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ABSTRACT

This dissertation thesis deals with the experimental and numerical study of large-scale
hydrostatic bearings. Such bearings are used to carry and manipulate large structures
precisely and smoothly, as the sliding surfaces of the bearing are completely separated
by an externally pressurized lubricating film. Since its first official introduction in 1852,
extensive research has been conducted on performance improvement. Nonetheless,
the researchers primarily focused on hydrostatic bearings of small sizes, while very little
research focused on larger dimensions of this type of bearing. In such cases, completely
different challenges arise, which are connected with higher energetic demands, the bearing
parts manufacturability, transportation and assembly. Manufacturing errors, improper
bearing alignment or non-optimal design can worsen the bearing performance, and even
cause its malfunction. This thesis aims to introduce performance and safety improvements
into large-scale hydrostatic bearing design methodology. The bearing performance
improvement is performed using a numerical model of the fluid domain that is validated
using experimental and theoretical data. This study presents a completely new approach
based on optimizing multiple geometric parameters of the hydrostatic bearing pad
independently. The safety improvement is performed purely experimentally. The attention
is aimed at pad and slider misalignment, and their influence on the bearing performance.
Moreover, the self-aligning ability of the pad using compliant support is examined.
The experimental part was carried out using testing hydrostatic bearing consisting of two
pads with full diagnostics. As the results indicate, the proposed optimization methodology
of geometric parameters of a hydrostatic bearing can improve the bearing performance
by as much as 20 %. The investigation of misalignment effects on the performance shows
certain range, within the bearing can still operate safely, while compliant support can extend
this range. This study presents original research expanding the knowledge of large-scale
hydrostatic bearing systems towards better performance and higher safety.

KEYWORDS

hydrostatic lubrication, design optimization, assembly errors, misalignment, compliant
support



ABSTRAKT

Tato dizertacna praca sa zaobera experimentalnym a numerickym stadiom velkorozmernych
hydrostatickych lozisk. Takéto loziskd sa pouzivaji na presné a plynulé polohovanie
velkych konstrukeii, pretoze klzné plochy loziska st Gplne oddelené externe tlakovanym
mazacim filmom. Od jeho prvého oficialneho predstavenia v roku 1852 prebehol rozsiahly
vyskum na zlepSeniec vykonnosti. Napriek tomu sa vyskumnici primarne zameriavali
na hydrostatické loziska malych rozmerov, zatial ¢o len velmi mald cast vyskumu
sa zameriavala na vécsie rozmery tohto typu lozisk. V takychto pripadoch vznikaju tplne
iné vyzvy, ktoré s spojené s vysSou energetickou naroc¢nost'ou, vyrobou dielov loZzisk,
dopravou a montazou. Vyrobné chyby, nespravne zarovnanie lozisk alebo neoptimalna
konstrukcia moézu zhorsit’ vykonnost’ loziska, ¢o moze viest’ az k jeho poruche. Ciel'om tejto
dizertacnej prace je predstavit’ vylepSenia vykonu a bezpe¢nosti do rozsiahlej metodiky
navrhu hydrostatickych lozisk. ZlepSenie vykonu loziska sa vykondva pomocou
numerického modelu oblasti tekutiny, ktory je overeny pomocou experimentalnych
a teoretickych udajov. Tato Studia predstavuje Uplne novy pristup zaloZzeny na nezavislej
optimalizacii viacerych geometrickych parametrov hydrostatickej loziskovej kapsy.
Zlepsenie bezpecnosti sa vykondva Cisto experimentalne. Pozornost je zamerana
na nesuosovost’ klznych ploch kapsy a bezca a ich vplyv na vykon lozisk. Okrem toho
je skimanéd schopnost’ samo-vyrovnavania podlozky s pouzitim poddajnej podstavy.
Experimentalna cast’ bola vykonand pomocou testovania hydrostatického loziska
pozostavajiceho z dvoch képs s plnou diagnostikou. Ako ukazuju vysledky, navrhovana
metodika optimalizacie geometrickych parametrov hydrostatického loziska moéze zlepsit
vykon loziska az o 20 %. Skimanie vplyvov nesuosovosti na vykonnost' loziska ukazuje
urCity rozsah, v rdmci ktorého moze lozisko stale bezpecne fungovat’, zatial' ¢o poddajna
podpora méze tento rozsah eite predizit. Tato §tadia predstavuje originalny vyskum
rozSirujuci poznatky o rozsiahlych hydrostatickych loZiskovych systémoch smerom
k lepSiemu vykonu a vysSej bezpecnosti.

KEUCOVE SLOVA

hydrostatické mazanie, optimalizacia konStrukcie, montazne chyby, nestiosost’, poddajna
podstava
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1 INTRODUCTION

Hydrostatic (HS) lubrication principle was firstly introduced in 1852 by L. D. Girard. Since
Rowe patented the HS bearing (HSB) in 1985, the interest in HS lubrication research has
been rising over the years [1]. The HS lubrication principle is based on supplying pressurized
fluid into HS pad to separate solid bodies and create thick lubricating film, thus the bearing
can be operated even when standstill. HSB are key parts of machines requiring long
durability, minimum downtime, and smooth and precise movement. This type of bearing is
can be used in a wide range of applications — from small milometer-sized spindles up to
large-scale machines and structures exceeding tens of metres.

With the increasing demand for large-scale machines of high precision, HS
lubrication regime offers huge scalability. Compared to rolling bearings (RB) HSB can be
utilized for moving structures exceeding tens of metres while keeping relatively high
precision [2]. Achieving high precision with RB at large scales would lead to extremely
increased costs, while the HS lubricating film can even work properly with certain
magnitude of surface error that is compensated with changing the hydraulic circuit
performance. Another issue emerges with rolling elements wear that leads to necessary
service. Moreover, HSB can be operated at low-speed and even in stationary conditions,
unlike hydrodynamic (HD) or rolling element bearings working in elastohydrodynamic
(EHD) lubrication regime.

HSB offer long durability, minimal downtime and high precision. However, large-
scale HSB encounter issues with the manufacturing precision and challenging manipulation.
Therefore, HSB is usually divided into smaller segments to simplify manufacturing,
transport and assembly processes. This might generate problems linked with the assembly
precision of the segmented sliders and misalignment of the bearing pads. Moreover, the
electricity consumption of the HSB pump required for proper operation is proportionally
rising with its size, thus it is necessary to reduce the energetic demands and electricity
consumption.

1.1 Motivation

The purpose of this research is to extend the hydrostatic (HS) bearing design knowledge and
to improve the bearing performance, reduce energy consumption and improve its safety. The
focus is aimed at large-scale HS bearings (HSB) that can exceed tens of metres (Figure 1).
Areas of particular interest are assembly precision assessment and improvement, and pad
geometry optimization.



The immediate motivation for this research is for moving large-scale HSB with high
precision and efficiency. Structures of large sizes, however, encounter many challenges,
such as assembly and manufacturing precision. Securing extremely high manufacturing and
assembly precision leads to high costs, or might be very challenging. Other option is to
establish higher film thickness to compensate the errors, what does, however, increase the
hydraulic pump electric energy consumption. This research is therefore aimed at assessing
HSB assembly errors.

