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A B S T R A C T

Heat convection is an important phenomenon in the process of cooling polymer spur gears running in
dry conditions, which ultimately affects the strength of the gears. In order to gain some insight into this
phenomenon, a numerical heat convection model for polymer spur gears is proposed in this work, which is
based on a detailed CFD simulation of the gears in operating conditions and it allows us to investigate the
heat convection through their external surfaces.

The performance of this numerical model is illustrated with several examples, in which a parametric study
has been conducted to observe the variation of the heat transfer coefficients with the face width and the
angular speed of the gears. The results obtained from this parametric study are compared to those obtained
from a representative classical heat convection model, observing that the relative differences between them in
terms of heat transfer coefficients can be as high as 125%.

Finally, a new optimized heat convection model for polymer spur gears running in dry conditions is
proposed, in which the convective heat transfer coefficients for the external surfaces of the gears are calculated
from empirical equations based on the Newton’s law of cooling. This optimized model has lower computational
cost than the numerical one, while it provides an important increase of the accuracy of the classical heat
convection models, reducing the maximum relative differences to 10%.
1. Introduction

One of the limitations of using polymer gears for power transmission
is their sensitivity to changes in their temperature. Increases in temper-
ature diminish the mechanical properties of the polymer gears, because
they reduce the elastic modulus of the polymer material, as well as
their bending and rolling contact fatigue strength [1]. This is especially
problematic, since in these transmissions there are several effects that
favour temperature rises in the gears. On the one hand, these trans-
missions are usually operated without any lubricant, so an important
amount of frictional heat is generated during the meshing of the gears
[2]. On the other hand, the lack of lubricant reduces the convective
cooling capabilities of the transmission. These facts, combined with the
low thermal conductivity of the material, accentuate the increments
in temperature. For these reasons, predicting the temperature of the
gears in operating conditions is an important step during the process
of designing polymer gear transmissions, and several analytical and
numerical methods have been developed for such a purpose.

The most relevant analytical methods to determine the bulk temper-
ature of polymer gears are those derived by Hachmann [3,4], Takanashi
[5] and Mao [6]. The analytical determination of the flash temperature
is usually performed using the method proposed by Blok [7]. These
methods have the advantage of being fast and easy to implement,
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but they have several limitations imposed by the hypotheses of the
underlying theory [8]. Let us note that other analytical methods, such
as the differential transform method [9], the adomian decomposition
method [10,11] or even the optimal homotopy asymptotic method
[12], could be interesting for the resolution of temperature fields in
polymer gear transmissions, but to date they have not been used for
this purpose.

Some of the limitations of the analytical methods can be overcome
by using numerical methods. Although some exceptions can be found
in the literature [13–15], numerical methods are mostly based on
finite element thermal analyses of the gears, where the frictional and
the hysteretic heat generated during the meshing of the gears are
introduced as thermal loads on the finite element model of a gear. All
the heat transfer mechanisms (conduction, convection and radiation)
can be considered in these analyses, although radiation is usually
disregarded because its effect is negligible compared to the effect of
the other two mechanisms. In these thermal finite element analyses,
convection is considered through surface film conditions, which are a
kind of boundary conditions that are applied to the external surfaces of
the gear.

The specification of these surface film conditions requires the calcu-
lation of the heat transfer coefficients (HTC) associated to each of them.
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Nomenclature

Subscripts

1 Relative to the pinion
2 Relative to the wheel
𝑎𝑖𝑟 Relative to the surrounding air
𝑖 Relative to node 𝑖
𝑗 Relative to surface 𝑗
𝑘 Relative to analysis frame 𝑘

Symbols

𝑏 Face width
𝑐𝑝 Specific heat
𝑑 Reference diameter
𝑑𝑎 Tip diameter
𝑑𝑓 Root diameter
H Enthalpy
ℎ Instantaneous local heat transfer coefficient
ℎ̂ Instantaneous global heat transfer coeffi-

cient, IG-HTC
ℎ̂′ Time-averaged global heat transfer coeffi-

cient, AG-HTC
𝐿𝑐 Characteristic length of a surface
𝑚 Module
𝑁𝑢 Nusselt number
p Pressure
𝑃𝑟 Prandtl number
𝑄 Thermal power
𝑞 Heat flux
𝑅𝑒 Reynolds number
𝐒 Source term
𝑠𝑎 Transverse tooth thickness at the tip circle
𝑠𝑡 Transverse tooth thickness at the reference

circle
𝑇 Temperature
𝑡 Time
𝑣 Speed
𝐯 Velocity vector
𝑧 Number of teeth
𝛼 Pressure angle
𝛿 Kronecker delta
𝛾 Thermal expansion
𝜆 Thermal conductivity
𝜇 Dynamic viscosity
𝜈 Kinematic viscosity
𝜔 Angular speed
𝜌 Density
𝜏𝜏𝜏 Stress tensor

These HTCs are constants that relate the amount of convective heat flux
to the temperature difference between the gears and the surrounding
air, and their calculation constitutes one of the important challenges
during the preparation of these finite element models. Bearing this in
mind, a heat convection model will be defined as the set of surface film
conditions specified on the gears and the way in which the HTCs are
calculated for each of them.

As explained by Handschuh [16], it would be desirable to collect
these HTCs from empirical data, but accomplishing this would require
a separate and very involved experimental effort. For this reason, in the
2

great majority of the heat convection models found in the literature,
these coefficients were determined by considering certain parts of the
gear geometries as simple geometric shapes (cylinders, plates, discs,
etc.) subjected to typical air flows. From now on we will refer to these
models as classical heat convection models. A huge variety of different
correlations between the gear surfaces and simple geometrical objects
can be found in these models, and it is difficult to know which of them
provides a better description of the actual physical phenomena.

Early attempts to predict the bulk temperature of the gears using
a finite element thermal analysis were made by Patir [17] in 1979,
who used a two-dimensional finite element model for this purpose. In
that study, Patir considered a metallic gear transmission subjected to
jet-cooling, and hence he used a heat convection model in which the
HTC for the gear flanks was calculated using the equations proposed
by DeWinter [18] and Heijningen [19].

Important advances in the finite element modelling of the thermal
behaviour of gear transmissions were made by Handschuh [16,20]
during the last decade of the 20𝑡ℎ century. The same author proposed a
method to conduct a three-dimensional finite element thermal analysis
of spiral bevel gears, in which the use of a moving heat flux allowed the
determination of the steady-state and transient temperature fields over
a tooth of a spiral bevel pinion. In these studies, Handschuh defined a
heat convection model in which the external boundary of the gear was
divided into three surface film conditions: one for the active flanks, one
for the gear sides and one for the rest of the gear surfaces (tooth tip,
tooth root and coast side). To calculate the HTC for the active flank,
this surface was viewed as a plate moving perpendicular to the nominal
ambient conditions, and this simplification allowed the use of the
equation proposed by Holman [21]. Regarding the calculation of the
HTC for the gear sides, Handschuh viewed the gear as a disc rotating
in quiescent air, and he used Hartnett’s relation [22] to determine
the corresponding HTC. Finally, the HTC for the tooth tip, tooth root
and coast side were arbitrarily set between the value for an insulated
boundary and the value defined for the gear sides.

