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Abstract

Worm gears enable compact gear design and high power density due to a high gear ratio within a single gear stage.
However, they often show high sliding speeds within the tooth contact, resulting in high frictional heat and increased
thermal stresses. Therefore, an exact calculation regarding efficiency and heat balance is essential in the early stages of
gear design. Currently, no calculation method is available to automatically analyze worm gears with regard to efficiency
and heat balance.

The simulation program “WTplus” is widely used to calculate the efficiency and heat balance of gearbox systems containing
cylindrical and bevel gears. The efficiency is determined by adding up load-dependent and no-load power losses of gears,
bearings, seals and other rotating components. The calculation of the heat balance of the gearbox is based on the heat
transfer between the single components, as well as heat dissipation to the environment. A suitable abstraction of the gearbox
by nodal points is conducted for an efficient and accurate calculation of local temperatures using a thermal network model.
The simulation program WTplus was extended to automatically analyze the efficiency and heat balance of various designs
of worm gears. For this, new approaches for the calculation of load-dependent and no-load losses, as well as new algorithms
for nodalization and node-linking, were developed and implemented. Moreover, essential formulas describing the thermal
resistances were customized. Simulation results were validated with measurements from research and industry showing
very close alignment for various operating points and gear designs.

Berechnung des Wirkungsgrads und des Warmehaushalts von Schneckengetrieben

Zusammenfassung

Aufgrund der hohen Ubersetzung in einer Getriebestufe ermoglichen Schneckenverzahnungen kompakte Bauweisen und
hohe Leistungsdichten. Bei dieser Verzahnungsart treten dabei oft hohe Gleitgeschwindigkeiten im Zahnkontakt auf, was
zu einer hohen Reibungswirme und einer erhohten thermischen Belastung fiihrt. Die moglichst genaue Beschreibung des
Wirkungsgrads und Wirmehaushalts ist folglich ein entscheidender Faktor in der frilhen Entwicklungsphase der Getrie-
beauslegung. Im Ingenieurwesen existieren dafiir bisher keine automatisierten Berechnungsprogramme fiir mehrstufige
Getriebesystemen mit Schneckenverzahnungen.

Zur Analyse des Wirkungsgrads und Wirmehaushalts von Getriebesystemen mit Stirn- und Kegelradverzahnungen ist das
Berechnungsprogramm WTplus weit verbreitet. Unter Berlicksichtigung der Einzelverlustleistungen von Verzahnungen,
Lagern, Dichtungen und sonstigen Elementen im Getriebe wird die Gesamtverlustleistung aus lastabhingigen und last-
unabhingigen Verlustleistungen aufsummiert und der Wirkungsgrad bestimmt. Die Berechnung des Wiarmehaushalts eines
Getriebes basiert auf der Kenntnis der Wirmeiibergéinge zwischen den einzelnen Komponenten des Getriebes sowie der
Wirmeabfuhr an die Umgebung. Die Grundlage fiir eine effiziente und hinreichend genaue Berechnung lokaler Kom-
ponententemperaturen unter Anwendung der Thermalnetzwerkmethode ist eine geeignete Abstraktion des betrachteten
Getriebesystems.
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Zur Bestimmung des Wirkungsgrads und Wirmehaushalts von Schneckenverzahnungen wurden neue Ansétze zur Berech-
nung lastunabhingiger und lastabhéingiger Verzahnungsverlustleistungen sowie neue Algorithmen zur Knotenzuweisung
und -vernetzung der Thermalnetzwerkmethode entwickelt und in WTplus implementiert. Zudem wurden die notwendigen
Gleichungen zur Beschreibung der thermischen Leitwerte entsprechend angepasst oder neu formuliert. Anhand von Mess-
daten aus Forschung und Industrie umfassend validierte Simulationsergebnisse zeigen eine sehr gute Ubereinstimmung fiir

unterschiedlichste Getriebeausfiihrungen und Betriebspunkte.