Another challenge for large-scale HSB is the necessity of hydraulic circuit constant
supply of pressurized lubricant during operation. The HSB pad shape is closely related to
the pressurized lubricant flow rate requirement and load carrying capacity. Frequently used
one-parameter optimization approach, which was based on experimental measurement using
electric field analogy provides a useful tool to determine basic shape of the pad geometry.
Nonetheless, as the latest research in this area shows, the HSB pad geometry can be further
improved using modern tools, such as computational fluid dynamics (CFD).

2m
rotary table

bearing size

30t 900t 3700t load capacity

Figure 1 Hydrostatic bearings size and load capacity comparison of various applications



2 STATE OF THE ART

The state of the art is summarized in the following review article that was published in 2021,
entitled: “A review of the design and optimization of large-scale hydrostatic bearing
systems”. The review is based on 209 references including original research articles, reviews
and books on topic of HS lubrication and large-scale HSB. The article is divided into the
following sections:

Introduction to the issue & motivation
Overview of a large HSB system
Calculation and optimization

Sliding surfaces

HSB supply system

Summary

7. Future challenges

© 0k whPE

The main outcome of the review article was to provide a literature scan focused on large-
scale hydrostatic bearing-oriented research. Considered were not only mechanical parts of
the bearing, but also supply and materials and modifications of bearing solid bodies.
Relevant available published research was described and discussed. Subsequently, a
summary was provided to highlight the current research trends and spotlights. Finally, future
challenges were defined based on the knowledge derived from the published research to help
researchers aim their research efforts at current issues and demands in the industrial and
academical fields. The review article can be found on the following pages. The available
relevant research, published in the period after the submission of the review article, until the
submission of this dissertation thesis, is discussed in the following paragraphs.

10
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ABSTRACT

In the last decades, the demand for hydrostatic bearings application has been rising due to the possibilities
and advantages they offer. The advancements in hydrostatic lubrication understanding and computer
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machinery industry. This paper reviews the overall design and optimization processes for large-scale
hydrostatic bearing geometry including the hydraulic system. The latest developments in the bearing
geometry optimization, pressurized fluid supply components, and flow control devices are discussed.
Moreover, possible measures for avoiding costly maintenance and repairs of the hydrostatic bearing are
proposed. Finally, potential future research directions in large-scale hydrostatic bearing development
are suggested. This review offers a comprehensive summary of potential problems and possible solutions
in the large-scale hydrostatic bearing design, and simultaneously, serves as a supporting material to over-
come potential obstacles that might emerge during manufacturing, assembly, and service.
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M. Michalec, P. Svoboda, I. Kfupka et al.
1. Introduction

The invention of the water-fed hydraulic bearing in 1852 by L.
D. Girard opened new possibilities in the mechanical engineering
industry. The development process has advanced enormously ever
since. Reynold’s publication on the theory of lubrication [1] based
on Tower’s discovery of the hydrodynamic lubrication in 1886 sig-
nificantly contributed to the fluid flow understanding. In 1918,
Lord Rayleigh [2] discussed the optimal step bearing geometry
for maximum load capacity, now referred to the Rayleigh step
bearing. In the next period, the development process and applica-
tion of externally pressurized bearings were continuously growing,
as well as numerous patents were proposed. A review paper on
hydrostatic and hybrid bearings was presented by Rowe [3] in
1989 that summarized previous advances in this field. Later in
1992, Bassani and Piccigallo [4] wrote a comprehensive book
describing all the important aspects of the hydrostatic bearing
design and optimization based on the latest research. Research
progress in the field of large hydrostatic bearings was further
reviewed by Li et al. [5] in 2014. Later, an insight into hydrostatic
bearing system research and applications was presented by Liu
et al. [6], proving that hydrostatic lubrication was still an increas-
ingly significant topic. Despite all the previous significant contribu-
tions in the field of hydrostatic lubrication, the latest technology
developments offer new opportunities for further hydrostatic bear-
ing improvement.

Hydrostatic lubrication works on the principle of feeding pres-
surized fluid in between sliding surfaces to secure their separation
[4] as shown in Fig. 1. The fluid is supplied from a hydraulic circuit
through an inlet hole and evenly distributed by a recess. The turn-
table is floating and is ready for operation once the lubricating film
is fully developed. The fluid pressure is gradually decreasing from
the recess area to the atmospheric pressure, and the outlet fluid is
collected and returned to the circulation.

The key advantages of the hydrostatic bearing are very low fric-
tion only generated by the fluid shear forces and negligible wear of
sliding surfaces that are completely separated by pressurized fluid
film. In comparison to the hydrodynamic bearings, which require
higher rotating speeds, the hydrostatic bearing is working even
when standstill since the surface separation is maintained exter-

Pl
/i Fluid pressure profile =\

atm
Load

Lubricating gap .

G

" Turntable

v

Fluid outlet " Bearing pad

" Flui i
T Pressurized fluid inlet kGRS

~—-—- land
T Recess

= Inlet hole

Fig. 1. Scheme of the open-type hydrostatic bearing pad and fluid pressure
distribution.
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nally. Since the bearing clearance is filled with the pressurized
fluid, the hydrostatic bearing shows a high damping ability and
high stiffness while the noise emission and vibration transfer is
very low. On account of solid contact absence, the hydrostatic
bearing exhibits very high moving accuracy and stability without
any undesirable stick-slip effect [7,8]. Nevertheless, there are also
several disadvantages that must be considered before selecting the
hydrostatic bearing for a specific application. High precision of
sliding surfaces is required; thus, the initial manufacturing costs
can be considerably higher. The initial cost is increased by the
necessity of an external pressurized fluid supply, considering all
the elements of hydraulic circuit needed for proper functioning.
Considering the complexity of the hydrostatic bearing system, a
larger bedding space is required for piping, hydraulic and electric
energy supply. Despite the low noise emission generated in
between the sliding surfaces, the hydrostatic bearing system noise
emission generated by the motor of the pump should not be over-
looked. However, the noise transmitted by air, fluid, and structure
[9] can be reduced by insulating material or by hydrogenerator
confinement in an insulated space. The fluid-transmitted vibra-
tions [10] can be dampened by the hydraulic accumulator [11],
while structural vibrations can be reduced using silentblocks or
shock absorbers.

