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ABSTRACT

Devendran, Ram Sudarsan. Ph.D., Purdue University, August 2015. An Innovative
Working Concept for Variable Delivery Flow External Gear Machine. Major Professor:
Andrea Vacca, School of Mechanical Engineering.

An innovative and unique working concept for variable delivery external gear machines
(VD-EGMs) is presented in this study. The proposed design not only encompasses all the
well-known and important advantages of traditional external gear machines but also
introduces a feature for varying the displacement (flow delivered per unit revolution).
The novel principle of achieving variable displacement in EGMs is based on the variable
timing of the connections of the displacement chambers/tooth space volumes (TSVs)
with the inlet/outlet ports. The timing variation is obtained by the addition of a simple
element (called a “slider”) within the lateral bushings. The position of the slider
determines the amount of flow displaced per unit revolution. Starting from the geometry
of the design and the proposed concept, analytical expressions for predicting
displacement variation, flow rate and input shaft torque were derived. With this working
principle, the range of variation of the displacement can be significantly increased by
modifying the gear profiles. Therefore, in this work, novel gears with asymmetric teeth
profile are designed with the help of a novel tool developed particularly for this process.
However, due to the inherent nature of the displacing action of the EGM due to the
meshing of the gears, it is not possible to achieve a full flow variation from 0%-100%.
Therefore, to maximize the range of flow variation while considering all the other
important performance features of the machine to be maintained at an optimum, a multi-
objective genetic algorithm based optimization method is used to identify the optimal

design of gears and grooves in the lateral bushings. The performance of the design
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configurations were analyzed in detail by using HYGESIM (HYdraulic GEar machines
SIMulator) Simulation tool. An optimal design of the machine was identified which was
capable of maximizing the reduction (100% - 68%) in flow variation, thereby providing
lower delivery flow at the expense of reduced torque (hence reduced input power). The
validity of the proposed novel VD-EGM was demonstrated using a proof of concept test
performed using the prototypes of the optimal design. The simulated results provided by
HYGESim were validated with those obtained from the measured data thereby
accomplishing a very good agreement between the experimental data and the model
predictions. The successful proof of concept test results, lead to the design of two flow
control actuation systems which represent a manual system and an automatic pressure
compensated system. The performances of the prototypes were analyzed using a steady
state test rig. Experimental results show that the flow rate and input shaft torque reduces
proportionally with displacement in the case of the manual flow control system. The
measured volumetric efficiencies at lower levels of displacement were found to be lesser
than those at maximum displacement, which are in line with the performance of typical
other VD units in the market. The flow control actuation system based on pressure
compensator principle was designed to reduce the flow automatically depending on the
pressure at the outlet. Experimental performance of the VD-EGM with pressure
compensated actuation system show that the delivered flow reduces automatically after
the preset pressure is reached. The input shaft torque was also seen to reduce
proportionally with the corresponding displacement. The experimental results show
positive potentials in the working concept of the VD-EGM, which would lead to a new
direction in designing cost effective VD units that can be used in place of fixed
displacement units to provide the additional flow on demand functionality; thereby
significantly increasing the overall energy efficiency of the hydraulic system in which the
VD-EGM is used.



1. INTRODUCTION

In this chapter, an introduction to the problem that is addressed by the research is
provided. Firstly, the motivation behind the study is described to highlight the specific
reasons that led to the study. Secondly, a short description of the design and working of
the external gear machines (EGMs) is provided, followed by the objectives of the
research that are being addressed. Lastly, a summary of an extensive review of the
previous literature in the considered field has been provided.

1.1. Research Motivation

In a typical hydraulic circuit, the pump generates the flow that is used by the other
components (actuators — cylinders, motors etc.) thus converting mechanical energy into
hydraulic energy. Broadly, the same operation can be obtained by using fixed or variable
displacement pumps, which consume different levels of energy. A fixed displacement
(FD) pump transfers a fixed amount of fluid from the inlet to the outlet for a particular
operating speed. However, a variable displacement (VD) unit is capable of changing the
amount of fluid delivered to the outlet for the same operating speed. The VD units offer
flow on demand capabilities, which are utilized in modern systems such as load sensing
systems and displacement controlled systems. However, with FD units, there is an
inevitable wastage of energy when the actuator requires lesser flow. The difference
between the operations of the circuits with fixed and variable displacement units can be

explained as follows.

Firstly, Figure 1(A), shows a circuit with a FD unit (very often an EGM), represented by

‘P’, and connected parallel with a pressure relief valve ‘R1°. During operation, the pump



provides a constant flow rate which depends on the displacement of the pump and the
speed of rotation of the pump. The constant flow is delivered up to the maximum
pressure value (p*) reached in the system, which is controlled by the setting of the relief
valve. If the pressure at the delivery of the pump reaches the value p*, the relief valve
starts to open, thereby directing more flow to the tank and less flow (Q,) to the user.
Assuming all the components are ideal, the efficiency of the system can be expressed by

Eq. (1.1) as the ratio of useful power, P, over the input power, P;j, provided by the electric

motor, EM.
_ P_u _ Qu " Pu _ (QO - Qvalve) " Pu —1_ Qvalve. (1-1)
Piy T w Va by Qo

As can be seen from Figure 1(B), as long as the pressure at the delivery of the pump is
less than p*, the efficiency of the system is one as depicted by the blue striped box. When
the pressure rises above p*, the displaced flow is lower (Qy) and energy is dissipated
through the relief valve (represented by the red box). Therefore, the efficiency of the
system reduces and eventually falls to zero when the entire pump flow goes through the

relief valve back to the tank. It can be clearly understood that the control of delivered

flow and hence the power using a FD unit is always energy dissipative.
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Figure 1: (A) Hydraulic circuit with a FD unit as the flow source; (B) Characteristic
curve and efficiency for the system using a FD unit.

Differently from controlling the delivered flow using FD units, VD units are used for the

same purpose by being capable of changing their displacement. A simple example is



shown in Figure 2(A), where a VD unit is used with a pressure compensator/regulator

without the use of a pressure relief valve.

0 A Full displacement
0o = - v LI ECAGTENAAAIIINI
% _ Partial
N % displacement
To user % pe(01)
— Vi=F-V4
(8) P p

Figure 2: (A) Hydraulic circuit with VD unit as the flow source; (B) Characteristic curve
and efficiency of a system using VD unit.

During the operation of the system, the pump is set to maximum displacement by a spring
which is adjustable. When the pressure at the delivery of the pump reaches the pre-set
value (p*) of the spring, the displacement control system (pressure compensator) of the
pump automatically varies the displacement of the pump, providing lower flow while still
maintaining the pressure at p*. This setup of changing the displacement using a spring as
a compensator is popularly known as actuation using pressure compensation. When the
displacement of the pump is changed, the unit is operating at a lower or partial capacity
thereby adapting to the lower flow requirements of the user. As can be seen from Figure
2(B), the efficiency of the system always remains at one even while operating at partial
capacity, because the whole pump flow rate serves the user directly. The expression for
efficiency can be written as,

P_u:Qu'pu: ﬁ'Vd-w'pu _
Py T w ﬁ'Vd'pu'w

n= 1.2)

Even though, traditional EGMs possess several advantages (as described in Section 1.2),
they are inherently FD type units hence they call for a procedure for controlling the
delivered flow which is usually severe in energy dissipation, hence are unsuitable for
applications in energy efficient system layout configurations [1], [2]. In contrast, the VD

units (using electrohydraulic controls) are more efficient (advantageous in terms of



energy consumption and also offer better possibilities of control) and are typically more
than 10 times expensive and have much more complicated design assembly (with
numerous parts) as compared to EGMs. Therefore, the industry and academia have
dedicated significant research efforts (as described in Section 1.4) in finding a novel
design of EGM which are capable of varying the displacement while simultaneously

preserving the advantages of low cost, compactness, reliability and efficiency.

Although a new cost-effective hydrostatic unit capable of achieving a full (0-100%)
displacement regulation would be ideal to replace current expensive VD machines; the
proposition and development of a partially variable displacement unit (such as from 50%-
100%) will be capable of substituting current fixed displacement units with significant
energy advantages. As a matter of fact, in many fluid power systems the fixed
displacement hydrostatic unit is sized for the peak demands of flow, and consequently the
unit idles for significant intervals of the machine operation. Therefore, introducing a unit
of partial VD-EGM in such circuits will appreciably reduce the energy consumption of

the system.

1.2. Introduction to External Gear Machines

The well know advantages of external gear machines (EGMs) such as low cost, ease of
manufacture, compactness, operating efficiency and reliability make them as one of the
most popular and widely used positive displacement machines. In many applications
where EGMs are used as main flow supply units include: fuel injection systems, small
mobile applications such as micro-excavators, turf and gardening machines, fixed
applications such as: forging machines, hydraulic presses etc. In most of the other
applications, they are principally used as auxiliary flow supply components such as
hydraulic power steering systems, fan drive systems, and as charge pumps in hydrostatic
transmissions. The principal components of a typical EGM are shown in Figure 3.

EGMs are known to have a very simple principle of operation. The gears are driven by
mechanical power provided (by a prime mover) to the shaft and converts the mechanical

energy to fluid energy. The fluid is transferred from the inlet to the outlet due to the



rotation of the gears and the displacement of the fluid is achieved by the meshing of the

gears (as shown in Figure 4).

Lateral bushes

Figure 3: Main elements of a typical EGM for high pressure applications.

