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Abstract: The contact problem of a trochoidal gear is a drawback and a well-known performance
indicator of a gerotor pump. Although numerical simulations aid in the evaluation of contact stress,
the difficult task of determining geometrical parameters, operating conditions, and the number of
simulations to run falls to the designer. This paper presents the Taguchi techniques as an effective
simulation-based strategy to narrow down the geometrical parameter combinations, reducing the so-
lution space and optimizing the number of simulations. The work is first focused on the validation of
the proposed numerical model by means of published contact stress results of recognized researchers
in the field, as well as the unification of nomenclature and notation. Then, the Taguchi approach is
based on a sequence of four experiments, ranging from the screening case with two levels and seven
parameters to multiple levels and four parameters with three software input operating conditions
(temperature, torque, and friction coefficient) emulating noise effects. The contact stresses of 128 gear
sets, having common volumetric capacity and dimensional constraints to detach mechanical per-
formance from flow rate and casing, were analyzed. Results prove the feasibility of the proposed
methodology by identifying the most suitable gear set configuration and predicting the quantifiable
performances of a real-working gerotor pump.

Keywords: trochoidal profile; gear pump; gerotor technology; contact stress; finite element method;
design of experiments; Taguchi method; simulation-based design; process planning; fluid power

1. Introduction

Fluid technology, as a part of human activities, has become one of the important issues
in connection with environmental concerns. Hydraulic machines play an essential role
in fluid technology and will further accelerate their green transition in the coming years
with the improvement of models and simulations [1]. The gerotor pump is intended to
be a part of the solution in leading research technologies in industrial and aeronautical
areas, mechanical engineering, pharmacy, medicine and, more recently, in areas such as the
design of a virtual prototype to be used in the context of a Digital Twin tool [2].

Nowadays, attention has been focused on reducing energy loss and improving effi-
ciency, since any relatively small proportion of them is becoming crucial in any technology.
Improvement of electric consumption, heralded as the critical step in the reduction of trans-
portation’s impact on climate change, can be used as an example in the adapted Figure 1
from the work of Kawamata et al. [3]. Loss due to friction in the motor-based drive system
of an electric vehicle (EV) system is still responsible for approximately 10% of the total
global energy consumption. Loss due to aerodynamics is the most important factor of an
EV during operation compared with an internal combustion engine (ICE), but there is still
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room for improving the current levels of energy consumption by paying attention to these
slight proportions as loss due to friction.

Loss due to:

[[] Heat

[ Tire rolling
B P/T friction
W Aerodynamics

Energy consumption
(relative proportions at 100 km/h)

ICE EV

Figure 1. Comparison of energy consumption loss between ICE vehicle and EV (adapted from
Kawamata et al. [3]).

Contact stresses and friction are key performance indicators of a trochoidal gear set
working as a gerotor pump. Over the years, from the work on the reduction in contact
stress in internal gear pumps by Colbourne [4] in 1976 up to recent works such as gap
estimation in ORBIT motors by Roy et al. [5,6] and the in-depth design concept of hydraulic
displacement units by Sliwinski [7], an important body of literature has been published
related to contact, deformation, clearance, and stress in the teeth of gerotor pumps. In fact,
“contact” and “stress” appeared among the top ten keywords in the list of the thirty most
frequently used keywords in the publications from 2009 to 2019 [8].

It should be pointed out that two researchers, Ivanovi¢ and Biernacki, have conducted
remarkable contact stress studies on gerotor pumps over the last twelve years. Ivanovi¢ and
the colleagues have explored this challenging area in analytical methods [9-11], wear rate,
friction, and stress index evaluation [12-16]. Biernacki and the colleagues have investigated
the field with an emphasis on new materials [17-21] and new concepts of design [22,23].
Both research groups have stood out and exceled in the area.

When the question of how to choose the gear set to improve performance indexes
arises, optimization has come to assist. Focusing on works of the past five past years,
Robinson and Vacca [24,25] and De Martin et al. [26] have published complete studies
in multi-objective optimization to traditional circular-toothed profiles. As a result, the
procedure pinpointed that the industry was able to find optimal solutions at almost the
same level as the state-of-the-art pump designs. A thorough study of commercial gear
sets of a company carried out by Tessari et al. [27] and Pulliti et al. [28] allowed them
to extrapolate an empirical formulation for the eccentricity, the initial parameter of the
optimization strategy to maximize volumetric efficiency.

Whenever the question of how to choose the geometrical parameters to design a new-
born trochoidal gear pump comes up, the answer is not straightforward and an intermediate
step amid the proceedings from academia and industry, between commercial gear sets
and optimization procedures, would be especially welcome. In addition, the designer’s
goal is not only to reduce the time and effort to set up the analysis, but also to diminish
and even remove the various costs associated with conducting any trial. Hence, numerical
simulation comes as a design aid. A new numerical simulation may confront a new
set of issues, such as how to evaluate the parameters, how many numerical simulations
to carry out, how to estimate parameter combinations, or how to link mechanical and
fluid-dynamic characteristics. The purpose of this paper is to attempt to address the
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above researcher’s questions from a practitioner’s perspective and the Taguchi method is
chosen to blend knowledge from commercial gear sets to numerical simulations. Another
important advantage of the Taguchi method is its accessibility to any end-user, becoming
an open tool not restricted by software.

The Design of Experiments (DoE) is a well-known and powerful tool [29]. The DoE
process is divided into three main phases as follows: (1) the planning phase: factors
and levels are selected, (2) the conducting phase: test results are collected, and (3) the
analysis phase: positive or negative information concerning the selected factors and levels
is generated based on phase (1) and (2). A full-factorial experiment, having an equal
number of test data points under each level of each factor, is acceptable when only a few
factors are to be investigated, but not very advisable when there are many factors [30].

The Taguchi approach is a holistic view based on the use of orthogonal arrays (OA)
to conduct small, highly fractional factorial experiments up to larger, full-factorial exper-
iments [31]. An alternative approach could be the use of Monte Carlo simulation, but it
requires a large number of testing conditions for an accurate estimation of the mean and
variance, which is expensive and time-consuming [29,32]. Each OA has a determined maxi-
mum possible resolution [33]. The selection of which OA to use predominantly depends on
(in order of priority): (i) the number of factors and interactions of interest, (ii) the number of
levels for the factors, and (iii) the desired experimental resolution or cost limitations. This
strategy will minimize the total number of tests to be conducted yet will yield meaningful
information at the same time. A lack of communication between the academics and special-
ists in industrial worlds is a cause that has restricted the application of the Taguchi method
on a larger scale [34]. To analyze the data and determine the optimum levels of selected
factors, the signal-to-noise (S/N) ratio was developed by Dr. Taguchi as a performance
measure to choose control levels that best cope with noise effects. All these uncontrolled
and unknown factors that actually vary from one degree to another, causing differences
from data point to data point, generate noise effects. Rather than assuming that error
variation is an aggregate of all these noise effects and equally distributed in all treatment
conditions, Taguchi parameter design utilizes these repetitions to aid in identifying what
levels of which control factors might have reduced variation.

