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Abstract

Worm gears with wheels of harder materials, such as cast iron or steel, are often prone to the damage type scuffing,
which can cause a sudden and rapid failure of the gear box. Contact temperature is a suitable criterion to determine the
scuffing safety for other types of gears. However, for worm gears, a scuffing load capacity calculation is not available at the
moment. This paper presents a numerical temperature simulation for worm gears that considers transient multidimensional
heat transfer and local frictional loading due to the contact. Based on the results of this simulation, this paper derives
a simplified calculation of worm gear contact temperatures. The calculation only contains input parameters that are already
part of current standards. Its result, the contact temperature of worm gears, can be used to rate the scuffing load capacity.

Fresstragfahigkeitsberechnung von Schneckengetrieben

Zusammenfassung

Schneckengetriebe mit Rddern aus hirteren Werkstoffen, wie zum Beispiel Gusseisen oder Stahl, sind oft anfillig fiir die
Schadensart Fressen, welche zu einem plotzlichen Ausfall des Getriebes fiihren kann. Fiir andere Verzahnungsarten hat sich
die Kontakttemperatur als ein geeignetes Kriterium zur Bestimmung der Fresssicherheit bewihrt. Fiir Schneckengetriebe ist
derzeit jedoch eine verbreitete und genormte Berechnung zur Bestimmung der Fresssicherheit nicht verfiigbar. In diesem
Beitrag wird dementsprechend eine numerische Temperatursimulation fiir Schneckenrédder vorgestellt, die den instationidren
und mehrdimensionalen Wirmetransport und die lokale Reibungsbelastung durch den Kontakt beriicksichtigt. Basierend
auf den Ergebnissen dieser Simulation wird in diesem Beitrag eine vereinfachte Berechnung der Kontakttemperaturen
abgeleitet. Die Berechnung enthilt nur Eingangsparameter, die bereits Bestandteil der aktuellen Normen sind. Das Ergebnis,
die Kontakttemperatur von Schneckenverzahnungen, kann zur Bewertung der Fresstragfihigkeit verwendet werden.

Symbols ' vem  Sliding velocity at reference diameter [m/s]
a Center distance [mm] X Coordinate in tooth height direction [12]
¢ Specific heat capacity [J/(kgK)] y Coordinate in tooth width direction [m]
! Gear ratio (-] Age Active flank area [m?]
n Rotational speed [revolutions/min] A Flank surface area [m°]
: 2
PHm Mean Hertzian czontact stress [N/m*] Br Thermal contact coefficient [N2/(m>K?s)]
q Hc?aF flux [W/ m-] Pr Specific frictional power [W/m?]
Vg Sliding velocity [m/s] R? Coefficient of determination []
R7, Contact pattern ratio [%]
- SB Scuffing safety factor [—]
Availability of data and material Not applicable T Torque [Nm]
Code availability Not applicable Xy Material coefficient [-]
eT—— Xrr Contact pattern coefficient [—]
ilipp Rot : 2
roth@ fzg mwtum.de OH Hertzian cor}tact stress [N/m~] .
OHm Mean Hertzian contact stress [N/m*]
' Gear Research Centre (FZG), Technical University of U Contact temperature [°C]
Munich, BoltzmannstraBe 15, 85748 Garching, Germany Ogp Scuffing temperature [°C]
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Fig.1 Cast iron worm wheel (with corresponding worm in the fore-
ground)

U7 Flash temperature [°C]
Oum Wheel bulk temperature [°C]

Yol Oil injection temperature [°C']

A Thermal conductivity [W/(mK)]

7 Coefficient of friction [—]

Hzm Mean tooth coefficient of friction [—]
) Density [kg/m?]