Outlet

Inlet
Figure 4: Principle of working of EGMs. (blue, green and red qualitatively represent the
pressure (low, intermediate and high respectively) of the fluid while it is being displaced
inside the pump.
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(A) bearing blocks : (B) pressure plates

Figure 5: (A) Lateral bushings as bearing blocks; (B) Lateral bushings as pressure/thrust
plates.

The lateral bushings form one of the most important parts in an EGM. Typically, they are
known as bearing blocks (they possess journal bearings which support the shaft) or
thrust/pressure plates (the journal bearings are housed in the casing) as shown in Figure 5.
The lateral bushings have relief grooves (for EGMs with no pressure compensation, the
relief grooves are machined on the casing) such as inlet and outlet grooves facing the
gears, perform the timing function of connecting the displacement chambers (tooth space
volumes (TSVs)) to the inlet/outlet ports, thereby avoiding the TSVs to be isolated
between the contact points of the gears. Hence these grooves optimize the performance of
the machine in terms of internal pressure overshoots and localized cavitation (which
introduce pulsations of flow at the outlet, noise emissions, instabilities etc.) which occurs
due to the meshing process as shown in Figure 6(A) The other side of the lateral bushings
facing the gears has inlet and outlet grooves as shown in figure 4(B). The lateral bushings
also take care of sealing the TSVs so as to prevent leakages from the outlet (delivery or
high pressure (HP)) port to the inlet (suction or low pressure (LP)). Therefore, design of
the grooves is of utmost importance in determining the performance of the machine

particularly in terms of displaced flow as well as noise emissions
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Figure 6: (A) Gears meshing with each other; (B) Detail of the grooves in the lateral
bushings; (C) Detail of the meshing process showing the regions of pressure peaks and
local cavitation.

The space between the lateral bushings and gears is called the lateral lubricating gap,
which poses as one of the main sources of power loss in EGMs, particularly, volumetric
losses due to leakages as well as mechanical losses due to viscous shear. Typically,
EGMs are designed using lateral bushings which are axially balanced. In Figure 7(B), the
pressure distribution in the lateral gap of a gear machine is represented. This distribution
of pressure acts on one side of the lateral bushings pushing it outwards away from the
gears axially. The side of the lateral bushings which face away from the gears (also
known as balance side) has a distribution of the pressures as shown in Figure 7(A), which
pushes the lateral bushings inwards towards the gears axially. The fluid for pressurizing
this side is obtained through small channels machined on the lateral bushings which have
high pressure (equal to the outlet) or low pressure (equal to the inlet) separated by a seal.
An axial balance of the lateral bushings is obtained based on pressure distribution on both
of its sides. Thus, an optimal lubricating gap height is necessary for obtaining reliable and

efficient performance.
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Figure 7: (A) Detail of the balance side of lateral bushings; (B) Qualitative representation
of pressure distribution in the lateral gap (blue to red represent low to high pressures
respectively).

Since the different tooth space volumes have different pressures at each instant of time
similar to the pressure distribution in Figure 4, there is a net force acting on the gears in
the radial plane. This net radial force pushes the gears away from the high pressure side
to the low pressure (LP) side as shown in Figure 8. Therefore, during the operation of the
machine, the gear teeth are in contact with the casing on the low pressure side and having
a larger clearance at the high pressure side, thus, showing an eccentricity in their position.
The resultant eccentric position of the gears causes a region of “good sealing” in the low
pressure side and a “weak sealing” region at the high pressure side, considering the radial

leakages during the operation of the machine.

During the initial parts of the operation of the machine, the eccentricity in the position of
the gears causes the wear of the casing in the low pressure side. This initial wearing of
the casing in the low pressure side is desirable since it improves the sealing between the
TSVs and the casing, thereby controlling the radial leakages and hence improving the
performance of the EGM. This process also popularly known as the “breaking in” is
performed by the EGM manufactures for a specified number of hours at varying speed

and pressures before it is being shipped to the consumer.
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Figure 8: Radial movement of gears during the operation of the machine.

Even though the principle of working of EGMs is not complicated, all the important
functions of a positive displacement machine as explained previously are concentrated on
the only few parts of the EGM. Therefore, the design/study of the machine as a “whole”
needs to consider all the functions and their mutual interactions simultaneously. Hence

the design process becomes intricate and complicated.

1.3. Research Objectives

The main aim of the current work is to formulate and construct a variable delivery (VD)
concept implementable in traditional external gear machines (EGMSs). In order to achieve
the overall goal of conceiving a working concept of VD-EGM, the following sub-goals

need to be accomplished:

e Devise a working concept based on the variable timing of the connection of the
TSVs with the suction/delivery for achieving VD in EGMs

e Identify novel design of gears which are beneficial for achieving VD in an EGM



10

e Develop a robust tool for designing gears (asymmetric, cycloidal etc.) as well as a

geometrical model for HY GESim simulation tool

e Development of an optimization tool, capable of optimizing the gear geometry in

terms of displacement reduction

e Development of a multi-level, multi-objective genetic algorithm based
optimization method for determining the design of the important parts of the

EGM — gears and the lateral bushings.

e Propose optimal designs which can be prototyped and perform steady-state

measurements to validate the findings in simulation

e Formulate and prototype an automatic actuation system for changing the

displacement in the EGM

The primary aim of the design tool for modeling different gear profiles is to understand
the benefits of using the specific gear design in an EGM in terms of VD applicability,
noise emissions, volumetric efficiency etc. A significant amount of research effort was
dedicated to the creation of a version of HYGESim (a simulation tool limited to only
classic EGM geometry, previously existing in the team) to be capable of simulating
EGMs with novel gear profiles in a robust manner so that it can be used for optimization
purposes.. The optimization tool developed in this work will be used to optimize the
design of gear and the lateral bushings and the particular design chosen would be
prototyped and experimental measurements will be performed to prove the concept of
working of VD in EGMs. Once the operating concept of VD EGM is proved, a novel and
compact actuation system will be designed to vary the displacement both manually as

well as automatically.

The optimization tool developed can not only be used to identify the design for VD-EGM
but also for traditional FD-EGM. Thus, promoting the generalization of the design
process of EGMs (which were traditionally designed based on expensive and prolonged

trial and error experimental design process) computationally.
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1.4. Literature Overview

In the past there has been only few works which are directly related to the design of
EGMs for VD. These works can be broadly classified two categories of achieving VD: 1)
at the system level and 2) at the component level as described in section 1.4.1. Specific
efforts in the literature related to the modeling and simulation of EGMs are described in
section 1.4.2. The very few works related to the optimization of the design of EGMs are

described in section 1.4.4.

1.4.1. Principle of Achieving Variable Displacement in External Gear Machines

In the past research on implementing VD in EGMs can be broadly classified into two

different paths:

e Design modification at the component level — in which the design of the pump is

modified to achieve a change in displacement geometrically

e Design modification at the system level — in which the hydraulic layout of the
system is acted upon to simulate variable displacement while using fixed

displacement pumps

1.4.1.1. Design Modification at the Component Level

The displacing action of a pump is achieved due to the change in volume of the
displacement chambers: TSVs in the case of EGMs. The TSV increases when it is
connected to the inlet/suction with a consequent influx of fluid into the displacement
chamber. Subsequently, when the TSV reaches the delivery, the TSV decreases the fluid
is forced out of the displacement chambers into the outlet/delivery of the pump. The
displacement contribution by a single TSV is thus the difference between its maximum
and the minimum volumes as shown in Figure 9. The TSVs achieve the maximum value
when it is out of the meshing zone and is close to the casing of the pump. The minimum
value is achieved in the meshing zone (where the volumes are changing) as can be seen

from the Figure 9. The volume displaced by a single TSV can be written as,

V= (Amax - Amin) ' b, (13)
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where A is the cross section area of the TSV and b is the facewidth of the gears. The total

displacement of the pump can be written as,
Vg=V-z= (Amax - Amin) b -z, (1.3)

where z is the number of TSVs in action.

2

2

Volume [mm3]
g 8

=

0 % 100 150 200 20 300 3%

Figure 9: Propagation of the TSVs (V1 for drive gear and V2 for slave gear) for one
complete revolution.

For varying the displacement at the component level, in the past, efforts were made to act
on the different terms in Eq. (1.3). Firstly, VD was achieved by moving the gears in the
radial direction away from each other, thus changing the area of cross-section of TSVs in
the meshing zone. Secondly, the variation of the displacement is achieved by changing

the gears effective meshing length, b.

In an EGM, changing the inter-axis distance between the gears as shown in Figure 10,
allows for changing the minimum volume in the meshing zone. Particularly, decreasing
the wheel base results in a decrease of the minimum volume, therefore an increase in
displacement and an increase in the inter-axis distance allows for the opposite effect by

reducing the displacement of the pump.
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Figure 10: (A) Gears in the nominal inter-axis, D, position to achiecve max
displacement;(B) Gears at a larger interaxis disance (D+d) to achieve partial
displacement.

There has been just two patents which implement complicated procedures to achieve VD
by moving the gears radially as described as follows. In (Yang & Zhong, 1987), one of
the gears is mounted on a stator which ic capable of moving it radially, however, the
design does not include any mechanism to seal the TSVs within the housing when the
gears are moved farther away. (Reiners & Wiggermann, 1960) describes a technique in
which an intermediate gear mounted on an eccentric shaft is used. Movement of this
eccentric shaft offers different degress of meshing of the gears and hence varies the

displacement volume.

Another mechanism of changing the displacement of the EGM can be attained by acting
on the effective meshing length, b of the gears as can be seen from Eg. (1.3). In
traditional EGMs, the design of the casing corresponds to the facewidth of the gears as
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shown in Figure 3, however in order to translate the driven/slave gear axially additional

elements need to be intoduced as described which tremendously increase the complexity

and number of additional parts.