To varying degrees of depth, the Taguchi method has been applied to volumetric
characteristics in a gerotor pump. Jung et al. [35] implemented the method for the design
of lobes with multiple profiles. The optimal design parameters obtained are promising in
the experimental results of volumetric performance, but unfortunately, the explanation of
the implementation is scarce and noise effects are not mentioned. Ivanovi¢ et al. studied
the selection of optimal parameters for the volumetric characteristics of a gerotor pump,
such as flow rate and volumetric efficiency, through a factorial design and response surface
methodology [36] and by using the Taguchi method [37]. Three tested geometries at three
different rotation speeds and pressures were established as influential parameters. In these
experimental works, a selection of noise factors is not reported. As a result, one important
contribution of the presented work is the use of several input parameters as noise factors to
assess the contact stress characteristics in a gerotor pump.

The application of the Taguchi method in software and computer design has been
reported. As an example, assistance for the management of defects found in software de-
velopment by quantifying performance has been proven [38]. The multitude of parameters
in Computer Aided Design (CAD) and Computer Aided Manufacturing (CAM) are also
benefited by the structured generation of a representative subset of them into a solution
space, as is shown in bevel gear machining simulations [39]. The mechanical performance
can be modeled mathematically by using the finite element methodology, which makes
the contact stress a prime candidate for designed experiments using the environment of
the software packages. Choudhury et al. [40] demonstrated the feasibility of this approach
by working with the mechanical design of an epicyclic gear train to find an optimized
set of various input factors for which the stresses are the lowest and, thus, the chances of
tooth failure are reduced. The simulated experiments can use the operating conditions to
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emulate noise effects (prescribed factors in the software) in an outer array, in combination
with an inner array for only control factors (controllable parameters in the simulation).
Hence, the use of the Taguchi method in numerical simulation to assess the contact stress
characteristics of a gerotor pump is the other key contribution in the present research.

The methodology in this work follows three consecutive phases to achieve the goals:
the background of a trochoidal gear set, the verification of the contact stress numerical
simulation, and the Taguchi approach to a gerotor pump. Establishing the right blueprint
is a challenge unique to each phase. The first phase establishes the basic definition of a
trochoidal profile, the function of a gerotor pump, the selected gears from the literature
under study, the geometry generation, and the integration of nomenclature and notation.

The second phase aims to build a solid foundation on which the implementation of
the Finite Element Model (FEM) to evaluate contact stresses is supported by verification.
Hence, a set of simulations, along with their geometries, have been selected and extracted
from the literature, and the fundamental criterion was to be able to reproduce the results
since not all published articles provide the necessary technical data. The objective of this
approach is to reconstruct those simulations and corroborate the validity of the results
within reasonable bounds.

Once the outcomes are verified, the last phase involves a sequential simulation-based
design strategy of four Taguchi experiments turning out 128 numerical simulations: from
the screening case with two levels and seven parameters up to multiple levels and four
parameters with three noise factors. This innovative approach to the Taguchi method is the
study of the contact stress by using a software package that is feasible to emulate noise ef-
fects as input operating data for a set of gerotor geometries that have in common a constant
volumetric capacity and dimensional constraints. Hence, the outer noise (environmental-
related, such as temperature) and inner noise (function-related, such as torque and friction
coefficient) retain significance with the noise effects of the Taguchi method.

This paper endeavors to prove the reliability of the proposed methodology to predict
optimum settings in the geometry of gerotor pumps and be able to find gear sets in
industrial designs. This study looks to formulate its own approach that identifies the most
suitable gear set configuration and predicts the quantifiable performance of a real-working
gerotor pump, taking into account best practices in the design process to guide the designer
to make good decisions in the numerical simulation procedure.

2. Trochoidal Gear Set Background

A trochoidal gear set is a pair of gears, inner/internal and outer/external, with
trochoidal tooth profiles (see Figure 2 and check the Nomenclature section). The two gears
are mated so that each tooth/lobe of the internal gear is always in sliding contact with
a tooth of the external gear, and inter-tooth contact occurs. These points are known as
contact points. The pumping action is generated since the volume trapped between two
consecutive contact points varies, increasing and decreasing with the angular position of
the mated gears. This internal gear pump is well-known as the gerotor pump. For the
sake of simplicity, and because they can be found thoroughly in the literature, theoretical
analysis and formulae are not explicitly presented in this work; as a reference, see work [41].

2.1. Gear Sets under Study

Works from the literature were selected to validate the implemented numerical model.
The main criterion of election was that selected works should contain numerical mechanical
analyses, including an evaluation of the contact stress level. In addition, the researchers
of these selected works ought to have a long and solid career in the mechanical analysis
of trochoidal gear sets and gerotor pumps. Hence, the researchers Ivanovi¢ and Biernacki
fulfil more than enough of the above-mentioned selection criteria, and their studies selected
have been [13,14,17,23], respectively. In addition, a reference geometry with theoretical,
numerical, and experimental work is also added to the study [42].
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Figure 2. Basic geometric parameters of the trochoidal gear set.

The codification used in the present study to unify all gear sets follows the same
sequence as Per___: PZXeYYY. X is a figure coding the number of teeth of the outer gear
and YYY are three figures coding the non-decimal eccentricity value of the gear set (the
three digits without the decimal dot). This codification is illustrated in Table 1, along with
supplementary information.

Table 1. Gear sets under study (PZXeYYY, where X is the number of teeth of the outer gear and YYY
are the non-decimal eccentricity value).

Gear Set Researchers” Work Analysis-Environment Observation
PZ7e377 Biernacki [23] FEM-ABAQUS The keyway is removed
PZ6e356/1375 . A=1/A=1375
PZ6¢356,/1575 Ivanovic et al. [14] FEM-CATIA /FEMAP A =1/A = 1575
PZ9e285 Gamez-Montero et al. [42] FEM-GiD/COMET The shaft hole is
included
MZ9e855 Photoelasticity model Scaled 3:1 of PZ9¢285

2.2. Nomenclature and Notation

Nomenclature and notation of the basic geometric parameters are not standardized,
and each researcher uses their own. The present study works with the GeroLAB nota-
tion [43], then the researchers’ geometries under analysis are contextualized in this specific
nomenclature and presented in Table 2.