Abbreviations

a [mm]; Centre distance

A [mm?]; Surface

b [mm] I[J/(K-m?-+/52)]; Tooth width | Thermal ef-
fusivity

c [J/K - kg]; Specific thermal capacity

Cn [-]; Factor

dn [mm]; Mean diameter

Fr [<]; Froude Number

g [m/s?]; Gravity

h* [-]; Relative lubrication gap height

hip [mm]; Immersion depth

Rminm  [Wm]; Minimal mean lubrication gap thickness

1 [A]; Current

l [m]; Characteristic length

L [W/K]; Thermal conductance
n [min~!]; Rotational speed

P, [W]; Output power
P

P

P

A [W]; Input power
v [W]; Total power losses
VD [W]; Sealing losses
Pyro [W]; No-load bearing losses

[W]; Load-dependent bearing losses
Pyx [W]; Other losses

Pyzy  [W]; No-load gear losses

Pyzp  [W]; Load-dependent gear losses
Pr [<]; Prandtl number

0 [W]; Rate of heat flow

Ronm [€2]; Resistance

Ry, [K/W]; Thermal resistance
Re [-]; Reynolds Number

Rq [-]; Quadratic mean roughness

T [Nm] | [°C]; Torque | Temperature
U [-]; Gear ratio

U [V]; Voltage

Vem [m/s]; Mean sliding velocity

vy [m/s]; Tangential velocity

vV [m?]; Volume

Yo [-]; Geometry reference factor

Yr [-]; Roughness reference factor
Ys [-]; Size reference factor

Yw [-]; Material reference factor

z [-]; Number of teeth

a [W/(m? - K)]; Heat transfer coefficient
Ym [°]; Pitch angle
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n [%] | [kg/m - s]; Efficiency | Dynamic viscosity

1, [%]; Gearing efficiency (worm shaft driving)

N, [%]; Gearing efficiency (worm wheel driving)

A [-]; Relative lubricant film thickness

Kot [-]; Base coefficient of friction

UR [-]; Mean coefficient of fluid friction

HGr [-]; Mean coefficient of boundary friction

Mz [-]; Mean coefficient of friction

v [m?/s]; Kinematic viscosity

Dol [kg/m?]; Oil density

OHm [N/mm?]; Mean flank pressure

T [s]; Time for a given tooth to leave the oil sump
and start to mesh

R [N/mm?]; Shear stress

Tlim [N/mm?]; Limiting shear stress

) [rad™!]; Angular velocity

W [<]; Solid load portion

1 Introduction

If torque conversion with high gear ratio, compact instal-
lation space and 90-degree axis-crossing angle is needed,
often worm gears are used. Due to their high power den-
sity and sliding speeds within the tooth contact, frictional
heat and thermal stresses are higher compared to helical,
bevel and hypoid gears, and thus the thermal load capacity
of worm gears is lower [24]. Therefore, the prediction of
the heat balance and component temperatures of gearboxes
containing one or more worm gear stages is very important,
especially during the design phase.

The simulation program WTplus [16] has been devel-
oped to investigate the efficiency and heat balance of gear-
box systems. The efficiency is based on the power loss
calculation of gears, bearings, seals and other rotating el-
ements. The subsequent calculation of the heat balance of
the gearbox is based on the so-called “Thermal Network
Method” (TNM) [11, 15], which is a mathematical method
for determining the heat transfer between single compo-
nents, as well as the heat dissipation to the environment.
A suitable abstraction of the gearbox system by nodal points
forms the basis for an efficient and accurate calculation of
local component temperatures. The current version of WT-
plus can analyze gearbox systems containing cylindrical
and bevel gears.
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In this study, an automatic simulation method for ana-
lyzing the efficiency and heat balance of various design of
worm gears is developed and integrated in WTplus. First,
suitable methods and calculations regarding the efficiency
and heat balance calculation of worm gears are shown.
Its integration into the simulation program WTplus is de-
scribed afterwards. Finally, simulated efficiency and heat
balance results of various worm gearboxes are compared to
measurements from research and industry.