Large-scale bearings are fundamental supporting elements of
heavy rotary parts. The use of rolling elements is limited by the
maximal diameter and load capacity. The size of rolling bearings
is mostly only a few millimetres. However, large rolling bearings
for wind turbines can reach 5 m [12]. The issue with large rolling
bearing is not only the size and required precision of rolling ele-
ments, but also fatigue [13] and raceway/ball damage due to high
contact stress [14]. In contrast to the rolling bearings, the hydro-
static bearings are beneficial for their applicability in wide con-
structions, large load carrying capacity, and uniform stress
distribution. Hence, the hydrostatic bearings have been used for
large tunnel drilling machines [15], large ship shafts and journal
bearings [16], thrust bearings [17], and antenna or telescope struc-
tures carrying and operation, such as Giant Magellan telescope
[18,19]. Possibly, this type of bearing can be used for large ships
propellers, crushing machines, large rotating blades [15], heavy

Lifting pockets

Fig. 2. Lift pockets on pad of a tilting pad turbine hydrodynamic journal bearing
(reprinted from [27] under licence CC BY 3.0).
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transportation turning, or stage and assembly line manipulation
and accurate positioning. Another important applications of hydro-
static bearings are CNC turntables for dimensional workpieces [20],
and dampers [21,22] thanks to the characteristics of fluid during
compression, and impact loading and vibration damping, which
is also a great advantage for use in grinding machines [23]. One
of the most significant uses of hydrostatic bearings is hydropower
units [24]; when the hydroelectric turbine [25] of the hydrogener-
ator [26] needs to start spinning without contacting surface dam-
age, the hydrodynamic (HD) bearing is combined with
hydrostatic bearing pockets [27], as seen in Fig. 2, when a hybrid
bearing is started, stopped, or reversed without damaging the con-
tacting surfaces of the bearing. Moreover, the high load and the
possibility of pumping water is advantageous for ship sealift
lock-gate hinge where the sea level difference needs to be over-
come [28]. Additionally, the working principle can be used for a
rotary recovery device for the desalination process and reverse
osmosis [29]. As introduced above, hydrostatic bearings have a
great application potential that will be increasing with the devel-
opment of modern technologies and trends [30], such as Industry
4.0 [31].

Lately, detailed books and papers on hydrostatic bearing design
[4,5,32-34] have been published and the recency of some publica-
tions show that the topic of hydrostatic bearings is still a relevant
issue [6]. However, the publications focused mainly on hydrostatic
pad and flow control at the input into the hydrostatic pad or at exter-
nally pressurized journal bearing design [35], but very little of them
aimed at the most significant limitations and issues connected with
large hydrostatic bearings, such as manufacturing, transportation,
and assembly. Moreover, the publications mostly did not cover the
whole bearing incorporating the hydraulic circuit and the signifi-
cance of its characteristics and optimal parameter design. Further-
more, the operation of hydrostatic bearings in critical conditions
might lead to serious damage and costly repair. However, such com-
plications can be safely avoided during the designing process. This
review paper presents a comprehensive insight into the design and
optimization of large hydrostatic bearings, to make the design pro-
cess of hydrostatic bearings more accessible and to enable further
development of large-scale machines, help creating modern tech-
nologies and build a healthier environment.

Load |

b)

Load
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2. Overview of a large hydrostatic bearing system

A suitable type of bearing is an essential step in machine design.
Previously, several selection strategy guides were introduced for
hydrostatic bearings [35] including a decision-making process
and a selection guide [33] according to required characteristics
for automotive industry. Hydrostatic bearings are divided into
three basic groups according to load support direction - axial
(thrust), radial (journal), and combined. The calculation for both
axial and radial types is similar, yet in different coordinate sys-
tems. The bearings can be characterized according to construction
type: open type (Fig. 3a) and closed type (Fig. 3b), where opposed
recesses act on turntable or shaft, respectively. Journal bearings
can be either fully closed, e.g. for spindles [36] that represent the
majority, or open for the positioning of large structures [18], such
as azimuth rotation. Contrastingly, open type is the most fre-
quently used thrust hydrostatic bearing type, which is simple in
construction but provides lower precision and dynamic perfor-
mance [20,37]. In the enclosed type the opposed pads act on turn-
table, resulting in higher precision [38], stiffness [39], and dynamic
performance [40]. On the contrary, closed type bearings are more
expensive and demanding on hydraulic circuit components. When
both radial and axial loads need to be supported, another type of
hydrostatic bearings is the combination of radial and axial bearings
[41], whose shape can be either flat (Fig. 3c) or conical (Fig. 3d).
The combined bearing is advantageous for medium to high rota-
tion precision [15] and a relatively small run-out [42]. Another
advantage is the ability of self-compensation provided by the con-
ical shape of bearing [43,44]. The conical bearing is especially suit-
able for higher combined loads as the angle can be adjusted for
desired performance [45], where an optimal value was found to
be 60° for best radial and 30° for best axial performance. Generally,
open-type bearings are the simplest and suitable for unidirectional
loading only, while closed-type bearings are desirable for bidirec-
tional loading. The combined type is advantageous in higher preci-
sion machines. And finally, conical bearings are superior in
compensation ability and suitable for similar loads in radial and
axial directions.

In the case of large-scale bearings, manufacturing, transporta-
tion, and assembly have become the most important criteria in

c) Load |

d)

i

Fig. 3. Types of hydrostatic bearing according to loading direction: a) thrust open type, b) thrust closed type, c) open type combined and d) conical.
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. discharge grooves

c)

Fig. 4. The geometry of a) single-pad single-recess, b) single-pad multi-recess, and c¢) multi-pad hydrostatic bearing types.

the design process. In terms of size, the large scale can be under-
stood from several points of view:

a) market availability — diameters greater than standardized
bearings offered

b) by companies (occasionally up to 2000 mm diameter),

¢) manufacturability - what cannot be made in one piece with
satisfactory accuracy of sliding surfaces, manipulation -
transport size (e.g., exceptionally large bearing diameters
above 10 000 mm) or construction site build up area does
not allow moving the bearing in one piece (e.g., limited bear-
ing bedding space, hard-to-reach bearing placement - base-
ment etc.).

Considering all the above-mentioned circumstances, the hydro-
static pad can be either uniform, assembled from ring segments, or
divided into separate segments supporting the turntable. Uniform
hydrostatic pad (single pad bearing - Fig. 4a) is advantageous in
the height positioning of turntable segments. However, the manu-
facturing and transportation process can be much more compli-
cated compared to the other geometry type. Additionally,
discharge grooves for hydrostatic recess separation (Fig. 4b) are
recommended to avoid mutual recess flow interference [46]; how-
ever, the whole workflow will become more complicated. There-
fore, a special shape can be derived to avoid flow interference
and to make the manufacturing, transportation, and assembly pro-
cesses simpler - separated hydrostatic pads (multi pad bearing -
Fig. 4c). Moreover, the manipulation throughout the assembly pro-
cess is greatly improved. Nevertheless, levelling and positioning is
more difficult than in the uniform hydrostatic pad. A sealing rubber
rib must be included to avoid oil leakage between pads. The dis-
tance between separated hydrostatic pads depends on the turnta-
ble rigidity and required precision. Basically, for higher precision,
such as CNC turntables for machining, the number of hydrostatic
pads is generally higher. In Jang and Choi [20] proposed design
where the hydrostatic pads were placed in two rows: twenty out-
side at 1500 mm radius and eight inside at 500 mm radius. How-
ever, the circumferential distance between pads is greater for
large constructions [4], high rigidity structures, or applications
with lower required precision. For instance, the Giant Magellan
Telescope azimuth structure is based on 24 axial hydrostatic pads.
A master-slave pad variation according to load-sharing ratios [47]
is beneficial in multi-pad hydrostatic bearing control. Additionally,
considering a constant supply system for multi-pad bearing is very
expensive [40], so flow distribution and control devices are
recommended.