2.3. Geometry Generation

Once basic geometrical parameters are decoded, as presented in Table 2, the full set
of trochoidal gears has to be generated. The well-known formulae for calculating the
trochoidal profiles of a gear set can be used by introducing these geometrical parameters
into specialized free software, such as GeroLAB (Terrassa, Spain) [44], which will calculate
and provide the technical drawings in CAD format. By importing the drawing into CAD
software (Vélizy-Villacoublay, France), a planar body of the geometry is created and
modified with the appropriate operations, such as splitting, adding, and assembling, to be
able to be imported into a mechanical simulation software.
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Table 2. Geometrical and technical parameters of gear sets (please refer to Nomenclature section and

Figure 2).
Input Gear Set
X PZ6e356/1375
Variable/ PZ7e377 PZ66356/1575 PZ9e285 MZ9e885
Parameter
GeroLAB 3:1 (PZ9e285)
Z -] 7 6 9
e [mm)] 3.77 3.56 2.85
9.79 (/1375)
S [mm] 11.11 14.06 (/1575) 10.85
DeRi [mm] 53.24 46.28 65.45
G [mm] 30.50 26.94 35.80
e [mm] 0 0 0
H [mm] 10.40 16.46 9.25
Geometrical 3:1 (PZ9e285)
we [mm] 7.0 4.1 4.2
D (Oy) [mm] 75 62 80
ds (O1) [mm] 25 16 44
Material properties POM * Steel Smte;z?vgztalhc Epoxy
Young’s module [GPa] 3 200 115 3
Density [kg/m?] 1410 - 6800 1160
Poisson’s coefficient [-] 0.43 0.30 0.25 0.35
Friction coefficient, p [-] 0.40 0.40 0.40 0.30
Torque, T [N-m] 7.16 825; ((;}:;;55,; 18.75 37.5
* Polyoxymethylene.

3. Verification of Contact Stress Numerical Simulation
3.1. Numerical Model Definition

Two main series of numerical simulations are considered. The first one is aimed at
validating the implemented Finite Element Model (FEM) and consists of simulating real
cases of gerotor systems published in the literature, which include mechanical data. The
second series is aimed at analyzing the influence of different parameters according to the
Taguchi method.

All simulations are run in ANSYS® 19.2R (Canonsburg, PA, USA). This general-
purpose software environment was selected because of its wide availability among prac-
titioners and also because most of the definitions in terms of mechanical description are
analogous and comparable to those of other FEM simulation packages. Moreover, the mul-
tiphysics capability of ANSYS® would allow future enhancement of the model applicability
including fluid or thermal transitive simulations, although these steps are far beyond the
aim of the current research. In addition, many other researchers have used this software
package to study gear contact stresses before, such as Ram Kumar et al. [45], Karthick et.
Al [46], Benaicha et al. [47], Rao [48], Lahtivirta and Lehtovaara [49], or Lisle et al. [50].
The most relevant information about the implemented numerical models is described in
the following subsections.

3.1.1. Geometry and Material Properties

The geometry in all cases consists of two parts: the internal and the external gear. For
every reference case, two angular positions of the gear sets are simulated: 0° and 25°. One
additional case at 40 is considered for the PZ9e285 case. The keyway is not allocated in
any geometry. Hence, since two specific positions in the gear set are only required, the
Static Structural module is the most suitable selection.
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Despite the fact that all the simulations chosen from the literature share common
characteristics, two of them are computed with a 3D geometry. On the one hand, the
specific reasons why these researchers decided to implement 3D are unknown. On the
other hand, although these simulations were run in 3D, the results are shown in 2D, in the
front plane of the gear sets. Then, this fact endorsed the decision to assume a 2D plain stress
hypothesis with gear thickness as input data in this study. Two main advantages are added:
the remarkable diminution of mesh elements and the contact definition as edge—edge and
not surface—surface, which helps the program to be more precise.

For all simulations, isotropic linear elastic material is considered. Thus, the only
properties required for the numerical simulation are Young’s modulus and Poisson’s and
friction coefficients (see Table 2).

3.1.2. Loads, Contacts, and Boundary Conditions

The boundary conditions consist of fixing the edge of the external diameter of the exter-
nal gear and imposing a restrained and fixed displacement on the edge of the shaft hole of
the internal gear, while allowing its rotation. The load is performed by a counter-clockwise
torque applied on the edge of the shaft hole of the internal gear. For the validation cases, the
value of the torque is set according to the corresponding reference in the researchers” works.

Finally, contacts are described as frictional through the friction coefficient definition.
All contacts are set between the specific edges of the teeth (internal and external) in in-
teraction. Thus, it is required to divide the continuous internal and external edges in the
trochoidal tooth profiles into as many parts as the corresponding number of teeth. This
definition is essential to correctly set the contact areas to allow an independent analysis of
the several contact points at the same time between gears: the quasi-static condition.

Using frictional contact rather than frictionless is preferred because it more accurately
denotes real cases and allows one to study the possible life-long variation of the friction
coefficient as an external factor on the contact stress, which is addressed later. Frictional
contacts [5,51] and frictionless contacts [49,50] are both previously used by other researchers
in gear contact studies.

3.1.3. Elements and Mesh

PLANE183 elements are used to mesh both internal and external gears. CONTA172
and TARGE169 elements are used to define the contacts. The average size of the mesh
is 5 mm. This dimension is reduced to an edge sizing of 1 mm near the contact areas by
imposing this seeding distance on the edges that define the contacts. Since the goal is
to validate the model by obtaining results akin to the researchers” work, an equivalent
configuration must be used. The quality of the mesh is checked with the orthogonal quality
indicator, with an average value of over 0.9, and also with the skewness indicator, with
an average value of below 0.3, for all cases. Those indicators fulfilled the recommended
quality mesh requirements in [52].

3.1.4. Analysis

The full Newton-Raphson solution procedure is employed to perform the implicit
calculation of the implemented non-linear model. Average solution time is approximately
ten minutes in an Intel® Core ™ i7-9700 K CPU @ 3.60 GHz with 16 GB RAM memory.

The use of equivalent von Mises stress is widely accepted and used in several research
studies [45-48], although some of the research [51] points out that von Mises stress values
could be approximately one half of the theoretical Hertz contact stress. In any case, the
proposed model is validated through comparison with other accepted models that used
von Mises’s stress. Finally, the influence of the analyzed parameters is also studied in
terms of maximum von Mises’s stress at contacts, being mostly a comparative than a
quantitative analysis.
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3.2. Simulation Results: Validation and Discussion

7

The FEM validation aims to assess the recreated authors’ results from the researchers
works aforementioned. If the validation is positive, meaning that the values obtained with
the simulations match those published within reasonable bounds, the methodology will
prove to be valid for future simulations using the same model applied up to here.