Indices

1 Worm

2 Worm wheel

1 Introduction

Worm gear drives realize high gear ratios in one stage and
therefore are a compact way for a substantial speed reduc-
tion and torque increase. The worm is typically made of
case-hardened steel, whereas the worm wheel is usually
made of a relatively soft material, such as bronze. To allow
the use of smaller and lighter drives with simultaneously
less wear, the demand for worm wheels made of harder
materials with greater strength, such as cast iron as shown
in Fig. 1, is growing. Worm gear drives with worm wheels
made of harder materials are already in use for mostly low-
speed applications, such as lifting devices or solar trackers
for photovoltaic plants. Besides wear and pitting as com-
mon failure modes of worm gears, these material combina-
tions are also prone to the failure mode scuffing at higher
speeds. As scuffing damage can lead to rapid loss-of-drive
of the gearbox, the accountable design of worm gears of
such materials requires a reliable calculation method to de-
termine the scuffing load capacity. As such a method is cur-
rently not available, the use of harder materials for worm
wheels is not common for applications with higher speeds.

Hence, the objective of this paper is the development of
a scuffing load capacity calculation method for worm gears.
Two main requirements on the method are defined. First, the
method needs to consider the specific conditions of worm
gears in regards to their contact conditions. Second, the
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method should use input parameters, such as sliding veloc-
ity or mean Hertzian contact stress, that are already used and
provided within current design practices, such as the worm
gears standards ISO/TS 14521 [1] or DIN 3996 [2]. This
allows for a practice-oriented application of the method
within state-of-the-art design processes of worm gears.

To accomplish the objective, this paper presents a brief
overview of the literature. Based thereof, it then describes
a suitable approach and solution path to develop a scuffing
load capacity calculation. The following main part describes
the method itself and its foundation. Before the conclusion,
the paper discusses the method and the potential for further
research.

2 Overview of the state of the art

This chapter on the part of the state of the art that is rel-
evant for the paper’s objective briefly covers the topics of
scuffing damage on gears in general, scuffing load capacity
calculation of spur, helical, bevel and hypoid gears as well
as contact temperature calculation of worm gears.

2.1 Scuffing

Scuffing of gears is understood to be the instantaneous
welding of flank surfaces under the influence of the pressure
and temperature conditions in the tooth contact. Due to the
motion of the gears, the welded areas are teared apart and
local damages with material transfer occur. Typically, on-
going load cycles further damage the flanks and lead to an
accelerated failure of the gearbox as well as higher power
losses and poorer dynamics [3, 4]. Fig. 2 displays typical
scuffing marks on the flanks of a spur gear, a hypoid gear
and a worm gear. The origin of scuffing damages is consid-
ered to be a metal-to-metal contact due to the absence of
protecting layers [3, 5]. These protecting layers are typically
formed by the lubricant and its additives. Accordingly, and
in contrast to fatigue damages, a single momentary overload
can cause scuffing.

2.2 Scuffing load capacity of spur, helical, bevel and
hypoid gears

To determine the scuffing load capacity of spur, helical,
bevel and hypoid gears, current design standards, such as
ISO/TS 6336-20 and -21 [8, 9] and ISO/TS 10300-20 [10],
make use of contact temperature criteria. The calculation
procedures of the standards include formulas for the con-
tact temperature under consideration of the load conditions.
To determine the scuffing safety factor, the thus calculated
contact temperature of the considered gear box is then the
divider for the scuffing temperature. The scuffing temper-
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Fig.2 Typical scuffing marks
on a spur gear (a) [6], a hypoid
pinion (b) [7] and a worm
gear (¢)

Fig.3 Content and approach of
this paper to develop a scuffing
load capacity calculation method
for worm gears

Detailled, numerical
temperature simulation
of worm gears

ease of application & integration into design process

ature is a characteristic parameter of a material-lubricant-
system of a gear pair and is determined by gear tests. Gen-
erally, the approach of these standards to compare the con-
tact temperature with a permissible temperature to rate the
scuffing risk is a common practice [11-13].

2.3 Temperature calculation of worm gears

For worm gears, several works [14—17] that investigate
worm wheels made from harder and stronger materials than
bronze use an analogue approach to determine the scuffing
load capacity. However, the basic calculations that these
works use for the contact temperature are not fully appli-
cable to worm gears. For example, Blok’s calculation of
the flash temperature [18, 19] considers only one-dimen-
sional velocity conditions. While this is applicable to spur
gears, worm gears are subject to more complex velocity
conditions due to the rotational movement of the worm.
Hence, these calculations of the flash temperature of worm
gears show a sharp temperature peak in the middle of the
flank, which is not plausible [20]. Accordingly, although
the oil film temperature is calculated within the efficiency
calculation [21], a standardized calculation method for the
scuffing load capacity of worm gears is not yet included in
DIN 3996 [2] or ISO/TS 14521 [1].