(A) ’—‘ )

=1

(B)

Figure 11: (A) Gears meshing the entire facewidth, b, achieving max displacement; (B)
Gears meshing only a fraction of the facewidth, b’, achieving partial displacement.

The design proposed in (Winmill, 2001) shows gears which are staggered axially and
engage only a portion of the width. The remaining parts of the gears engage with other
elements of the machine which have internal teeth. These internal gears rotate inside
shims which allow axial movement and hence varying the width of the driven gear
engaging with the driver gear hence varying the displacement. One significant advantage
of this design is the possibility of achieving zero displacement by ensuring that the driven
gear does not engage with the driver at all. A similar design is presented in (Bussi, 1992)

however, the design is claimed to be more compact and economical.
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In (Hoji, Nagao, Shinozaki, 2008), a pressure compensated design for translating the
axial meshing length of the driven gear. The driver gear is not allowed to move axially
and has perfect sealing with the casing, but a suitable arrangement of rings allow for the
correct meshing of the desirable length of the driven gear. An arrangement of springs
supporting the driven gear against the pressure at the delivery of the pump brings about
the variation in displacement. (Clarke, 2002) presents a similar approach for changing the
displacement of the pump; however it also extends the design to consider a hydraulic

transformer.

However, both these categories were not successful because the solutions were dependent
on moving the most loaded parts of the machine (mainly the gears). Therefore, the
solutions introduced many additional components making the design complicated and

difficult to manufacture or successfully function.

Differently from the previously described methods of changing the displacement,
(Bowden, 1989 - 1990) introduce a mechanism for achieving variable discharge flow in
an EGM with the help of an adjustable spool that provides pressurized fluid from the
outlet to selected portions of the TSV in the de-meshing zone to vary the discharge flow
of the pump. The proposed design also claims energy recovery in the process of varying
the displacement. This concept was also not put into production since the design of the
gear were restricted to symmetric teeth and hence the reduction in displacement would

have been limited to very low values (100% to 95%).

In (Zavadinka & Grepl, 2014) a design for a variable charge pump of internal gear type is
presented. Variation in discharge flow is achieved by changing the eccentricity between
the rotor-cam rings. It also presented that the displacement of this kind of variable charge
pump cannot go below a certain minimum limit. Energy savings for different operating
cycles have also been presented, hence purporting the research on partially variable

displacement units.
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1.4.1.2. Design Modification at the System Level

In many applications which require high speeds of the actuator at specific instants of
operation, it is possible to adapt a flow system which is capable of delivering discrete
values of flow rate. As a first example, the system can provide two different speed values
based on the usage of commercially available duplex pumps (Parker®, Casappa®). These
duplex pumps are used in many industrial machines which require a high piston speed in
the return stroke of an actuator, while during the working stroke high loads need to be
handled were the speed is restricted. Representative circuits with double pumps are show

in Figure 12.
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Figure 12: (A) Schematic of a hydraulic circuit for discrete flow using 2 pumps and 2
relief valves; (B) Schematic of a hydraulic circuit for discrete flow using 2 pumps, 1
relief valve and a drain valve[12].

In Figure 12(A), both the pumps are mounted on the same shaft hence generating flow to
their full capacity. The first relief valve R2, is set at p,* which is lesser than p;* which is
set by R1. Until the pressure set by the load reaches p,*, the resultant flow is the sum of
the flow provided by both P1 and P2. When the pressure reaches more than p,* and less
than p;*, R2 regulates the flow by P2 into the tank and the resultant flow is only due to
the flow provided by P1. During this instance, the check valve closes and isolates P2
from the system directly. The flow provided by P1 will continue to be the outlet flow
until the pressure reaches p;*. After which R1 opens and directs the flow to the tank,

thereby reducing the resultant flow to zero. A more efficient system is shown in Figure
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12(B), where the relief valve R2 is replaced by a drain valve which operates with the
pressure at the delivery of the system. However, in both these cases, both the pumps
consume equal amounts of power at all instants of operation, thereby not converting the
input power into useful power while operating at partial displacement (Nervegna, 2003).

Another method of achieving VD is known as virtual variable displacement (VVD),
where a pulse width modulation (PWM) control of a two-way two position solenoid
valve (V1) connecting to the tank as shown in Figure 13(A). In actuality, the valve is
operated at a very high frequency pulse signal, which would correspond to the flow rate
signal (Nieling, Fronczak, & Beachley, 2005), (Mahrenholz, Lumkes, 2009), (Rannow, Tu,
2006), (Rannow, Li, 2009), (Tomlinson, Burrows, 2009). Therefore, the mean flow rate
depends on the ratio of time in which the valve is open to the entire time per duty cycle.
Figure 13(B), shows an efficient system which uses a compact open center valve (V1)
with a non-return valve, (C1) which ensures no back flow from the system to the tank

during the fast switching of the valve.
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Figure 13: (A) VVD system with a solenoid valve; (B) VVD system with an open center
valve and a non-return valve [13].

The patents, (Ikeda, 2002), (Svenson, 1930), implement a solution which is a
combination of the design modification at the component and system level. These designs
change the amount of flow delivered by varying the amount of leakages from the high

pressure to the low pressure side.
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In (Ivantysynova, 1998), (Grabbel & Ivantysynova, 2005), (Williamson, Zimmerman &
Ivantysynova, 2008), researchers have implemented separate VD units (axial piston type)
for controlling the actuator using displacement control. These works show how the use of
VD units significantly reduces the energy consumption by removing the metering losses

introduced by valves.

1.4.2. External Gear Machine Analytical Models

In this section, the few studies available in literature which focuses on using analytical

methods to study the performance of an EGM are discussed briefly.

(Beacham, 1946) used simplified graphical approach in understanding the effect of
grooves lateral bushing on the flow ripple at the delivery. Also, this study discusses in
detail the impact of casing wear on the volumetric performance of the EGM as well.
(Bonacini, 1961), (lvantysyn & Ivantysynova, 2003) used an extensive analytical
approach based on the geometry of the EGM to derive expressions for geometric
displacement, flow rate and input torque required. (Manring, Kasaragadda, 2005)
analyzed the performance of an EGM in terms of the flow ripple theoretically for EGMs
with different number of teeth on the driver and driven gears. The study concludes that
the number of teeth on the driver gears dictates the flow ripple at the delivery and hence a
higher number of teeth on the driver gear are recommended to reduce flow pulsations.
(Fielding, Hooke, Foster & Martin, 1977), present a model which analyzes the generation

and propagation of pressure waves in the high pressure delivery.

Even though, all the previously mentioned studies have been valuable in itself, none of
them have been used to study the performance of an EGM with asymmetric gears nor

they have discussed the principle of achieving variable displacement in EGMs.

1.4.3. External Gear Machine Simulation Models

In order to understand the performance of an EGM and to radically change their design, a
robust simulation tool which is capable of considering the different functions in an EGM
is of utmost necessity and importance. In this section, the different simulation models

available in the literature are described briefly.
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In (Castellani, 1967), (Eaton & Edge, 2001), (Borghi, Milani, Zardin & Patrinieri, 2006),
(Manco & Nervegna, 1993), (Casoli, Vacca, Franzoni, & Guidetti, 2008), (Casoli, Vacca
& Berta, 2008), (Zardin, Borghi, Paltrinieri & Milani, 2004) the performance of the
machine, specifically concerning the efficiency, internal pressure peaks and cavitation,
was analyzed on the bases of the recesses machines on the lateral bushings. Recently in
(Nagamura, lIkejo & Tutulan, 2004), (Kollek & Osinski, 2009) analysis has been

extended to non-standard profile of the gears.

Apart from the analysis of flow through the machine, another factor that affects the
operation of machines are the different forces acting on the moving parts of the unit
Analytical solutions for the compensation of radial forces which occur due to the
unbalanced pressure field in the radial cross-section are discussed in (lvantysyn &
Ivantysynova, 2003), while numeric solutions predicting the effect of radial forces were
modeled in (Falfari & Pelloni, 2007), (Zardin & Borghi, 2008). The pressures in the
lateral gaps (between the gear face and the sliding elements) contribute towards the axial
forces which act on the lateral bushings and on the gears. In current designs which are
balanced, these forces are compensated by high pressure zones on the other side of the
lateral bushings. In this way, the lateral gap and the leakages can be controlled reasonably
for different operating pressures. (Kog, Kurban & Hooke, 1997), (Koc & Hooke, 1997)
experimentally validate that the balance is normally achieved with a relative tilt between
gears and the bushings and hence leading to hydrodynamic pressure generation in the
gaps. (Borghi, Milani, Zardin & Patrinieri, 2005), (Casoli, Vacca, Berta & Zecchi, 2009),
(Zecchi, Vacca & Casoli, 2010) present simplified numerical solutions to the leakage

flow in the lateral lubricating gap.

All of the previously mentioned works focused on the modeling of several different
aspects separately. But all these models did not take into consideration the interaction
between the different aspects simultaneously. The complete evaluation of the operation of
the gear machine can be obtained by an all-embracing model which takes into account all
the different effects simultaneously. The different instantaneous geometric configuration
of the various connections between the displacement chamber and the suction and the

delivery ports has to be accurately modeled for a precise analysis of the flow through the
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machine. Due to the action of various forces on the gears, the micro-motion of the gears
needs to be predicted as well, since they play a vital role in determining the performance
of the machine. The omni-comprhensive approach which encompasses all these different
aspects of modeling is the motivation behind the simulation tool HYGESim (HYdraulic

GEar machines Simulator) as described in 4.