939

A full scheme of a large-scale hydrostatic bearing is shown in
Fig. 5. The hydrostatic bearing is composed of two main sections:
the hydrostatic pad and the hydraulic circuit. The hydrostatic pad
is a stationary part supporting the rotating turntable with load. The
second fundamental part of hydrostatic bearing is the hydraulic
circuit. A constant low supply system has a separate hydrogenera-
tor for each recess; however, supplying many recesses would be a
complication because of either space or initial costs. Therefore the
multi-pad hydrostatic bearing is supplied by one pump with flow
dividers and restrictors [34]. Moreover, large hydrostatic bearings
are limited by manufacturing, transportation, and assembly pro-
cesses, so those types of bearings are frequently composed of a
large ring with numerous inlets [18] or numerous pads placed in
a desired bearing diameter [20]. The pump supplies the hydrostatic
pad with enough pressurized fluid at a higher pressure than
required by the pad; thus, the flow volume and pressure is pro-
cessed using hydraulic valves. Three types of hydraulic valves are
included: way-valves to control direction of oil flow, pressure con-
trol valves to control pressure in different segments in the circuit,
and flow control valves to control the flow rate in the circuit. Flow
control valves are especially important components of the hydro-
static bearing because they maintain constant film thickness by
compensating pressure differential during impact and non-
symmetric loading and vibrations. The hydraulic accumulator sig-
nificance will be discussed later; however, it acts as a fail-safe mea-
sure in case of sudden hydraulic circuit failure. An analogy was
found in hydraulic circuit modelling and electrical circuit composi-
tion [48] that might simplify the design process using the similar-
ity of physical laws with conversion factors and corresponding
dimensions. Suitable filters are necessary for the maintenance of
lubricant quality.

In case of insufficient passive cooling, an active cooler must be
included in the hydraulic circuit to avoid hydrostatic bearing per-
formance decrease by a significant lubricant temperature increase.

2.1. Hydrostatic bearing working modes

Hydrostatic bearing working modes introduced in [4] are sum-
marized in Table 1. The basic condition for sliding surface separa-
tion is to maintain enough lifting force generated by fluid inertia.
During the design stage, working conditions must be carefully set
to avoid long working periods in a critical state of hydrostatic bear-
ing operation.

The critical states of operation (Table 2) can be avoided when
considered in advance, so this review paper focuses on the preven-
tion of such states’ occurrence. States of non-symmetrical loading
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Fig. 5. Full scheme of the hydraulic circuit and cross section of two hydrostatic pads of a large multi-pad hydrostatic bearing.

and sudden load change are a matter of proper pad-shape geome-
try and flow control. Lubricant behaviour and thermal characteris-
tics can be analysed using computational software. And finally,
hydraulic circuit failure can be predicted and prevented by imple-
menting specific measures. The above-mentioned procedures will
be discussed in detail in the following parts.

3. Calculation and optimization

Basic requirements for flow investigation in a narrow gap are
isotropic and continuous conditions in an elementary volume.
Thus Navier—Stokes equation used for viscous fluid flow descrip-
tion is shown in Eq. (1).
=pf+ Vo

Dv
P br (1)

Table 1
Modes of hydrostatic bearing operation.

State Description

Non-working state Hydraulic circuit is not supplying pressurized
fluid.

Sliding surfaces are in contact.

No operating/turning possible.

Hydraulic circuit starts supplying pressurized
fluid.

Sliding surfaces are being separated.

No operating/turning recommended until in
steady state.

Hydraulic circuit is stable, and lubricating film is
fully developed.

Ready for operating/turning.

Hydraulic circuit is stable, and the bearing is
operating at normal conditions.

Working at/beyond the edge of projected
conditions. Possibility of lubricating film collapse
or sliding surface damage.

Introduction to steady
state

Steady state

Working state

Critical state of operation
| bearing failure

However, the complexity of Navier—Stokes equations may be
reduced by applying such simplifications as averaging quantities
along one direction, flow linearity and inertia terms [4]. Thus, the
Reynolds equation without viscosity variations can be derived as
shown in Eq. (2).

Table 2
Critical states of hydrostatic bearing operation.

State Description

Uneven load distribution.

Large pressure differences in pads that can lead to
tilting or eventually a contact between sliding
surfaces.

Overload can lead to sliding surface contact or
hydraulic circuit damage.

Lubricant overheating.

Pressure distribution and flow influence the
carrying capacity.

Loss of carrying ability of lubricant. Fluid film
collapse. Sliding surfaces get into contact.

Sudden contact of moving sliding surfaces without
developed lubricating layer.

Non-symmetrical
loading
Sudden load change

Operation at very high
rotation speed

Lubricant overheating

Hydraulic circuit failure

Table 3

Example of expressed equations for circular hydrostatic pad calculation [4,32,50].
Quantity Equation
Required lifting pressure in the recess area P =7

» . . 2 Tz
Total load-carrying capacity W= 3;% (1 _ F%’)
Flow rate Q= ah’p,
= Guln(ry /1)

Viscous friction T="2(rd 11
Fluid power loss H, = ot
Pumping power loss Hp =p,Q

940
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Table 4
Key parameters of hydrostatic bearings.
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Parameter Description Typical range
Flow (Q) required steady flow 5-50 I/min
distribution for all
bearing pads
Recess pressure (p;) sufficient working fluid  50-150 bar

pressure for load
carrying and surface
separation during
introduction to the
working state
pressurized fluid output
from hydrogenerator
considering pressure
losses

stable, low temperature
dependency

Supplied pressure (ps)

Dynamic viscosity (p)

Pad and recess
geometry

dependent on selected
manufacturing process

Desired or achievable
load-carrying capacity

Load (W)

maintained a constant
lubricating gap, high
enough to carry load,
and to overcome
manufacturing and
assembly errors

the force acting against
bearing rotation
generated by viscous
forces of the fluid

Film thickness (h)

Viscous friction torque

(1)

Total power loss (H) given by required
performance, lubricant
viscosity, choking
elements, and fluid
friction during

operation

50-200 bar (according
to pressure drops at
hydraulic circuit
elements)

0.05-0.15 Pa's
(according to oil
viscosity grade for
expected environment
temperatures)
calculated for optimal
performance and
desired load capacity.
wide range, up to 1000
metric tons in total [18]
and more
approximately 10—

100 pm

approximately 300 Nm
at 10 rpm and medium
viscosity (based on
calculation for 1000 t
load according to eqns.
in Table 3)

pumping power loss up
to 3 kW (based on
calculation for 1000 t
hydrostatic bearing
according to eqns. in
Table 3), fluid film
power loss is negligible.

122

P —
V(n-Vp>=6V<U-h) -

(2)

Alternatively, the complexity of Navier—Stokes equations can

be reduced into a 2D problem using the Dirichlet conditions
[49] to obtain analytical formulations. Bassani and Piccigallo [4]
derived simple-pad and single-recess geometry, such as circular,
rectangular, and annular. Several other configurations for multi-
recess bearings were introduced by Khonosari and Booser [32].
These are based on pad coefficients, whose values are selected
from a graph. In Table 3 equations for circular pad are expressed,
showing the key parameters of a hydrostatic bearing. Subse-
quently, the key parameters of hydrostatic bearings are described
in Table 4 with respect to the values of large-scale hydrostatic
bearing, either obtained from references or calculated using equa-
tions in Table 3.