2.4 Conclusion from the state of the art and
problem formulation

The overview of the state of the art shows that a gear’s
contact temperature is a suitable criterion to determine the
scuffing risk of spur, helical, bevel and hypoid gears. Ac-
cordingly, design methods for these gear types successfully
use the contact temperature in comparison with a permissi-
ble value to determine a scuffing safety factor.

Calculation for
worm gear contact
temperatures

Scuffing load capacity
calculation method of
worm gears

Permissible contact
temperature for
material/lubricant

However, the direct application of these methods to
worm gears is not suitable due to different velocity con-
ditions in the contact. Therefore, reliable and standardized
calculation methods to determine the scuffing load capacity
of worm gears are not available at the moment.

3 Approach to develop a scuffing load
capacity calculation of worm gears

To fill the gap that is identified within the overview of the
state of the art and to develop a method to determine the
scuffing load capacity of worm gears, this paper derives
a contact temperature calculation based on an extensive nu-
merical temperature simulation of worm gears. According
to the requirements, as stated in the introduction, a cen-
tral part is to simplify the temperature simulation towards
a practice-oriented calculation for the contact temperature
of worm gears that can be included in the design process
of ISO/TS 14521 [1] and DIN 3996 [2]. The method to
determine the scuffing load capacity then uses the calcu-
lated contact temperature and compares it to a permissible
contact temperature for a material-lubricant-combination.
Fig. 3 summarizes this approach and therewith the content
of the following main part of the paper. Determining per-
missible contact temperatures is not part of this paper.

4 Temperature simulation of worm gears

As the state of art shows, a temperature calculation of worm
gears needs to consider the velocity conditions of a worm
gear contact. For this, within the context of this research,
an extensive numerical temperature simulation of the worm
gear contact was developed. A more detailed description
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Fig.4 Body geometry and applied boundary conditions within the
temperature simulation

of the simulation and its theoretical validation are already
published within [20]. Accordingly, the simulation is not
described in detail within the scope of this paper. This chap-
ter hence aims to give a brief overview of the simulation
and its results.

4.1 Geometry and boundary conditions

The simulation considers an approximated geometry of
a worm wheel tooth and a section of a worm tooth as
shown in Fig. 4. The section of the worm has the width
of a worm wheel tooth. The edges of the two bodies are
loaded with boundary conditions. The boundary condition
on the outside edges is the oil temperature (blue in Fig. 4).
On the inside edges, it is the bulk temperature (gray in
Fig. 4). The flank surface, where worm and worm wheel
are in contact, is considered as the contact area (orange in
Fig. 4).

The contact area is loaded with a frictional load that re-
sults from the contact of the worm with the worm wheel.
The simulation considers the local loads and calculates the
local heat flux strain ¢(x,y) based on the local coeffi-
cient of friction w(x, y), the local Hertzian contact stress
om (x,y) and the local sliding velocity vg (X, y) according
to Eq. 1.

Gg(x,y)=p(x,y)-0og (x,y) vg(x,y) (D

The local Hertzian contact stresses and the local sliding
velocities are calculated with the contact pattern calculation
software SNETRA [22, 23], which can consider arbitrary
geometries and multiple manufacturing settings. The local
coefficients of friction are calculated iteratively depending
on the local contact temperature and with a mixed friction
approach according to [24].

4.2 Solution of the model

The numerical model then considers following components
of heat transport:

o three-dimensional heat conduction
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e three-dimensional convection (movement of the bodies
relative to the contact area)
e transient course of the contact line.

The bodies and the boundary conditions are discretized
by a finite difference scheme. This model is then solved
for the transient temperatures of the bodies with an adapted
approach according to [25] and by using a successive over-
relaxation method.