In 2003, Long [23] developed a steady-state thermal finite ele-
ment model to determine the operating temperature of oil-lubricated
medium-speed metallic gears, which accounts for the effect of oil mist
as a cooling medium. In that work, Long considered a heat convection
model in which the external boundary of the gear was divided into two
surface film conditions: one for the gear flanks and one for the gear
sides. As in Patir’s work, the HTC for the gear flanks was calculated us-
ing the equations proposed by DeWinter [18]. The novelty of this work
was that three different equations were considered for the calculation
of the HTCs for the gear sides, depending on the type of flow expected
alongside these surfaces: laminar [22], transitional [24] or turbulent
[25].

A large number of studies have used these heat convection models
(or combinations between them) to set up the finite element models
to conduct thermal analyses of metallic gear transmissions. To pro-
vide some examples, Taburdagitan [26] determined the rise in surface
temperature of spur gears with thermo-elastic finite element analyses.
Shi [27] used a thermal finite element analysis to study the bulk
temperature field and the flash temperature in a locomotive traction
gear. Luo and Li [28] studied the influence of several design parameters
and operating conditions on the temperature field of gears by means
of thermal finite element analyses. Li continued using thermal finite
element analyses to perform studies on the unsteady-state temperature
field of gear transmissions [29], to analyse the thermal characteris-
tics of spur/helical gear transmissions [30], and to conduct thermal
analyses of helical gear transmissions considering misalignment [31].

Similar heat convection models were used to consider the convec-
tion phenomenon in the thermal analyses of polymer gear transmis-
sions. Doll [32,33] was one of the first researchers to propose a thermal
finite element model to determine the temperature field over polymer
gears. He was also a pioneer in considering the heat generated by

hysteresis of the gear material in this kind of finite element analyses. In
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these works, Doll set up a heat convection model in which the external
boundary of the gear was divided into two surface film conditions: one
for the tooth flanks and one for the gear sides. In this heat convection
model, the HTC for the gear sides was predicted from experimental
correlations for the side surface of a disc rotating in quiescent air [34],
whereas the HTC for the tooth flanks was predicted from the principle
of flow across cylinders [35].

Later on, Fernandes [36] proposed a thermal finite element model
to predict the bulk and flash temperatures on polymer gears considering
oil-jet lubrication, dip lubrication or non-lubricated conditions. In that
work, Fernandes combined the heat convection models proposed by
Long [23] and Handschuh [16] to define the convective behaviour of
the thermal finite element model. A similar heat convection model was
also used by the authors of this work [37,38].

Recently, Černe [39] developed a thermo-mechanical finite element
model of polymer spur gears that was experimentally validated using
high-speed infrared thermography. In that work, the heat convection
model considered three different surface film conditions: one for the
tooth flanks, one for the tooth sides and one for the gear sides. The
way in which the HTC for each surface film condition is calculated
differs from the rest of the works reviewed, and it is explained in detail
in Appendix. To the authors’ knowledge, this is currently the most
advanced model to predict the temperature field on polymer gears.

As can be observed, there is a wide variety of classical heat convec-
tion models in the literature, and each of them has a different number
of surface film conditions and a different way to calculate the HTCs
associated with them. This fact shows us that there is no consensus
among researchers on how these correlations between the gear surfaces
and simple geometrical objects should be addressed, because the degree
of similarity between the HTCs of the simple geometric shapes and the
actual gear surfaces has not been tested [16,17,23,32].

To overcome these issues, Wang [40] developed a numerical heat
onvection model based on a Computer Fluid Dynamics (CFD) analysis
f the transmission to determine the HTCs for the gear surfaces, consid-
ring that the gear is running under oil-jet lubrication conditions. From
he perspective of the polymer spur gears running in dry conditions, the
ain drawback of the numerical model developed by Wang is that it
oes not take into account the engagement of the gear teeth, which has
significant effect on the air flow and the convection phenomenon in

his type of gear transmissions, as pointed out by Mao [6].
Other authors have shown interest in applying CFD simulations

o investigate different phenomena in gear transmissions. Concli [41]
nd Mastrone [42,43] used CFD simulations to analyse the effects of
he lubricant in the power losses of a gear transmission. Lu [44] and
iu [45] used CFD simulations to study the thermal behaviour of a
ear transmission with splash and injection lubrication, respectively.
enjith [46] and Deshpande [47] used similar approaches to investigate

he thermal performance of oil-jet lubricated gear transmissions. Kara
48] studied the turbulent flow around a spur gear pair to predict
he load-independent windage power losses. Recently, Ouyang [49]
eveloped a CFD-vibration coupled model to predict cavitation in gear
ransmissions. However, no other numerical work devoted to studying
n depth the convection phenomenon in polymer spur gears running in
ry conditions has been found in the literature.

In general, the determination of the HTCs to simulate the convective
eat transfer in polymer gears still remains a concern when calculating
he temperature field of polymer gears through a thermal finite element
nalysis. Based on these facts, the objectives of this work are:

i. To propose a numerical heat convection model for polymer spur
gear transmissions running in dry conditions.

ii. To use this numerical heat convection model to investigate the
convection phenomenon under different gear geometries and
running conditions.

iii. To compare the numerical heat convection model with the classical
heat convection models that are currently used in the thermal
3

analysis of polymer gears.
iv. To propose an optimized heat convection model to enhance the
simulation of the convective cooling in polymer spur gears run-
ning in dry conditions.

2. Convective heat transfer modelling in thermal finite element
analyses: statement of the problem and overview of the work

In the thermal finite element analyses of polymer gear transmissions
running in dry conditions, convective heat transfer is modelled through
surface film conditions that are applied to the external boundary of
each gear geometry (i.e. those parts of the gear geometry that are
in contact with the surrounding air). For this purpose, the external
boundary of the gear geometry is divided into a set of surfaces, in such a
way that the heat transfer coefficient can be considered constant along
each of them. Then, for each of these surfaces, a Neumann boundary
condition is applied in the form:

𝜆 ⋅
𝜕𝑇
𝜕𝐧

= −ℎ ⋅
(

𝑇∞ − 𝑇
)

(1)

where 𝜆 is the thermal conductivity of the gear material, 𝑇∞ is the
emperature of the environment and ℎ is the convective heat transfer
oefficient specified for the surface. Moreover, 𝐧 is a unit vector indi-
ating the normal direction at a given point on the surface, and 𝑇 is
he temperature at such a point (unknown). Thus, in the great majority
f commercial finite element packages, the surface film condition for
given surface is specified through the heat transfer coefficient and

he temperature of the environment. In consequence, one of the major
hallenges when conducting a thermal finite element analysis of a
ear drive is the determination of this coefficient for each surface film
ondition considered.