All conditions and desired parameter specifications must be set
at the beginning of the design process. There are several design cri-
teria that are specified in Table 5. When the design criterion is
selected and the key parameter is set, the equations from Table 3
are customized to match the calculation aim - the calculated
parameters. At this stage, optional parameters are chosen accord-
ing to budget and availability.
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Table 5
Classification of design criteria and bearing parameters.
Design criteria  Key parameter Optional Calculated
parameter  parameter
Required load Predicted load range Recess Hydrostatic pad
capacity (Whin = Winax) pressure geometry (pad
(pr) and recess
Required dimensions)
volumetric  Film thickness (h)
flow (Q) Required
Dynamic supplied pressure
viscosity (ps)
(w)
Error compensation Minimal Recess pressure
required (pr)
film Required
thickness volumetric flow
with Q)
respect to Predicted load
maximum range (Wiin-
errors Winax)
(hmin) Dynamic
viscosity ()
Load-carrying
capacity (W)
Hydrostatic
pad
geometry
(pad and
recess
dimensions)
Required
supplied
pressure (ps)
Limited bedding Maximum pad area Recess Film thickness (h)
space (Amax) considering pressure Required
collector pan and (pr) supplied pressure
surroundings Required (ps)
volumetric  Load-carrying
flow (Q) capacity (Wpax)
Dynamic
viscosity
(w)
Predicted
load range
(Wmin'
Wmax)
Hydrogenerator  Supplied volumetric Dynamic Hydrostatic pad
performance  flow (Q) viscosity geometry (pad
Supplied pressure (p;)  (p) and recess
Hydrogenerator power Load- dimensions)
(Hp) carrying Film thickness (h)
capacity Recess pressure
w) (pr)

The calculation of hydrostatic bearing base parameters is an
iterative process that is performed to achieve desired performance
and reasonable bearing geometry or hydraulic circuit parameters.
The workflow is schematically shown in Fig. 6.

To evaluate the performance of a non-derived hydrostatic bear-
ing shape analytically, an approximation method according to Rip-
pel [51] can be utilized to obtain roughly corresponding load
capacity. Calculation generalization was introduced using perfor-
mance parameters as introduced by Khonosari and Booser [32] to
simplify the design process for derived geometry hydrostatic bear-
ing shapes as shown in Eq. (3).
W:Aeff'pr:aP'AfOf'pr 3)
where A is the effective area of a pad, A, is the total pad area, and
ap is the pressure coefficient. This form is advantageous for the
application of results from the numerical simulation resultant
forces [46] and for obtaining of pressure coefficients for a specific
geometry. Additionally, Kang et al. [47] provided hydrostatic bear-
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A

Key parameter Select optional

Result check,

Satisfacotry

definition parameters > S > cuzat;?;?zeattei:)n performance?
Fig. 6. Bearing parameter calculation process.
Table 6 Table 7
Comparison of analytical and numerical approaches in hydrostatic bearing Overview of CFD discretization methods used in hydrostatic bearing modelling.
calculation.
FVM FEM FDM
Analytical Numerical Suitability pressure mixed pressure
Simple and quick calculation of ~Required advanced knowledge of fluid distribution [67],  formulations and  distribution
key parameters. modelling. heat transfer multiphysics [70,71], heat
Can be used for [4]: Can be used for: [68,69], and tur-  problems transfer [37]
o static and dynamic perfor- e static and dynamic performance analy- bulent flows
mance analysis, sis [52,53], Computation  moderate slower [38] quicker [72]
e thermal and flow proper- o flow investigation [54,55], speed
ties prediction, o thermal properties evaluation [56,57], Geometry regular geometry  any geometry simple and
o optimization of basic shape o deformation evaluation [24,36], (including curved) regular domains
pads using, nomographs. o error modelling [58-60]. (required
Preferred for basic derived pad Powerful tool for obtaining resultant force cartesian meshes)
geometry shapes. for various pad and recess geometry from [72]
simulation [29], including unusual shapes. Problems hydrostatic relationships high rotation
Limited to simple geometry Suitable for unusual configurations of related to bearings among rotation speed effects
configurations. recess and pad shapes design that is very speed, recess [41], static and
difficult or impossible to express pressure and dynamic perfor-
analytically [61]. dynamic viscosity ~ mance of conical
[69], high speed bearings and
and high viscosity  bearings with
conditions [62], restrictors
flow investigation  [44,45,74,75],
ing parameters for effective area calibration based on experimental [55], oil film tem-  non-Newtonian
. . A ) . A . perature field in and smart fluid
investigation. The analytical calculation process is performed using variable viscosity  modelling [76-
analytical expressions for the determination of basic parameters condition and 78],
and required hydropower unit performance. The numerical rotation
approach serves as an auxiliary tool for performance optimization [Gr’es'sesg':e3ll{erlgc‘;5d
and deformation investigation, which is discussed in this paper in ?nvestigation of
detail later. A summary of both analytical and computation heavy bearing [67]
approaches is listed in Table 6. static, characteristics
Numerical methods can be implemented in the hydrostatic dyfdlamlc [37], carrying
bearing design to achieve desired performance and eliminate pos- an capacity
thermal according to

sible issues in advance. The computational fluid dynamic (CFD) is a
powerful tool for fluid flow simulation and investigation. An over-
view of the most widely used discretization methods, namely the
finite volume method (FVM), the finite element method (FEM),
and the finite difference method (FDM), is listed in Table 7. In a
nutshell, the FVM is most suitable for flow investigation of any
geometry. A comparative investigation of the FVM and vortex visu-
alisation for three different Reynolds number at inlet (Fig. 7) pre-
sented by Shen et al. [55] showed a good agreement in results.
The FEM has more demanding computational requirements, how-
ever, it is superior for multiphysics and non-Newtonian fluid mod-
elling. In contrast to the previously described methods, the FDM is
a quick computational method that is preferred only for simple and
regular domain investigation. Li et al. [62] presented a CFD analysis
for a shear cavitation effect influence on the performance of journal
bearings that led to a better agreement with experimental results,
especially when viscosity, speed, and eccentricity increased. For
specific simulations considering also solid interfaces, the
fluid-structure interaction (FSI) problems are widely used for
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pressure dis-
tribution con-
sidering sur-
face waviness
effect [30]

multiphysics problems [63], sliding surface deformation and error
investigation [64], and thermal analyses. In comparison to CFD, FSI
is more demanding on computational requirements [65] and
therefore preferred only in predicting solid interface stress and
deformation. Additionally, simulation accuracy improvement can
be achieved by considering FSI and temperature influence [66],
which resulted in significant static stiffness decrease.