2 State of the art

Niemann [23] and Weber [40] mathematically modelled the
tooth contact of worm gears. Wilkesmann [41] performed
elastohydrodynamic lubrication (EHL) calculations for dif-
ferent worm tooth geometries. Predki [29] carried out pa-
rameter studies and developed relative key figures, which
form the basis of DIN 3996:2019-09 [9]. Bouché [3] for-
mulated a physics-based model for the calculation of the
coefficient of friction under mixed friction for worm gears.
Magyar [20] investigated the dynamics of worm gears and
derived a tribological calculation model for the calculation
of the coefficient of friction, which is the basis for a new
standardizable approach for the calculation of worm gear
efficiency [25].

Monz [22] and Mautner et al. [21] investigated the load
capacity and efficiency of worm gears lubricated by consis-
tent grease. They used a specific TNM for heat balance cal-
culations, which correspond closely to the measurements.
Further approaches to using TNMs for heat balance and
temperature calculations with regard to gearboxes can be
found in [26] for worm gears, [14] for hypoid gears, [4, 11,
19] for spur gears, [6, 42] for planetary gears and [38] for
helical gears.

Although there are several approaches for the efficiency
and heat balance calculation of worm gears, none of them
uses an automatic approach to building the TNM. They
either abstract their investigated gearbox as an isothermal
system for which no temperature distribution can be calcu-
lated, or they build the TNM statically and specifically for
an experimentally considered worm gearbox.

This is where the method shown in this paper excels:
It describes a method for an automatic efficiency and heat
balance calculation for various designs of worm gears.

3 Efficiency calculation

The calculation of the efficiency of a system requires the
knowledge of either the power input P, and power loss Py,
or the power input P, and power output P,:

PP AP (1
Py P, + Py Py

With regard to gearboxes, the overall power loss Py
can be described as the sum of partial power losses of the
gearbox components as shown in Eq. (2). They are usually
caused significantly by the gears (Z) and bearings (L), and
by contacting seals (D). Depending on the gearbox, other
losses (X) from auxiliary units, for example, may also oc-
cur. Gear losses and bearing losses can be subdivided into
no-load (0) and load-dependent (P) losses [13].

n

Py = Pyzo + Pyzp+ Pyro + Pyrp+

Pyp + Pyx (2)
—— ——

Gear losses Bearing losses  Sealing losses  Other losses

Fig. 1 shows a Sankey diagram outlining the correlation
of power input, power output and power losses, which are
ultimately converted to heat.

3.1 Gearlosses

Gear losses generally cause a significant proportion of the
overall power loss. Friction within the contact of two tooth
flanks relates to the applied load of the tooth system and re-
sults in load-dependent gear losses (Pyzp). Churning losses,
squeezing losses, impulse losses and ventilation losses are
related to the oil flow in the gearbox [18]. They are re-
ferred to as no-load gear losses (Pyzg) as they are almost
independent from the applied load.

In terms of an efficiency calculation, values for every
single one of the named forms of power loss are needed

P vzZp

} Load-dependant

VLP

)
a— P,

No-load

Fig. 1
on Eq. (2)

General gearbox power flow in form of a Sankey diagram based
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in as much detail as possible. Thus, a lot of research fo-
cuses on the formulation of calculation models to quantify
load-dependent and no-load losses. The following two sub-
sections present common and recent calculation models for
predicting load-dependent and no-load gear losses of worm
gears.

3.1.1 Load-dependent gear losses

The load-dependent gear losses Pyzp correlate to the
friction between meshing tooth flanks. According to
DIN 3996:2019-09 [9], it can be described as':

2. Tr-n

. (i—l) (3)
u s

Since worm gears show different gear losses, depending
on the direction of the power flow, the calculation of the
meshing efficiency 7, must be considered separately. When
the worm shaft is driving, according to DIN 3996:2019-09
[9], Eq. (4) is used:

Pyp= ——
vZp 60
——
~0.1

: tan (y)
= tan (Y + arctan (i)
When the worm wheel is driving, the efficiency is gen-
erally lower. Furthermore, a self-locking effect can occur
in this operation mode if the meshing efficiency n, is less
than 0.5. According to DIN 3996:2019-09 [9], Eq. (5) is
applied:

“

, _ tan (yn — arctan (ny,))
B tan (yp)

With regard to Eq. (3)-(5), beside geometrical and oper-

ational data as gear ratio ¥, worm wheel torque 7, worm

shaft drive speed n; and pitch angle of the worm yy,, the

calculation of the load-dependent gear losses comes down

to the mean coefficient of friction pty,.