The maximum equivalent von Mises stress among all contact zones is the variable for
comparison with reference stresses. Figure 3 graphically gathers authors” FEM results of
maximum contact stress in each gear set from researchers’ works at two angular positions,
0° and 25° (the angular position of each gear set in the researcher’s reference). A worthwhile
comparison of results could have come from the deformation performance of the gear sets.
However, limited information is available in the available literature and, consequently;, it
was decided to concentrate on contact stress results, which are the ultimate goal.

Position (0°) Position (25°)
15,266 Max
13,57

1,87
10177

8481

67048

10,572 Max
93976
82229
7,0482
5,8735
46088

5,0836 3,5241
3,394 2,349
1,6962 1,1747
° 0
[MPa] [MPa]
PZ7e377
147,47 Max 5,5945 Max
131,08 4,9729
147 43513
9831 3,7297
81,025 3,1081
65,54 2,4865
49,155 1,8648
32,77 1,2432
16,385 0,62161
0 0
[MPa] (MPa]
PZ6¢356/1375
145,5 Max 491 Max
12933 43645
1317 3,818
96,999 3,2734
80,833 2,778
64,666 2,1822
485 16367
32,333 1,091
16,167 054556
0 0
[MPa] [MPa]
PZ6e356/1575
26,878 Max 38,856 Max
23,892 34538
20,905 30221
17,919 25,004
14,932 21,587
11,946 17,269
6,9593 12,052
39729 86346
2,9864 43173
0 0
[MPa] [MPa]
PZ9e285
Position (0°) Position (25°)

Figure 3. Authors’ FEM results of maximum contact stress [MPa] in each gear set from researchers’
works at 0° and 25° angular positions. (The commas in this specific figure represents decimal dots.
For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.).
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Max. Contact Stress [MPa]

For the PZ9e285(25°) case, the mesh convergence analysis was performed obtaining
the results plotted in Figure 4. The figure shows a clear contact stress value trend when
reducing the contact edge sizing from 5 mm (11.5% variation) to 2 mm and from 2 mm (0.4%
variation) to 1 mm. However, for smaller mesh sizes (0.50 mm and 0.25 mm), local stress
concentration effects were observed to increase the maximum contact stress in a fictitious
way. Thus, 2 mm edge size was precise enough to carry out the research, but 1 mm was
chosen because it was more precise and was not a significantly greater calculation effort
than the 2 mm case. For a 1 mm mesh size case, the PZ9e285 model included 7164 nodes,
2218 2D elements, and 420 contact elements.

80
70 4

60

e

50

40 e e e e *
30

20

Max. Contact Stress [MPa]
|
|
|

5 4.5 4 3.5 3 2.5 2 1.5 1 0.5 0
Mesh size in contact edge [mm]

Figure 4. Mesh convergence analysis of PZ9e285(25°) case.

The main results of the nine simulations are summarized in Figure 5. When researchers’
and authors’ results are contrasted at the maximum contact stress, a 9% average error is
obtained when the PZ9e285(0°) is not included (this specific angular position of this gear set
shows an unexpected value, and it is considered an outlier because clear stress concentration
effects were detected in this case. In fact, a 40° position was also simulated to check the
stability of the PZ9e285 case and to overcome this limitation). Since there is a restricted
amount of available information about mechanical stresses in gerotors, this accuracy is
judged to be adequate to validate the implemented model for describing the mechanical
response of gerotor sets.

P2
160
150 K2 Pki&2
140 B O Researchers
130 m Authors
120 error [%]
110 contact point (Pk)
100
%
80
70
60
PkI&2
50
© _ Pk1
30 Pk2
20 { Pklpg PP
10 Pk2Pk1 PK3IPK2 Pl
. 10% 7% [7%m 10% 2%y [288% 5% 19% 11%
PZ7e377  PZ6¢356/1375 PZ6e356/1375 PZ6e356/1575 PZ6e356/1575  PZ9e285 PZ9¢285 PZ9¢285 MZ9e885

©) ©°) 5% ) (25°) ©°) (5% 40°) (259

Gear set (position)

Figure 5. Results comparison Researchers vs. Authors, relative error [%] in maximum contact stress
[MPa] and contact point (Pk) of maximum contact stress in each gear set for corresponding angular
position in brackets (degree °).
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With regard to the location of the contact point at maximum stress, two clear tendencies
can be pointed out:

e  Maximum volume chamber position corresponding to PZ7e377(25°), PZ6e356/1375(0°),
PZ6e356/1575(0°), and PZ9e285(0°). The location of the contact point at maximum
stress is Pk2 for all gear sets, according to researchers’ and authors’ results. (Note:
PZ7e377(25°) gear set in reference [17] does not provide an exact value but it can be
gathered from the graphical figures);

e  Minimum volume chamber position corresponding to PZ7e377(0°), PZ6e356/1375(25°),
PZ6e356/1575(25°), PZ9¢285(25°), and MZ9e885(25°). The location of the contact point
at maximum stress are Pk and Pki + 1 for all results, researchers” and author’s, respec-
tively. The exceptions are PZ7e377(0°) and MZ9e885(25°).

Hence, it reveals the importance of having either an odd or even number of external
gear teeth in the set-up of the simulation. In addition, the impossibility of simulating exactly
the same geometries as the researchers must be remembered, as does how the unnecessary
parts of the original geometry were neglected, such as the keyway in the shaft hole.

From these results, the plausibility of the proposed FEM model of the authors is
sustained, as well as providing an opening for making progress toward the Taguchi ap-
proach. This decision is also justified by the fact that the final purpose of the implemented
model is to study the significance and influence of the different design and environmental
variables on the contact stress level more than providing a completely accurate result of the
stress value.

4. The Taguchi Approach to a Gerotor Pump

The aim of parameter design outlined by Dr. Taguchi is to obtain a gear set that
maximises the safety factor (SF) defined as the ratio between the reference yield strength
of the material and the maximum contact stress. This gear set will be pursuing a twofold
goal of (i) detaching the linkage of contact stress with volumetric capacity and dimensional
constraints and (i7) enhancing the quality of contact stress assessment without controlling
or removing the cause of variation contributed to by the numerical simulation’s input
settings to generate robust FEM results against noise effects. This approach is an iterative
process that will be carried out sequentially in four experiments. The means to achieve a
certain average contact stress will not be addressed. The Minitab® 19 software package
(State College, PA, USA) complements the data processing.