4.3 Results of the temperature simulation

The simulation determines the transient course of the sur-
face or rather contact temperatures in the contact area and
of the temperatures below the surface. This allows for a de-
tailed analysis of the temperature behavior of worm gear
teeth during a meshing cycle under consideration of the
loaded contact pattern and for arbitrary geometries and
manufacturing settings. Fig. 5 shows the results of an ex-
emplary calculation for a worm gear set with a center dis-
tance of @ = 100mm and a gear ratio of i = 20.5 that
is loaded with a speed of n; = 1500revolutions/min at
the worm shaft and a torque of 7, = 1000 Nm at the
worm wheel shaft. A full contact pattern is considered. The
mean Hertzian contact stress is about og,, = 520N/ mm?
and the sliding velocity at the reference diameter is about
Vgm = 3m/s. Displayed are the maximum contact temper-
atures at each spot of the flank that occurred during one
meshing cycle. Hence, it shows the highest temperature
that each spot of the flank experiences. The overall highest
temperature in the exemplary calculation is about 270°C.

If one point in time of the meshing cycle was observed,
the temperature rise along one line of contact would be vis-
ible. However, to determine the overall maximum tempera-
ture, the evaluation of the calculation results as in Fig. 5 is
convenient. According to the flash temperature concept of
Blok [26], the overall maximum temperature is a suitable
parameter to determine the scuffing risk. The numerical
temperature simulation allows to calculate this parameter
for arbitrary worm gear geometries and operating condi-
tions.

5 Contact temperature calculation

While the numerical temperature simulation is a suitable
tool to determine the contact temperature of worm gears,
it is lacking ease of handling and requires long calculat-
ing times. This makes it an expert software and suitable
mainly for use in research. It therefore is not optimal for
application by users within the practical design process.
Accordingly, this chapter has the objective to derive a cal-
culation that is easy to handle and can be integrated into the
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current standards ISO/TS 14521 [1] and DIN 3996 [2] for
the load carrying capacity calculation of worm gears. For
this, a regression analysis is conducted to derive simplified
formulas for the contact temperature based on the results
of the numerical temperature simulation. This chapter first
describes the approach of the regression analysis and then
presents the thereof derived formulas.

5.1 Regression analysis

To determine the main influencing factors on the contact
temperature, several parameters are varied in about 800
simulations. The variation includes following parameters:

e operating conditions (torque and rotational speed)
(ny = 100...4000revolutions/ min, T, = 100...1500 N m)
® sizes
(a =65..160mm)
e contact pattern ratios and contact pattern positions
(Rt =25...100%)
e materials
(wheel: EN-GJS-600-3 & CuSn12Ni2, worm: 42CrMo4
& 16MnCr5)

specific frictional power Pg / W/m?

e oil and bulk temperatures
(Vo = 60...120°C, ¥pr = 60...140°C).

Based on the variational calculations of the operating
conditions, three main influencing factors on the maximum
contact temperature can be identified:

e sliding velocity at reference diameter
e mean Hertzian contact stress
e mean tooth coefficient of friction.

These are also the mean values of the contact parame-
ters that determine the local heat flux strain in the numerical
temperature simulation according to Eq. 1. These three pa-
rameters can be summarized within the specific frictional
power Ppr as is later defined by Eq. 4. Fig. 6 shows the
maximum contact temperature rise, or rather the flash tem-
perature, over the specific frictional power. The grey entries
show the results obtained by the temperature simulation.
The blue entries are the results of a regression analysis of
the correlation between the specific frictional power and the
flash temperature as calculated with the temperature simu-
lation. The underlying formula is later shown as Eq. 3. The
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coefficient of determination of the results of Eq. 3 and the
simulation results is R> ~ 0.98.

Further parameters that influence the contact temperature
are the contact pattern ratio and thermal material properties.
The temperature simulation allows to determine the influ-
ence of these parameters. Accordingly, the contact pattern
coefficient X7g and the material coefficient X, are defined
to consider these influences. The formulas to calculate the
flash temperature, which are presented in the next section,
use these coefficients.

Fig. 7 shows the results of the derived formulas in com-
parison to the results of the temperature simulation. Each
entry point depicts one variational calculation. For each
variation, the temperature simulation and the simplified cal-
culation provide a result for the flash temperature. Points
that lie on the diagram diagonal are identical for both cal-
culations. The aim is that the results of the simplified calcu-
lation match the results of the more extensive temperature
simulation.