The mean coefficient of friction pu, represents the
complex friction characteristic of meshing tooth flanks by
one single mean value. In terms of worm gears, there are
currently two different approaches and calculation mod-
els available. DIN 3996:2012-09 [8] describes a simpler,
empirical model, while Oehler et al. [27] present a more
detailed, semi-analytical one. The latter was standardized
in DIN 3996:2019-09 [9], replacing the simpler approach
in DIN 3996:2012-09 [8] very recently.

The empirical model in line with DIN 3996:2012-09 [8]
depends on a base coefficient of friction por multiplied by
the size factor Y5, geometry factor Yg, material factor Yy
and roughness factor Y. Based on a reference gearbox,

&)

z

I DIN 3996:2019-09 [9] simplifies 26‘—(’)’ by 0.1.

@ Springer

these factors take the deviation of the actual gearbox into
account:

Mmz=por Ys - Yo - Yw - W (6)
—_——— —— N S —
f(@a) F(h*)  f(material) f(Ra)

The base coefficient of friction oy is another empirical
value that depends on the sliding velocity vep, the oil type
and the material of the worm wheel:

ot = f (vem, oiltype, material) (7

The semi-analytical model by Oehler et al. [9, 27] con-
siders notable more calculation parameters, and is over-
all a more precise model from a physical perspective. The
mean coefficient of friction wu,, is based on the concept of
load sharing dividing into a boundary coefficient of friction
Uar and fluid coefficient of friction wg.

Mmz:W'/LGr"'(l_w)'/LFl (8)

The solid load portion ¥ depends on the relative lu-
bricant film thickness A, which can be calculated by di-
viding the minimal mean lubrication gap thickness /yinm
according to DIN 3996:2019-09 [9] and the quadratic mean
roughness Rq, , of the contacting meshing partner.

v=f@A) with A= f (hninm Rq;,) ©)]

The boundary coefficient of friction pg; relates to solid
asperity contacts of the gear flanks. Oehler et al. [27] in-
vestigated the behavior of boundary friction experimentally
and derived oil type-specific, simplified formulae, which de-
scribe the boundary coefficient of friction g, as function of
the mean flank pressure oy, according to DIN 3996:2019-
09 [9]:

MGr = f (on) (10)

The fluid coefficient of friction pp relates to shearing
of the fluid. The influence parameters are the shear stress
of the fluid tp, the mean flank pressure oy, as well as
the solid load portion . To calculate the fluid shear stress,
Oehler et al. [25] use a limiting shear stress flow model of
Bair and Winer model according to [1].

Hr = f (TFI (Tlimv Nm> vgm7 hmin,m) s OHm, W) (l l)

3.1.2 No-load gear losses

Currently, no specific, validated calculation model is avail-
able for the no-load gear losses Pyyzo of worm gears. Even
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though DIN 3996:2012-09 [8] offers an equation for cal-
culating the overall no-load loss of gearboxes with worm
gears, it does not differentiate between the different power
loss portions, as there are the gears, bearings and seals.
Therefore, from a more gear component-specific perspec-
tive, this does not meet the requirements of a detailed anal-
ysis of the efficiency and heat balance of gearboxes with
worm gears. This is in accordance with DIN 3996:2019-09
[9], where this approach was removed.

Calculating the no-load bearing losses, as well as the seal
losses, and subtracting them from calculated overall no-load
loss according to DIN 3996:2012-09 [8] does, theoretically,
lead to the no-load gear loss of worm gears, but in practice,
this is not useful. Also, calculations show that depending
on the operating point, this may result in a negative no-load
gear loss due to high calculated no-load bearing losses,
which does not make sense.