1.4.4. Design Optimization of External Gear Machines

There are several different designs of EGMs which are successful commercially. In this
section, a brief description of the different designs of EGMs successfully implemented in
the recent years and efforts done by researchers in using automatic numerical procedure

for the optimization of the design of positive displacement machines is provided.

As described in the previous section quite a lot of literature exists in the modeling and
simulation of gear machines. Few works exists on the design optimization of other
positive displacement machines especially, axial piston machines are described in
(Seeniraj & lvantysynova, 2008 - 2011), (Kim & Ivantysynova, 2012). These works
focused on optimization of specific parts of the axial piston machines for reducing noise
emissions and maintaining high volumetric efficiency. However, these works considered
only a few specific objective functions for the design optimization. On the contrary the
only few works which are dedicated to the optimization of components of the gear
machines are described in this section. In (Huang, Chang & Lian, 2008) an optimization
procedure was used to determine the optimal design of gear pumps which maximized the
displacement volume using an analytical expression. (Huang & Chen, 2008) Focuses on
the optimization of the displacement volume of the pump using a closed form solution for
helical gears. However, in both these works, the performance of the machine in terms of
delivery flow pulsation, maximum pressure in the tooth space volumes, internal
cavitation effects have been neglected and only the volumetric performance of the unit
was optimized. Also the performance of the machine was evaluated on the basis of the
design of the gears without any considerations regarding the influence of the design of
the lateral bushings. In (Wang, Sakurai & Kasarekar, 2011) the nonlinear equations

which govern the instantaneous flow areas connecting the tooth space volumes and the
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suction/delivery grooves have been used to just minimize the pressure overshoots while
noise emissions due to the delivery flow pulsations have not been considered.
Nevertheless, design of the gears is made neglecting the important effects of the lateral
grooves on the timing of the connections. In (Casoli, Vacca & Berta, 2008), (Vassena &
Vacca, 2010) HYGESim was utilized for the first time for optimization purposes,
considering the design of the grooves of the lateral pressure plates of a particular pump,
considering a fixed gear profile. From this work, it is clear that the recesses (suction,
delivery and backflow) machined on the bearing block have a strong influence on the
operation of the machine and even a small modification of their geometry can

significantly affect the unit performance.

In the past, there have been only a few research efforts on the changing the design of the
gears in order to reduce noise emissions. Dual-flank configuration of gears with zero
backlash was implemented by commercial EGM companies as described in (Schwuchow,
2002), (Negrini, 1996). Both these works focused on the traditional symmetric involute
profiles of the teeth, which provide high effectiveness in smooth transmission of forces
but presents some limits concerning noise emissions. A more radical change in the design
of EGMs was presented in (L&tzel, Schwuchow, 2012), where helical gear design with
cycloidal teeth was used for noise abatement up to 75% in terms of delivery flow
pulsations. In (Nagamura, Ikejo & Tutulan, 2004), the influence of different gear profile
(involute, cycloid, involute-cycloid composite and modified-cycloid) on the flow
oscillations at the outlet of the machine. But the study did not involve an optimization
process to determine the optimal design of the gears. The performance of asymmetric
teeth profile was analyzed in terms of mechanical power transmission in (Kumar, Muni,
& Muthuveerappan, 2008), (Kapelevich, 2000) describes the design and optimization
procedure for gears which can improve the fillet load carrying capacity in bending for
applications other than in hydraulic gear machines. (Kumar, Muni & Muthuveerappan,
2008) illustrates the design process of asymmetric teeth, showing also the potentials of
this design for reducing the vibration levels, increasing the load capacity. The application

of asymmetric teeth in EGMs for fluid power applications was never analyzed before,
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and the related potentials on machine performance are still unexplored in terms of their

benefits in VD as well as fluid-borne-noise emissions.
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2. PRINCIPLE OF ACHIEVING VARIABLE TIMING IN EXTERNAL GEAR
MACHINES

In this chapter, an innovative solution that implements a variable timing and hence VD in
EGMs is described in detail graphically. The principle has been described starting from
the meshing process of the gears and the concept for achieving maximum and minimum

displacement has been explained.

Outlet
i groove
groove
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Slider Dlock

Figure 14: Slider placed inside the bearing block for achieving VD in an EGM.

The novel concept for achieving variable displacement in EGMs is based on the optimal
variable timing of the connections of the TSVs with the inlet/outlet grooves. The
variation in the timing of the connections can be achieved by introducing a movable
element, called the “slider” in the lateral bushings as shown in Figure 14 (the slider can
also be implemented direclty inside the casing for designs without pressure compensation

of the lateral bushings). The slider also contains the grooves which realize the
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communication between the TSVs and the inlet/outlet ports. The position of the slider
determines the amount of flow displaced by the unit per revolution, for the case of pump

and motors.

In order to have a better understanding of the working principle of achieving variable
displacement in an EGM, a detailed description of the displacing action is provided in
Figure 15. Figure 15(A) represents a generic displacement chamber (TSV) with dual
flank configuration (points of contact on both flanks of the gears as shown in Figure
15(B)) in an EGM, showing the angular region 8, where the meshing process takes place

and hence the displacing action is realized.
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Figure 15: (A) Generic TSV representing the angular interval in which the meshing
process takes place; (B) TSV with dual flank contact configuration.

In Figure 16, a representative trend of the progression of the TSV over an entire shaft

revolution is represented. Unlike other displacement machines like axial piston machines,
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where the displacing action takes place over 180°, the displacing action of an EGM
occurs only in the angular interval represented by, 8 which represents the meshing region.
As can be seen from Figure 16, this angular interval, 8 is much smaller than 180°. Within
the meshing region, there exists, points D and S along the line of action of the gears,
which represent the angular region within which the fluid in the TSV is trapped between
the points of contact. Therefore, in this region, the fluid is displaced by means of the inlet
and outlet grooves. A simplified representation of the grooves is represented by traces

(red represents the outlet groove and blue represents the inlet groove) in Figure 15(A).
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Figure 16: TSV as a function of shaft angle showing the angular interval in which the
TSV is connected to the outlet (red) and the inlet (blue) for achieving maximum
displacement.

In standard EGMs, the commutation of the trapped TSV between the inlet and the outlet
groove is realized when the volume is at its minimum, depicted by point M in Figure 16
and Figure 17. In this configuration, the TSV is connected to the inlet or to the outlet for
equal angular intervals, depicted by the red and blue boxes of equal dimensions in Figure
16. Therefore, the maximum volumetric capacity of the pump is utilized and hence
maximum flow is displaced by the unit. Ideally, the commutation occurs without any

crossporting (simultaneous connection of the TSV with the inlet and outlet) so that for
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each TSV, the maximum volume shown in Figure 16 can be displaced. However, the
optimal performance in terms of noise emissions, reducing internal pressure peaks and
cavitation is realized usually with a help of an optimized profile of the grooves which
allow for an optimal crossport.
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Figure 17: Position of the grooves in the slider to achieve maximum displacement (outlet
in red, inlet in blue).

In traditional standard EGMs for high pressure applications the grooves (inlet and outlet)
are machined on the lateral bushings (bearing blocks/pressure plates) and in the unit
housing for low pressure, non-pressure compensated designs. In the current design, for
achieving variable displacement, the grooves are machined on the slider, which is
permitted to have a one degree of freedom of motion. Therefore, moving the slider
introduces a variation of the angular position at which the commutation between the

connection of each TSV with the inlet and outlet ports.
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Figure 18: Position of the grooves in the slider to achieve minimum displacement (outlet
in red, inlet in blue).

On the contrary to Figure 16 and Figure 17, a reduced displacement can be achieved if
the slider is positioned closer to the inlet port as shown in Figure 18. In this configuration,
each TSV remains connected to the outlet via the outlet groove for a first portion of the
filling process (after it reaches the minimum volume at point M, 180°), wherein a part of
the fluid which has been already delivered to the outlet is taken back into the TSV which
acts a fluid “virtual dead volume”. Due to this dead volume, each TSV is capable of

displacing an effective reduced volume of fluid to the outlet.
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Figure 19: TSV as a function of shaft angle showing the angular interval in which the
TSV is connected to the outlet (red) and the inlet (blue) for achieving minimum
displacement.

Graphically, the principle for achieving reduced displacement is represented in Figure 19.
In Figure 19, a larger red box (as compared to Figure 16) represents a larger angular
period for which the TSV is connected to the delivery and a smaller blue box (as
compared to Figure 16) represents a smaller angular period for which the TSV is
connected to the inlet. The virtual fluid dead volume can be represented by the difference
between the volumes at points S and M, therefore the effective fluid displaced to the

outlet is equal to the difference between the maximum volume and the volume at point S.

To realize delivery flow variation, the slider can move either towards the inlet port (as
shown in Figure 18) or towards the outlet port. Since the fluid at the inlet port is often
close to saturation pressure conditions (for the case of a pump) it is advisable to consider
the motion of the slider towards the inlet, so that cavitation effects due to fluid aeration

are limited. However, for the case of the motor, the opposite considerations apply.

It is also important to observe how the variation of the achieved displacement as a result

of change in slider position is effective only when the switching point between the
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inlet/outlet connections is realized between the points D and S. By moving the slider
outside the limits D-S, in which the TSV is not trapped between points of contact of the
gears, a direct bypass connection between the outlet and the inlet is realized, hence
significantly reducing the volumetric efficiency of the EGM. In this case, the machine

acts like a relief valve by directing flow from the outlet to the inlet.

