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Computing Gear Sliding Losses

Caleb Gurd, Carlos Wink, John Bair, and Claudia Fajardo

Introduction

As concerns surrounding the environ-
mental impact of fossil fuels continue
to grow, so does the need to produce
vehicles with higher overall efficiency.
The importance of enhanced vehicles
has spurred drivetrain component man-
ufacturers to study every aspect of effi-
ciency loss in their products. The gear-
box is a key contributor to the overall
drivetrain efficiency.

There are several factors that make up
inefficiencies in gearboxes. These can
be divided into two categories: load-de-
pendent and load-independent. Load-
dependent losses (mechanical losses),
which include factors such as gear slid-
ing and frictional bearing losses, occur
while transmitting a load through the
gearbox. Load-independent (spin
losses) are due to factors such as bear-
ing, seal, and synchronizer drag, oil
churning and gear windage (Ref.1). It
is well known that mechanical losses
are the predominant sources of lost ef-
ficiency. At rated load, empirical stud-
ies have shown that gear sliding losses
dominate all other sources of mechan-
ical loss — especially at higher speeds
(Ref.2).

Accurately predicting gear sliding
losses is critical for increasing gearbox
efficiency. The parameters that govern
the losses, such as surface finish and
sliding velocity, can be effectively op-
timized for performance and cost if an
accurate analytical method is available
to predict the effects of these control-
ling parameters. Significant effort has
been devoted to this issue in recent
years. Some focused their efforts on
the impact that gear geometries played
on efficiency, assuming constant co-
efficient of friction (p) (Ref.3). Others
studied the impact of geometric differ-
ences using a more refined approach
by utilizing existing experimental for-
mulae to calculate p (Ref.4). A benefit

of this second approach is that each of
the formulae was determined via ex-
perimental methods rather than pure
theory. On the other hand, the derived
equations are only valid within the ex-
perimental evaluation parameters,
which may limit their application to
certain operating conditions, lubricant
types and temperatures in practical ap-
plications. Finally, some researchers
used an elastohydrodynamic lubrica-
tion (EHL) approach for improving the
prediction of p (Ref. 5).

An extension of past work, this paper
documents an effort to enumerate and
evaluate the impact of existing formu-
lae of p on the prediction of gear slid-
ing losses. This is done by establishing
the accuracy of each evaluated method

against experimental results of vari-
ous gear sets over a range of operating
conditions.

Existing Formulae
The overall calculation of lost power
due to gear sliding as defined in ISO
14179-1 (Ref. 6):
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where
P islost power
p is coefficient of friction
T is pinion torque
n, is pinion speed
B, is operating helix angle
M is mesh mechanical advantage

Table 1 Existing formulae for p

Formulae and Authors Applicable ranges Specific units
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Formulae Observations
Drozdov and Gavrikov and ISO 14179
predict that p decreases with increased
contact pressure, while Benedict and
Kelley and ISO TC60 propose that p
increases with increased contact pres-
sure. Misharin and O’Donoghue and
Cameron suggest that load and contact
pressure have a negligible effect on p.
The formulae that include surface fin-
ish show a proportional relationship
with the friction coefficient, while those
that incorporate sliding velocity show
an inverse relationship with friction co-
efficient.

All equations were empirically for-
mulated: experiments, such as the
twin-disk were performed, and a curve
was then fit to the results to determine
model coefficient values. The disadvan-
tage of this approach is that each equa-
tion is only valid within the parameters
captured by the experiment, such as
lubricant type, temperatures, speed,
load, and surface roughness (Ref. 15).

Experimental Procedure
This paper focuses on the realistic ap-
plication of existing formulae to predict
sliding losses using commercially avail-
able software. This was accomplished

same gearbox. Each was measured in
a controlled test cell environment. The
basic parameters of the gearboxes used
in this study are shown in Table 2.

Measurements and Lost Power
Calculations

The test cells measured input and out-
put power. To compare the analytical
results with measured data, some post-
processing of the measurements was
required to isolate the experimental
sliding losses. The measured spin loss
(Input torque = 0) was subtracted from
the loaded power loss, leaving gear slid-
ing losses and load-dependent bearing
losses. The load-dependent bearing
losses were calculated following ISO
14179-1 and then subtracted, leaving
only gear sliding losses. This methodol-
ogy is outlined in equation 2.

P Sliding = P Load — P Spin P Bearing (2)

where

P, ,..isloaded measured power loss;

Py, is unloaded measured power
loss;

is calculated loaded bearing loss

viaISO 14179-1 (Ref.6).

p

Bearing

Table 3 shows the normalized results
of the testing at 100 N-m over the range
of speed tested as an example of the
measurements and calculations used
to determine the power loss due to gear
sliding. The normalized value is calcu-
lated as the power loss divided by an ar-
bitrarily selected value.