The heat transfer coefficient depends on the geometry of the surface,
he thermal properties of the surrounding air and the relative motion
etween this air and the surface under study, and it is calculated as
50]:

=
𝜆𝑎𝑖𝑟
𝐿𝑐

⋅𝑁𝑢 (2)

where 𝜆𝑎𝑖𝑟 is the thermal conductivity of the surrounding air, 𝐿𝑐
represents the characteristic length of the observed surface and 𝑁𝑢
is the Nusselt number, which is often calculated from the Reynolds
number 𝑅𝑒 and the Prandtl number 𝑃𝑟 as:

𝑁𝑢 = 𝐶1 ⋅ 𝑅𝑒
𝐶2 ⋅ 𝑃𝑟𝐶3 (3)

where 𝐶1, 𝐶2 and 𝐶3 are coefficients that need to be adjusted for each
surface film condition considered over the gears, either using experi-
mental or theoretical analyses. Here resides the problem of modelling
the convective heat dissipation in polymer gears: while these coeffi-
cients have been adjusted for simple geometrical objects (cylinders,
plates, etc.) subjected to typical airflows, no exhaustive experiments
have been conducted to adjust them for the surfaces of a rotating gear
[16].

In general, this work is devoted to investigating in depth the con-
vective behaviour of polymer gears running in dry conditions and,
in particular, to studying the heat transfer coefficients that should be
specified in the external surfaces of the gears in order to reproduce
their actual convective behaviour in a thermal finite element analysis.
For this purpose, three different heat convection models are considered
for the polymer gears:

• The classical heat convection models for polymer gear transmis-
sions [23,36,39], which consist in approximating the external
surfaces of the gear to simple geometrical objects, and then
using their coefficients to calculate the Nusselt number (Eq. (3))
and the heat transfer coefficient (Eq. (2)) of the gear surfaces

(see Appendix).
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• A new numerical heat convection model based on a CFD analysis
of the gear transmission, which consists in a detailed simulation
of the polymer gears in operating conditions (including the effect
of the tooth engagement) and the post-processing of the results
in order to obtain the heat transfer coefficients of the external
surfaces for the gears (see Section 3).

• A new optimized heat convection model, which is based on the
use of Eqs. (2) and (3), but with empirically adjusted coefficients
to match the results obtained from the CFD analysis for a given
set of case studies (see Section 4.3).

. A CFD heat convection model to investigate the convective
ehaviour of polymer spur gears

The simulation of fluid flow through CFD techniques has become a
ool of primary importance in numerous fields of engineering: nuclear
eactor design [51], aerogenerator design [52], wastewater treatment
53,54], winds and air-pollutant dispersion in cities [55] or refrigera-
ion [56] are just some recent examples of its uses. CFD simulations
ave also been applied to study several aspects related to gear trans-
issions [41–49], but very few examples can be found in the literature
here CFD simulations are used to investigate the convective cooling
f polymer gears running in dry conditions [57].

In this section a new numerical heat convection model based on
CFD analysis is proposed to study the convective heat transfer coef-

icients through the external surfaces of a polymer spur gear running
n dry conditions. The following subsections detail the CFD modelling
ramework, the CFD simulation and the calculation of the heat transfer
oefficients from the results of the CFD simulations.

.1. CFD modelling framework

The CFD model proposed in this work solves the flow surrounding
pair of moving gears based on the so-called unsteady Reynolds-

veraged Navier–Stokes (uRANS) equations. This approach leads to the
ollowing set of conservation equations (Eqs. (4)–(6)):

• Mass
𝜕𝜌𝑎𝑖𝑟
𝜕𝑡

+ ∇ ⋅
(

𝜌𝑎𝑖𝑟 𝐯
)

= 0 (4)

• Momentum
𝜕
(

𝜌𝑎𝑖𝑟 𝐯
)

𝜕𝑡
+ ∇ ⋅

(

𝜌𝑎𝑖𝑟 𝐯⊗ 𝐯
)

= −∇𝑝 + ∇ ⋅ 𝝉 + 𝐒𝑀 (5)

• Total enthalpy

𝜕
(

𝜌𝑎𝑖𝑟 𝐻𝑡𝑜𝑡
)

𝜕𝑡
−

𝜕𝑝
𝜕𝑡

+ ∇ ⋅
(

𝜌𝑎𝑖𝑟 𝐯 𝐻𝑡𝑜𝑡
)

= ∇ ⋅
(

𝜆𝑎𝑖𝑟 ∇𝑇
)

+ ∇ ⋅ (𝐯 ⋅ 𝝉) + 𝐯 ⋅ 𝐒𝑀 + 𝐒𝐻
(6)

In these equations, 𝑝, 𝐯 and 𝑇 stand for the mean pressure, veloc-
ity vector and temperature fields, respectively. Properties of air like
dynamic viscosity (𝜇𝑎𝑖𝑟), density (𝜌𝑎𝑖𝑟) and thermal conductivity (𝜆𝑎𝑖𝑟)
also appear. Other terms seen in these equations are the source terms
for momentum (𝐒𝑀 ) and enthalpy (𝐒𝐻 ), as well as the total enthalpy,
𝐻𝑡𝑜𝑡 = 𝐻 + 1

2𝐯
2. Note that, thanks to these equations, it is possible to

esolve the flow fields (𝑝, 𝐯 and 𝑇 ) at every position and at any time
nce the equation of state for the fluid is known and the turbulence
odel is included.

With respect to turbulence modelling, in this work turbulence ef-
ects are introduced through the stress tensor:

= 𝜇
(

∇𝐯 + (∇𝐯)𝑇 − 2 𝛿 ∇ ⋅ 𝐯
)

+ 𝝉 (7)
4

𝑎𝑖𝑟 3 𝐑 t
where 𝛿 is the delta Kronecker function. In this work, the two-equation
hear Stress Transport (SST) model [58] will be used for an accurate de-
cription of the flow near the walls and in the bulk region. Accordingly,
he Reynolds stress tensor, 𝝉𝐑, reads as:

𝝉𝐑 = 𝜇𝑇
(

∇𝐯 + (∇𝐯)𝑇
)

(8)

here 𝜇𝑇 is the turbulent viscosity. These equations are solved numer-
cally by using the Element-based Finite Volume Method [59] with a
irst-order algorithm for the discretization of turbulence equations and

high-resolution algorithm for the RANS discretization. More details
n the implementation of the SST turbulence model and the numerical
esolution of these equations can be found in the literature [60,61].

.2. CFD simulation details

Fig. 1a shows the proposed domain geometry. The main gear
pinion, coloured in green) is placed centred in a cylindrical domain,
ith the secondary gear (wheel, coloured in red) centred at the corre-

ponding location on the 𝑧 − 𝑎𝑥𝑖𝑠. To avoid undesirable effects of the
oundary conditions on the CFD results near the region of interest, the
xial extent of the domain is 15 times the pinion face width, and its
iameter 10 times the pinion tip diameter. These limits clearly exceed
he recommendations on domain limits (5 times the obstacle length if
here is no wind across that direction) given by the COST guidelines
or external flow simulations [55,62].

The domain is subdivided into small sub-volumes, with bigger el-
ments on the borders of the domain and smaller ones near the main
ear (see Fig. 1b). The distribution of the elements in the region be-
ween the gear teeth is structured for the pinion, with proper inflation
ayers near its walls to ensure that the normalized wall distance, 𝑦+,
emains below 1. After a grid convergence study [63,64], the resulting
rid selected for the simulations is composed of 1,376,629 nodes.

