required gear face width and
diameter for a given torque level that the gearset must carry.

: The krfactors for heliéél and spur gears tabularized in [1] generaily
fange from a vglue of about 100 for low hardness-generated-steel-gears to
about'IOOO for aircraft quality, case hardened and ground, high-speed gear-
ing. A ﬁominal K-rating for a general-purpose industrial drive, with 300
BHN steel gears, ;arrying a uniform load at a pitch line veio;ity of
15 m/éec (3000 fpm) or less would typically range from 275 to 375. It is
appavent from Fig, 6 that gear sets with pinions ranglng in size from 10 to
41 cm and diametral pitch from 4 to 32 generally reach their peak effi-
ciency at K-factors from approximatesly 150 to 400, Abo&e these ratings

‘

the eff1c1ency remalns relatively constant or in the case of coarse-pltched
gears, falls off slightly l

In comparing Figs. 5 and 6, it is apparent that the effect of gear.
51ze on gear efficiency is less at an equivalent K-factor than at an equiva-
lent torque level. However, it is still true that large gears have a slight
efficiency advantage, particularly for coarse-pitched gears, at an equiva-
lent percent of rated capécity.

Effect of Pitch Iiﬁe Velocity and Pitch

In Fig. 7 the effect of pitch line velocity on efficiency is shown for
a 20-cm (S.O:in.) pitch.diameter pinion mesh with a gear ratio of 1.0, a
pinion Width/ﬂiameter ratio of 0.5 for diametral pitch values of 4 to 32,
.and a lubricant having a viscosity of 30 cp. Pitch line velocities from

1.27 m/sec (250 ft/min) to 40.6 m/sec (8000 ft/min) do not alter the effect

that diametral pitch has on efficiency shown in Fig. 5. The coarse~-pitched
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gears have better part-load efficiency but lower peak efficiencies.

1

Pitch line velocity has a stronger effect on‘part-load gear -efficiency

than it does on peak efficiency due to its strong influence on rolling trac-

- . n

tion and windage losses. Figure 7 shows that an increase in speed generally

bénefits peak efficiency levels, particularly fer ccarse-pitched‘gears. This

efficiency improvement with speed is caused by a trade-off of rolling and

sliding losses. At high gpeeds the rolling loss increases due to the ine

crease in film thickness. This increase in rolling loss, however, is more

¢
-

than offset by a reduction in the coefficient of friction and coneequentiy-

< L A v,

sliding loss. This results in an overall higher efficiency for the higher

s
- PR TLIE ot

speed gearset,

. .
LN L T - i . " . T et i

Effect of Iubricant Viscosity and Size

.
., " ¢

Flgure 8 shows the effect of lubricant VlSCOSlty on efflciency of

: S " - . . S0

gearsets with 10 and 4] cm pitch diameter pinions., The gear ratio is held

N L

5
constant at 1.0 and the pinion width/diasmeter ratio is 0.5. This compari-

son is made at a pltCh line velocity of 20.3 m/sec (4000 ft/ﬁin) for an oil

LS P

whose riscOSLty ranges from 2 to 500 cp. This varlation in v150081ty rep-
resents a temperature range of 289 KX (60 F) to 489 K (420 F) for an SAE
30 oil. For a MIL-1-23699 oil this viscosity range represents a tempera-
ture range of 267 X (20° ¥) to 436 k (325° F). I
The viscosity variation has a great effect on efficiency for either
gearset at low torque conditions. Efficiency is 1ess.sensitive to oil‘vis-
cosity at hiéher torque leeels. The 10-em diameter pinion has a crcss-over
torque level at Whlch the gearset efficiency becomes greater with the more
viscous oil., This is due to the nature of the frlction coeff1c1ent.