Finally, the sliding losses were cal-
culated for each of the previously pre-
sented empirical formulae corre-
sponding to the measured operating
conditions, making a direct compari-
son between all formulae and mea-
surements possible. For the remainder
of this report the term ‘Power Loss’ will
refer to sliding losses. Likewise, experi-
mental losses refer to the values as cal-
culated above.

Table2 Gearbox parameters

by implementing each of the existing Parameters FZG Type-C | Commercial 1 | Commercial 2a | Commercial 2b
ioailfgcégnmt;;rfirrigiﬁs rfgsrtllllltl;lzge:g; f}?e Gearbox Layout Coullc,grr;haft CouSr:?tgrLehaft Cousr:?egrlsehaft
Center Distance (mm) 91.5 155 85 85
measured test stand results. To cover Gear Set 1 p 2 1 2 1 3
a large spectrum of possible gearbox Module 45 30 | 3156 | 24 | 26 | 24 | 153
applications the gearboxes chosen for Gear Ratio 1.5 0731 | 1.047 | 1.280 [ 3.143 | 1.28 [ 0459
comparison were a mixture of spur Pressure Angle (°) 22 20 20 14.5 14.5 14.5 14.5
and helical gear sets with various ar- Helix Angle - 26 29 33 19 33 32
rangements, the simplest of which Effective Face Width(mm) 14.0 267 | 268 | 270 | 280 | 270 | 26.0
was a common FZG type-c spur gear, Finish Method Ground | Ground | Ground | Shaved | Shaved | Shaved | Shaved
measured at The Ohio State University [ Operating Temperature(°C) 80 90 0 90
Gear Lab (Ref. 16). The evaluation then Viscosity @4005 (cSY) 95.1 95.1 30.67 30.67
evolved to encapsulate commercially Viscosity @100°C (cs9) 14.8 14.8 6 6
available gearboxes operating with Input Torque Range (N-m) 100-300 971-2500 220-330 220-330
. . Input Speed Range (rpm) 1785-2975 900-1500 1600-3200 1600-2350
both single- and twin-countershaft lay-
outs. Note that Commercial 2a and 2b
represent two power paths within the Inpl[llfl'_ralique Plnlﬁ{;’ ;\Snrieed Plnl[(::dslgleed PLoad Pesin Pacarng Paang
100 1785 186.92 30.49 14.47 1.57 33.49
100 2380 249.23 43.16 21.99 2.10 49.15
100 2975 311.54 32.02 32.02 2.63 66.82
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Results and Discussion
Figure 1 is an example plot of the power
loss prediction of each empirical for-
mulae versus pinion speed. Also shown
are the experimental data over a range
of input speeds and a steady-state
torque of 300 N-m. All the predictions
follow the same general trend, as input
speed increases, the sliding losses also
increase. Some, such as ISO TC60 and
ISO 14179-2 have a significant verti-
cal offset, indicating over-prediction
of losses. Others, such as Drozdov and
Gavrikov and ISO 14179-2 (Hohn’s
Modification), align more closely with
the experimental data.

The large number of operating condi-
tions and case studies drove the need
for a more concise and numerical as-
sessment of each predictive method.
The same dataset shown in Figure 1,
along with the remaining operating
conditions, were plotted as experimen-
tal versus predicted. A linear regression
equation was then fit to each for a nu-
merical evaluation of the linear corre-
lation and absolute value relationship
between each of the empirical formu-
lae and the experimental data.

Figure 2 shows all operating con-
ditions (3 pinion speeds and torque
conditions: 9 total), and re-evaluation
of ISO TC60 and ISO 14179-2, both of
which largely deviated from experi-
mental data in Figure 1. Figure 2 shows
that a strong linear relationship exists
for each, R of 0.971 and 0.991 respec-
tively, signifying that the predictive
variation is not random. A significant
offset still exists, 5.89x and 4.37x, in-
dicating that the difference is due to
some systematic variation (such as a
coefficient) within the empirical for-
mulae, shifting the expected losses well
above the actual losses. Others, such as
ISO 14179-1 (with and without surface
roughness), show an extremely weak
linear relationship with the experimen-
tal data, suggesting that the variation is
more random. Overall, none of these
predictive methods are adequate for
this dataset.

The same procedure was followed to
graph the remaining gearboxes. To ac-
curately evaluate each formula over a
large spectrum of gearsets and oper-
ating conditions, all results were plot-
ted on the same graph. The linear

FZG Type-C (300 N-m)

Power Loss

—8—|50 14179-1

—8— (50 14179-1 w/ surface
roughness
Drozdov and Gavrikov
O'Donoghue and Cameron

—&— Misharin

—8— |50 TC60

—@— Benedict and Kelley

—— |50 14179-2

= wanan

—8— 150 14179-2 (Hohns

1785 1985 2185 2385 2585

Pinion Speed (RPM)

Madification)

2785 —@— Experimental

Figure 1 FZG type-C power loss example.