With respect to the boundary conditions, the main gear surface is
et as a non-slip wall at constant temperature. Boundary limits are set
s openings so that air can freely enter or leave the domain.

The transient resolution involves the motion of the gears and their
ngagement. The main advantage of the proposed approach is that it
oes not need to update the sub-volumes after each iteration. First, the
hole domain is defined as a non-inertial rotating domain. This implies

he addition of source terms in the momentum equations, 𝐒𝑀 , to
ccount for the Coriolis forces. Second, the secondary gear is included
sing the immersed boundary method (IBM [65]), i.e. introducing
nother set of source terms into the momentum equations to account
or the effects of its motion. From the point of view of the non-inertial
eference frame, this gear is orbiting the main gear while it rotates
n its own axis. In this way, the gears engage properly and the air is
xpelled and suctioned before and after the engagement, respectively.

Note that this approach differs from those reviewed by Mastrone
t al. [66], who compared several meshing approaches for the CFD sim-
lation of gear transmissions. The overset, local and global remeshing
pproaches demand a huge computational cost in this case, especially
n terms of time. The proposed global remeshing approach with mesh
lustering could be of interest, as it is expected to reduce the computa-
ional time significantly. Unfortunately, it is not included in commercial
ackages or default OpenFOAM® distributions. The IBM by itself, as
ndicated by Burberi et al. [67], leads to inaccurate results due to the
oor description of the mesh near the walls. Hence, this paper proposes
mixed approach that uses the IBM just for the wheel and a static mesh

or the pinion thanks to the inclusion of the Coriolis terms. In this way,
he near wall behaviour is modelled properly for the gear that is going

o serve for the heat transfer coefficient calculations.
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Fig. 1. Definition of the CFD model: (a) domain for the CFD analysis, and (b) a detail of the sub-volume discretization.
3.3. Calculation of the heat transfer coefficient from the CFD simulation
results

The proposed numerical model provides the values for pressure,
temperature and velocity vector for all the sub-volumes in the domain
at any time step 𝑘. From these results, one can obtain three different
definitions for the heat transfer coefficient over the main gear surfaces,
and each of them will have a different meaning and purpose. The first
one is an instantaneous local heat transfer coefficient (IL-HTC, ℎ𝑖,𝑘),
which is calculated for each node 𝑖 of the gear surfaces at a given time
step 𝑘 as follows:

ℎ𝑖,𝑘 =
𝑞𝑖,𝑘

𝑇𝑖,𝑘 − 𝑇∞
(9)

where 𝑞𝑖,𝑘 and 𝑇𝑖,𝑘 are the heat flux and the temperature at node 𝑖 and
time step 𝑗, respectively.

The second definition corresponds to an instantaneous global heat
transfer coefficient (IG-HTC, ℎ̂𝑗,𝑘), which is calculated for a given gear
surface 𝑗 and time step 𝑘 as follows:

ℎ̂𝑗,𝑘 =
𝑄𝑗,𝑘∕𝐴𝑗

𝑇𝑗,𝑘 − 𝑇∞
(10)

where 𝑄𝑗,𝑘 is the thermal power released through surface 𝑗 in time
frame 𝑘, 𝐴𝑗 is the area of surface 𝑗 and 𝑇𝑗,𝑘 is the average temperature
of surface 𝑗 in time frame 𝑘.

Finally, the third definition corresponds to a time-averaged global
heat transfer coefficient (AG-HTC, ℎ̂′𝑗) that is calculated for each gear
surface 𝑗 as follows:

ℎ̂′𝑗 =
𝜔

2 ⋅ 𝜋
⋅
𝑛𝑓𝑟𝑎𝑚𝑒
∑

𝑘=2

1
2
⋅
(

𝑡𝑘 − 𝑡𝑘−1
)

⋅
(

ℎ̂𝑗,𝑘 + ℎ̂𝑗,𝑘−1
)

(11)

where 𝜔 is the angular speed of the gear, 𝑛𝑓𝑟𝑎𝑚𝑒 is the number of anal-
ysis frames during a revolution of the pinion and 𝑡𝑘 is the time instant
associated to analysis frame 𝑘. This AG-HTC is the one that should be
considered to define the surface film conditions in the thermal finite
element models of the gears.

4. Numerical examples and discussion of results

In this section the CFD model described in Section 3 is applied
to derive a numerical heat convection model for a polymer spur gear
transmission running in dry conditions, including the definition of the
surface film conditions for the external boundary of the gear and the
determination of the HTCs associated to each of them. This numerical
heat convection model is used in Section 4.1 to investigate the influence
of the face width and the input speed over the convective behaviour
5

Table 1
Gear geometry and operating conditions for the nominal case study.

Parameter Magnitude

Module, 𝑚 2 mm
Pressure angle, 𝛼 20◦

Nominal face width, 𝑏 10 mm
Pinion teeth number, 𝑧1 20
Wheel teeth number, 𝑧2 20

Nominal input speed, 𝜔1 1000 rpm
Ambient temperature, 𝑇∞ 25 ◦C
Gear temperature, 𝑇 40 ◦C

Table 2
Thermal properties of the surrounding air at 25 ◦C.

Property Magnitude

Thermal conductivity, 𝜆𝑎𝑖𝑟 2.61 ⋅ 10−2 W/m/K
Kinematic viscosity, 𝜈𝑎𝑖𝑟 1.545 ⋅ 10−5 m2∕s
Specific heat, 𝑐𝑝𝑎𝑖𝑟 1004.4 J/kg/K
Density, 𝜌𝑎𝑖𝑟 1.185 kg∕m3

Thermal expansion, 𝛾𝑎𝑖𝑟 3.356 ⋅ 10−3 1∕K

of the polymer gears. In Section 4.2, the results obtained from the
numerical heat convection model are compared to those obtained from
a classical heat convection model. Finally, in Section 4.3, an optimized
heat convection model is proposed, which is aimed at improving the
accuracy of the classical heat convection models but avoiding the
elevated computational costs of the numerical heat convection model.

The study is conducted on a standard spur gear transmission whose
macro geometry design parameters and nominal operating conditions
are shown in Table 1. Both pinion and gear are considered to be made
of polyoxymethylene (POM) and to be operating without lubricant. This
gear transmission has been analysed with the CFD model described in
Section 3 during twenty revolutions of the pinion, which is rotating
at a nominal input speed 𝜔1 considering the thermal properties of
the surrounding air given in Table 2. Note that the properties of the
gear material are not of interest in this study, because the convective
behaviour of the gears (and hence their HTCs) does not depend on them
[68].

Fig. 2 shows a contour plot of the IL-HTC obtained over the pinion
geometry, calculated using Eq. (9) for the last time frame of the CFD
analysis. Here it is observed that the maximum values for the IL-HTC
are produced at the tip and the sides of the leading surface, whereas
the minimum values for the IL-HTC are obtained along the trailing
surface. Fig. 2 also reveals that the gradients in the IL-HTC are
relatively small within the great majority of the surfaces of the gear.
The smallest gradients can be found at the side of the gear and the
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Fig. 2. Contour plot of the IL-HTC obtained from the CFD analysis for the nominal case study.
Fig. 3. Definition of the surface film conditions for the proposed convective heat transfer model.
largest gradients are observed in the leading surface and the tooth tip.
The trailing surface, the fillets and the root have similar values for the
IL-HTC, with small variations between them.