Since the description of the TSVs have been pertaining to gears with dual flank contact
configuration, considerations of the TSV for drive gear and slave gear are similar to the
ones represented in the figures before. However, for the case of gears with single flank
contact configuration, due to the presence of a backlash between the gears, each TSV of
the drive gear is connected to the corresponding TSV of the slave gear. Hence, the
calculation of the displaced volume of the unit should be considered as a sum (or union)
of the TSV pairs (as shown in Figure 20), rather than being considered separately as

described previously.
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Figure 20: (A) Consideration of TSVs for dual flank contact configuration; (B)
Consideration of TSVs for single flank contact configuration.

As evident from Figure 16 and Figure 19, the meshing zone for conventional EGMs with
traditional gears having symmetrical involute profiles, is limited to an angular amplitude
of ~ 60°. The angular range of the points D-S is even smaller and usually of the order of
a few degrees. Therefore, it was only possible to achieve maximum displacement
variation between just 100%-83% using dual flank design of standard symmetric involute
profile (as explained by the past research by one of the previous member of the team in
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[56]). In order to maximize the reduction in displacement, the point D-S should be ideally
farther away from point M, Consequently, novel gear profiles need to be identified which
not only maximizes the angular span of the trapped volume, but also simultaneously
preserves all the other important performance features of the EGM. Due to the inherent
nature of design of the gears and hence the propagation of TSVs in the meshing zone, it is
highly unlikely to achieve zero displacement; however the goal is to achieve a variation

from 100% to 50% which would still be challenging.
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3. ANALYTICAL MODEL FOR VARIABLE TIMING IN EXTERNAL GEAR
MACHINES

In this chapter, an effort has been made to analytically derive the working of the proposed
principle of achieving variable timing in EGMs. Firstly, analytical expressions for the
locations of the contact points (D and S) of the gears have been derived based on the
geometry of the gears, as they define the extent to which the displacement can be reduced.
Secondly, analytical derivations for geometric displacement, flow delivered and shaft
torque required during operation has been provided both for max and min displacement.
Lastly, the non-uniformity/pulsations in flow rate and hence torque has also be derived

for max and min displacement.

3.1. Analytical Determination of Points of Contact

The points of contact which define the angular region within which the volume of the
fluid is trapped can be determined using the geometry of the involute curves and the line
of action. In this section a generalized approach for identifying the points of contact for

an asymmetric teeth profile is considered.

The asymmetric teeth profile is defined on the basis of two different pressure angles
which control the shape of the tooth. A detailed description of the generation of the
asymmetric tooth is provided in section 5.1, but this section focuses on the calculation of
the points of contact based on trigonometric functions and gear geometry. Representative
gears with asymmetric teeth in mesh with dual flank contact configuration are shown in
Figure 21. Each tooth can be differentiated as drive side and coast side based on two
different pressure angles, with the drive side pressure angle always considered to be
larger than the coast side, since power is transmitted from the drive gear to the slave gear

via the drive side of the tooth. The addendum/outside circle of the gears is represented in
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green, the pitch circle in black and the base circles (drive side and coast side) are
represented in blue. The drive side base circle radius can be expressed as,

Tpa = T * COS Qpg, (3.2)

and the coast side base circle radius can be expressed as,

Tpe = Tp * COS Qg (3.2)

Figure 21: Representative asymmetric gears in mesh, detailing the coast and drive side of
the teeth.

In order to have a better understanding of the different curves, a magnified representation
of the all the curves showing the line of action is shown in Figure 22. Since the gears are
assumed to be of having dual flank contact configuration, there are two lines of action
corresponding to the drive and coast pressure angles. The drive side line of action is
represented by the red line K; L., formed by the common tangent between the drive side
base circles. Similarly, the coast side line of action is represented by the red line K, L,

formed by the common tangent between the coast side base circles.



33

=

Figure 22: Meshing of the gears showing the detail of the lines of action.

However, for a particular tooth pair, the active/working part of the line of action can be
defined as the part of the line of action which is enveloped by the addendum circles of
both the gears. Therefore, for the drive side, the active/working part of the line of action

is defined as D, S; and for the coast side as D,S,.

Let [; and [, be the lengths of the working part of the drive side and coast side lines of
action respectively. With reference to Figure 22, the line of action from the drive side and
coast side can be written as,

KiSi+ DL, = K{L, + g and K,S, + D,L, = K,L, + L. (3.3)

Eq. (2.3) can be re-arranged as,
ld = K151 + D1L1 - K1L1 and lC = K252 + D2L2 - K2L2. (34)

Considering the triangles A0, K;S,and AO,D, L, (henceforth in this document a triangle

will be represented in short as A),
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K151 = D1L1 = T'az - rbzd' (35)

Similarly considering AO,K,S, and AO,D,L,,

Kzsz == D2L2 = ’T‘az - T‘bzc. (3'6)

Considering AO,K, P and AO,PL,,

KiP = PL; =71y -sinayg = 1,71 * tan aggq. 3.7)

Considering AO,K,P and AO,PL,,

K,P = PL, =1y sinay, = 1p; - tan ag,. (3.8)

Substituting, Egs. (2.5) - (2.8) into Eq. (2.4) yields the expressions for [; and [ as,

lg=2- /raz — 12, — 219 - sinagg, (3.9)
l.=2" ’raz — 12 — 21y sin . (3.10)

Since the points, K;, D;, S; and L, are collinear,
K1P = KlDl + Dlp (3.11)

Similarly, K,, D,, S, and L, are collinear, hence,
KzP = K2D2 + D2P (3.12)

The pitch point ‘P’ divides the drive side line of action into two equal parts, therefore,

DS
DP =PS; =—— = ’ — 75 * Sin gy, (3.13)
/ — 12 — 1y - sinag,. (3.14)

l\>|ﬁ
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Figure 23: Meshing of the gears showing the detail of the triangles required to calculate
the angular location of the points of contact.

Considering AD,a, P in Figure 23,

a,P = D,P -sinay, = < /raz — 12, — 1y sin a0d> - sin agg, (3.15)
Diay = D1P - cos ayg =< fraz — 12, — 1 sin a0d> * COS Agg- (3.16)

Therefore,
0,a, = 0,P—a,P =1, — < T2 — 12 — Ty - sin a0d> - sin ag - (3.17)
Hence, the angular position at which the drive side of a particular tooth of gear 1 comes

in contact with the corresponding drive side of a tooth of gear 2, 8,, can be represented

as,
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D,a, (\/raz — 12, — 1y sin aOd) * COS Qg
0p, = tan™?! ( ) = tan~! (3.18)
010, Ty — ( 12 — 12 — Ty - sin aod) *sin g
Considering AD, b, P in Figure 23,
b,P = D,P sina,, = (\/raz — 12 — 1y sin aOC) - sin agy, (3.19)
Dyby = D,P - cos ay, = ( ’raz — 12 — 1y -sin aOC> * COS Q- (3.20)

Therefore,

O,by = 0P — bP =1, — < /raz — 12, — 1y sin a0d> - sin apq. (3.21)

Hence, the angular position at which the coast side of a particular tooth of gear 1 comes

in contact with the corresponding coast side of a tooth of gear 2, 6;, can be represented

as,
D,b, (\/raz — 12 — 1y - sin %c) * COS A,
Op, = tan™? ( ) = tan~! (3.22)
02b, (A ( T2 — T2 — 1o - sin %C) - sin a,
Considering Ab,PS; in Figure 23,
b,P = PS; -sinayy = ( T2 — 17, — 1o - sin a0d> sinayg, (3.23)
b251 = D1a1 = ( Taz - szd —To- sin a0d> *COS Upq- (324)

Therefore,

O1b; = 0P — b,P =1, + < /raz — 12, — Ty - sin a0d> - sin apg- (3.25)

Hence, the angular position at which the drive side of a particular tooth of gear 1 moves
away from being in contact with the corresponding drive side of a tooth of gear 2, 65, can

be represented as,
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b.S 12 — 12 — To - Sinagg ) * €OS @pq
05, = tan™? ( 2 1) = tan~! ( : ) (3.26)
01b, T, + ( rZ — rbzd — 75 Sin aod) *sin g
Considering APa,S, in Figure 23,
a,P = PS, - sinag, =< T2 — T2 — 1o - sin “0c> - sin @, (3.27)
a,S, = Dyb; = ( ’raz — 12 — 1y -sin aOC> * COS . (3.28)

Therefore,

0za; = 0P + a,P =1, + ( /raz — 1, — 71y sin a0d> - sinagg. (3.29)

Hence, the angular position at which the coast side of a particular tooth of gear 1 moves
away from being in contact with the corresponding coast side of a tooth of gear 2, 65, can

be represented as,

( T2 — T2 — 1o - sin %C) * COS Ay,
-1

a,S
2 2)=tan

f., = tan~ ! (
52 0,9,

(3.30)
T, + ( 12 —1i — 71y - sin %c) - sin @,
Since, the angular positions at which both the sides of the tooth comes in contact and
moves away from contact have been defined. The angular range within which the TSV of

gear 1 (drive) and gear 2 (slave) are trapped can be described easily.

For gear 1, the angular range within which the TSV of gear 1 is trapped between the
points of contact can be represented as,
9TR1 = 9[)1 + 952. (331)

Similarly for gear 2, the angular range within which the TSV of gear 2 is trapped between
the points of contact be represented as,
QTRZ = 9D2 + 951. (332)

Egs. (2.32) - (2.33) hold only for the case of assuming dual flank contact configuration of

the gears. However, for the case of gears operating with single flank contact
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configuration due to the presence of backlash between the gears, the consideration of the

trapped TSV can be represented as,

HTR = 6D1 + 951. (333)

3.2. Analytical Determination of Geometric Displacement, Flow Rate and Input Torque

With reference to the energy method described in [23] and [24], a similar approach has
been followed in this section to derive the expressions for displaced volume, flow rate
and input torque. Consider an EGM with symmetrical teeth in the configuration shown in
Figure 24. The red curves show the initial position of the gears and the black curves
represents their final position after both gears rotate by a small angle, d¢. As shown in
Figure 24, an assumption of the pressure distribution around the gears is assumed with
the pink and blue colors representing the regions of high pressure and low pressure
respectively. Even if a gradual pressure variation can be expected around the gears, the
described method will still hold good for deriving the various expressions.