- 4 . -

The Benedict and Kelley coefficient of friction model [8] predicts
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that for steel rollers or gears under heavy loads, a more viscous oil will
cause a greater separation of the two surfaces and less asperity contact,
resulting in less friction. A less viscous oil may allow greater asperity
contact which increases the coefficient of friction and, thus, the power
1oss.' This crossrover effect is not shown for the larger gear in Fig. 8
because the peak efficiency of the 4l-cm (16-in.} gear-has not yet béen
reached at the maximum torque of 11 300 N-m (100 000 ia-1bf).
Effect of Face Width and Size
'fﬁe efféct of pinion face width/ﬁiameter ratio tF/b) is shown in
Fig. bafor the 10- and 4l-cm diameter pinion gearset at a pitch line Veloct
ity of 20.3 n/sec (4000 ft/min), diametral pitch = 8, ratio = 1.0) and
lubriéant'vi;cosity of 30 cp. As with pitch diameter and pitch line veloc-
ity; F/S ratio has a great effect on efficiency at low-torque levels but a
lesser effect at high-torque values. The 0.5 and 1.0 ¥/D curves comverge to
within 0.4 percentage points at high torque levels for both the 10- and
4l-cm diameter pinions. Rolling loss is directly proportional to gear width
while sliding loss will decrease for wider gears since the unit loading is
decreased. At low torques the increased rolling loss of the wider gear pro-
duces a lower gearset efficiency. At high torques the sliding loss becomes
more significant and offsets the increased rolling loss prbduced by the
wider gear;

The data of Fig. 9 is replotted against the K-factor in Fig. 10. When
plotted in tﬁis manner the F/b ratio does not affect gearsét efficiency.
The band of values shown im Fig. 9 reduces to a single line for both the
10- anﬁ 41-cm diameter pinion gearsets. This is due to the nbrmalizing

effect the K-factor has on gearset efficiency.
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.Effect of Ratio

In Fig. 11 the effect of ratio is shown for the 10- and 4l-cm diameter
pinions at a pitch line wvelocity of 20.3 m/%ec (4000 ft/hin), diametral
pitch = 8, F/D = 0.5, and lubricant viscosity of 30 cp. Since the pinion
diameter is held constant, an increase in reduction ratio means an increase
in gear diameter. Also, since the pinion F/b ratio is held constant at
0.5, the width of the gearset is held constant. The effect of changing.
ratio from 1 to 8 has an effect similar to that of changing the F/b ratio
from 0.5 to 1.0 as showm in Fig. 9. As might be anticipated, the gearset
with the larger reduction ratio (or larger gear diameter) is less efficient
at low torque levels. However, the 10-cm pinion at a ratio of 8 become;
more efficient that the same pinion at a ratio of 1 at torques above 339
WN-m (3000 in-1bf). This effect is caused by’the higher rélling velocities
generated by the larger gear diameter which tend to decrease the fricFion
coefficient and, thus, the sliding power loss. A similar effect would be
anticpated for the 4l-cm pinion at higher torque levels.

Effect of Support Bearing Loss

The efficiency data presented in Figs. 4 through 1l represent only the
power loss due to gear sli@ing, rolling, and windage. Gear system effi-
ciency must include the support bearing losses as well. For comparison pur-
poses a deep-groove ball bearing system was selected for the 10- and 4l-cm
pinion diameter gearsets. The bearings selected are describgd in Table 2,
The effect of adding the rolling-element bearing loss to the gear loss is
shown in Fig. 12 for a pitch lime velocity of 20.3 m/sec (4000 ft/min);
ratio of 1.0, F/D of 0.5, and a lubricant Yiscosiﬁy of 30 cp. A signifi-

cant loss in efficiency results when the bearing loss is included.
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Breakdown of Gear System Losses

To gain further insight into the effects of the various component
losses on the system efficiemcy, a breakdown of the losses relative to the
full~load loss (loss at peak ;fficiency) for each speed is shown in Fig. 13
for the 10-cm diameter pinion gearset and in Fig. 14 for the 41l-cm diameter
pinion set. In each case the diametral pitch was 8, the gear ratio was 1.0,
the F/ﬁ‘r;tio was 0.5, and the lubricant viscosity was 30 cp. It should be
noted that the pinion torque scales are different in Figs. 13 and 14. The'
maximum torque levels correspond approximately to the torque levels at peak
efficiéncy of each system.

'fhe trends shown in Figs, 13 and 14 are similar, At low pitch line
velocity (L.27 m/sec (250 ft/mi}l)), the sliding loss dominates at all con-
ditionstexcept for very low loads as this loss approaches zero. At higher
speeds, the rolling and bearing losses become significant. At the maximum
speed and torque condition, the sliding loss drops to approximately 37 per-
cent of the total losses for the 10-cm diameter pinion and to 25 percent
for the 4l-cm diameter pinion set. The bearing losses account for nearly
50 percent of the system loss for either gearset at this operating condi-
tion.