Observing the distribution of the IL-HTC over the pinion geometry,
the decomposition into surface film conditions shown in Fig. 3 is
proposed to study the convective phenomena in polymer spur gears.
It consists of five surface film conditions: surface film condition 𝛤𝐺𝑆
is specified for the gear sides, surface film condition 𝛤𝑇𝑆 is specified
for the tooth sides, surface film condition 𝛤𝑇𝑇 is specified for the tooth
tip, surface film condition 𝛤𝐿𝑆 is considered for the leading surface and
surface film condition 𝛤𝑇𝐹𝑅 is considered for the rest of the surfaces
(trailing surface, fillets and root).

The convective behaviour observed in Fig. 2 can be better un-
derstood by analysing the air flow streams that are produced in the
vicinity of the pinion geometry, which are shown in Fig. 4. Note that
these streams correspond to streamlines computed from the non-inertial
velocity fields. Accordingly, despite the clockwise motion of the gear,
these streams are seen as anticlockwise from the rotating system of
reference. Also note that, for the sake of clarity, only the streams
corresponding to one of the sides of the gear are drawn. A similar
6

behaviour can be found on the opposite side of the gear. From this
figure, the formation of four different air streams is apparent, which
are denoted as 𝛺𝐺𝑆 , 𝛺𝑇𝑇 , 𝛺𝐿𝑆 and 𝛺𝑇𝐹𝑅. These streams are driven by
three phenomena:

1. When the pinion teeth engage the gear teeth, the air inside the
gear pockets is expelled. After engagement, the separation of the
teeth induces a vacuum inside the gear pockets that produces a
quick suction of the surrounding air.

2. This suction is sustained after the engagement thanks to the gear
rotation. As in Shockwave Power Reactors [69], the rotation
at high angular frequencies induces a centrifugal hydrostatic
pressure field inside the pockets. In this case, the pressure drop
inside the pocket gears can be estimated as:

𝛥𝑝 = −𝜌𝑎𝑖𝑟 ⋅ 𝜔2 ⋅ 𝑙𝑛
(

𝑑𝑎
𝑑𝑓

)

(12)

where 𝑑𝑎 is the tip diameter and 𝑑𝑓 the root diameter.
3. Finally, the friction of the air with the sides of the rotating gear

induces a swirl of the surrounding air.



International Journal of Mechanical Sciences 241 (2023) 107927V. Roda-Casanova et al.
Fig. 4. Air flow streams obtained from the CFD analysis for the nominal case study.
Fig. 5. Evolution of the IG-HTC during the CFD analysis: (a) surface film conditions 𝛤𝐿𝑆 , 𝛤𝑇𝐹𝑅 and 𝛤𝑇𝑇 , and (b) surface film conditions 𝛤𝑇𝑆 and 𝛤𝐺𝑆 .
These three phenomena explain the overall flow behaviour sur-
rounding the gears. To sum up, fresh air approaches the gear following
the stream 𝛺𝐺𝑆 . This stream comes parallel to the rotation axis and
starts to swirl as it approaches both sides of the gear. As this stream
advances, it starts to approach the gear pockets. Once this stream
reaches the pockets, it separates into two streams: 𝛺𝐿𝑆 and 𝛺𝑇𝐹𝑅.
The 𝛺𝐿𝑆 stream impacts onto the leading surface and causes it to
cool. The 𝛺𝑇𝐹𝑅 stream has a huge swirling component so it does not
reach the leading surface. Instead, it attaches to the trailing surface,
being responsible for its cooling. These two streams collide with similar
streams coming from the other side of the gear so they are all expelled
from the pockets over the tooth tips. These streams remain close to the
gear teeth forming the 𝛺𝑇𝑇 stream, which comes from the air expelled
from the gear pockets.

A more convenient way to examine the convective cooling in these
surfaces is through global heat transfer coefficients. Fig. 5 shows the
evolution of the IG-HTC (as given by Eq. (10)) for these surfaces, where
it can be observed that in all cases the IG-HTC suffers a transient period
when the analysis is started. After a few revolutions of the pinion, this
transient period ends and the IG-HTC tends to stabilize, reaching a
steady state that is repeated approximately for each revolution of the
pinion.
7

Fig. 6 shows in greater detail the evolution of the IG-HTC during the
last revolution of the analysis, for each of the surface film conditions
considered. The areas shaded in grey represent the parts of the gear
cycle where the pinion tooth is engaged with the corresponding gear
tooth. This figure also shows the AG-HTC calculated using Eq. (11).
It can be observed that both the IG-HTC and the AG-HTC are larger
for surface film condition 𝛤𝐿𝑆 (Fig. 6a) than for surface film condition
𝛤𝑇𝐹𝑅 (Fig. 6b) during the entire rotation of the pinion. As explained
before, since the cool air impacts mostly on the leading surface (see
Fig. 4), it produces a greater convective cooling than for the trailing
surface. This fact contradicts the assumption made in Černe’s convec-
tive model [39], where the same heat transfer coefficient is assumed
for both surfaces.

Moreover, it can be observed that, for the great majority of the
gear cycle, the IG-HTC and the AG-HTC at the tooth tip (Fig. 6c) are
closer to those of the leading surface (Fig. 6a) than to that of the
trailing surface (Fig. 6b). For these three surfaces, the IG-HTC and
the AG-HTC are quite similar during the entire gear cycle, except for
that part of the gear cycle in which the observed pinion tooth engages
with the corresponding wheel tooth, where an increase in the IG-HTC

is observed. Fernandes [36] contemplated this effect in his work by
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Fig. 6. Evolution of the IG-HTC during the last revolution of the CFD analysis: (a) surface film condition 𝛤𝐿𝑆 , (b) surface film condition 𝛤𝑇𝐹𝑅, (c) surface film condition 𝛤𝑇𝑇 , and
(d) surface film conditions 𝛤𝑇𝑆 and 𝛤𝐺𝑆 . A dashed line indicates the AG-HTC for each surface film condition considered.
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etermining the heat transfer coefficient for the leading surface as the
ime-averaged heat transfer coefficient of this surface during and out of
he meshing. However, he understood that the convection conditions
f the leading surface were similar to those of the trailing surface
hen the tooth is out of the meshing, but these results reveal that this
ssumption may not be totally accurate.

Finally, Fig. 6d shows the IG-HTC and the AG-HTC for the surface
ilm conditions 𝛤𝑇𝑆 and 𝛤𝐺𝑆 . Here it is observed that, during the entire
otation of the pinion, both IG-HTC and AG-HTC of the tooth side are
arger than those of the gear side. This fact reasserts the consideration
ade by Černe [39] of splitting the side of the gear into two different

urface film conditions. For both surface film conditions, the IG-HTC
nd the AG-HTC are almost coincident, demonstrating that only small
luctuations are produced in these heat transfer coefficients during the
ear cycle.

