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ABSTRACT
In the last decades, the growing mechatronic sector has promoted the development of more and more
compact and efficient gearboxes. The margins of improvement are still big even if, sometimes, find-
ing the optimal solutions is a trial and error procedure. For this reason, the development of dedicated
tools for the optimization of the geometry and configuration of gearboxes can significantly increase the
development effectiveness and help in reducing design costs. Moreover, having a more efficient solu-
tion could also reduce thermal problems during operation and increase the system reliability.

The so-called ‘thermal limit’, i.e. the maximum transmittable power without an overheating of the
systems, is particularly critical for high power density and compact solutions. Those relies mainly on
planetary, harmonic and cycloidal architectures. While many empirical or analytical prediction models
can be found in literature for the prediction of the power losses associated with the gear meshing and the
bearing, few reliable models are nowadays available for the losses associated with the interaction with
the lubricant, i.e. hydraulic losses. Experimental and computational fluid dynamics studies on parallel
axis as well as planetary gear sets have been presented in the past.

The goal of this research is the extension of the applicability range of those numerical approached
to cycloidal kinematics for which no studies at all are available with respect to the hydraulic losses.

The main challenge in numerically simulate the lubricant splashing in a cycloidal reduced is related
to the topological modification of the computational domain during operation. For this purpose, a spe-
cific mesh handling technique, based on a 2.5D mesh, capable to handle the variations of the geometry
of the domain was developed in the OpenFOAM® environment. The capability to analytically control
the mesh generation at each time step ensures a very high numerical stability and a very high compu-
tational efficiency of the solution.

Eventually, the approach was systematically applied to a real geometry and the results compared
with those obtained for other gear architectures with comparable performances in terms of dimensions
and reduction ratios.

Keywords: CFD, cycloidal gear, efficiency, lubrication, multiphase, power losses.

1 INTRODUCTION
In the current market, fierce companies offer a huge portfolio of high power density solutions.
Each solution can show benefits and/or limitations depending on the specific application. The
main parameters used in the selection of the proper solution are torque and speed (i.e. power),
gear ratio (GR), backlash, external dimensions, efficiency, costs, etc.

The most widespread architectures used in mechatronic applications are the traditional
planetary gears, the cycloidal architectures and harmonic drives. Cycloid and harmonic
drives (considering having same number of stages) seem to be the best choice if the focus is
GR. For GRs between 30 and 150, cycloidal architectures and harmonic drives show similar
power densities [1]. However, the kinematic of the latter is not working for a GR below 30.
Moreover, harmonic solutions require very high tolerances in comparison with cycloidal and
planetary gears [1], with a significant impact on the manufacturing costs. Consequently, for
GRs in the range 10-30, only cycloidal and planetary gears can be an effective option.
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A cycloidal gearbox set is made by an input shaft on which an eccentric cam is milled, the
cycloidal disk, an external annulus — usually directly manufactured in the housing — having a
series of rollers engaging with the cycloidal disk and an output shaft in order to extract the
power from the cycloidal disk. Practically this is often made by means of a hole-pin connection.
The input shaft set the cycloidal disk into motion along a circular path thanks to the eccentric
cam. The disk engages with the rollers of the annulus. Its rotating direction is opposite to the
one of the input shafts. The cycloidal disk presents some holes that drag the pins of the output
shaft, promoting the extraction of the power. This solution results unbalanced, and it is common
practice to add additional counterweights or a second cycloidal disk (out of phase 180°).

The GR of a cycloidal architecture can be calculated as a function of the number of lobes
of the cycloidal disk Z, and the number of rollers of the annulus Z, .

GR = winpul _

woutput

Zl
Z2 - Zl

The maximum GR is achieved when the difference in the number of rollers and lobes is
Z, —Z, . This is the most widespread configuration.

Theoretically speaking, each roller engages with the corresponding lobe, but the transmit-
ted force is not equally distributed among the contacts: only half of them, in fact, are really
loaded [2]. Moreover, backlash between annulus and cycloidal lobes (required for a good
lubrication and to ensure the assembly [3]) causes that the real load sharing is even different
from the theoretical one. Sensinger et al. [1] presented the results of a n numerical and exper-
imental investigation of a cycloidal reducer with a single lobe-roll contact (worst loading
condition). The maximum stress in the contact is purely a compressive one. Cycloidal archi-
tecture can therefore ensure a higher resistance to overloads (resisting to loads up to 500% of
the nominal one). Moreover, in correspondence of the force maximum, the curvature of the
profile has its maximum. This combination is exceptionally favourable from a loading capac-
ity point of view.

The back side of the coin is that the efficiency of a cycloidal gear set is generally signifi-
cantly below those of traditional planetary gears.