In comparison to analytical representation, the proposed exact
FEM Reynolds equation formulation by Chasalevris and Sfyris
[79] results in a significant design process improvement.
Thermal-elastohydrodynamic (TEHD) simulation of hydrodynamic
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Fig. 7. Comparison of simulation and experiment results of flow patterns in the recess area for Re;, a) 140, b) 350, and c¢) 701 (reprinted from [55] with permission of Taylor &
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(HD) bearing aimed at film thickness evaluation compared to
induced fluorescence measurements [80] showed a relatively good
agreement at lower speeds; however, the deviation was higher at
higher speeds. Generally, it is necessary to identify the flow regime
according to Reynolds number [81] because turbulent flow pro-
vides higher load carrying capacity, however, also increases the
fluid friction. The resulting accuracy of hydrostatic bearing simula-
tions can be improved using inertia effects [82] and dynamic grid
technology [83], where dynamic changes of boundary conditions
are implemented. The workflow of numerical investigation pro-
vided by Zhang et al. [83] considered symmetric conditions of peri-
odic oil pads to cut down the calculation time and increase result
accuracy. Numerical approach based on the CFD simulation was
experimentally investigated by Cui [84] for large hydrostatic bear-
ing, where a maximal 9.52% error in results of recess pressure was
observed, while measurements of oil film thickness resulted in a
13.8% error, so the simulation results errors should be always con-
sidered. However, the results are heavily influenced by mesh qual-
ity. A meshless method with radial basis functions was introduced
by Nicoletti [72]. It significantly improves the computing time with
only a 5% error even with a coarse grid.

Another important demand on simulation is the computational
time that significantly affects price and result accuracy. Therefore,
a fast thermo-hydrodynamic CFD model was proposed by Novotny
et al. [85] that greatly improves computational speed. The pro-
posed computation model accuracy is lower compared to the
CFD simulation (Fig. 8), which is caused by the location of the
boundary condition of the simplified model. Another dynamic
model for rapid static and dynamic characteristics analysis of a
closed type bearing that is roughly 10 times faster than the FEM
was introduced and experimentally verified by Wang et al. [86].
Another significant computational time improvement in simplified
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model for static and dynamic performance calculation of hydro-
static bearing with errors lower than 6.5% while taking only
1/603 of the FDM'’s runtime was proposed by Liang et al. [87].

3.1. Performance optimization

Performance optimization is an important process that includes
both optimal control establishment and the whole system energy
consumption minimization.

The hydrostatic bearing performance is provided according to a
selected design criterion as listed in Table 5. Simple cases deal only
with the optimization of one parameter, which is, however, not
enough for obtaining high performance, good thermal properties,
and economical energy management. Hence, a multicriteria opti-
mization was introduced by Solmaz et al. [88] as an iterative pro-
cess considering the most important parameters, specifically
minimum power and temperature rise. The better required overall
performance, the more criteria should be considered. A remarkable
30-60% accuracy [89] can be achieved by considering the influence
of design parameters, geometric errors, deformation, temperature,
and random parameters. Fedorynenko et al. [90] proposed an inno-
vative design of hybrid bearing achieved a significant efficiency
increase, i.e. 1.5 times decreased total energy loss in hydrostatic
mode and 4 times in HD mode. Additional details on the perfor-
mance characteristics optimization are listed in Table 8.

The hydrostatic bearing has a significant advantage in compar-
ison to rolling bearings owing to the fluid film presence when it
comes to managing vibrations. It should be stated that damping
capacity of a flat pad is higher than a pad with recess of same size
and operating parameters. The lubricating film stiffness is propor-
tional to its height (Eq. (4)); however, it differs with the type of
flow compensation [32]. Damping coefficient is given by ratio of


http://www.tandfonline.com

M. Michalec, P. Svoboda, I. Kfupka et al.

Min. oil film gap A= 0.020 mm

Engineering Science and Technology, an International Journal 24 (2021) 936-958

. Min. oil film gap A= 0.020 mm

Min. oil film gap Ay = 0.020 mm

700 2 0.00
& 600 | [—=—CFX 0.18 1 | ==CFX 0.007 4 = CFX
(=3 == Fast model 016 == | ast model = Fast model
£ 500 b = 0.006
=9 7 0.14 + &
& 75 = 0.005
& 400 g 0127 o
v g 01+ 2 0.004
2 300 € 008 4 -
& g o Z 0.003
| = 0.06 <
5 20 ;- g Z 0.002
; = 0.04
g 100 0.02 1 0.001 +
= 0 + { 0 | | | { 0+ i i |
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Relative rotor speed |- Relative rotor speed [-] Relative rotor speed [-]
Min. oil film gap /= 0.080 mm Min. oil film gap Ay = 0.080 mm a3 Min. oil film gap /= 0.080 mm
80 0.08 0.025 7
z 70 ——CFX 0.07 + —*'E'F-\' o -——(F"Fx -
o —— A — =4 ast or - 0.020 == ast modc¢
Z 60 1 Fast model E 0.06 + -
& A s
& 50 y 008 = 0.015
& g 3
40 T = 0.04 T s
g s =
A BA z 0.010 +
E 30 g 0.03 %
[ ] =
© 20 2002 + e
= = 0.005
_3 10 0.01
0 t t t t 0 1 t t 1 0.000 + T t t t
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Relative rotor speed |-|

Relative rotor speed |-|

Relative rotor speed |-|

Fig. 8. Results of CFD and proposed fast computation model calculation for load capacity, friction torque, and mass flow in 0.02 mm and 0.08 mm film thicknesses (reprinted
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damping load and squeeze velocity [95], which is proportional to
lubricant dynamic viscosity, pad geometry and compensation type,
and film thickness (Eq. (5)). The required parameters should be
reflected in the bearing optimization to achieve desired and opti-
mal performance. Comparative stiffness and damping values can
be found in references [86,96]; however, only for small-scale
applications.

k= dw 4)
~ dh
%%
== (5)
h
Table 8
Optimization considerations of selected performance characteristics.
Bearing Description
characteristic
Stiffness Oil supply rate redistribution among pads according to
actual conditions can improve static performance by 17%
while maintaining the same dynamic performance
without further energy consumption [91].
Damping Impact resistance is improved by lowering film thickness
[70,92].
Friction The higher the flow rates, the greater the friction torque.
The effect is more significant while considering laminar
and turbulent conditions [93].
Thermal Considering thermal effects in simulation decreases the
effects load carrying capacity by about 3% and stiffness and

damping by up to 10% [94]. Moreover, static stiffness drops

significantly when considering temperature influence [66]
according to FSI analysis results
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3.2. Pad geometry optimization

The bearing pad recess area provides enough lifting force to the
bearing turntable and load. Additionally, the recessed pad has sig-
nificantly better performance compared to a non-recessed pad
[97,98], allowing the bearing to withstand higher rotating speeds
and load variations. However, different recess shapes exhibit
slightly different characteristics. Generally, mostly preferred are
ones conventional shapes [99], such as circular, rectangular and
annular, because of derived equations and manufacturability.
Nonetheless, unusual and specific hydrostatic bearing recess
geometry can be developed using sand casting, as introduced by
Kotilainen and Slocum [100]. With the advancement of computa-
tional software and manufacturing technologies, triangular and
elliptic [101], or even unconventional geometry shapes [102] can
be developed. A comparison provided by Sharma et al. [99] sum-
marized the recess shapes as follows: the circular shape is advan-
tageous for the highest pocket pressure and the lowest required
flow, annular exhibited highest stiffness and load capacity, and
finally rectangular shape showed the highest damping ability. Sing
et al. [101] confirmed the previous findings and investigated also a
triangular shape, which happened to provide the highest film
thickness from all compared shapes. Investigated unconventional
shapes using numerical simulations, such as sector or cross shapes
[103], can be adjusted to optimal performance and temperature
control. Aside from the recess outline, the straightness of the recess
cross section provides slightly different performance in aerostatic
bearing investigation, as noticed Gao et al. [53]. The conical shape
(Fig. 9a) exhibits higher load capacity at higher rotational speeds,
while the straight shape (Fig. 9b) maintains higher load capacity
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a)
Rounded Square

Fig. 9. Recess shape a) conical b) straight with rounded and squared corners.

even at larger film thickness. In the case of straight recess shape,
square corners provide higher recess pressure [104], while
rounded corners form smoother outlines that maintain better out-
flow and thermal dissipation of the pressurized fluid.