Predicted Power Loss

Experimental Power Loss

FZG Type-C

@150 14179-1 ¥ =0.3986x
R* =0.2586

@150 14179-1 w/ surface y = 0.4979x
roughness R*=0.2649
® Drozdov and Gavrikov y = 0.9914x
R*=0.9312

® O'Donoghue and ¥ =2.3973x
Cameron R*=0.9863
® Misharin Y5 40131
R*=0.9477

@150 TC60 y = 5.8862x
R? =0.9705

® Benedict and Kelley y=2.9673x
R* =0.9994

@150 14179-2 ¥y =4.3703x
R?=0.9908

.:;D;.?.l?g.-z (Hohns y =0.7855x
lodification) R® = 0.9971

# Reference y=x
R'=1

Figure2 FZGtype-Clinear regression plot.

Table 4 Linear regression equation of all data

ISO 14179-1
Drozdovand | O’Donoghue N
ISO 14179-1 (w/ surface . Misharin
roughness) Gavrikov and Cameron
R Linear y=0.369x y=0.656x y=0.896x y=2.281x y=1.888x
egression . _ _ . )
E : R*=0.8696 R?=0.6917 R?=0.9395 R=0.7369 R?=0.9461
quation
. 1SO 14179-2
sotceo | Bemedictand | 50141792 | (Hohn's
y Modification)
Re“giziron y=4.002x y=2.652x y=2954 y=0.594x
Eguation R’=0.8402 R?=0.9273 R’=0.8896 R?=0.9285
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regression equations of each of the for-
mulae are represented in Table 4.

Table 4 shows the regression equa-
tions of the predicted power loss versus
the experimental power loss for each of
the 26 data points measured from a va-
riety of gearboxes and operating condi-
tions. All the empirical formulae repre-
sent the experimental data reasonably
well, with a minimum R2 of 0.69. This
suggests that although some may over
or under predict, all the methods follow
a linear trend that correlates with the
experimental results. The best-predict-
ing model for the datasets in this study
was Drozdov and Gavrikov, followed
by ISO 14179-2 (Hohn’s modification).
Both have a strong linear correlation
and moderate offset coefficient.

Conclusions and Future Work
This paper is focused on the realistic
application and evaluation of the nine
different existing formulae to predict
sliding losses using commercially avail-
able software. Power losses of an FZG
gearset and two different commercial
gear boxes were measured over a va-
riety of operating conditions, consist-
ing of 26 total data points. The sliding
losses were then isolated by subtracting
the spin losses and the calculated load-
dependent bearing losses following the
methodology of Equation 2. These ex-
perimental losses were compared to the
losses predicted by the nine coefficient
of friction formulae via linear regression
plots. All nine empirical methods show
a moderate to strong linear correlation
with the experimental data, indicating
that any choice of a friction coefficient
calculation formula will not drive ran-
dom variation of predicted results. All
equations have an offset and/or multi-
plier coefficient to directly predict pow-
er losses. The equation that best fits the
measured data of this study is Drozdov
and Gavrikov, followed by the formula-
tion proposed by ISO 14179-2 (Hohn's
modification), although both underpre-
dicted the actual losses.

In arealistic application, the Drozdov
and Gavrikovmodel may be limited due
to the simplicity of the equation. The
equation only accounts for oil viscosity,
maximum contact pressure, sliding and
rolling velocity, whereas ISO 14179-2
(Hohn’s modification) accounts for
more of the factors that are known con-
tributors to inefficiency such as face
width and surface finish. The inclusion
of these important parameters makes
the gear design process more effective.
The sliding loss equation presented in
ISO 14179-2 rather than Equation 1
(ISO 14179-1) was not evaluated but
may have provided different results.

Overall, the empirical formulae pres-
ent relationships between gear design
and operating parameters that may be
used to calculate the lost power. The
specific time-varying effect of these pa-
rameters is complex for gearing. The
friction varies with changing normal
force, rolling velocity, sliding velocity
and radius of curvature over the mesh
cycle, for which a simple formula may
not adequately capture. More detailed
analysis of these parameters and their
time-varying effect on friction may be
needed. In addition to the factors pre-
viously cited, the specific parameters
which might be included in a more so-
phisticated analysis are the time-vary-
ing effects of contact pressure and tem-
perature on lubricant viscosity and the
instantaneous values of these factors:
average contact pressure, contact area,
film thickness, film temperature, and
lubrication shear limiting. Future work
may entail the creation of a new coef-
ficient of friction calculation method
that incorporates these additional pa-
rameters. Additionally, a future study
may be needed to evaluate the accu-
racy of the power loss equations from
ISO 14179-1vs ISO 14179-2. PTE

For more information. Questions
or comments regarding his paper?
Contact Caleb Gurd at CalebLGurd@
eaton.com.
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