2 POWER LOSS OF GEARS
The power losses in gears are traditionally classified [4] into load dependent and load inde-
pendent (sub-index |y). The latter are not directly affected by the transmitted torque (but only
indirectly through the oil properties — function of the operating temperature), while the
load-dependent ones are directly proportional to the torque. Losses can also be classified
according to the component responsible for their generation

P =P +P o+ Pp+ P+ Pg+ Py

It is therefore possible to distinguish between gear- |6, bearing- |z, seal-ls and gener-
ic-losses |x (e.g. clutches or syntonizers).

In the past, several researchers have proposed empirical models for most of the sources of
loss. The load-dependent losses of gears (), for example, can be easily calculated for
involute gears, with the ISO 6336 standard [5]. In these sense, various are the available exam-
ples of specific designs with increase the meshing efficiency [6-8].

Several studies have been carried out on the losses of bearing. The bearing manufacturer
SKF, for example, proposed a detailed model [9]. Another very complete model was
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presented by Schaeffler [10]. It provides equations both for the prediction of all the loss con-
tributions of bearings (P, and P, z). The losses of seals (P, ;) can be calculated with a rough
model based on experimental evidences [4]. Only one source of loss that is not properly
covered by accurate and with general validity models: the load-independent power loss of
gears (P, ), i.€. the loss due to the interaction with the lubricant. Those can be further clas-
sified into windage, churning and squeezing/pocketing losses. The first one arises due to the
interaction of the gears with a single fluid. Typically, this kind of losses are significant in high
speed spray lubricated gears. The churning losses, on the contrary, involve two fluids, i.e. air
and lubricant. Squeezing/pocketing losses are due to pressure gradients in the mating region
related to the sudden volume change of the room between engaging teeth.

Many research groups worked on the development of experimentally based equations for
the prediction of the load-independent power losses of gears (P, ;). Daily and Nece [11] as
well as Mann and Marston [12], for example, derived models for the description of churning
of smooth discs. The models were improved by other researchers such as Ohlendorf [13] and
extended to gears. This notwithstanding, the model was still applicable only to a single rotat-
ing gear. A significant step forward in the knowledge was done by Richter [14] whose model
was the first to consider the mutual interaction of gears. Systematic research carried out by
Terekhov [15] showed the influence of many parameters such as rotational velocity, gear size,
immersion depth, tooth width, reduction ratio and lubricant properties on the squeezing and
churning losses. The equations by Terekhov was successively modified by Walter [16, 17].
Another milestone is the work of Mauz [18]. Recently, experimental investigations were
carried out by Changenet and coworkers [19] and by Hohn et al. [20]. Nevertheless, all exper-
imentally derived equations can be applied to spur gears only. Furthermore, their applicability
is restricted to a short range of operating conditions. Limitations have been overcome thanks
to numerical methods such as computational fluid dynamics (CFD). The first studies were
performed by Diab et al. [19], Marchesse ef al. [21] and, more recently, Gorla et al. [22-24].
The main drawback of the numerical approaches is the long computational time needed for
the solution. Studies and tries performed in order to improve the computational performances
are also available [25-26]. Smooth particle hydrodynamics based studies were shown by
Groenenboom et al. [27], Ji et al. [28], Liu et al. [29], Rahmatjan and Geni [30], Shi et al.
[31], Imin and Geni [32], Zhigang et al. [33] and Liu ef al. [34]. A review paper showing
advantages and drawbacks of the main available approaches was presented by Concli and
Gorla [35].

This absence of reliable models for the load-independent power losses of gears is even
more significant for cycloidal architectures [36]. In additions to the losses due to sliding in
bearings (on the eccentric input shaft), between the rollers and cycloidal disk and in the
holes-pins contacts, hydraulic losses play a fundamental role and represent a significant shear
of the total losses.

Although the friction-related losses have been widely discussed and data are available, for
the hydraulic losses of cycloidal gears, no records at all are present in the scientific literature.
The aim of this article is therefore to introduce a general-purpose procedure that can be
applied to any configuration. The results are reported to show the capabilities of the method
and its effectiveness in studying the lubrication phenomenon also for complex kinematics.

3 FINITE VOLUME APPROACH
Several authors have already modelled the lubricant fluxes and power losses of planetary
gears with finite volume approaches [37—44]. In this research, the Global Remeshing Approach
(GRA) [45], previously developed by the author, was applied to a cycloidal gear set.
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The solver used handles two incompressible fluids, capturing the free surface through a
volume of fluid approach. Mesh motion can be also handled. The solver is based on the solu-
tion conservation equations for mass and momentum

dp

—+V. =0

= V()
() T
T+V-(pvv):—Vp+V~[,a(Vv+Vv ):|+pg+F

where p, v, u, g and F represent density, velocities (vector), viscosity, gravitation and external
forces, respectively.