Windage reaches a maximum of 8 percent of the system loss at maximum
speed for the 10-cm pinion and 18 percent for the 41-cm pinion. Thus, wind-
age also becomes important for the larger gearset.

Also shown in Figs. 13 and 14 are the no-load or tare loss at each
pitch line wvelocity. At 1.27 m/sec {250 ft/hin) the tare loss is less than
10 percent of the full-load loss. At 40.6 m/éec {8000 ft/ﬁin) the tare

loss increases to approximately 60 percent of the full-load logs, This is
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due to the fact that most of the losses at high pitch line velocity are
speed-dependent and remain as ; tare ioss when the load ‘is removed from the
gearset,
SUMMARY
Spur gear efficiency was calculated using the-method reported in [6]
for a wide range of gear geometries and operating conditiéns. This me;hod
algebraically accounts for gear sliding, rolling, and windage loss compo;

.

nents and also incorporates an approximate ball bearing power loss expres-
sion to estimate the loss of a ball bearing support system. A theoreticgll-
breakdoﬁn of thé éotal spur gear system loss into individual companents ;;s“
performed to show their respective contributions to the total system‘loés. ‘
The range of gear geometry and operating variables included the foilowiég:

LI

- Pinion pitch diameters from 10 cm (4.0 in,) to 41 em (16.0 in.)

’
#

- Diametral pitch values from 4 to 32
- Pinion width/diameter ratios from 0.5 to 1.0
« Gear reduction ratios from 1 to 8
- Pinion torques from 0.113 N-m (1.0 in-1bf} to 11 300 N-m
(100 000 in~1bf)
- Pitch line velocities from 1.27 m/sec (250 ft/min) to 40.6 m/sec
(8000 £t/min)
- Lubri;aﬁt vigcosities from 2 to 500 cp
The torque and speed limits associated with the above gear geometry
variables were not defired in this study. However, some of the results
were presented in terms of gear capacity by introcuiné a K-factog as an

independent wvariable. The following results were obtained:
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i. Gear efficigncy was mildly dependent on the amount of torque being
transmitted above some minimum torque value, At torques greater than 5 per-
cent of the torque transmitted at maximum efficiency, gear efficiency (bear-
ing losses excluded) ranged from 98.6 to 99.9 percent.

2. Under high loads, fine-pitched gears were generally more efficient
than coarse-pitched gears. This advantage diminished, however, with in-
creases in gear size or pitch line velocity,

'3. Peak gear efficiency gemerally improved with an increase in pitch
line wvelocity while part~load efficiency diminished due to increased tare
powéf losses. Caorser-pitched gears enhanced this effect.

4. Large gears generally had higher peak efficiencies than small gears.
This efficiency advantage was more marked for coarse-pitched gears.

5. Gear ratio and pinion width/&iameter ratic had ;elatively'mihor
effects on gear efficiency with hipgher ratio, wider gears showing slightly
higher peak éfficiencies but lower part-load efficiencies. An increase in
lubricant viscosity showed a similar but slightly stronger effect. Pinion
wiéth/ﬁiémeter ratio had no effect on efficiency when the K-factor was held
constant.

6. Support ball bearing losses can be a significant part of spur gear
system power loss. At pitch line velocities greater than 20 m/éec‘bearing
losses accounted for more than 35 percent of the full-load system loss.

7. Tare (no-load) losses of a ge;rset are significant except at low
speeds. At pitch line velocities greater than 20 m/%ec the power loss of

an unloaded gearset was more than 35 percent of the full-load loss.



10.

18

REFERENCES

. Shipley, E. E., "Loaded Gears in Action," Gear Handbook, D. W. Dudley,

ed., McGraw Hill Book Co., Inc., 1962, Chapt. 14, pp. 14-1 to 14-60.

Buckingham, E., Analytical Mechanics of Gears, Chapt. 19, "Efficiencies

of Gears,'" Dover Publications, Inc., 1963, pp. 395-425.

. Merritt, H. E., Gear Engineering, Chapt. 22, "Efficiency and Testing,"

John Wiley and Sons, 1972, pp. 345-357.

Martin, K. ¥., "A Review of Friction Predictions in Gear Teeth,'" Wear,
"Vol. 49, 1978, pp. 201-238.

Chiu, U. P., "Approximate Calculation of Power Loss in Involute Gears,"

_ ASME Paper No. 75-P1G-2, Oct. 1975.