.1. Evolution of the heat transfer coefficient with the input speed and the
ace width

The heat transfer coefficient of the external surfaces of a polymer
pur gear depends on their geometry, the relative motion between these
urfaces and the surrounding air, and the thermal properties of this air
50]. On the one hand, the geometry of the surfaces of a standard spur
ear is defined by the parameters of the basic rack (modulus, pressure
ngle, addendum and dedendum coefficients, and fillet radius), the
umber of teeth and the face width of the gear. On the other hand, the
elative motion between the air and the surfaces of the gear depends
ostly on its angular speed and the type of flow. This means that there

re a great number of variables that may have some effect on the heat
ransfer coefficient of the gear surfaces, and it would be interesting to
nderstand the relation between these variables and the heat transfer
oefficients that regulate the convective behaviour of the gear.
8

For the sake of brevity, in this section only the influence of the
ace width and the input angular speed on the AG-HTC is studied.
he angular speed of the gears affects the Reynolds number that
rives the convective behaviour of the gear surfaces, as indicated by
qs. (2) and (3). The face width of the gears affects the convective
eat dissipation [5,70] because it changes the geometry of the gear
urfaces in a significant way. However, the face width of the gears is
eldom considered in the convective heat dissipation models found in
he literature [15,36].

Thus, to conduct this study, different variations of the case study
escribed in Table 1 have been investigated, in which various combi-
ations of the face width and the nominal input speed are performed.
o obtain such variations, four different values of the face width
= [5, 10, 15, 20] mm and four different input angular speeds 𝜔1 =

[500, 1000, 1500, 2000] rpm are considered. For each of these varia-
tions, the AG-HTC is calculated for each of the surface film conditions
described in Fig. 3.

Fig. 7 shows the AG-HTC as a function of the input speed and
the face width, for each of the surface film conditions considered. The
black dots indicate those combinations that have been studied, and the
isolines are interpolated from the results of the cases studied. In all the
surface film conditions it is observed that the heat transfer coefficient
tends to increase with the angular speed of the gears. This is somewhat
expected, as the faster the gear rotates, the greater the relative velocity
between the gear and the surrounding fluid is, thereby increasing its
capacity to cool down the gear.

The results also show a certain dependency of the heat transfer
coefficient on the face width of the gears, with different degrees of
influence depending on which surface is considered. For surface film
conditions 𝛤𝑇𝑇 and 𝛤𝑇𝑆 (Fig. 7a and d), the dependency of the heat
transfer coefficient with respect to the face width of the gear is rela-
tively small. The rest of the surfaces exhibit a larger dependency on
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he heat transfer coefficient with respect to the face width of the gears,
specially for larger rotational speeds. This is because the cold air that
nters the gear pockets travels along the face width of the gears so that
he larger the face width is, the higher the convection cooling through
hese surfaces will be.

The observations made in the previous section hold in all these
ases. For all of them, the largest heat transfer coefficient is obtained at
he leading surface and the lowest heat transfer coefficient is produced
t the gear side and the trailing surface. In all cases, the heat transfer
oefficient of the tooth tip is similar to that of the leading surface.

.2. Comparison of the classical heat convection models to the numerical
eat convection model

Classical heat convection models have the advantage of being sim-
ler and more computationally efficient than the numerical heat con-
ection models, but it is not clear whether they are able to reproduce
he actual convective phenomena that occur in polymer spur gear trans-
issions running in dry conditions. In order to gain some insight into

his question, in this subsection the HTCs calculated from a classical
eat convection model are compared to those calculated using the
umerical heat convection model described in Section 3.

Among the classical heat convection models available in the litera-
ure, the one proposed by Černe [39] (described in detail in Appendix)
as selected to perform this comparison, because it is one of the most
dvanced heat convection models found in the literature. The black
solines in Fig. 8 show the HTCs calculated using Černe’s model as a
unction of the angular speed and the face width of the gears, for each
f the surface film conditions considered. Here it is observed that all
TCs increase with the input speed of the transmission, since Eq. (3)
epends on the Reynolds number that is a function of the input speed.
n contrast, Černe’s HTCs are independent of the face width, since this
agnitude is not involved in the calculations. It is important to mention
9

hat in this figure the HTCs for surface film conditions 𝛤𝑇𝑇 , 𝛤𝐿𝑆 and c
𝑇𝐹𝑅 are identical, as this set of surfaces constitutes a single surface
ilm condition in Černe’s model (𝛤𝑓 in Fig. A.10).

To quantify the degree of similarity between the HTCs calculated
sing Černe’s convective model and using the numerical model, two
ifferent deviation magnitudes are defined:

• The deviation 𝛿𝑗 is defined as the difference between a given
value of heat transfer coefficient ℎ𝑗 (for surface 𝑗, face width 𝑏
and input velocity 𝜔1) and the time-averaged global heat transfer
coefficient ℎ̂′𝑗 , which is used as a reference value and is calculated
from the numerical model using Eq. (11):

𝛿𝑗
(

𝑏, 𝜔1
)

= ℎ𝑗
(

𝑏, 𝜔1
)

− ℎ̂′𝑗
(

𝑏, 𝜔1
)

(13)

• The relative deviation 𝜀𝑗 is defined as the ratio between the
deviation 𝛿𝑗 and the time-averaged global heat transfer coefficient
ℎ̂′𝑗 calculated from the numerical model using Eq. (11):

𝜀𝑗
(

𝑏, 𝜔1
)

=
𝛿𝑗

(

𝑏, 𝜔1
)

ℎ̂′𝑗
(

𝑏, 𝜔1
)

(14)

The coloured regions in Fig. 8 show the relative deviation of Černe’s
eat transfer coefficients compared to those calculated from the nu-
erical model. Let us recall that a positive relative deviation implies

hat Černe’s model overestimates the amount of heat dissipated by
onvection, whereas a negative relative deviation implies that Černe’s
odel underestimates it.

The results obtained for surface film conditions 𝛤𝑇𝑇 (Fig. 8a) and
𝐿𝑆 (Fig. 8b) indicate that, for the great majority of the design space
onsidered, Černe’s model tends to underestimate the amount of heat
issipated by convection through these surfaces, especially at high
nput speeds. Conversely, the results obtained for surface film condition
𝑇𝐹𝑅 (Fig. 8c) indicate that Černe’s model tends to overestimate the
mount of heat dissipated by convection through this surface, espe-
ially at low input speeds. Surface film condition 𝛤 is where the
𝑇𝐹𝑅
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Fig. 8. Evolution of the HTC as a function of the input speed and the face width, calculated using Černe’s heat convection model for surface film conditions (a) 𝛤𝑇𝑇 , (b) 𝛤𝐿𝑆 , (c)
𝑇𝐹𝑅, (d) 𝛤𝑇𝑆 and (e) 𝛤𝐺𝑆 . The HTC values are given in W∕m2∕K. The colour scale indicates the relative deviation of these results with respect to the results of the numerical
eat convection model.
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argest relative errors (understood as the absolute value of the relative
ifference between the two models) are produced.