A set of balance equations is written for each volume of the domain. The solving of the
equations is done by means of a PIMPLE (merged PISO-SIMPLE) scheme, which merges
the computational efficiency of the SIMPLE algorithm with time conservativeness of the
PISO one.

The presence of more than one phase (air and lubricant) implies the need of an additional
equation.

o describes the amount of lubricant in each cell. It is a scalar that varies from O to 1. Each
property (¢) of the mixture is, for each volume, calculated as the a-averaged value of those
of the lubricant and air.

¢=¢lub'a+¢air'(1_a)

4 MESH HANDLING

CFD analysis of gears is intrinsically complex due to the variation of the topology of the
computational domain during the calculation. Severe mesh distortions can take place and it is
often needed to upgrade the mesh as simulation progresses. The authors have tested general
purpose software that can handle automatically the grid update. The approach is effective, but
its efficiency is low. There is a poor control of the element dimension and shape already from
the first mesh update. Small cells are created to fill the holes where excessively distorted
elements were automatically deleted. This can lead to an increment in the computational time
needed for the solution, not so much for the increased number of cells, but for the need to
limit drastically the time step (to keep the Courant number equal to 1) ensuring the numerical
convergence. GRA was proved to be more efficient [46]. It allows a significantly better con-
trol of the shape of the updated mesh, ensuring a reduced computational effort due to the time
steps that should not be reduced.

The domain is remeshed in toto after a certain number of time steps (Fig. 1). The fields (v,
p, o) of the last time step were copied on the new grid.

OpenFOAM® has two meshing algorithms implemented. The simplest one, blockMesh,
creates regular hexahedral or wedge grids. Unfortunately, it is not effective for systems with
a high geometrical complexity. On the other side, snappyHexMesh generates three-
dimensional (3D) meshes starting from stereolithography files. The mesh conforms to the
geometry by iteratively refining a starting structured grid obtained for example with block-
Mesh and morphing the resulting split-hex mesh to the surface. This scheme is very stable
and produces high-quality grids. However, it is not performing and, therefore, not suitable for
the purposes generating subsequent grids.
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PR

Figure 1: Mesh generation steps — Delaunay algorithm [46].

In this study, the two-dimensional (2D) mesh was generated using a top-down strategy.

If the mesh generation fails and the last elements cannot be created, a back-tracking rule
based algorithm takes over [39][48]. The Delaunay algorithm discretizes the edges into seg-
ments with a prescribed seed size. Similarly, also the faces are seeded. The points are then
connected during triangulation. If the results of the triangulation exceed the boundaries, the
protruded elements are removed.

Figure 2 shows the flow chart of the GRA [49]. An initial grid is computed, and the solu-
tion of the conservation equations performed up to the point in which the quality of the mesh
becomes unacceptable. A new mesh is generated on the topology of the domain of the previ-
ous time step. The results are copied from the old to the new grid and the simulation restarts.
The procedure is repeated up to the end of the simulation.

Figure 3 shows an example of mesh degradation and successive mesh update.
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Figure 2: Global Remeshing Approach algorithm.
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Figure 3: Example of mesh update; left: grid before the deformation (blue) and after several
time steps (red); right: deformed mesh of the previous time step (red) and new mesh
(green).

5 CYCLOIDAL GEAR SET
The shape of a cycloidal can be described by the Cartesian coordinates C_and C,as function
of a parameter ¢ called ‘angle of input shaft’ (0 and 2®).

C, =R-cos(¢)— R, -cos(¢+p)—e-cos((Z, +1)-¢)

C, :—R-sin(¢)+Rr -sin(¢+ y/)+e-sin((Z1 +1)-¢)

1 sin(Z, - ¢)

R
COS(Z] . ¢) - m
1

where = tan”

R is the distance between the centre of each roller and the axis of the input shaft. R, is the
rollers radius, e is the eccentricity of the input shaft and Z; is the number of lobes of the
cycloid [50].

Considering that the goal of this study was to compare the load-independent losses of a
traditional planetary gear set [37] with a comparable cycloidal gear set, the configuration of
the latter was selected to have the same GR and comparable dimensions and transmittable
torque.

R=40mm; R, =5mm; e =2mm; Z; =10

The radial backlash of 0.1 mm was selected. The pin-hole connection as well as additional
balancing cycloids were neglected.

6 RESULTS AND DISCUSSION

In a first stage, 2D CFD analysis was performed. The lateral gaps (between internal shaft and
external housing) were not modelled. This assumption is acceptable if the width in the axial
direction is considerable. The engagement between the two cycloids (internal and external
ones) produces squeezing effects [S1-53]. This phenomenon is shown in Figs. 4-6. The gap
between the lobes decreases suddenly and an overpressure generates (Fig. 7). The oil is
squeezed out. The opening of the vane (separation of the flanks of the internal and the exter-
nal cycloids) promotes a pressure reduction. Vortices can take place. The fluxes are mainly in
the region filled with air while the lubricant seems to have less turbulent behaviour.

