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ABSTRACT

Over the last decade the development of simulation tools led to significant advancements in the design
of virtual prototypes. Mechanical design benefitted a lot from this technological progress in terms of
costs’ reduction. However, in many applications as, for example, gearboxes, the implementation of
complex CFD models that involve multiphase simulations with dynamic meshes and turbulence
modelling is still a concern in terms of computational time. The main issue is related to the management
of the topological modifications of the computational domain during the boundary rotation. For this
reason, it is fundamental to have at disposal accurate and time efficient solutions for the correct
evaluation of the efficiency and lubrication of geared transmissions already in the early stages of the
design. In this work, an automatic algorithm for the reduction of the computational effort associated
with the mesh generation and handling in the simulation of gearboxes is presented. The algorithm is
based on the creation of a limited number of meshes for the description of the whole wheels’ rotation
by proper setting the time libraries taking advantage of the cyclicality of the gears’ teeth position.
Several operating conditions were simulated exploiting this methodology showing a drastic reduction
of the simulations’ time, making this tool ideal in the investigation of gears’ lubrication and efficiency
in a limited amount of time. The methodology was implemented in the open-source software
OpenFOAM®.
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1 INTRODUCTION
The technological advancements in computer science that have characterized the last decade
offered new possibilities to approach mechanical design. Simulation codes are nowadays
widespread both in industry and academia. The reduction of time to market enabled by virtual
prototypes as well as the opportunity to investigate operating conditions for which data
acquisition can be complex and costly are the fundamental reasons behind such diffusion.
These tools are referred to as Computer-Aided Engineering (CAE) among which the most
used are Finite Element Analysis (FEA), Multibody Dynamics (MBD) and Computational
Fluid Dynamics (CFD). The application of these tools allowed engineers to support
experimental findings with numerical results and to analyse (numerically) the behavior of the
considered system in several operating conditions. One of the aspects that has benefitted a
lot from simulation software packages is related to the study of lubrication and efficiency of
geared transmissions. In fact, the application of numerical codes to gearboxes allows one to
obtain information on the lubricant distribution and the power dissipation that are usually
hard to quantify analytically or to measure experimentally (difficult optical access, need for
niche equipment and simplified prototypes, etc.). For these reasons, CFD studies can be
beneficial to bridge the gap leading to a deeper understanding of the physical phenomena and
to tackle the more and more stringent requirements of energy efficient solutions. One of the
main limitations in the simulations of gears is related to the high computational resources
needed to handle the topological changes of the domain. In fact, while the gears rotate, the
mesh loses its validity and must be updated with a new grid having sufficient quality to ensure
the numerical convergence. It is common to need hundreds of meshes to accomplish the
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gears’ rotation and to reach the solution convergence. The massive need of valid grids has a
severe impact on the computational time.

While it is already possible to efficiently simulate spur gears exploiting extrusion
algorithms which reduce the problem to a 2—2.5D remeshing process [1]-[11], more complex
geometries, as helical and bevel gears, cannot benefit from this solution, and tetrahedral
meshes must be employed. These geometries have been simulated mainly by exploiting
commercial codes requiring massive parallelization and high computational resources both
with mesh [12]-[17] and meshless methods [18]-[20], while no work was found in the
literature based on opensource software. The authors maintain that a general algorithm
applicable for any system configuration can represent an important step in the simulation of
gearboxes and in the reduction of computational resources needed for the meshes handling
of the domain. In this work, an algorithm that requires a limited number of grids is
implemented in the open-source software OpenFOAM® [21] showing a drastic reduction of
the computational costs associated with the mesh generation opening new scenarios for a
massive introduction of CFD applied to lubrication also in industry.