4.1. The Volumetric Capacity Target and the Dimensional Constraints of the Gerotor Pump

Volumetric characteristics and contact stress performance of a gerotor pump are linked
by the geometric parameters [53]. Then, in order to soften this link, the contact stress, the
volumetric capacity, and several dimensional constraints of the gerotor pump are fixed
constants in each gear set for all experiments as follows:

o  The PZ9e285 gear set is the chosen prototypical gerotor because it is well-known by
the authors regarding, among others, its fluid dynamic performance [54];

e  The benchmark gerotor is named D80d40cv1 and the parameters to keep constant are
summarized in Table 3 and depicted in Figure 6 based on [55];

e  The material properties remain unchangeable in all the experiments: Young’s module,
density, and Poisson’s coefficient of the PZ9e285 gear set (refer to Table 2);

e  The shaft keyway is designed with dimensions Ls = 30 mm (parallel 0.75-ds) shown in
Figure 6 as in [55];

e  Two specific angular positions as working functions will be under the study: Tip-to-Tip
(T2T) and Valley-to-Tip (V2T), both depicted in Figure 6. The V2T corresponds to the
maximum volume chamber and the T2T corresponds to the minimum volume chamber.
This labeling presumes to enhance the comprehension of the contact points” action;

e  The geometries and the analytical values of volumetric capacity and flow irregularity
of each experimental gear set are provided by using GeroLAB [43,44].
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Table 3. D80d40cv1 benchmark gerotor. (Please refer to Nomenclature section and Figure 2).
Parameter Value Significance/Target
cyH = ¢v/H [cc/(rev-mm)] 1 Volumetric capacity/Flow rate
D¢ [mm)] 80 Housing/Dimensional constraint
Internal diameter located in the inner
ds [mm] 40 gear to accommodate the
shaft/Through-shaft application
H [mm)] 9.25 Casing/Dimensional constraint

comacl\\
\

minimum maximum
volume

volume
chamber

Figure 6. The benchmark gerotor in working function: the Tip-to-Tip (T2T) position (left) and the
Valley-to-Tip (V2T) position (right), the shaft keyway (‘yes’ shaft keyway, left) and the shaft hole
without keyway (‘no” shaft keyway, right).

4.2. The Taguchi Method: The Designed Experiments

The designed experiments by the Taguchi approach will follow these specific features:

The number of control factors. The number of parameters is chosen based on the
trochoidal gear profile (Z, e, S), external gear (r¢, w.), and working function (reference
position RP, shaft keyway SK);

The number of levels. The levels of each parameter are chosen to be significant in
the study, from the benchmark gerotor, the literature, the previously presented FEM
validation, and the authors” know-how. In addition, all level combinations have to
accomplish the feasible geometry of a trochoidal gear set practicable to be generated
with GeroLAB, which has become a challenging task. The number of levels is selected
as the Taguchi approach is going forward, from two-levels to a mixed-level design;
The noise factors. The mechanical operating conditions of the gear pump are described
by three factors: material temperature (0), torque (T), and material friction coefficient
(#), which can be tuned by surface modification methods [56,57]. The designed
experiments can use these operating conditions as the input of FEM conditions as
prescribed by an outer array only for noise factors (T, u and 6);

Improve the quality of contact stress assessment. The goal of the experiments is to
maximize the safety factor (SF) as the response of the signal-to-noise ratio (S/N) set to
Higher-is-Better (HB) where:

i=1J7i

HBS/N = —1Olog<111 Y 12>

where 1 = the number of tests in a trial (number of repetitions regardless of noise
levels) and y; = each observed value (data points). In all cases, the target is to maximize
the HB S/N ratio. The development of a family of matrices based on orthogonal arrays
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(OA) and the signal-to-noise (S/N) definition as an indicator of the ratio of the mean
to the standard deviation are great contributions of the Taguchi method. As a result,
they will be used to evaluate and discuss the results of each Taguchi experiment:

e  Statistical treatment. In all experiments, the significance (alpha) level was set as 0.05,
and means and standard deviation were calculated for all volumetric capacities. The
p-value inferior to alpha concludes that there is a statistically significant association
between the response characteristic and the term. The p-value between the significance
levels of 0.05 and 0.1 can be used for evaluating terms, and it can be considered with
practical significance. A higher p-value will conclude that there were no statistically
significant differences observed.

4.3. First Taguchi Experiment: The Screening Case

The first round, referred to as the screening case, is used to find the few important,
influential factors out of the many possible factors involved with a process design. The
recommended strategy is to start with the smallest orthogonal array that will accommodate
the typically large number of actors under simultaneous evaluation at two levels.

Hence, the Lg(27) OA inner array with a resolution number of 1-low (A and B x C
are in the same column) without noise factors is selected and presented in Table 4. The
resolution number is a measure of the amount of confounding in a column [33]. As the
assignment of factors is to all columns, unavoidably, many interactions are confounded
(mixed) with the main effects. This is the major compromise of using fractional factorial
experiments: by reducing the number of tests, some information must be surrendered.

Table 4. The parameter design table of the screening case of the first Taguchi experiment. (Please
refer to Nomenclature section and Figure 2).

8 gear sets in common

Vol. capacity target: Ty = 1 ccrev™l-mm™! (0.093), mean (standard deviation)

Dimensional constraints: D¢ =80 mm; dg =40 mm; H = 9.25 mm

FEM conditions: T=1875N-m; u =04; 0 =20°

L8 OA inner array

(control factors) A B C D E F G

Factor parameter Shaft

(column) e Reference S 7 keyway w,

Trial tTacuchi . ¢ VA position (RP) < ¢

rial gear set::Taguchi experimen [mm] . [mm] [mm] (SK) [mm)]
(Figure 6) .

(row) (Figure 6)
1:1 8 2.50 T2T 5.86 0.0 No 3.0
2::1 8 2.50 T2T 13.96 3.0 Yes 6.0
3:1 8 2.97 V2T 5.86 0.0 Yes 6.0
4:1 8 297 V2T 13.96 3.0 No 3.0
5:1 9 2.50 V2T 5.86 3.0 No 6.0
6::1 9 2.50 V2T 13.96 0.0 Yes 3.0
7:1 9 297 T2T 5.86 3.0 Yes 3.0
8:1 9 297 T2T 13.96 0.0 No 6.0

The meaning of each number in the OA nomenclature Lg(27) is: 8 FEM simulations in
this screening case (inner array with 8 gear sets trials, without noise factors, corresponding
to each row in Table 4), 7 factor parameters (Z, ¢, RP, S, r¢, SK, and w, corresponding to
each column in Table 4) and 2 levels (low and high values corresponding to the columns of
the chosen Taguchi OA family in Table 4). In addition, the table head of Table 4 indicates
the volumetric capacity target and the dimensional constraints to remain constant in the
gerotor pump, together with the FEM conditions used in the simulation.

The meaning of OA nomenclature and the arrangement of Table 4 will be retained for
all incoming Taguchi experiments.

By the inspection of Figure 7, an even number of teeth produces a higher maximum
contact stress in all gear sets, with the exception of the 5:1 gear set owing to the selected
reference position. The location of the contact point in the second tooth prevails in five
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out of eight cases. The 8::1 gear set shows the minimum value of contact stress, which
is almost half of the 4::1 gear set, indicating the significance of the geometry and the
reference position.