A lifting pocket can also be included in a HD bearing design. For
instance, Fillon et al. [105] performed a numerical investigation of
the recess presence for a variation of the recess depth (nominal
value - h = 2 mm) and recess diameter (nominal value -
d = 170 mm). The results showed a plateau (Fig. 10), a less con-
trasted distribution, in the pressure field and a small decrease in
the temperature field. Thus, the performance of hybrid bearings
is improved with the recess presence, while the thermal properties
are preserved or slightly enhanced. On the contrary, Wasilczuk
et al. [106] observed in field tests, the hybrid bearing maintains a
higher film thickness and lower temperature rise, but also greater
friction losses due to larger viscosity of oil with lower temperature.

The ration of the hydrostatic pad recess area to the total pad
area plays a significant role in the overall performance of the
hydraulic supply. For a single recessed hydrostatic pad, the optimal
ratio values for circular, annular, and square shapes range from 0.4
to 0.6 [4], depending on the recess outline shape. The outside
dimensions of a rectangular pad and the optimal ratio of recess
dimensions for best damping and stiffness characteristics were
found to be 1 [96], thus the square shape is superior to the rectan-
gular one in terms of required performance. The higher the pocket
ratio, the better static and dynamic performance of the pad can be
achieved. Yet, higher pumping performance is necessary. However,
in case of lower pocket ratios [107], in the range of 0.1-0.4, larger
frictional power loss occurs. A multi-recessed hydrostatic pad
recess layout is generally symmetrical [32] although it can be cus-
tomized according to requirements for tilt compliance [43] to
achieve best possible performance and accuracy.

The recess depth also plays an important role in the bearing
performance. Common design practice for a recess depth design
[108] is 50-100 times the expected film thickness. However, for
highspeed thrust bearings, the optimal recess depth can be rather
smaller, below 25 times the expected film thickness. Horvat and
Braun’s [109] investigation of two-dimensional flow visualization
with an experimental verification confirmed that at low speed
operation the Poiseuille pressure forces dominate, while at high
speed the Couette shear forces become more influential.

The results clearly show that the pressure forces are dependent
on the rotation direction, creating a combined effect at one side of
bearing and a counteracting effect at the opposite. Shen et al. [111]
investigated a three-dimensional flow, contributing to the
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increased precision of heavy duty hydrostatic bearing performance
prediction.

For very shallow recess with a depth less than 2 mm [73], the
dynamic pressure significantly increased even at the low rotational
speed of 6 rpm. Recess depths above 2 mm showed constant values
of pressure. Tian et al. [111] investigated inertia effects and couple
stress in numerical simulations, concluding that the recess depth
affects static properties of hydrostatic thrust bearings, while notic-
ing that a recess depth higher than four times the film thickness
showed a negligible effect on the performance.

Yu et al. [112] confirmed that the dynamic pressure rise in shal-
low recess depth is stronger at higher speeds. For heavy bearings
operating at 80 rpm [113], the recess depths above 3 mm showed
constant oil film pressure, thus the higher the speed, the higher
pressure and stiffness can be achieved. However, it is not possible
to establish an optimal depth without expected film thickness, and
therefore Helene et al. [114] proposed recess depth to film thick-
ness ratio H1/H2 for laminar and turbulent flow regimes, where
deep pockets (H1/H2 greater than 16) show a constant pressure
level for both regimes. A combination of deep and shallow recess
by Hong et al. [41] was introduced to be especially suitable for high
speed applications. The oil film temperature increase in recess at
static and low speed conditions is negligible [69]; however, the
shallow recess as a choking element was observed to a generate
greater amount of heat [113] at rotation speeds higher than
20 rpm. An addition of a sealing edge [115,116] can improve the
hydrostatic bearing stability when operated at higher speeds by
load compensation using dynamic pressure for uni- and bi-
directional operation.

Wang et al. [117] confirmed that the higher rotational speed
shear forces cause a greater temperature rise in simulation of
10 mm deep recess and film thickness of 0.1 mm, thus the dynamic
pressure increase should be higher than the hydrostatic pressure
decrease caused by lubricant heating. The oil feed hole position
in the recess area does not affect the pressure distribution in the
hydrostatic pad [118]. However, for a shallow recess type, high
speed, and uneven loading conditions the pressure distribution
can differ, thus further investigation is necessary.

4. Sliding surfaces

The requirements on sliding surfaces of hydrostatic bearings are
relatively high due to a small gap in maintained by pressurized
fluid. Therefore, a precise design and analysis are necessary to
avoid any unwanted collisions caused by unexpected thermal or
structural deformations, and errors created during the manufactur-
ing and assembly processes.

4.1. Structural deformation analysis and prevention

The lubricating film thickness between the sliding surfaces
ranges between hundreds and tens of microns [18,68], so the
potential deformations must be considered in advance. Modern
software offers great support to the design process by simulations,
either structural or fluid. There are three main components gener-
ating structural deformations. The first is deformation of the turn-
table caused by mechanical load when the increasing load causes
deformation of the turntable [119]. The second is structural defor-
mation caused by the pressurized fluid. Although the lubricant
pressure does not reach critical values compared to material yield
strength, especially in small hydrostatic bearings, it has major con-
tribution in the large-scale hydrostatic bearings, where the loads
are greatly higher. The resulting deformation is influenced by the
turntable thickness and load distribution on the turntable, relative
to the position of hydrostatic pads. If necessary, FSI can be used to
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Fig. 10. Effect of pocket presence and size in HD bearing (reprinted from [105] under licence CC BY 3.0).

evaluate the expected deformations. And finally, thermal deforma-
tion of the turntable caused by insufficient lubricant cooling or
excessive heating at choking elements or at the inlet into the
hydrostatic pad [120]. Elastic and thermal distortion effects
directly affect the load and error acceptance range [35]. Thermal
analyses are widely used for thermo-elastic hydrodynamic (TEHD)
models for hydrodynamic and hybrid bearings [56], making it a
particularly important task at the design stage of a large hydro-
static pad and turntable. Therefore, numerical methods play an
important role during this stage of the development process. Using

946

the FVM and FS], it is possible to predict the fluid film interface
deformation caused by loading [121] or the temperature field of
tilted sliding surfaces [94] as a result of asymmetric loading or
inaccurate assembly. However, it still seems to be a difficult task
to design appropriate boundaries to achieve a good agreement
with the measured data [64], especially in large-scale applications.
Other specific conditions for inspection are variable working pro-
cesses with frequent cold/warm starting as it was investigated in
study [122] where the film thickness difference was significantly
affected by the lubricant temperature.
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i

Fig. 11. Flow field of convective heat transfer at 60 r/min (reprinted from [123]
under licence CC BY 3.0).