2 MATERIALS AND METHODS
2.1 Meshing strategy

To numerically discretize gearboxes, it is fundamental to use a robust mesh generator. Native
applications of OpenFOAM® are blockMesh and snappyHexMesh. The former is a utility that
builds full a structured mesh providing the user with a perfect control on every aspect of the
mesh generation process. The main drawback of this tool is that it is not suitable for
gearboxes due to the complex shape of the computational domain which would require very
complex partitions. The latter is a utility that builds hexahedral dominant grids starting from
STL files. However, it is time and memory consuming and does not represent the optimal
solution for gearboxes simulation. Another alternative is represented by cfMesh, an external
grid generator that, in its base version, can be installed freely as a library that communicates
with OpenFOAM®. Even third-party software (commercial or opensource) can be exploited
to create a mesh that can be converted into the OpenFOAM® format. One of the most used
one is Salome [22], a powerful open-source pre-processor that can build polyhedral grids and
has a Graphical User Interface (GUI) that makes the meshing process more intuitive. Since
the correct setup of the CFD simulation of gearboxes is already demanding from a modeling
point of view (aspects as multiphase conditions, dynamic mesh and turbulence must be
considered simultaneously), it is fundamental to choose the meshing strategy that mostly
reduces the complexity of the virtual model. In fact, the boundary rotation causes the
distortion of the mesh which should be replaced with a new valid one at every little angular
position. For this reason, a new algorithm called Global Remeshing Approach with Mesh
Clustering (GRAMC) was implemented. This strategy is based on the creation of a limited
number of numerical meshes that covers one engagement. Indeed, after the first engagement,
the wheels find themselves in the exact same position as the one of the first mesh, thus
meaning that the remeshing process can be reduced to the creation of predefined grids that,
in turn, can be recursively reused to describe the whole rotation of the gears. By doing so,
the amount of meshes needed is dramatically reduced to just few grids, leading to very high
computational performance. Despite being simple considerations, the correct implementation
of such algorithm requires a specific procedure based not only on the mesh quality indicators,
but also on the design parameters of the gearbox. Moreover, all the libraries that control the
time must be updated automatically at each mesh substitution.
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The first step is the creation of a high-quality mesh. In the authors experience, a maximum
non-orthogonality of 70 and a maximum skewness of 2 are the threshold that should not be
exceeded in these simulations. To find the number of meshes necessary to cover one
engagement, a generic rotational speed is imposed to the gears. When the mesh quality
exceeds the imposed limits, the simulation is stopped and the last valid timestep is taken as a

reference (tupguess)' The angle (&) between two successive teeth is calculated for each gear

and the time needed for completing 1 engagement (7,,4) can be obtained:
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The following step is to identify the updating time of each mesh (t,,;,) that allows T, 4 to

be reached with a set of predefined meshes. Exploiting the time tupguess previously found,

the number of meshes needed to cover 1 engagement (N,,,.sp) is then calculated as:

Teng
Npesn = z . 3
Upguess

Npnesn 1s then approximated to the nearest bigger integer number, and the tupguess is changed

accordingly to the actual time t,,, that will be used to update the grids through the
engagement.

Once the mesh set with the wheels in predefined positions has been computed, it can be
used for the entire simulation. The governing equations are solved subsequently for each grid,
the results are saved and mapped onto the following mesh that is immediately provided as
input. The results’ interpolation follows a consistent strategy that guarantees that all variables
are mapped between conformal domains. Furthermore, thanks to the very good control over
the mesh generation parameters, the interpolation occurs between very similar grids in terms
of elements’ size and, therefore, the numerical errors are significantly reduced. At regime,
the results are postprocessed. While the updating of the time libraries is performed at the end
of each t,,,, the choice of which mesh to use at every step is managed by an if-else statement
inside the procedure loop itself. The general workflow of the solution algorithm, which is
completely automated in a Bash [23] script, is summarized in Fig. 1.

In the analyzed case, the final set of mesh is made of 10 grids. The time needed to create
the set can be quantified in about 100 minutes. Without this algorithm, 230 mesh substitutions
with a computational cost of 2,300 minutes would be necessary to cover just 1 gear complete
rotation. Considering that for such simulation hundreds of mesh substitutions are necessary
to reach convergence, the enormous advantages of the implemented algorithm can be clearly
understood. The implementation of this strategy requires some coding to automatize the
whole procedure.