110

100

Pk2
90 - W screening case
flow irregularity [%]
80 Pk2
contact point (Pk
I3 point (Pk)
70 A
Pk2
Pkl
60 -
Pk2
Pk2
50
Pk4
40 4
30 4
20 4
10

7.3% 6.9% 6.7% 2.4% 2.6% 2.5% 3.4%

4::1 5::1 6::1 7::1 8::1

L

Max. Contact Stress [MPa]

o
N
ES

1::1 2::1

w
2

Trial-Gear set :: First Experiment

Figure 7. Results of FEM maximum contact stress [MPa], GeroLAB flow irregularity [%], and contact
point (Pk) of maximum contact stress in each gear set for the first Taguchi experiment (see Table 4).

Figure 8 illustrates the main effects plot for the screening case. The true critical
characteristics (control factors) must be identified and minimized in number. This graphic
aids in a better picture of the importance of the chosen control parameters. The larger
the vertical increment between the two levels and the higher the slope in each factor, the
more emphasis is placed on this parameter: the larger the HB S/N ratio, the better. The
figure indicates that the parameters Z, RP, and r. are the strength factors. Conversely, the
parameter w., with a behavior almost horizontal between the two levels, is the first factor
to be discarded, together with the parameter SK.

Factor-Parameter

4 e RP S rc SK wc
135

13.0 [ ]
125
12.0

11.5

HB S/N (mean of ratios)
[ ]

11.0

10.5
8 9 250 297 T2T V2T 586 13.96 0 3 No Yes 3 6

Levels :: First Experiment

Figure 8. Main effects plot for the first Taguchi experiment (see Table 4).
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Obviously, the resolution is low in the first round of experiments (a small fractional
factorial) and it will progress to higher-resolution experiments (a large fractional or full

factorial) as few factors are going to be identified as influential.

In addition, this screening case has mixed geometrical basic parameters to define the
trochoidal gear set, such as Z, e, S, and external gear ., with working functions, such
as SK and RP, where the former shows less dominance than the latter, and it will be
discarded. Owing to the higher effect of the level “Yes’ in the shaft keyway, which is closer
to real working function, all the gear sets in the incoming Taguchi experiments have a

shaft keyway.

4.4. Second Taguchi Experiment: The Two-Levels-Four-Geometric-Basic-Parameters Case and One

Noise Factor

The Taguchi approach to parameter design includes noise factors as related elements
of the process that cannot be controlled or removed as a measure of the robust levels
of the control factors. Thus, from the screening case, working function related to refer-
ence position is going to be used as a non-controlled process noise effect in this second

Taguchi experiment.

Lg(2*) OA inner array with a resolution number of 2 (A and BxCxD, or AxB and CxD
are in the same column), with one noise factor at the outer array L1 OA. Here, 16 FEM
simulations were carried out in this second Taguchi (8 gear sets trials, 2 working functions
noise factors). This second experiment encompasses less factor parameters (Z, e, S, and r.)
corresponding to each column in Table 5. The outer array accommodates the noise factor at
two levels, T2T and V2T, corresponding to columns N1 and N2 in Table 5.

Table 5. The parameter design table of the second Taguchi experiment. (Please refer to Nomenclature

section and Figure 2).

8 gear sets in common

Vol. capacity target: Cy,i = 0.997 ccrev -mm~? (0.023), mean (standard deviation)
Dimensional constraints: D. =80 mm; ds = 40 mm; H = 9.25 mm; (SK = yes)
FEM conditions: T=1875N-m; u =04; 6 =20°
L10OA
L8 OA inner array A B D G outer array N1 N2
(control factors) (noise
factor)
Factor parameter Reference
(column) Te S e position
Trial gear set::Taguchi experiment z [mm] [mm] [mm)] (Figure 6) 2T var
(row) (column)
1:2 8 0.0 5.86 2.50
2::2 8 0.0 13.96 2.97
3:2 8 3.0 5.86 2.97
4::2 8 3.0 13.96 2.50
5:2 9 0.0 5.86 297
6::2 9 0.0 13.96 2.50
7:2 9 3.0 5.86 2.50
8:2 9 3.0 13.96 297

As in the case of FEM validation, the corresponding concordances reveal the important
effect of the reference position in the numerical simulation. Comparing the gear set 8:1 in
Figure 7 and the gear set 8:2 in Figure 9, both of them present the lower value of maximum
contact stress with an acceptable value of 3.4% of flow irregularity. Since the 8:2 gear set
uses the reference position as a noise factor to expose the robust levels of the control factors,
these parameters will produce successively better approximations to converge to the sought
gear, which is more suitable regarding contact stresses. Considering the location of contact

points, it stays the same or within a unit difference.
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Figure 9. Results of FEM maximum contact stress [MPa], GeroLAB flow irregularity [%], and contact
point (Pk) of maximum contact stress in each gear set with the working function noise factor for the
second Taguchi experiment (see Table 5).

Since the slope in the graphic is an indicator of the importance of a main effect,
Figure 10 shows that the most dominant factor is the arc radius of the external gear tooth, S.
In addition, this geometrical parameter S is considered with practical significance in the
analysis of variance for HB S/N ratios (p = 0.083).

Factor-Parameter

Z rc S e

13.5 [ ]
m
e 13.0
<
- @
4t o
=]
g ¢ ’
S 125 -
£ o
N’
7]
é 12.0

)
1.5
8 9 0 3 5.86 13.96 2.50 2.97

Levels :: Second Experiment
Figure 10. Main effects plot for the second Taguchi experiment (see Table 5).

The mutual dependency between a pair of factors is an interaction of those factors.
The interaction plot of the main effect factors Z and S is constructed by plotting the average
response HB S/N values of each factor level combination and is presented in Figure 11.
The effect of parameter S is estimated to be low since it would depend upon which level
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of parameter Z is being used. Being almost parallel lines is an indication of the absence
of interaction between both factors. In addition, for this experiment, none of the studied
interaction effects are statistically significant.

Interaction for Z vs. S

|
~~
w2
S 135
—
«
- |
‘S 130
(=]
o S
s ® 586
g 125 W 1396
N’
Z
@ 120
E °
o
11.5
8 9

Z levels :: Second Experiment

Figure 11. Interaction plot between Z and S for the second Taguchi experiment (see Table 5).

On the other hand, these results are quite confusing, since it is difficult to accept Z as
having a similar effect as 7. in the gear set contact stresses as well as no significant interaction
effect. One might add the well-known opposite effect on the volumetric characteristics of
an even Z value, as it can be seen in the numerals of the flow irregularity in Figure 9. Upon
debating this controversial effect, it is decided to go with a full factorial experiment by
using the main geometric basic parameters: the number of external teeth, Z, the eccentricity,
e, and the arc radius of the external gear tooth, S.