Oehler et al. [27] used a calculation model for churning
losses of spur gears and transferred it to worm gears as
shown in Egs. (12)—(13). They used the model developed
by Changenet et al. [5], which can, theoretically, be applied
to other type of gears:

1 TN \2 dn 3
Pyzy = (E * Poil ( 30 ) -A- (7) 'Cm) cw; (12)
). 045 0.1
C. = hp NaG
dn dn

-0.6 -0.21 (13)
wzz iy wj - dm2
2-g 4.v
—— N e’
Fr Re

Oehler et al. [27] points out that using this model may
lead to uncertainties and minor miscalculations. For lack
of a better solution, this may currently be the most precise
calculation model for no-load gear losses of worm gears.

3.2 Bearing losses

Relative movement between the inner and outer bearing
ring as well as the cage and rolling elements causes power
losses within bearings. Schleich [33] divides bearing losses
into four main causes: rolling friction, sliding friction, inner
friction of the lubricant and ventilation losses, which can
be determined by several existing calculation models.

For example, the bearing manufacturers SKF [36] (cf.
Eq. (14)). and Schaeffler/INA/FAG [32] (cf. Eq. (15)). pro-
vide simple empirical calculation models specifically for

their bearing designs. Both models are based on the addi-
tion of no-load and load-dependent bearing losses.

PVL,SKF = | T+ Tq+ Tea + Tdrag ‘2.7 -n (14)
S— ———
Tvip Tvro
Pyrmna = (Tvio+Tvip) 27 -n (15)

More comprehensive approaches that take into account
the stiffness and local friction calculation can be found in
the method of Wang [39], implemented in the simulation
program LAGER?2 [17], and the local friction model devel-
oped by Schleich [33], which is based on the addition of
the torque losses of the individual rolling elements. Since
the calculation is local in nature, many input parameters are
needed.

A powerful and complex commercial program is Bearinx
by Schaeffler [31].

3.3 Seal losses

Seal losses can be calculated according to ISO/TR 14179-
2:2001-08 [13], in which losses are dependent on the shaft
diameter dg, as well as the shaft rotation speed n:

Pyp=7.69-10°-dy% - n (16)

Eq. (16) only covers radial shaft seals, which means that
mechanical seals cannot be calculated, for instance. Ac-
cording to ISO/TR 14179-2:2001-08 [13], non-contacting
seals result in almost no power loss.

4 Temperature calculation

Since temperature influences oil viscosity, which greatly
affects the power loss of a gearbox, a temperature calcu-
lation model is required for an automatic and precise effi-
ciency calculation. Since a gearbox shows local differences
in temperature, it is reasonable to not only calculate a mean
temperature for the whole gearbox but also specific local
temperatures of the single components. This local heat bal-
ance analysis not only provides an opportunity to predict
the thermal load capacity, but also to detect hot spots inside
a gearbox. Using a TNM makes it possible to determine
component temperatures in gearbox systems.

When the TNM is used, a system is divided into isother-
mal parts represented by nodal points. Depending on the
structure of the system, those nodal points are linked where
needed, considering a thermal resistance between them. Fi-
nally, a network comparable to an electrical circuit builds
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up what makes the transfer of the well-known mathematical
laws of Ohm possible:

U=Rypm-1 — AT =Ry-0 (17)
Rearranging Eq. (17) and replacing the thermal resis-

tance Ry, with the thermal conductance L forms the base
equation for the thermal calculation:

. 1
Q=AT-L with Ry=+ (18)

Eq. (18) applies to every linked pair of nodes, meaning
that whenever a difference in temperature AT exists be-
tween those nodes, the rate of heat flow Q depends on the
thermal conductance L.

Similarly to electrical circuits, another principle of ther-
mal networks is heat and power balance for every node.
This means that the sum of all heat flow Q and power P
flowing towards a node i must run off again for a stationary
state:

> Oui+Pi=) Oouwi (19)

Rearranging and using Eq. (19) with Eq. (18) and putting
it into the context of a thermal network with n nodes, an
expression for the temperature calculation of each node can
be formulated:

n
Pi= Y (Ti=T;) - Li;=0 (20)
Jri#i

When expressed as a matrix, Eq. (20) contains n — 1
linearly independent equations and a single boundary con-
dition, making it suitable for numerical solution. This for-
mulation of an efficient, suitable thermal network is needed
when it comes to an automatic and precise calculation of
the efficiency and heat balance of gearboxes.