. Anderson, N. E. and Loewenthal, S. H., "Part and Full Load Spur Gear "

Efficiency," NASA TP-1622, 1979; AVRADCOM TR 79-46, 1979.
Fletcher, H. A. G. and Bamborough, J., "Effect of 0il Viscosity and .
Supply Conditions on Efficiency of Spur Gearing," National Engineer-

ing Laboratory Report No. 138, East Kilbride Glasgow, Crown, 1964.

. Benedict, G. H. and Kelley, B. W., "Instantaneous Coefficients of Gear

Tooth Friction," ASLE Trans., Vol. 4, No. 1, Apr. 1961, pp. 59-70.

. Crook, A. W., "The ILubrication of Rollers. TV. Measurements of Fric-

tion and Effective Viscosity,' Philosophical Transactions of the

Royal Society of London, Ser. A., Vol, 255, No. 1056, Jan. 17, 1963,

pp. 281-312,
Hamrock, B. J. and Dowson, D., "Isothermal Elastohydrodynamic Lubrica-
tion of Point Contacts, Part TIIT - Fully Flooded Results," Journal of

Lubrication Technology, Vol. 99, No. 2, Apr. 1977, pp. 264-276.




19

11. Cheng, H. S., "Prediction of Film Thickness and Siiding Frictional Coef-
ficient in Elastohydrodynamic Contacts," Design Engineering Technology
Conference, American Society of.Mechanical Engineers, New York, 1974,
pp. 285-293.

12. Bowen, C.'W., Braddock, C. E., and Walker, R. D., "Installation of 4
High Reduction Ratio Tramsmission in the UH-1 Helicopter,”'UéAAVLABS
TR 68-57, U.S5. Army Aviation Material Laboratories, Fort Eustis, VA,
May 1969.

13. Harris, T. A., Rolling Bearing Analysis, John Wiley and Sons, 1966.



20

TABLE 1. ~ GEAR GEOMETRY AND OPERATING PARAMETERS

FOR TEST GEARS OF [7]

Pinion Gear
Pitch diameter, cm (in.) 15.2 (6) 25.4 (10)
Number of teeth 48 80
Diametral pitch 8 )
" Pressure angle (deg) 20
Width, em (in.) 4,0 (L.56) | «=-=wem==-
Lubricant Mineral oil with anti-
oxidant additive
Viscosity at oil jet 60 cs
temperature = 333 K
(140° )

TABLE 2. - BALL BEARING DATA USED IN FIGS. 13 THROUGH 14

Pinion pitch diameter

10 cm (4.0 in.) 41 cm (16.0 in.)
Bore 40 mm (1.58 in.) 150 mm (5.91 in.)
Qutside 90 mm (3.54 in.) 320 mm ¢12.59 in.)
diameter
Width 23 mm (0.91 in.) 65 mm (2.56 in.)
Pitch 65 mm (2.56 in.) 235 mm (9.25 in.)
diameter
Static 22 330 ¥ (5020 1bf) { 240 100 N (56 000 1bf)
capacity .
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GEARSET EFFICIENCY: EXCLUDING BEARING LOSSES, %
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RATIO OF POWER LOSS TO FULL LOAD LOSS (LOSS AT PEAK EFFICIENCY) AT EACH SPEED, %

100
90
80
01
60 |-
50 L
40
30
20

PINION BEARING
"+ .. EEE3) GEAR BEARING

-] GEAR WINDAGE

(I PINION WINDAGE

10
0

e et

{a) PITCH.LINE VELOC-
Y, 1.27 m/sec
(250 ftfmin).

g

%
80
70
60

50

30 B2l
20
10

0 200 400 0 200° 400
PINION TORQUE, N-m

l I | | |
0 2000 4000 O 2000 4000
PINION TORQUE, in-fbf

(b) PITCH LINE VELOC-  (c) PITCH LINE VELOC-

ITY, 20.3 m/sec fTY, 40,6 m/sec
{4000 ft/min), (8000 ft/min),

Figure 13. - Percentage breakdown of the sources
of gearbox power loss as a function of input
torque for three speeds. Pitch diameter, 10 cm
{4.0in, ); diametral pitch, 8; ratio, 1.0; pinion
width/diameter ratio, 0.5; lubricant viscosity,
30 cp.

A4



RATIO OF POWER LOSS TO FULL LOAD LOSS {LOSS AT PEAK EFFICIENCY) AT EACH SPEED, %
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