In these surface film conditions (𝛤𝑇𝑇 , 𝛤𝐿𝑆 and 𝛤𝑇𝐹𝑅) the differences
n the heat transfer coefficients calculated using both models arise be-
ause the type of air flow considered in the derivation of the coefficients
iven in Table A.5 does not represent the actual flow observed in the
umerical results (Fig. 4). In Černe’s model, these surfaces were viewed
s semi-cylindroids positioned inside an air crossflow, which does not
oincide with the type of relative motion between the air and these
urfaces in Fig. 4.

Regarding surface film condition 𝛤𝑇𝑆 (Fig. 8d), the results obtained
ndicate that Černe’s model tends to overestimate the amount of heat
issipated by convection through these surfaces, especially at low
peeds and large face widths. In this case, the type of flow considered
n the calculation of the coefficients given in Table A.5 (plates with
he airflow parallel to them) is similar to the type of flow observed
n the numerical results (Fig. 4). In spite of this similarity, notable
eviations exist between the heat transfer coefficients calculated using
oth models, which could be attributed to the fact that the gear pockets
educe the amount of cool air that effectively comes into contact with
he tooth sides, thus reducing their convective cooling capacity.

Finally, the results obtained for the surface film condition 𝛤𝐺𝑆
Fig. 8e) indicate that Černe’s model tends to underestimate the amount
f heat dissipated by convection in these regions of the gear, especially
t high speeds and large face widths. This is the surface film condition
n which the relative errors are smaller, and they could be attributed to
he fact that the coefficients given in Table A.5 for these surfaces were
erived for a 𝑃𝑟 = 0.74 [71], whereas the Prandtl number in this work
s 𝑃𝑟 = 0.70.

.3. Optimized heat convection model for polymer spur gears

As has been observed in the previous subsection, and due to the
implicity of its calculation hypotheses, Černe’s heat convection model
10
as limited capabilities to provide accurate HTCs for some of the
urface film conditions in which the gear is decomposed (see Fig. 3).
naccuracies in the calculation of the convective behaviour of the gears
ead to errors in the prediction of their operating temperature, which ul-
imately affect the estimated life of the polymer gear transmission. For
his reason, it is interesting to obtain an optimized convective model
apable of providing a better approximation to the actual convective
ehaviour of the polymer gears.

In this subsection a new optimized heat convection model for poly-
er spur gear transmissions is proposed, in which Eqs. (2) and (3) are

pplied to calculate the heat transfer coefficient for each of the surface
ilm conditions shown in Fig. 3:

• The characteristic length for each surface film condition is se-
lected according to the direction of the air flow observed in Fig. 4.
In this way:

– The characteristic length for surface film condition 𝛤𝑇𝑇 has
been selected as the transverse tooth thickness at the tip
circle (𝑠𝑎).

– The characteristic length for surface film conditions 𝛤𝐿𝑆 and
𝛤𝑇𝐹𝑅 has been selected as half the face width of the gear
(𝑏∕2).

– The characteristic length for surface film condition 𝛤𝑇𝑆 has
been selected as the tooth width at the reference circle (𝑠𝑘).

– The characteristic length for surface film condition 𝛤𝐺𝑆 has
been selected as the reference radius of the gear (𝑑∕2).

• The Reynolds number for each surface film condition has been
calculated by approximating the relative velocity of the air (𝑣𝑎𝑖𝑟)
to the velocity that the air would have in the middle of such a
surface.

• A constant coefficient 𝐶3 = 0.333 has been selected for all surface
film conditions.
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Table 3
Summary of the optimized convective heat transfer model and the values for the
coefficients 𝐶1 and 𝐶2 obtained from the optimization process for each surface film
condition.

Film cond. 𝐿𝑐 𝑣𝑎𝑖𝑟 𝑅𝑒 𝐶3 𝐶1 𝐶2

𝛤𝑇𝑇 𝑠𝑎
𝜔⋅𝑑𝑎
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

0.333 0.108 0.645

𝛤𝐿𝑆
𝑏
2

𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

0.333 0.089 0.748

𝛤𝑇𝐹𝑅
𝑏
2

𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

0.333 0.027 0.829

𝛤𝑇𝑆 𝑠𝑘
𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

0.333 0.196 0.605

𝛤𝐺𝑆
𝑑
2

𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

0.333 0.174 0.630

Table 4
Summary of minimum relative deviations, maximum relative deviations and the RMS
of the deviation for Černe’s and optimized heat convection models, with respect to the
results of the numerical model.

Film cond. Černe convective model Optimized convective model

min
(

𝛿𝑗
)

max
(

𝛿𝑗
)

𝑅𝑀𝑆𝑗 min
(

𝛿𝑗
)

max
(

𝛿𝑗
)

𝑅𝑀𝑆𝑗

𝛤𝑇𝑇 −45.8% 5.7% 10.3 −3.6% 5.5% 0.8
𝛤𝐿𝑆 −56.3% 18.2% 12.2 −9.7% 6.5% 1.0
𝛤𝑇𝐹𝑅 −20.0% 159.6% 6.0 −4.8% 12.6% 0.8
𝛤𝑇𝑆 62.7% 99.2% 21.3 −5.9% 3.6% 0.6
𝛤𝐺𝑆 −37.5% −11.0% 4.4 −9.8% 10.9% 1.1

In addition to these magnitudes, the application of Eqs. (2) and (3)
equires the specification of coefficients 𝐶1 and 𝐶2, which need to be
djusted for each surface film condition defined on the gear. In order to
o so, in this work an optimization process has been followed in which
1 and 𝐶2 are selected in such a way that they minimize the root mean
quare value of the deviation of the calculated heat transfer coefficients
nd the AG-HTC obtained from the numerical model. For this purpose,
he root mean square of the deviation is defined as:

𝑀𝑆𝑗 =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1

[

𝛿𝑗
(

𝑏𝑖, 𝜔1𝑖
)]2 (15)

where 𝛿𝑗 is the deviation as defined by Eq. (13), 𝑛 is the total number of
case studies, and 𝑏𝑖 and 𝜔1𝑖 are the face width and the input speed for
each case study, respectively. The optimization process is conducted
using a conventional Newton–Raphson scheme. The resulting values
for the coefficients 𝐶1 and 𝐶2, with the rest of the parameters for the
application of Eqs. (2) and (3), are shown in Table 3.

Considering the optimized values for 𝐶1 and 𝐶2, the heat transfer
coefficients for the surface film conditions of Fig. 3 have been recalcu-
lated, and the results are shown by the isolines in Fig. 9. The coloured
regions in Fig. 9 show the relative deviation 𝜀𝑗 of the optimized heat
transfer coefficients compared to those calculated from the numerical
model. Note that the colour scale used in this figure is different to
the one used in Fig. 9 to indicate the different amplitude in the
deviations. Here it is observed that by considering the face width as
the characteristic length for surface film conditions 𝛤𝐿𝑆 and 𝛤𝑇𝐹𝑅,
the HTCs of these surfaces has become dependent on the face width,
imitating the convective behaviour observed in Fig. 7.