The pressure is uniform in each vane.

Additional simulations were performed on a planetary architecture with the same reduc-
tion ratio. The 2D simulations of the planetary gearbox show squeezing effects similarly to
the cycloidal gear set. However, in this configuration, the squeezing phenomenon was limited
to the proximity of the engagement (Fig. 8). The bigger interspaces of planetary
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Figure 4: Contour plot: velocity and oil distribution (U [m/s]).
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Figure 5: Details of the circulation effects: on the right, a gap that is closing, and on the left,
a gap that is opening. The squeezing effect can be clearly observed (alpha.oil [-],
U [m/s]).
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Figure 6: Streamlines and oil volume fraction contour (U [m/s]).
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Figure 7: Pressure distribution in the different gaps (p [Pa]).

configurations encourage a more widespread circulation of the lubricant limiting significantly
the squeezing. On the other hand, the planetary configuration shows much higher churning
and splashing of the oil. This is related to the translation of the planets that promotes the
acceleration of big amount of oil.

Eventually, the two abovementioned architectures were simulated also in 3D. The aim of
this preliminary study is to show the capabilities of the method rather than studying these two
specific configurations. Nevertheless, some comments could be made observing Fig. 9.

The 3D approach allows to model also the lateral gap between planet carrier and housing
in the planetary configuration and between the cycloidal disk and the housing for the
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Figure 8: Traditional planetary gear set [7] vs. cycloidal configuration (reduction ratio 10)
(alpha.oil [-]).
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Figure 9: Traditional planetary gear set [7] vs. cycloidal configuration (reduction ratio 10)
(U [m/s]).

cycloidal gear set. In both cases, Couette flows are visible. This phenomenon was already
observed for spur gears by several authors [54—57] confirming once again the high potential
of this method.

From the 3D results, it could be noticed that the 2D assumption is acceptable for the plan-
etary configuration where the axial width is of a higher order of magnitude with respect to the
teeth high. On the other hand, for the considered 3D cycloidal configuration (selected in order
to have the same load carrying capacity of the planetary gearbox), a 2D assumption is prob-
ably not the best choice. The axial width, in fact, is comparable to the lobe’s high, and
therefore, axial flows could not be neglected.

This consideration is also supported by the computational effort required for the cycloidal
kinematic, and the 2D analysis was performed on a single CPU 9.6GFLOP workstation and
took about 3 days to perform a complete rotation of the internal cycloid [36]. The correspond-
ing 3D simulation (which number of cells is approximately 10 times higher) took about the
same time. This is because the squeezing effects that took place in the 2D model are not
present in the 3D one. In latter, the velocities of the fluid are significantly reduced. Keeping
the Courant number equal to 1 in both models implies to have significantly different time
steps. One of the 3D models took longer but is significantly less than those of the 2D model.
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The 2D model of the planetary gearbox, on the same hardware (9.6GFLOP), would took
about 1 day to reach the regime. The corresponding 3D model (30 times more cells) would
took about 30 days (in reality the simulation was performed on a 21 1GFLOP cluster and took
30 h). This linear scalability between the 2D and the 3D model supports the assumption that
the present configuration could be studied with a planar approach because squeezing effects
are negligible.

The possibility of using the 2D approximation is therefore strongly dependent from the
architecture of the system.

7 CONCLUSIONS
This article shows the results of a preliminary study concerning the lubrication of a cycloidal
gear set performed on a 2D and a 3D model. Results were compared with those of a planetary
architecture. The 2D simplification implies the neglection of the axial flows. This can be
acceptable only for gearboxes whose axial width is much higher than the diameter. This is
significantly dependent from the system architecture.

The adopted GRA strategy for the mesh deformation handling allowed to perform simula-
tion of a complex kinematic in a reasonable amount of time. The simulations result very
stable with a good numerical convergence. Moreover, it has been proved that this method can
be successfully applied also to 3D models. Therefore, in the future, the approach will be
systematically applied for dedicated studies of the lubrication of cycloidal gear sets.

The 2D analysis showed that the load-independent power losses of planetary gear sets are
mainly related to churning (of the planet carrier and planets), while in cycloidal architectures,
significant pumping/squeezing effects arise in the gaps near the meshing region due to varia-
tions of the volumes and the related pressure gradients. Vortices are present, especially in the
opening gaps (where the lubricant/air mixture is squeezed from the previous gap that is
reducing its volume). The vortices involve mainly the air while the lubricant flux seems to be
laminar (Re < 2E3).
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