5 Implementation in simulation program

The efficiency and temperature calculation described in
Sects. 3 and 4 appropriate to gearboxes with worm gears
is customized and implemented in the simulation program
WTplus [16], which is currently applicable to gearbox sys-
tems containing cylindrical and bevel gears. WTplus uses
routines for the calculation of the efficiency and heat bal-
ance as shown in Fig. 2. Initially, a routine reads the input
data followed by the macro geometry and parameter calcu-
lation according to [7, 8]. Where necessary, data is automat-
ically complemented. WTplus then calculates the efficiency
(blue) and heat balance (red) iteratively. If the calculation
results in enough exactitude, an output file containing all

@ Springer

Reading of input data
file

Calculation of macro
geometry and oil level

TEMPERATURE EFFICIENCY
Building of thermal Calculation of torques
network and speeds (lossless)
Updating temperature Calculation of forces, oil “
affective values and tribological data
yes *
n Calculation of power
losses
Calculation of Calculation of torques
components temperature and speeds (lossy)
Calculation of heat
dissipation e
Deviation?

4>< Writing output file >

Fig.2 Flowchart of efficiency and heat balance simulation

relevant data is generated. The efficiency and temperature
calculation, as well as the required extensions for gearboxes
with worm gears, are described in the following Sects. 5.1
and 5.2.

5.1 Efficiency calculation

The simulation program calculates all torques and speeds,
including a power flow analysis, according to Stangl [37].
Initially, these torques and speeds are not affected by any
losses (lossless) but are only dependent on the kinematics
of the gearing system.

Next, with the torques and speeds known, forces caused
by the tooth system of worm gears can be calculated ac-
cording to DIN 3996:2019-09 [9]. Subsequently, the tooth
system forces are put into shaft-bearing context and thus the
simulation program determines the reactive bearing forces.
Then, oil data as viscosity and density is calculated to de-
termine the tribological factors (cf. Sect. 3.1.1). Consider-
ing these values, the specific power loss portions of gears,
bearings and seals are computed (cf. Sect. 3.1, 3.2 and 3.3).
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Lastly, the simulation program calculates all torques and
speeds again, but this time it takes into consideration power
losses that reduce the torques (lossy). Since these reduced
torques change the tooth system forces, this leads to differ-
ent bearing forces and thus changed power losses. There-
fore, an iterative solution must be considered, comparing
the output torques of two subsequent iterations. If the devi-
ation between those results is below a given limit, efficiency
is considered solved and the temperature calculation begins.

5.2 Local temperature calculation

The simulation program is not only able to solve the oil
temperature, but can also solve local temperatures of sin-
gle components fully automatically, based on the TNM ex-
plained in Sect. 4.

It is notable that the thermal network is built up fully
automatically, abstracting the gearbox by suitable nodaliza-
tion, linking those nodes and calculating necessary thermal
conductances. The following explains the process of the
abstraction for worm gears and shows solutions for the cal-
culation of thermal conductances.

5.2.1 Nodalization

The gearbox with its gears, shafts, bearings, housing and
oil is considered a system, which is nodalized. The hous-
ing is considered an isothermal body, and thus abstracted
by a single node. It is linked to the environment, oil and
bearings. The environment acts as a boundary condition in
the form of a heat sink with a specified temperature. The
oil sump is assumed to be isothermal and thus is abstracted
by a single node, like the housing. Hence, the effect of
temperature differences due to oil flow is neglected. Funck
[10] investigated the heat balance of gearboxes and derived
formulae to describe the thermal behavior of the gearbox
housing and oil sump.

Schleich [33] investigated the thermal behaviour of bear-
ings using a thermal network. Due to uncertainties and
several assumptions, he concludes that dividing bearings
into their components represented by a thermal network is
challenging. Therefore, bearings are simplified and a single
node assuming a mean temperature of the bearing is used.