2.2 Numerical approach

CFD codes are based on the solution of governing equations: mass, momentum, and energy
conservation. In this study, the problem was modelled as isothermal. Therefore, the energy
equation was not included in the calculation. In this way, the solution is limited to the mass
and momentum equations which can be written as:
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Figure 1: Scheme of the solution loop.
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These equations are valid only in simulations involving one phase. To model multiphase
problems numerically, an additional balance equation to consider the presence of two or more
phases must be added to the previous equation. By exploiting the volume of fluid (VOF)
model [24], which is based on the definition of the scalar quantity volumetric fraction
representing the percentage of one fluid in every cell of the domain, the multiphase problem
can be solved. The equation of the volumetric fraction can be expressed as follows:

Ja
=+ V(au) =0. (6)

The properties O of the different fluids (such as density and viscosity) are taken to define the
properties of an equivalent fluid as follows:

0 =0a+0(1—a), 7

where 0 represents the generic property of each fluid.

The MULES (Multidimensional Universal Limiter with Explicit Solution) [25] correction
can be added in the solver algorithm in order to obtain a more stable and bounded solution
of the volumetric fraction field. This is accomplished by adding a dummy velocity field (u,)
in the conservation equation of the volumetric fraction «:
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i;—‘: + V(auw) + V(uca(l—a)) =0. ®)

An additional source term (S;) must be added to the equation to account for additional
phenomena as cavitation:

da
T V(au) + V(uca(l —a))) = S,. 9)

To calculate the source term, a mathematical model must be introduced. The most used
ones for describing cavitation are those by Kunz [26], Merkle et al. [27] and Saurer [28]. In
this work, the Kunz model was used to model one operating condition (to account for
cavitation, as will be explained in detail later). The great advantage of this formulation is
related to the source term being independent of pressure. The vaporization (1) is modelled
as proportional to the liquid fraction («) and to the quantity of pressure under the saturation
pressure (psq¢)- The condensation (m.) is modelled analogously:

Cypy

m, = —;—plufotw amin[0,p — psatl- (10)
. Cc
m. = T2, 1-a max[0,p — Psacl- (1D
2 ooloo

2.3 Analyzed system

A helical gearbox is considered in the current analysis. The geometrical parameters are
reported in Table 1.

Table 1: Gears’ geometrical characteristics.

Unit | Gears
Transmission ratio — 1
Number of teeth - 23
Module mm 4
Helix angle ° 27
Face width mm 40

A local size of 1 mm was imposed on the wheels’ edges for refinement purposes, whereas
a global size of 5 mm for the rest of the domain was used. A growth rate defining the
difference between two adjacent elements of 20% was imposed. Five surface and volume
optimization loops were utilized to improve the mesh quality indicators. These settings
allowed one to obtain high quality meshes that even at the maximum deformation (just before
the new valid mesh is provided) have a maximum non-orthogonality and a maximum
skewness below 70 and 2, respectively. The total number of cells is about 520k.

In Table 2 the simulated operating conditions are reported.

2.4 Numerical schemes

The PIMPLE (merged PISO-SIMPLE) algorithm was used in all simulations. This algorithm
allows a better control in transient simulations. In fact, it is possible to tune the correctors of
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Table 2: Operating conditions.

Operating condition Rotati((r)lr;fri)speed Oéi{g?;ii)ty Oién\;ifl?ss)ity
Multiphase (centerline) 2888

Complete filling 2888 800 0.001
Complete filling with cavitation 2888

the conservation equations within one timestep to reach the best compromise between
computational effort and stability of the simulation. A convergence criterion of le — 6 was
imposed to all field’s variables. The GAMG (Generalized Geometric-Algebraic Multi-Grid)
solver was used for the pressure, while the velocity was solved with the Gauss—Seidel smooth
solver. A maximum Courant number of 1 was imposed to ensure the stability of the
simulations. The first-order implicit Euler scheme was used for time-stepping. A Total
Variation Diminishing (TVD) scheme using the vanLeer limiter was adopted for the
convection of the volumetric fraction.