Consider the pump shown in Figure 24, to be operating at a inlet pressure of P;,, = 0 and
an outlet pressure of P,,;. Therefore the pressure difference across the pump is Ap =
P,,.:- Assuming, that the operating fluid of the machine is incompressible, the work done
by the pump to displace a volume, dv over a pressure barrier of Ap can be written as,

dW = dv - Ap. (3.34)

Hence, the amount of work/energy to be input to the pump, can be written as,

where M; and M,, are respectively torques acting on gear 1 and 2, with respect to their
axis of rotation and opposite to the direction of rotation. Taking the time derivate of Eqgs.
(3.35) - (3.36) gives,

Y ap= (4 M) = g ap = (4 M) (3.36)
where w is the angular velocity of gear 1 and Q is the flow rate delivered by the pump
[23].
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Considering the pressure distribution as shown in Figure 24, the torque acting on gear 1
can be written as [23],

2 _ .2 2.2 2 .2
M1=(r“ A rr)-b-Ap=<ra2r1)-b-Ap, (3.37)

2 2

where, b is the facewidth of the gears, r; is the distance 0,C’ of the point of contact C’

from the center of the gear 1, 0, as shown in Figure 24.

Similarly the torque acting on gear 2 can be written as [23],

= (T2 o 3.38
2 = ) b Ap. ()

Where, r,is the distance 0,C’ of the point of contact C’ from the center of gear 2, 0, as

shown in Figure 24.

High pressure region

Low pressure region

Figure 24: Determination of the displacement of the pump with symmetric teeth. [red]
represents the initial position of the gears and [black] represents the final position of the
gears.
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Substituting Egs. (3.37) - (3.38) into Eq. (3.36) and re-arranging yields,

PN i ks A W ek 3.39
o-v(555)-(257)

Eq. (3.39) provides an expression for calculating the flow rate, provided the information

of r; and r, are readily available. To understand the meaning of the expression in Eq.
(3.39) geometrically, the following discussion in the remainder of this section has been

made.

In order to make the geometric interpretation a little easier, it is assumed that the
instantaneous points in the line of action, [, (which is the loci of the points of contact in
the meshing zone of the gears), separates the high pressure from the low pressure at each
angular position. Therefore, in the meshing zone, the region above line 0,C’ for gear 1
and above line 0,C' for gear 2 are at high pressure and the regions below these lines are
at low pressure. On the other hand, the line 0, A’ for gear 1 and above line 0,A’ for gear 2

represent regions of high pressure and the regions below these lines are at low pressure.

With reference to Figure 24, consider the control volume, 0,0,BAO, (also encompassed
by the pink color), which basically represents the entire region in high pressure. Due to a
small angular rotation of both the gears by an angle, d¢, the control volume changes to
0,0,B'A’0, (also encompassed by the pink color). The change in volume or displaced
volume, dv can be represented as,

dv = volume 0,0,B'A'0; — volume 0,0,BAO0;. (3.40)

In achieving this change in the control volume, the volumes, dv;and dv, enter the control
volume, and the volumes, dv,and dv; leave the control volume as shown in Figure 24.
Therefore, the displaced volume, dv can be represented as,

dv =dv, +dv, — dv, — dvs. (3.41)

Since the angle through which the gears rotate are considered to be infinitesimally small,

the volumes which enter and leave the control volume can be written as,

2

T
dv, = b % do, (3.42)
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dv, = b %1 . do, (3.43)
ri

dv; =b-—-d¢, (3.44)
7

dv, =b-—d, (3.45)

Substituting Egs. (3.42) - (3.45) in Eq. (3.41) yields,
2 2 2 2

T T T T;
dv=b-%-dd)+b-%-d¢—b-71-d¢—b-72-d¢. (3.46)

Re-arranging Eq. (3.46) yields,
2

r2 r
dv="h- (raz — 71 — 72> do. (3.47)

If the origin is translated to the pitch point P, of the gears, the co-ordinates of the point C’
can be represented by x. and y, as shown in Figure 24. The distance of point C from the
origins of gears 1 and 2 can be written as [24],

2=y +x)2+v2=1¢+2 1y x.+x%+ Y2 (3.48)

r2=(o—x)2+v2=1r¢—2 1y %, +x% + y2. (3.49)
Also from Figure 24, [, can be written as,

12 =x2+y2 (3.50)
Substituting Eqg. (3.50) in Eq. (3.48) and Eq. (3.49) yields,

E=1r¢+2-19 x.+ 1% (3.51)

2 =1§—219"x; + 2. (3.52)
Substituting Eq. (3.51) and Eqg. (3.52) into Eq. (3.47) gives [23] and [24],

dv=>b-(2—1¢—12)-d¢. (3.53)
It should also be noticed that [, varies with the angular position of the gears and hence it

is a function of ¢ .For small angle ¢, [. can be approximated as,
l.=1y"¢p-cosa=r,"¢, (3.54)
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Where, a is the pressure angle of the symmetric gears considered and r;, is the base

radius of the gears.

The Eg. (3.53) is however valid for the assumption of symmetric gears because it
depends only on one pressure angle. Therefore, when applying such an expression for
deriving the displaced volume using asymmetric gears, the pressure angles corresponding
to both the sides of the teeth need to be carefully incorporated into Eq. (3.53) to have an

accurate evaluation of the displaced volume.

Consider Figure 25 and Figure 26, in which the meshing of asymmetric gears have been
depicted in a similar fashion as in Figure 24. In Figure 25, the point of contact has been
represented on the coast side and hence the loci of the point of contact lie along the coast
side line of action, [.. On the other hand in Figure 26, the point of contact has been
represented on the drive side and hence the loci of the point of contact lie along the drive
side line of action, [;. Due to the presence of two different pressure angles forming the
asymmetric teeth, the angular position at which the coast side of a particular tooth of gear
1 comes in contact with the corresponding coast side of a tooth of gear 2, 85, and the
angular position at which the drive side of a particular tooth of gear 1 comes in contact
with the corresponding drive side of a tooth of gear 2, 85, are different as explained in
detail in section 3. Hence the lines of action, [, and [, are different for any angular
position ¢, as shown in Figure 25 and Figure 26. Since the number of teeth for both the
gears are the same, it is safe to conclude that the displaced volume is an average of the

volume displaced calculated using I and 1.
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High pressure region

Low pressure region

Figure 25: Determination of the displacement of the pump with asymmetric teeth
showing the point of contact (C) on the coast side of the teeth. Red lines represent the
initial position of the gears and black lines represent the final position of the gears.

High pressure region

Low pressure region

Figure 26: Determination of the displacement of the pump with asymmetric teeth
showing the point of contact (D) on the drive side of the teeth. [red] represents the initial
position of the gears and [black] represents the final position of the gears.
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Therefore, for gears with asymmetric teeth, the displaced volume, dv, can be represented

as,

1 1
dv=§-b-(raz—roz—lg)-d¢>+§-b-(r£—r02—lé)-dqﬁ.

Rearranging, Eq. (3.55) yields,
dv=b-(raz—roz)-dqb—%-b-(lg+l§)-d¢.
where,
lC =T '¢'COS(ZOC = Tbc'(,b,
lg =71 ¢ cosapg = Tpa" P,
assuming a small angular rotation, ¢.

The instantaneous flow rate delivered by the pump can be written as,

dv dp 1 do
L h (2 2. h (12 L J2Y .
Therefore,

1
Q =b-(raz—roz)-w—z-b-(lg+l(21)-w,
where (for small angle ¢,),
le=1y" ¢ cosap. =T1pc* ¢,
lg =719 ¢ cOsapg = 1pa " P.
Substituting Egs. (3.61) - (3.62) in Eq. (3.60) yields,

1
Q=b-(F =) w—5-b- (G +150) ¢* - .

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)
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3.2.1. Maximum Displacement

Using the expression in Eqg. (3.63), the mean flow rate delivered at maximum

displacement to the outlet can be written as, Q,,,

Y

max _ 2. (27 2 2 1 2 ) )
mo =T x b'(ra_rO)"‘)_E'b'(rbc+7'bd)'¢ w ) do, (3.64)
"2z

Notice that, in Eq. (2.62) the integration has been performed within the limits within
which the displacement chamber or the TSV changes its connection from the high
pressure outlet to the low pressure inlet (based on the position of the simplified grooves
shown in Figure 27). The integration limits represent the region within which the trapped
TSV crosses the pressure barrier defined by the difference between outlet and inlet
pressures, to be consistent with the assumption for Eq. (3.34). This approach is similar to
the one presented in [23] and [24], but nevertheless the analytical derivation considered

in the mentioned gears only with symmetrical teeth.