Regarding shafts, Geiger [11] shows the need to divide
long narrow bodies suitably into several isothermal sections
in order to minimize calculation errors and preserve com-
pact network size. In terms of axial distance, the width of
an isothermal section is set accordingly as less than or equal
to its shaft diameter. Furthermore, the simulation program
generates a new isothermal section wherever a component
(bearing or gear) or a diameter change of the shaft is located
(cf. Fig. 3).

px AE Px
b P>
ol ol
4_,d1 ! p el ¢ ¢ T4\ {
I T T
'y T 1! | | [
| | | |
i P alae o o
S — o o ° °
\ 4
b ¢ ¢ ¢ b ¢ 4

oil

Fig.3 Distribution of nodes for a worm shaft (schematically)

Regarding the gears, it is reasonable to subdivide them
into the gear body, teeth and tooth flanks. Two-piece worm
wheels, as are often used, can be considered by abstracting
the wheel hub and sprocket by discrete nodes. Overall, the
refinement of the gears allows a more detailed resolution of
the temperature.

Since the tooth system of a worm gear is extended in an
axial direction, it is divided into sections similarly to the
shafts. The determining parameters are the contact length
AE and axial pitch p, according to DIN 3975-1:2017-
09 [7]. It is assumed, that the section determined by the
contact length AE lies in the middle of the tooth system
representing the area of tooth contact. It can be calculated
by an empirical model according to [35]. Since the tooth
system of worm gears is usually longer than the contact, the
remaining area is divided equally into a section of a max-
imal length of the axial pitch ps as shown in Fig. 3. This
subdivision allows a more refined resolution of the heat
distribution within the tooth system compared to the use of
a single node.

5.2.2 Calculation of thermal conductance

Besides building the structure of the thermal network by
a suitable abstraction of the components and reasonable
linking, the determination of the thermal conductances L
between nodes is essential (cf. Eq. (18)). Driven by a differ-
ence in temperature AT, the heat transfer between linked
nodes is based on the physical mechanisms conduction,
convection and radiation. Depending on the mechanism and
the boundary conditions, a heat transfer coefficient « is es-
tablished. Multiplied by the interacting surface A, the ther-
mal conductance L can be calculated:

L=a-A 21)
In order to describe the conditions between nodes (e.g.
shaft<> shaft, shaft<> bearing, shaft<> gear body, etc.),

simple analogue models such as heat transfer through
a plain wall or heat transfer through a cylinder are used in
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line with Greiner [12] wherever possible. If not applicable,
substitute models are taken.

In the following, the distribution of the load-dependent
gear loss to the contacting meshing partners and the cal-
culation of thermal conductance between tooth flank <> oil
and tooth flank <> tooth body are explained in more detail.

Distribution of load-dependent gear loss between gears
Apparent power loss is fully converged to heat. Thus, the
load-dependent gear loss is modelled as a heat source lo-
cated between the tooth flanks of the contacting meshing
partners. According to the model based on [2, 30], the heat
is distributed proportionally to the tangential velocities vy »
and material parameters b; ; of the contact partners:

) b . .
% N B where Q)+ Qs = Pyzp (22)
0> Vg - b2

with b1,2 = m (23)

Due to the high sliding speeds and thus high tangen-
tial velocities in worm gears, a typical heat distribution is
about Q,/Q> ~ 0.8/0.2 whereas for spur gears the heat
distribution is about up to 0/ 05 ~ 0.6/0.4.

Since the contact line of the meshing gears is diametri-
cally changing as it travels from the tooth root to the tooth
tip, and thus the sliding velocity is changing, 100 different
meshing positions are calculated as per Eq. (22), and subse-
quently averaged. This allows the specific changing sliding
velocity to be considered.

Thermal conductance tooth flank <> oil When the gearbox
is dip-lubricated, a model is needed to calculate thermal
conductance between the tooth flank and oil. Since the
worm shaft and worm wheel have fundamentally differ-
ent geometries, distinct models are used depending on the
gear in question.

With regard to the worm shaft, a Nusselt correlation of
a rotating cylinder according to Changenet et al. [4] is used
in order to determine the heat transfer coefficient « :

Nu -\
o= i (24)
with Nu =0.133- Re?/?. pr'/3 (25)
l-d
with Re= —2= (26)
V
with Pr:vf ¢ 27)

The interacting surface A is assumed by a simplified
surface of the worm shaft consisting of the teeth tip sur-
face (a), teeth flank surface (b) and teeth root surface (c) as
shown in Fig. 4. Since the rotation of a simplified cylinder
surface will cause less turbulence in the oil than the actual
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a+b+c
Fig.4 Simplified surface of the worm shaft (d) consisting of teeth tip
surface (a), teeth flank surface (b) and teeth root surface (¢)

SN

N\
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geometry of the worm shaft, an underestimation of the heat
transfer coefficient is expected.