As Fig. 7 shows, the simplified temperature calculation,
which was newly developed within the research for this pa-
per, reproduces the behavior of the temperature simulation
very well. Single results deviate due to very small contact
patterns, of which the local loads are overestimated by the
underlying loaded tooth contact analysis of the simulation.
Thus, the simplified calculation can be used as a practical
and user-friendly substitution of the temperature simulation.
It therewith provides a calculation to determine the contact
temperature of worm gears within the design process.

5.2 Derived formulas for contact temperature
calculation

Based on the presented regression analysis, formulas are
derived within in this paper. These new formulas compose
a novel calculation to determine the contact temperature of
worm gears. The following section describes this calcula-
tion.

@ Springer

The contact temperature ¥ g consists, according to Eq. 2,
of the wheel bulk temperature ), and the temperature rise
due to the frictional contact, the flash temperature @ 7;.

193219M+19f1 (2)

The wheel bulk temperature can, for example, be cal-
culated with DIN 3996 [2]. As it depends strongly on the
heat dissipation properties of the gear box system [27, 28],
the wheel bulk temperature might also be measured on the
actual gear box for better accuracy. The flash temperature
is determined with Eq. 3 that contains the specific frictional
power Pg and the material coefficient Xps.

2

PR
6 | _w
o o]

P
35.— R _|.xy

6 w
0 Gt

As Eq. 4 shows, the specific frictional power is a product
of the mean tooth coefficient of friction w,,,, the mean
Hertzian contact stress o, and the sliding velocity at the
reference diameter vg .

9 =003

3

PR =lzm - Omm - XTr) - Vo 4)

These three parameters are results of calculations such
as DIN 3996 [2]. They can also be determined by more
extensive simulations, such as loaded tooth contact analy-
ses. The contact pattern coefficient X, scales the contact
stress.

The material coefficient considers the influence of mate-
rial properties on the heat transfer out of the contact. Equa-
tion 6 describes the correlation of the material coefficient
with the thermal contact coefficient for the worm B7,; and
the worm wheel Br .

15107 [N?/ (mszs)])‘%

Xy =0.5-
( Bt

&)

+<1.3 1074 [N?/ (mszs)])§

Br,
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According to Eq. 6, the respective thermal contact coeffi-
cient consists of three common material properties: thermal
conductivity A, specific heat capacity ¢ and density p.

Bri=24i-ci-pi (6)

The contact pattern coefficient describes the influence of
a partial contact pattern on the mean Hertzian contact stress,
which is typically determined for a full contact pattern. Ac-
cording to [29] and Eq. 7, the contact pattern coefficient
depends on the contact pattern ratio R7,. Further publica-
tions on this coefficient are currently in preparation.
2-001-[2]- Rrr for Ry, = 40%
X Tr = 1

1.6+ 0.001 - (40% — Rzy)? - [—} for Rpy <40%

92

As contained in Eq. 8, the contact pattern ratio describes
the proportion of the active tooth flank A,., where a contact
takes place, and the total flank surface area Ap;. It can
be determined by numerical calculation [22, 23] or visual
inspection of the actual gear box.

RTr =

A
2. 100 - [%)] ®)
AFi

These formulas form a calculation to determine the con-
tact temperature of worm gears. The calculation fulfills the
requirements as initially stated in the introduction. With it
being based on the temperature simulation, it considers the
detailed velocity and contact conditions of worm gears. It
only uses input parameters that are the result of existing de-
sign standards for worm gears (sliding velocity at reference
diameter, mean Hertzian contact stress, mean tooth coeffi-
cient of friction) or can be easily obtained (contact ratio,
material properties).

6 Scuffing load capacity calculation

To determine the scuffing load capacity of a worm gear,
Eq. 9 proposes a scuffing safety factor Sp. This factor
weights a permissible contact temperature, which is usually
named the scuffing temperature g p, with the contact tem-
perature of the regarded gear ¥ 5. This is based on flash tem-
perature criterions for spur, helical, bevel and hypoid gears
as known from ISO/TS 6336-20 [8] and ISO/TS 10300-20
[10].