Table 4 summarizes the minimum and maximum relative deviations
of the optimized heat convection model with respect to the results of
the numerical model. The table also shows the minimum and maximum
relative deviations of Černe’s model with respect to the results of
the numerical model. Considering all the surface film conditions, the
maximum relative error of the optimized model is 10.9% (surface film
condition 𝛤𝐺𝑆 ), whereas the maximum relative error of Černe’s model
is 159.6% (surface film condition 𝛤𝑇𝐹𝑅). The table also shows the RMS
of the deviation of both models with respect to the numerical model.
Here it is observed that, compared to Černe’s model, the optimized
model reduces the RMS by one order of magnitude.

To sum up, the CFD simulations presented in this work provide
11

a good insight into the air flow organization around the gears. The
analysis of the flows near each surface made it possible to provide
a suitable correlation for the corresponding HTC. The correlations
provided should be enhanced in future work with experimental data to
validate the proposed CFD model. This validation could be addressed
by using two different experimental approaches: thermal analysis with
infrared cameras, and flow analysis with particle image velocimetry.

Infrared cameras have been used in the past by Černe [39,72] and
Letzelter [73] to assess the running temperature of polymer gears.
Although this is an interesting method to validate the temperature
results obtained from computer simulations, its utility for the validation
of the results obtained in this work is not clear, because the heat
convection effect cannot be studied independently from other effects
(frictional heat generation, hysteretic heat generation, radiation, etc.)
that have an important impact on the temperature of the gears. To
provide an example, a mismatch in the temperature prediction could be
produced either by a higher value for the coefficient of friction (which
increases the heat generation) or by a lower value for the HTCs (which
reduces the heat dissipation).

Particle Image Velocimetry has been previously used to measure
the flow around gear boxes [43] and gear pumps [74]. However, as
explained by Mastrone [43], this validation is more qualitative than
quantitative. Moreover, this technique is able to assess the air flow
around the gears, but it is unable to measure the heat dissipated from
them by convection. In short, it can be said that the experimental
validation of these results is not straightforward, and a combination
of techniques may be required for such a purpose. For this reason, this
task is left for future work.

As a final remark, these results should not be extrapolated to any
other case studies. Further research should be conducted in order to
confirm the validity of these results for spur gear geometries obtained
from different basic racks and numbers of teeth.

5. Conclusions

This work is devoted to study the convective heat transfer phe-
nomenon in polymer spur gears running in dry conditions. For such
a purpose, a numerical heat convection model based on a CFD analysis
of the transmission has been developed, in which a detailed simulation
of the polymer gears in operating conditions is conducted. The results
obtained from this numerical model have allowed us to study the
formation of the air flow around the gears, and to determine three
different versions of the heat transfer coefficients for the external
surfaces of the gears that are denoted as IL-HTC, IG-HTC and AG-HTC.

The performance of this numerical model has been demonstrated
with a set of case studies, where different variations of a polymer spur
gear transmission have been considered, in which the input angular
speed and the face width of the gears have been varied.

The results achieved from the proposed numerical model have been
compared to those obtained following the classical heat convection
model proposed by Černe, revealing that the relative deviation of
Černe’s model with respect to the numerical model can be as high as
125% for the leading and trailing surfaces, but it is below 50% for
the rest of the gear surfaces. These differences could be attributed to
the divergences between the type of flow assumed in the derivation of
Černe’s model and the actual air flow.

In order to reduce these differences, an optimized heat convection
model has been derived, in which empirical equations based on the
Newton’s law of cooling are used to determine the heat transfer
coefficient for the external surfaces of a polymer gear. With these new
equations, the relative differences with respect to the results obtained
from the numerical method are smaller than 10%, thus enhancing the
accuracy of the classical heat convection model.

Further work on this topic could be directed towards studying the
variation of the heat transfer coefficient with the design parameters
of the basic rack or the number of teeth of the gears. Moreover, by
extending these methodologies to other types of gears (helical gears,
bevel gears, etc.), more accurate predictions of the heat transfer coef-
ficients could be obtained, which would reduce the temperature errors
committed in the temperature calculations.
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ppendix. Černe’s convective heat transfer model

In this section a classical heat convection model for spur polymer
ears (proposed by Černe [39]) is analysed in depth, in order to provide
he reader with further understanding of the calculation of the heat
ransfer coefficients for polymer spur gears based on approximating
he external surfaces of the gear to simple geometrical objects. This
onvective heat transfer model is summarized in Fig. A.10, where three
ifferent surface film conditions are considered for the external surfaces
12

f the gears: 𝛤𝑓 , 𝛤𝐺 and 𝛤𝑖. The heat transfer coefficients for these
Table A.5
Heat transfer coefficients for the surface film conditions of Černe’s convective model
[39].

Film cond. 𝐶1 𝐶2 𝐶3 𝐿𝑐 𝑣𝑎𝑖𝑟 𝑅𝑒 Ref. object

𝛤𝑓 3.800 0.200 0.333 𝑑𝑎 − 𝑑𝑓
𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

𝛤𝐺 0.664 0.500 0.333 𝑠𝑡
𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

𝛤𝑖 0.326 0.500 0.000 𝑑
2

𝜔⋅𝑑
2

𝐿𝑐 ⋅𝑣𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

surface film conditions are calculated using Eqs. (2) and (3) combined
with the parameters given in Table A.5.

Surface film condition 𝛤𝑓 is characterized by the convective heat
ransfer coefficient ℎ𝑓 and applied to the set of surfaces consisting of
he leading surface, the trailing surface, the tooth tip, the fillets and
he root. For the calculation of this heat transfer coefficient, this set of
urfaces was viewed as a semi-cylindroid (with a radius equal to the
ooth depth) positioned inside an air crossflow. Under this assumption,
𝑓 was calculated as proposed by Knudsen [75] using the coefficients
iven in Table A.5.

Surface film condition 𝛤𝐺 is applied at the tooth sides and char-
cterized by the convective heat transfer coefficient ℎ𝐺. For the cal-

culation of this heat transfer coefficient these surfaces were viewed
as plates (with a characteristic length equal to the transverse tooth
thickness at the reference circle) with the airflow parallel to them.
Under this assumption, ℎ𝐺 was calculated as given by Holman [21]
using the coefficients shown in Table A.5. These coefficients are valid
for Reynolds numbers under 5 ⋅ 105.
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Fig. A.10. Definition of surface film conditions for the convective heat transfer model proposed by Černe [39].
Finally, surface film condition 𝛤𝑖 is applied to the sides of the
ear and characterized by the convective heat transfer coefficient ℎ𝑖.
or the calculation of this heat transfer coefficient, these surfaces were
iewed as the sides of a disc rotating in quiescent air. Under this
ssumption, ℎ𝐺 was calculated as proposed by Millsaps and Pohlhausen
71,76] using the coefficients given in Table A.5, which are valid for
eynolds numbers in the interval 𝑅𝑒 ∈

[

2, 2 ⋅ 106
]

and a 𝑃𝑟 = 0.74. The
esults given by Millsaps and Pohlhausen show that the heat transfer
oefficient at the gear sides is independent of the position in which it
s calculated.
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