Outlet

Inlet

Figure 27: Position of the asymmetric gears and grooves showing the integration
limits for maximum displacement.
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Integrating Eq. (3.64), yields,

max 2 2 T[Z 2 2
max =p-w-|rf—r1f- 1+24.Zz-(cosa00 + cosapg”) | |- (3.65)

For the case of symmetric gears, Eq. (3.65) can be re-written by equating a,. = ayq = «,

therefore it boils down to the equation as shown in [23],

T[Z
max —pew-| 12— (1 t o (cosaz)) : (3.66)

The mean value of the geometric maximum displacement for asymmetric gears can be

evaluated using,

max
ymax — <M

w/Z-n

(3.67)

7T2
=2-m-b- raz—roz-<1+24_Zz-(cosa062+cosa0d2)> .
The total torque input to the shaft for maximum displacement can be written using Eq.
(3.36) as,

e - Ap

w

Mmax —

(3.68)

2

T
24 - 72

=b-|12—-1¢" (1 + - (cos ap.2 + cos a0d2)> - Ap.

3.2.2. Minimum Displacement

In a similar approach as considered in the previous section, the mean flow rate delivered
at minimum displacement can be calculated. However, the integration limits for this case
is more complicated than the previous case, due to the fact that the two different lines of
action: the drive side (I;) and the coast side () end at two different asymmetric locations
represented by 6s, and 6, respectively (as previously explained in Section 3.1), hence
the integration limits have to be considered taking into account 6, and 6, separately.

The integration limits for the drive side line of action is represented in Figure 28. A
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similar representation for the limits for the coast side line of action can also be made (not

shown in figure).

Outlet

Inlet

Figure 28: Position of the asymmetric gears and grooves showing the integration limits
for minimum displacement.

Mathematically, the limits of integration considering the drive side line of action can be

represented as,
T
P52 S P < —sy + 7 (3.69)

Similarly, the limits of integration considering the coast side line of action can be
represented as,

—s1 <P < —s + g (3.70)

The mean flow rate delivered at minimum displacement can be expressed by re-arranging

Eqg. (3.63) and applying the appropriate integration limits as,
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g (9s2ty 1 z
%ll":—'f Z(—-b'(rf—roz—rbzd)'w)d¢+—
T J_gs, 2 T
- (3.71)
—¢s1t; 1
f (—-b-(rcf—roz—rbzc)-a)>d¢.
—¢s1 2
Integrating, Eq. (3.71) and rearranging the terms yields,
mn —p.w-|r2 -1
2 2 2
COS Agq” (T I 5 COS g,

.<7T_2_3.¢ .E+3.¢2 ))
72 S1 7 S1 .

The mean value of the geometric minimum displacement for asymmetric gears can be

evaluated using,

min
pmin — m
“/
27
=2m-b
2 2
e — 1o

(3.73)

6

.(n_2_3.¢ .E+3.¢2>>
22 s1°7 S1

2 2 2
cos apy® (T s Ccos
'(1+—'<Z_2_3'¢52'E+3'¢522>+ -
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The total torque input to the shaft for minimum displacement can be written using Eq.
(3.36) as,

yymin _ Qm AP
w
= b
Td =713

(3.74)

72

cos gy’ (12 i COS Q.2
.<1+—0d.<__3.¢52.E+3.¢§2>+TOC

w2 T 5
' Z_2_3'¢s1'g+3'¢s1 - Ap.

Based on the expressions derived previously for maximum and minimum displacement,

the resultant reduction in displacement can be written as,

Vmin

(3.75)

B = Vmax'

3.3.Analvtical Determination of Non-Uniformity in Flow Rate and Input Torque

In this section, the non-uniformity/pulsations in the flow rate and torque at max and min
displacement has been determined analytically starting from the equation for

instantaneous flow rate as described in the following sub-sections.
3.3.1. Maximum Displacement

In order to understand the non-uniformity of the flow rate delivered at the outlet, the
maximum and minimum value of the instantaneous flow rate need to be determined. For
the configuration of grooves to attain maximum displacement, Eq. (3.63) is applicable to

the region represented by,

T o cp< L 3.76
2-z_¢_2-z' (3.76)
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Within this region, the maximum value of the instantaneous flow rate is achieved when
¢ = 0 and the minimum value of the instantaneous flow rate is achieved when ¢ = %
Therefore, the maximum value of the instantaneous flow rate for maximum displacement

configuration can be written as,
Tmax = b (7 —18) - w. (3.77)

And, the minimum value of the instantaneous flow rate for minimum displacement

configuration can be written as,
2

1 T
ir,nn?ijil=b'(raz_roz)'w_z'b'(rl,zc+rl,2d)'ﬁ'a). (378)
Hence, the non-uniformity in the flow rate (or outlet flow pulsations) for maximum

displacement can be represented as the difference between the maximum and minimum

values of the instantaneous flow rate as,

2

1 T
6(12nax = l??lrrcll()lcx - ZTlrrCllL);L = 8 *b- (rbzc + 7"bzd) Z_2 Tw. (3.79)

Similar to the non-uniformity in the flow rate, non-uniformity of input shaft torque (or
input shaft torque pulsations) can be represented as,

ST Ap 1 2
81\r/rllax 9 ” — g b - (rbzc + rbzd) . Z_Z - Ap. (3.80)

3.3.2. Minimum Displacement

Considering the limits of integration as shown in Eq. (3.71), the maximum value of the
instantaneous flow rate for minimum displacement configuration can be calculated by
substituting ¢ = —¢s, and ¢ = —¢g, respectively in the drive side and coast side line of
action in Eqg. (3.60). Therefore,

; 1
l?,nnllrc;x:b'(raz_roz)'w—E'b'(rbzc"psgl+szd'¢§2)'w- (3.81)

Similarly, the minimum value of the instantaneous flow rate for minimum displacement
configuration can be calculated by substituting ¢ = —gs, += and ¢ = —¢sy +-

respectively in the drive side and coast side line of action in Eq. (3.60). Hence,
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. 1
l-',",,ll’l-lnzb-(raz—roz)-w—z-b

2 2 m 2
Mo\ P51m 2 P51+ 5 |+ Tha (3.82)

T Tl
'<¢522—2'¢52';+Z_2>>'w-

Therefore, the non-uniformity in the flow rate (or outlet flow pulsations) for minimum
displacement can be represented as the difference between the maximum and minimum

values of the instantaneous flow rate as,

gmin — omin _ AHmin
Q — Yimax i,min

1 , (m? i , [m° i (3.83)
=§-b- The Z_2_2'¢51'E + Tha Z_z_z'qf’sz'; "W,

Comparing, Eq. (3.83) and Eq. (3.79), the difference between the non-uniformity

between the maximum and minimum displacement can be written as,

2

. 3 T 1
5o — 65 = g'b (g + 1) Tz @ + b (1 ds1 + 7 bs2) T (3.84)

It can be clearly seen that the non-uniformity in the flow rate is higher at minimum
displacement than that at maximum displacement, which is inherent to the concept with

which displacement variation is achieved.

Similar to the non-uniformity in the flow rate, non-uniformity of input shaft torque (or
input shaft torque pulsations) can be represented as,
66nin . Ap

w

1 , (T T , (T T
=§'b' Te '\ 7272 s 7 |+ Tha" |7~ 2" Ps2" ) | AP-

In a similar manner to the non-uniformity in flow rate, the input shaft torque pulsations at

min _
oyt =

(3.85)

minimum displacement are higher than that at maximum displacement.
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In short, in this chapter an effort was made to analytically derive the displacement of the
pump based on the geometry of the pump. Expressions pertaining to mean flow rate,
input shaft torque and non-uniformity were derived both maximum and minimum
displacement. However, it should be noted that these derivations were made on the
assumption of small angles and hence these expressions may over predict the particular
quantities. Nevertheless, a general understanding of the phenomenon can be obtained
using these equations. A robust geometrical model capable of numerically predicting the
displacement values is therefore, necessary to accurately predict the geometric

displacement considering the actual profile of the gears as described in 5.
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4. OVERVIEW OF THE HYGESIM SIMULATION TOOL

In order to have a complete understanding of the performance of the EGM, a robust
simulation tool which is capable of predicting the detailed operation of the EGM is
necessary. In this study a tool named HYGESIM - HYdraulic GEar machine Simulator
which is being developed by the members of the lab will be used to predict the
performance of the VD-EGM as well as to optimize the design. In this chapter, a brief

description of the important submodels of HGESIM tool is provided.

[H]Y@ Egm Pump drawings

(

Fluid Structure
_ Thermal
gear : Interaction

calculation radial model for lateral
of forces motion gaps

generic hydraulic system
LMS.Imagine Lab AMESim®

Figure 29: Structure of HYGESim. Sub-models of HYGESim and their interactions are
shown.

HYGESim, represents a state-of-the-art EGM simulator tool that has been developed over
several years of research [57] to [64]. HYGESim is capable of predicting almost all of the
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important aspects of EGMs, such as features of the meshing process: internal pressure
peaks and cavitation, port flow oscillations, the displacement of fluid through the TSVs,
radial motion of the gears, radial balance of forces, flow features in the lateral gaps
accounting for the axial balance of the floating bushings considering the deformation due
to pressure and thermal effects of the gears and bushings. The Geometrical model of
HYGESim forms the prime focus of this work, and will be described in detail in the
following chapter.

As can be seen from Figure 29, HYGESIm has several submodels which work together in
cosimulation and the flux of data such as rate of flow between the CVs, pressures in the
TSVs etc. between the several models are shown. In the present section an overview will
be provided of the fluid dynamic model which is responsible for the simulation of the
flow through the TSVs of the EGM. In addition, a short description of the mechanical
model responsible for radial motion of the gears and as well as the fluid structure thermal
interaction (FSTI) model for the lateral gaps will also be described briefly. The fluid
dynamic model and the evaluation of the gear micro-motion were created inside the
LMS.Imagine Lab AMESIm® environment using custom built component libraries
combined with the standard libraries of the code in C language, while the geometric

model and FSTI models are standalone applications developed using C++.