4.5. Third Taguchi Experiment: The Two-Levels-Three-Geometric-Basic-Parameters Case and Three
Noise Factors

As previously mentioned, Taguchi parameter design is used to dampen the effect of
noise, which includes parameters that are either uncountable or are too expensive to control,
by choosing the proper level of control parameters. Then, once more, the question arises:
why bother to assign these noise factors when they cannot be controlled or eliminated? The
main reason, in this work, is related to the numerical simulations: several settings in the
software environment could act as noise since they are associated with input operating
conditions in the FEM simulation.

Then, the strategy is to force noise effects into the numerical simulation with an
experimental layout based on an outer array only for operating conditions: a combination
of outer noise (environmental-related, such as temperature, ) and inner noise (function-
related, such as torque, T, and friction coefficient, y). If all of these noise factors were
mixed together in an inner array for control factors, it would be a traditional cause of
detection experiment: this is one of the major contributions of the Taguchi approach to
noise emulation in FEM methodology.

Table 6 illustrates the Lg(2%) OA inner array with a resolution number of 4-high (full
factorial, all items are in separate columns), with 3 noise factors. Here, 32 FEM simulations
were carried out (8 gear sets trials, 4 FEM conditions noise factors). This third experiment
encompasses three factor parameters (Z, ¢, and S) corresponding to each column. Owing to
the low effect of 7, it was removed from the inner array, avoiding interactions confounded
with the main effects and gaining resolution. The outer array accommodates the 3 noise
factors at two levels, corresponding to columns N1, N2, N3, and N4 (refer to Table 6).
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Table 6. The parameter design table of the third Taguchi experiment. (Please refer to Nomenclature
section and Figure 2).

8 gear sets in common

Vol. capacity target: Cy,q = 0.997 cc-rev™t-mm™! (0.023), mean (standard deviation)
Dimensional constraints: D, = 80 mm; ds = 40 mm; H = 9.25 mm; (SK = yes)
FEM conditions: Noise factors
L4 OA
. outer
L8 OA inner array A B D array N1 N2 N3 N4
(control factors) .
(noise
factors)
Factor parameter T [N-m] 15.0 25 25 15.0
(column) z ¢ S Y 0.01 0.50 0.01 0.50
Trial gear set::Taguchi experiment [mm] [mm] 0 [°C] 2'0 éO 40 40
(row) (column)
1:3 8 2.50 5.86
2::3 8 2.50 13.96
3:3 8 297 5.86
4::3 8 297 13.96
5:3 9 2.50 5.86
6::3 9 2.50 13.96
7::3 9 297 5.86
8::3 9 297 13.96

Once this new OA with a high-resolution number has been selected, the factors can
be assigned to the corresponding columns of the inner array and subsequent interaction
columns located. In this new experiment, the interaction of Z and S is again studied
since both have shown main effects in the HB S/N ratio of the previous first and second
experiments.

In Figures 11 and 12, results referring to the third experiment are reported. Figure 12
illustrates an important effect not influenced by the noise FEM conditions: the location of
the maximum contact stress at the same contact point for all operating conditions once the
three geometrical basic parameters are taken into account. It is also worth noting that the
combination of a higher torque and a lower frictional factor results in higher contact stress,
regardless of temperature.

130
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Figure 12. Results of FEM maximum contact stress [MPa], GeroLAB flow irregularity [%], and contact
point (Pk) of maximum contact stress in each gear set with 4 FEM conditions noise factors for the
third Taguchi experiment (see Table 6).
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Figure 13, as previously in Figure 10, shows that the most dominant factor is the arc
radius of the external gear tooth, S, with practical significance in the analysis of variance
for HB S/N ratios (p = 0.080). This is an expected result, since removing the parameter
cutting radius shows its minimal effect. However, the absence of interactions confounded
with the main effects in this full factorial experiment and the inclusion of the operating
conditions reinforces this outcome. Now, the odd number of external gear teeth shows a
dominant effect, and the eccentricity normalises its intrinsic interest and value.

Factor-Parameter
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Levels :: Third Experiment
Figure 13. Main effects plot for the third Taguchi experiment (see Table 6).

The interaction plot of the main effect factors Z and S is again computed and presented
in Figure 14. The lines’ loss of parallelism and the effect of an odd number value for Z are
indicated, although it is not statistically significant yet. The OA size and the interaction
potential of interest to the experimenter are the key factors; as a general recommendation,
it is preferred to study more factors than to study interactions [33].
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Figure 14. Interaction plot between Z and S for the second Taguchi experiment (see Table 5).

4.6. Fourth Taguchi Experiment: The Mixed-Level-Design-Case with Three Noise Factors

The last experiment in this iterative process is designed to elucidate the ability of the
Taguchi method to pinpoint the most suitable gear set configuration in front of FEM contact
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stress. With the learning from the previous three Taguchi experiments, it is decided to
complete the study with an OA inner array with four control factors: the trochoidal gear set
parameters (Z, ¢, and S) and the working function (RP). Note that it is decided to include
the RP in the inner array, since its effects have been shown to be of noticeable importance.
The FEM conditions are kept to the three operating conditions (T, and ) in the outer
array to emulate noise effects. To complete the experiment, one more level is added to the
trochoidal gear set parameters in a mixed-level design case. The Taguchi approach prefers
using three or more levels of design parameters to estimate non-linear effects rather than
two levels of classical DoE [30].

Table 7 illustrates the L1g(2!-3%) mixed-level OA inner array with a resolution num-
ber of 1-low (no specific interaction columns available, except between AxB by using a
specific layout). Here, 72 FEM simulations were carried out (18 gear sets trials, 4 FEM
conditions noise factors). The outer array accommodates the three operating conditions
(environmental-related, 6 and function-related, T and ) at two levels, corresponding to
each column N1, N2, N3, and N4. In this mixed-level design, the parameters of the cutting
radius and the wall width of the external gear are kept constant for the 18 gear sets, and
factor interactions are not studied based on the results of the previous experiments.

Table 7. The parameter design table of the fourth Taguchi experiment. (Please refer to Nomenclature
section and Figure 2).