According to Changenet at al. [4], the thermal conduc-
tance between the worm wheel tooth flank and the oil is
approached by Blok’s centrifugal flying-off theory:

2.
_ m- b (28)
Fl 2z hpho vt

. ) 114, ¥ <068

with F‘{(1.55—0.6-1/f), 068 <y <15
( )2 1/4
w-*T

ith - b

with (dw b 2-h-v> (30

Thermal conductance tooth flank <> tooth The thermal
conductance between the tooth flank and the tooth body
can be described using the analogue model of heat transfer
through a plain wall. The interacting surface is represented
by the effective tooth surface A.y. It is calculated by the
active tooth surface A, multiplied by a factor depending
on the gear ratio.

Depending on the gear in question, the active tooth sur-
face is the assumed cumulated tooth contact surface during
meshing of either the worm shaft or wheel (cf. Fig. 5).

Since the worm shaft and the worm wheel have a dif-
ferent number of teeth, a single tooth passes the contact
more or less frequently, depending on the gear under con-

Fig.5 Assumed active tooth surface of the worm shaft (a) and the
worm wheel (b)
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sideration. Using the worm shaft as a reference, the teeth
of the worm wheel pass the contact less frequently. This
means that the time for heat dissipation is greater, which
can equally be seen as the transferred heat being distributed
over a larger surface. Seitzinger [34] investigates the heat-
ing of spur gears and develops a simple empirical model
that considers this particular issue, using a single factor
depending on the gear ratio u. In the simulation program,
Eq. (31) is used:

A2,act
1+0.11-(u—-1)°

Az eff = (31)

A more detailed explanation of the build of a worm
gear’s thermal network is found in [28].

6 Results

The efficiency and heat balance model developed was val-
idated by numerous measurements of different worm gear-
boxes with different centre distances a from 40 to 200 mm
and gear ratios u from 5 to 63.

Heat balance calculations were performed using the
TNM, taking into account the nodalization and determina-
tion of thermal conductances according to Sect. 5.2.

With regard to efficiency, both the empirical and semi-
analytic model described in Sect. 3.1.1 are compared with
measurements. Fig. 6 shows that the simulation and mea-
surement results are very close to each other. Eighty-two

100 1 /

90 v s mz,empirical (8] 7 V2

g0 | A K mz,semi-anal. [27] A

/
(Y'Y

70
X
= AvA ’6
=, 60 F 4
£ YV
o
> S0r /
5 A
S 40t Y
=
=30t %4

/4
-z
20 4
Y
10 1 7
0 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Efficiency Nexp in %

Fig.6 Comparison of experimental and simulated efficiency data of
different worm gearboxes and operating points
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Fig.7 Comparison of measured and simulated component tempera-
tures of different worm gearboxes

percent of the simulation results lie within a deviation of
less than ten percent, which is illustrated by the dashed line.

Fig. 7 displays simulated and measured component tem-
peratures of five different gearboxes. Some environmental
influences including ambient temperature, temperature and
speed of cooling airflow as well as gearbox foundation are
estimated due to lack of detailed input data. Nevertheless,
calculation results correspond closely to the measurements.

7 Summary

In this study, a simulation method was developed to de-
termine the efficiency and heat balance of gearboxes with
worm gears, and integrated into the simulation program
WTplus. First, the general context of power loss and heat
balance calculation of gearboxes was shown. Then, calcu-
lation models for the component-specific determination of
power losses in worm gearbox were shown as well as the
use of an automatically building thermal network for heat
balance calculation. The application of the thermal network
to a worm gearbox was presented afterwards, including the
nodalization and calculation of important thermal conduc-
tances. Simulation results of the efficiency calculation and
heat balance calculation showed very good correlation with
measurements.
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