4.1. Fluid Dynamic Model

The principal component of HYGESIm is the fluid dynamic model which strongly
influences the functioning and the evaluation in the other submodels. A lumped
parameter approach is used to analyze the flow entering and exiting the tooth space
volumes at a macro level to reduce considerably the simulation time and simplify the
interaction between the other sub-models. Thanks to the accurate evaluation of the
different geometrical features (by the Geometrical model as described in Chapter 5) for
the calculation flow during one complete revolution of the machine, the lumped

parameter model predicts the flow through the machine accurately [59].
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The gear machine is divided into several control volumes (CV) corresponding to each
tooth space volume (TSV) and the inlet and the delivery volume as shown in Figure 30. It
is assumed that the fluid properties remain uniform in each of the CVs. The fluid
properties such as the density and bulk modulus are predicted according to the change in
pressure of the fluid in the CV. HYGESIim uses the fluid properties model which takes
into consideration the cavitation features with a simplified continuum model that assumes
a uniform mixture of different phases (liquid/gas) to evaluate the fluid properties,
especially the density and the bulk modules as a function of pressure [65][66][67].

Paints of
contact

Figure 30: Control volumes defined in the fluid dynamic model of HYGESIim
(representation of the TSVs and the connections between each other).

Based on the flow between the adjacent TSVs, assuming conservation of mass and fluid
state equation, the rate of change of pressure in the CV can be obtained using a pressure

build-up equation,

dt Vl dp =pi m,t out,t p P=pPi dt dt ) ( . )
(pi=pj)

(4.2)

m ploss—a Q-
Y i pp)] P
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Eq. (4.2) represents the turbulent flow orifice equation for calculating the flow rate, 1, ,
from i TSV to the j™ TSV and ; jindicates the orifice area of the connections between
the two TSVs. In particular, in Eq. (4.1), the terms V; correspond to the instantaneous
volume of the i™ CV as the volume continuously changes to achieve the displacing action.
The termV,,, ; takes account of the additional variable volume which occurs at the
suction and the delivery due to the nature of definition of the i"" CV during the rotation of

the gears .

A laminar flow equation (fully developed laminar flow, considering the relative motion

between surfaces) is used to calculate the leakages across the tooth — tip,

h? (Pi—Pj)_l_h'u _

_ 4.3
12u L 2 | (4-3)

ml,j =

where, mi, is the laminar flow from the i" to the | TSV of the same gear through the gap

between the tooth tip and the casing, u is the velocity of the wall, L is the gap length, h is
the gap height and b is the gap width.
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Figure 31: Framework of connections between a pair of corresponding CVs.

In Figure 31, the framework of connections between a pair of teeth which are meshing
together have been depicted. Figure 30 and Figure 32, show the same connections
considering the gears and the relief grooves in the EGM. Each of these connections
evaluates flow between the corresponding CVs using the correct approaches as

summarized in Table 1.
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Backflow
groove

|
inlet groove

Figure 32: Representations of the connections HG;, HG,, LGy, LG..

Table 1: Descriptions of orifice connections between control volumes used in HYGESim
fluid dynamic model.

Description

G connection between the two corresponding TSVs (Figure 30) (the connection is closed
outside the meshing zone)
HV connection between the TSV and the HP volume through the gear whole depth

(examples are displayed in Figure 30)

Ly | connection between the TSV and the LP volume through the gear whole depth (Figure
30)

HG connection between the TSV and the HP port through the recesses machined on the

lateral sliding elements (Figure 32).
LG connection between the TSV and the LP port through the recesses machined on the

lateral sliding elements (Figure 32).

The leakages due to the clearances between the gears tooth tip are represented by TLP
and TLN which correspond to the connection between the previous and following TSV
respectively with the current TSV. In a similar fashion, the lateral leakages through the

gap (lateral gap) between the gears and the lateral bushings are represented by BPP and
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BPN which correspond to the connection between the previous and following TSV
respectively with the current TSV A simplified approach is used for calculating the
lateral leakages by assuming a constant gap height and using Eq. (3.3). However a more
accurate evaluation is performed by the FSI model for the later gap as described in

section 2.3.

4.2. Mechanical Model

The mechanical model of HYGESim deals with the evaluation of forces acting on the
gears in the radial plane, perpendicular to the axes of rotation. It is also capable of
calculating the torque required/provided to the drive gear. The calculation of the forces
allows for the calculation of the equilibrium of forces in the radial plane and also to
predict the movement of the gears as a function of the operating conditions of the

machines.

The evaluation of the pressure acting on each TSV by the fluid dynamic model, provides
the pressure distribution acting on the gear. Since considering a single tooth will involve
the presence of different pressures on its sub-surfaces corresponding to the different CVs
defined by the fluid dynamic model, a single surface can be affected by several different
CVs (maximum three) in the meshing zone. While outside the meshing zone, it is

attributed to just one CV as shown in Figure 33.

In Figure 33(A), the forces acting on the tooth surface due to the pressure inside the TSV
is depicted. The resultant force in the x-direction acts on the projected area Q,,
perpendicular to the x-axis. Similarly, the resultant force in the y-direction acts on the

projected area Q,, perpendicular to the y-axis. The resultant forces can be calculated

using,
zZ Ns
E,x(¥) = z Z frix(®) whereNs =1or3 (4.4)
i=1 k=1

and,



60

zZ Ns
E,, (@) = Z Z fy,ix(®) where Ns =1 or 3. (4.5)
i=1 k=1
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Figure 33: (A) Forces acting on the horizontal and vertical plane for a TSV; (B) Forces
acting on different tooth surfaces due to the pressure in the different CVs.

For each of the gears, the resultant forces Fpx(U) and F,y (1) act at a distance Y (V) and

X(V) from the gear center which can be determined by using,

=1 legil(fy,i,k @) - Xik (‘9)) N

X)) =— ) s=1or3 (4.6)
and,

z Ns . a7
Y(ﬁ) — 2i=1 Zk:l(fx,i,k(ﬁ) yLk(ﬁ)) Ns = 1 or 3. (4.7)

Eyx(9)

The entire system of forces due to the pressure inside the different CVs can be transferred
to a resultant force and torque acting on the gear center as shown in Figure 34: Resultant
forces due to pressure, contact forces and total torque acting on the gears. The contact
forces between the two gears have also been modeled assuming that at least one pair of
teeth is always in contact with each other and hence the load is being shared. Details of
the contact force modeling are represented in [59]. Based on the resultant of the forces

acting on the gears and with the implementation of the hydro-dynamic journal bearing
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model as in [59] the movement of the gears can be predicted. This allows for a simplified,
but accurate, prediction of the wear in the casing, which allows HYGESim to accurately
simulate the performance of an EGM that has been through the so called, “breaking in”
process which is a proprietary operation performed on all EGMs by the manufacturers.
More details regarding the modeling of the radial forces and comparison with

measurements are shown in [59].

Line of action
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Figure 34: Resultant forces due to pressure, contact forces and total torque acting on the
gears.

4.3. Fluid Structure Interaction Model

The Fluid Structure Interaction (FSI) model of HYGESim studies the lateral lubricating
gap (as shown in Figure 35) between the sliding lateral bushings and the gears in an EGM.
The model represents a state-of-the-art tool that can predict the lateral lubricating gap
features, accounting for the main features of machine operation. A Computational Fluid
Dynamics solver that solves for the flow field in the lubricating gap is coupled with a
model for evaluating the mechanical equilibrium of the lateral bushings to determine the

lubricating gap heights. The model also interacts closely with a lumped parameter fluid
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dynamic model as well as the geometric model of gear teeth control volumes, and
therefore provides a tool for a “complete simulation” of the unit. The forces acting on the
lateral bushing are seen to lead to an axially balanced condition. The model is capable of
accounting for elasto-hydrodynamic effects in the lubricant film by taking into
consideration the deformation of the different parts due to pressure forces and also due to

thermal effects, and can predict the lubricant film thickness.

Lubricating gap

Lateral Bushings

Gears (A)

Figure 35: (A) Lateral lubricating gap between the gears and the lateral bushings; (B)
Lateral leakage flow calculated by the FSI model.

The fluid dynamic model provides the pressure boundary conditions for all the gap
boundaries to the FSI model [60]. The pressure field in the lateral gap is determined by
solving the Reynolds equation. The different leakages which are being calculated in the
FSI model include: TTL which represent the leakage flow from the radial gap from the
tooth tip. TSL represents the leakage flow from the CV into the lateral gap. LPL
represents the leakage from suction side into the lateral gap and HPL represents the
leakage from the high pressure into lateral gap and DL includes the leakage from the
lateral gap into the drain. There is a two way interaction between the fluid dynamic
model and the FSI model in such a way that the FSI model receives the pressure at the
boundaries as inputs and it provides the fluid dynamic model with the evaluation of the
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mentioned leakages. This exchange of information between the two sub-models (co-
simulation) is performed iteratively until a converged solution is achieved. The details of
the FSI model which deals with the determination of the different part as well as the axial

balance of the lateral bushings are can be found in [62],[63] and [64].
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5. DESCRIPTION OF THE GEOMETRICAL MODEL

The development of the geometrical model of HYGESim was one of the major focuses of
the present study. An accurate description of the different geometrical features is an
important requirement to precisely predict the performance of the EGM. The geometrical
model precisely satisfies this goal by providing the necessary information to all the other
sub-models of HYGESim. In this section the details of the different parts of the
geometrical model will be discussed.

The novel geometrical model developed in this work, represents a step forward with
respect to the model (which was capable