18 gear sets in common
Vol. capacity target:
Dimensional constraints:

Ty, = 0.996 cc-rev™l-mm~1 (0.041), mean (standard deviation)

D. =80 mm; ds = 40 mm; H = 9.25 mm; (SK = yes)

FEM conditions: Noise factors
L2 OA
. outer
L18 OA inner array A B C D array NI N2 N3 N4
(control factors) (noise
facts)

Factor parameter Reference NT 15.0 25 25 15.0
(column) position 7 S e [ ) -[r_x]l] 0 O.** O;L 0 O‘** 04
Trial gear set::Taguchi (RP) [mm] [mm)] 6} °C] ’20 2'0 ’40 4'0
experiment (row) (Figure 6) (column)

1:4 V2T 7 5.8 2.61

2:4 V2T 7 8.0 2.77

3:4 V2T 7 10.4 2.93

4:4 V2T 9 5.8 2.61

5:4 V2T 9 8.0 2.77

6::4 V2T 9 10.4 293

7:4 V2T 11 5.8 2.77

8:4 V2T 11 8.0 293

9:4 V2T 11 10.4 2.61

10::4 T2T 7 5.8 2.93

11:4 T2T 7 8.0 2.61

12::4 T2T 7 10.4 2.77

13::4 T2T 9 5.8 2.77

14::4 T2T 9 8.0 293

15::4 T2T 9 10.4 2.61

16::4 T2T 11 5.8 293

17::4 T2T 11 8.0 2.61

18::4 T2T 11 10.4 2.77

** Frictionless.

In Figure 15, the diversity of operating conditions is studied by crossing the inner
array of control parameters by the outer array of noise factors. The slope of the HB S/N
ratios once more illustrates the dominance of the three trochoidal gear set parameters (Z, ¢,
and S) in front of the working function (RP). In addition, the main effects plots for means
and standard deviations confirm the same tendency.
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Figure 15. Main effects plot for the fourth Taguchi experiment (see Table 7).

The statistical significance for Z and S supports this result. This fourth experiment
shows statistical significance at an alpha level of 0.05 for Z and S, in particular, p = 0.053
and p = 0.050, respectively. Conversely, none of the interaction effects are significant.

For the contact stress experiment, the optimal control factor settings based on the
highest HB S/N have been determined by the inspection of Figure 15. In order to decide
which level is best to maximize the safety factor, the HB S/N ratios at each level (low,
medium, and high) of each factor are compared. Hence, the levels are:

Z =9 (level 2-medium); S = 10.4 mm (level 3-high); e = 2.93 mm (level 3-high) >>>
Gear set 6::4.

Using the Taguchi approach for parametric design, the predicted optimum settings
correspond to one of the rows of the matrix experiment: the gear set 6::4 in Table 7. In
addition, its flow irregularity is 3%, a good value. (If the predicted optimum settings did
not correspond to one of the rows, as a final step, a confirmation trial would be run). The
reference position has a poor effect as a control factor. These settings maximize the safety
factor for all noise configurations.

Finally, if the three trochoidal gear set parameters of the PZ9e285 gear set in Table 2
are compared with the results of the predicted optimum settings, it shows the reliability of
the methodology since it points out the current geometry of a real-working gerotor pump.

5. Conclusions

In this paper, efforts to prove the reliability of the Taguchi techniques as an effective
simulation-based strategy in the design of numerical simulations to assess contact stresses
in trochoidal gears working in gerotor pumps were presented.

The validity of the Finite Element Model proposed in this paper was first decided
to be proven by means of published results in the literature. The works of Ivanovi¢ and
Biernacki, two researchers with long and solid careers in the mechanical analysis of gerotor
pumps, were selected. Nomenclature and notation were integrated and unified for the
research presented in this paper.

The average of the results of the nine simulations showed a discrepancy of 9% in
the maximum contact stress at contact points, an acceptable error taking into account the
available technical data and the limitation of simulating exactly the same geometries as
the researchers. In addition, the location of the contact points was linked in all cases. The
numerical model was verified to be valid within reasonable bounds and it was applied to
the simulations designed by the Taguchi method.
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The Taguchi approach was based on a sequential simulation-based design strategy of
four experiments enabling a manageable number of gear sets. The resulting 128 numerical
simulations accomplished the challenging goal of having the same volumetric capacity and
dimensional constraints (gear thickness, external diameter of external gear, and the internal
diameter of shaft hole located in the inner gear) to disengage contact stress performance
from flow rate and casing. Furthermore, this innovative approach allowed bypassing the
inherent multitude of geometric options in FEM numerical simulations and the ‘black box’
effect in the software input operating conditions, such as environmental-related tempera-
ture and function-related torque and friction coefficient. The progressive simulation-based
planning narrowed down the number of parameters, reducing the solution space, under
operating conditions that emulate noise effects.

Results of contact stress proved the arc radius of the external gear tooth to be the
most dominant parameter. The odd number of external gear teeth was shown to be the
second dominant effect, and the eccentricity demanded its intrinsic interest and value. The
particular values of the statistical significance for both dominant parameters endorsed this
conclusion. However, none of the interaction effects were statistically significant.

In particular, the feasibility of the proposed methodology to pinpoint the most suitable
gear set configuration in front of FEM contact stress and to predict optimum settings in
the geometry of real-working gerotor pumps in industrial designs was demonstrated.
This statement was confirmed by the specific value combination of a trochoidal gear set: 9
external gear teeth, an arc radius of 10.4 mm, and an eccentricity of 2.93 mm. This optimized
contact stress gear set yields to the targeted volumetric capacity of 1 cc-rev™! per gear
thickness and a proper flow irregularity of 3%.

Promising results are obtained in this approach for enhancing the quality of contact
stress assessment without controlling or removing the cause of variation contributed to by
the numerical simulation’s input settings. Taguchi robust design is an easier approach than
classical optimization. Its accessibility as an open tool to end-users and its methodology
are very much related to real production and products in industry, quality, and costs. This
study has formulated its own approach in the field, assisting the numerical simulation
procedure in the design process and leading to the gear set configuration of a real-working
gerotor pump.

Regarding future work on the research presented in this paper, the next step will be to
identify the control factors that move the mean to a pre-established contact stress target
and predict the average response for each combination of control factor settings using the
model for the response to the signal-to-noise ratio.
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Nomenclature

o Volumetric capacity /displacement

CoH Volumetric capacity/displacement per gear thickness
DeRi External diameter of internal gear (DeRi = 2-ReRi)

dg Shaft hole, internal diameter located in the inner gear
D, External diameter of external gear

e Eccentricity (centre distance)

G Radius of circle to complete external gear

H Gear thickness

Ls Shaft keyway length

O Inner/internal gear centre

0, Outer/external gear centre

Py Contact point

Te Cutting radius

r1 Inner pitch circle

7 Outer pitch circle

Ry Distance O, P4

S Arc radius of the external gear tooth

T Torque

We Wall width of the external gear

Z,(Z —1) Number external (internal) teeth

A Tooth profile height correction coefficient (A = 1, /Ry)
U Friction coefficient

0 Temperature

v Equidistant index (v = S-Z/Ry)
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