UBp

Sp=——
Vg

For worm gears, the presented calculation allows to cal-

culate the contact temperature. The scuffing temperature is

a material- and lubricant-depended parameter that requires

©))

experimental determination using a scuffing test, for which
the contact temperatures are recalculated by help of the
presented formulas. The scuffing temperature describes at
which calculated contact temperature scuffing damages oc-
cur within the test conditions. For spur gears, such tests are
standardized in, for example, DIN 51354-2 [30] or Ryder
[31]. The definition of such a test for worm gears is not
within the scope of this paper and subject of further re-
search. This is also the case for defining necessary safety
factor values for a reliable, scuffing-free operation of worm
gears.

7 Discussion

This chapter discusses the presented results and describes
possibilities for further research and improvement.

Rating the scuffing load capacity of gears with a tem-
perature criterion requires two elements: a calculation for
contact temperatures and an experimental test procedure to
determine material- and lubricant-dependent contact tem-
peratures at which scuffing occurs. The latter is, as men-
tioned in the previous chapter, not subject of this paper.
Further research should aim to develop a scuffing test for
worm gears.

The other necessary element, a contact temperature cal-
culation, is provided by this paper. The introduction stated
two requirements on the calculation: it needs to consider the
specific contact conditions of worm gears and needs to be
integrable into current standards. Both requirements are ful-
filled by the presented calculation method. A previous work
[20] shows with a theoretical validation that the underly-
ing numerical temperature simulation considers the veloc-
ity conditions in the worm gear contact more precisely than
previous calculations. However, an experimental validation
of the underlying simulation could further confirm the re-
sults. For this, experimental temperature measurements are
already planned. Regarding the second requirement, which
is the integrability of the simplified contact temperature
calculation into existing standards, the presented calcula-
tion only uses input parameters that are already part of
ISO/TS 14521 [1] and DIN 3996 [2]. These parameters
are, for example, the mean Hertzian contact stress pg,, or
the mean tooth coefficient of friction w,,,. Therefore, the
contact temperature calculation could be integrated into the
existing standards with ease.

It is yet to be investigated how well the presented method
to determine the scuffing load capacity describes the dam-
age behavior of actual worm gear boxes. Influencing fac-
tors that can lead to deviations between calculation and
operation are, for example, run-in effects and surface struc-
tures. Their influence and whether it can be included in the
calculations should be subject of further research. Within
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these investigations, the suitability of an integral temper-
ature method [32] for worm gears could be reviewed as
well. To calculate the integral temperature for worm gears,
an approach that is analogue to this paper and also based
on the presented numerical temperature simulation can be
used.

Overall, the objective of the paper could be realized and
the presented novel contact temperature calculation fills the
current gap in the state of the art. In addition to this calcu-
lational framework, experimental investigations of scuffing
of worm gears are necessary within further research.

8 Summary & conclusion

Contact temperature, as this paper shows in the state of the
art, is the most commonly used criterion to determine the
scuffing load capacity of gears. However, for worm gears,
no calculation for the contact temperature is available in
general use. To fill this gap, this paper aims to develop
a contact temperature calculation for worm gears as a basis
for a scuffing load capacity calculation method. For this,
the paper uses an extensive numerical contact temperature
calculation that considers the specific contact conditions of
worm gears. It solves the three-dimensional heat transport
within the tooth of the worm and the tooth of the worm
wheel. The heat source is the transient frictional contact of
the gears. This temperature simulation provides the max-
imum temperatures that occur at each point of the flank
surfaces during one meshing cycle. Using the simulation
to vary geometries, load conditions and materials allows
to identify influencing factors on the contact temperature.
Based on these influencing factors and the results of the
simulation, a novel simplified calculation for the contact
temperature of worm gears is derived. This calculation uses
input parameters that are already part of current standards.
It is therefore integrable into the current design process of
worm gears. The calculation of the contact temperatures can
then be used within a method to rate the scuffing load capac-
ity of worm gears. For this, it is necessary to develop a test
procedure to experimentally determine the scuffing temper-
ature of worm gears within further research. The scuffing
temperature is the temperature at which scuffing occurs for
a certain material- and lubricant-combination. Such a de-
sign method for the scuffing load capacity will eventually
enable the accountable development of worm gears with
wheels made of harder materials.
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