3 RESULTS
Fig. 2 shows the lubricant distribution in the multiphase condition. The lubricant remains
entrapped between the teeth and tends to move along it due to the helical configuration.
Pressure peaks arise on the teeth flanks in contact with lubricant due to the higher inertial
effects.
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Figure 2: Lubricant distribution and pressure contour on the gears.

In Fig. 3 axial gradients in the meshing region are shown for the complete filled condition.
These are related to the pressure increase in the meshing region. When the teeth leave the
contact point, the pressure decreases, thus generating a suction effect which is highlighted by
the axial velocity streamlines.

The simulation including cavitation shows that completely gearbox filling is not sufficient
to ensure the complete wetting of the wheels. In fact, a pressurization is applied to accomplish
this objective in practice [29]. If an external pressurization is not applied, local phase changes
from liquid to vapour occur. In Fig. 4, the volumetric fraction field on a tooth flank is shown.
Values lower than 1 indicate that the oil is cavitating.

WIT Transactions on Engineering Sciences, Vol 131, © 2021 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Boundary Elements and other Mesh Reduction Methods XLIV 65

5.9e+05
I 400000

200000

o

-200000 o

-400000

-600000

-800000
I -le+6

-1.2e+06

2.4e+01
\ I 20

10

-10
-20
-2.6e+01

Figure 3: Axial velocity streamlines and pressure contour in the meshing zone.
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Figure 4: Lubricant contour on a slice of the gear in the cavitation case.
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Figure 5: Power losses vs rotational speed for the different operating condition.
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The power dissipations for the three configurations is reported in Fig. 5. It can be noticed
that the complete filling condition is characterized by the highest losses. This is mainly

related to the windage effects, while in the multiphase condition is the oil splashing
responsible for the power losses.

4 COMPUTATIONAL PERFORMANCE
The simulations were performed on a Deploy LXD Compute Node (2xINTEL Xeon® E-
2680, 8 Cores, 2.7 GHz). The simulations required on average 10 h each to reach
convergence. The low computational time achieved parallelizing the computations among
only 8 processors is mainly related to the implemented meshing algorithm that relies on the
usage of just 10 meshes for the whole simulation. The computational resources dedicated to
mesh management during the simulations are therefore drastically reduced and devoted just
for the mapping process from mesh to mesh, since all the grids have been computed in
advance. A comparison between the implemented GRAMC and a standard remeshing strategy
that does not exploit the cyclicality of the gears’ teeth position is reported in Table 3.

Table 3: GRAMC computational gain normalized to one gear rotation.

Remeshing algorithm STD approach | GRAMC Net gain %
Parametric value (1 rotation of the t ( 1 )

t 1- x 100
wheel) Nteetn Nteetn
Zepaercslﬁc value for the analyzed 2,300 min 100 min 95.66%

Normalizing the computational effort to 1 gear rotation, the net gain associated with the
explained mesh reduction algorithm can be quantified as 95.66%. This has positive impact
on the simulation time itself which is drastically reduced. All the time libraries are defined
to ensure the wheels’ passage in the control positions defined by the computed mesh set.

In Fig. 6, the relative time gain vs the number of gears rotation is shown for gears with
different number of teeth. As the number of rotations increases, the effects of the GRAMC
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Figure 6: Meshing time for different gears’ rotations and gears’ size.
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become even more evident since the simulation time reduces continuously. This indicates
that this algorithm represents an effective strategy to reduce the computational time in the
CFD simulation of various gear types.

5 CONCLUSIONS

Differently from previous analyses, a complex domain as a helical gearbox was simulated in
an opensource environment with a general procedure applicable to any configuration. The
algorithm is based on the calculation of a set of grids that covers one engagement. This set is
recursively reused at each engagement, thus limiting the complexity of the remeshing
process. The effectiveness of the implemented procedure allowed a drastic reduction of the
simulation time associated with the mesh management, which is one of the major concerns
in these models. While the aim of this study was to show the capabilities of the new approach
and the reduction of mesh requirements, from the simulations some interesting considerations
emerged regarding the physics involved in lubricated systems and the relative differences in
various operating conditions. Considering the complexity of obtaining such results
experimentally, this methodology represents a time efficient solution even on a medium
hardware without the need for big clusters.
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