Attention should be particularly directed to large machines and
devices built on hydrostatic bearing systems operating at high
rotational speeds reaching 70 m/s [117] when the film thickness
temperature is significantly increasing. A study by Xu et al. [123]
was carried out to establish a temperature rise equation based
on heat transfer analysis, simulation and experimental verification
with a decent agreement of obtained results, making it a remark-
able approach for heat exchange investigation and heat point iden-
tification. As stated above, the main transfer modes are heat
conduction and natural convection (Fig. 11), significantly affected
by the increasing rotational speed.

High rotational speed with a combination of long operation
cycles, up to 6 h, increase the temperature even more significantly
[124], where the experimental results show 10-30% decrease of
hydrostatic bearing clearance. The lubricant heating is a serious
issue that must be considered during the designing stage of the
hydrostatic pad and turntable. Several investigations into heat dis-
sipation with use of rib plates [125] or into micro heat pipe tech-
nology for sufficient cooling of heat generated by shear forces of
lubricant film [126] have been carried out. These might help with
local lubricant temperature stabilization in the hydrostatic pad.
The outlet lubricant cooling process will be further discussed in
the hydraulic circuit section.

4.2. Manufacturing and assembly error analysis and prevention

The very thin lubricant film thickness has demanding require-
ments on the sliding surface precision. The increase of pressure
in the recess raises the value of lubricating film thickness only
slightly while increasing the required performance strongly. There-
fore, it is necessary to achieve a high precision of sliding surfaces.
Thermal changes and load effects of machining tools during the
manufacturing process always influence the proportions of geo-
metrical errors. Besides structural and thermal deformations, other
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Fig. 13. Amplitude of harmonic wave on the deformed guide rail with wave
number 0.5 (reprinted from [130] with permission from Elsevier®).

errors are generated during the manufacturing and assembly.
Numerical compensation [127] is frequently used for error reduc-
tion. However, it should not be used in machines with notable hys-
teresis effects. Huang and Kong [128] proposed a new simulation-
based method for the simulation and integration of part geometric
errors (Fig. 12) that uses tolerances to control the statistical model
and enables a tolerance analysis. Wang et al. [129] proposed a
model for motion error prediction from the measured geometric
errors of hydrostatic guide rails. Recently, an error averaging effect
[130-132] for the accuracy improvement and error prediction of
the hydrostatic guideway sliding surface, was discussed. Zhang
et al. [130] provided a prediction of rail deformation amplitude
of a hydrostatic guideway and obtained a good agreement among
experimental, approximate, and simulation results.

As shown in Fig. 13, the rail deformation range is comparable to
the hydrostatic lubricating film thickness range. The analytical
methods and models provide a powerful tool for achieving desir-
able precision and error reduction. Zha et al. [59] proposed a
time-saving error compensation process based on a laser beam
measurement without the necessity of guide rail geometric error
measurement. For higher rotational speeds in spindles, averaging
coefficients become smaller [58], which means that the eccentric-
ity decreases due to a stronger hydrodynamic effect that can also
be analogically applied to thrust bearings. Thus, the higher the
rotational speed, the lower the sensitivity to geometrical error
due to larger hydrodynamic pressure.

The main geometric accuracy parameters [35] are cylindricity
and flatness [133] for radial and thrust bearings respectively. As
for the case of conical bearings, the perpendicular error should
be considered for desired rotation accuracy. Manufacturing errors

00

Fig. 12. Part geometric error modes shape illustration (reprinted from [128] with permission from Elsevier®).
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Fig. 14. Diagrams of thrust plate geometric errors: a) tilt errors, b) bowel-shaped errors, c) saddle-shaped errors and d) sinusoidal errors (reprinted from [135] with

permission from Elsevier®).

of radial bearings was investigated by Rajput and Sharma [134]
numerically, based on the Reynolds equation, to clarify the com-
bined influence of geometric imperfections and axis misalignments
on the minimum film thickness for barrel, bellmouth, and undu-
lated journal shapes. Zhang et al. [135] described three types of
thrust bearing errors - tilt-, saddle-, and petal-shaped errors
(Fig. 14) - and provided approximate formulas for error motions
of hydrostatic thrust bearings under quasi-static conditions, con-
sidering structure parameters and error motions. Convex and con-
cave shapes modelled by Cui et al. [136] showed a good agreement
of calculation, providing a suitable error prediction tool. Generally,
a convex shape is always undesirable [137]; however, a concave
shape performed with increased load-carrying capacity and lower
flow.

Wang et al. [71] investigated the waviness amplitude and wave-
length of an aerostatic bearing concluding that higher amplitude
generates higher friction, lower load capacity, and stiffness, while
it requires a lower flow rate. Zoupas et al. [ 138] proposed a numer-
ical model for large HD thrust bearing lubricating film investiga-
tion in relationship to the effect of surface errors on performance
parameters.

Waviness modelling can be related to surface roughness as well.
Lin [139] investigated the surface roughness effect numerically,
while noticing that in comparison to a smooth surface, confidering
surface roughness creates a difference in the dynamic behaviour of
a hydrostatic bearing. Yacout et al. [97] confirmed that this type of
bearings is sensitive to surface roughness. Generally, the greater
the minimum film thickness, the greater roughness is permissible.
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However, the bearing characteristics are only slightly influenced by
the surface roughness [98], except for the stiffness that can be
notably enhanced. Therefore, the influence of surface roughness
should be considered to improve the accuracy of a turbulent lubri-
cation performance analysis [140], especially in highspeed condi-
tions. Wang et al. [141] presented a stochastic model for surface
modelling with utilization of non-dimensional parameters. The cir-
cumferential roughness provided higher load capacity, while the
radial roughness showed the opposite effect. Moreover, the surface
roughness effect is more significant for greater bearing radius and
higher operating speed conditions.

Large-scale bearing mounting encounters complications con-
nected with the inaccuraccy of their foundations. Therefore, addi-
tional measures for proper positioning are necessary. Error
compensation proposed by Zha et al. [59] based on a laser interfer-
ometer provides a timely effective measurement process, but not
greatly suitable for large turnables. A different approach to mea-
suring is photogrammetry [142] that has previously been used
for large sites, (as large as 10-20 m with only 10-26 mm error).
Its main advantage is the simplicity of the measurement system
and portability. However, the required precision for assembly error
of large hydrostatic bearings might not be satisfactory and nowa-
days can only be used for partial measurements. A frequently used
mechanism for uniform hydrostatic pad leveling was introduced
by Johns et al. [19] in the Giant Magellan Telescope design where
there are adjustment screws between track and pier (Fig. 15).
The leveling compensation of hydrostatic Lock-gate proposed by
Ostayen et al. [28] was based on rubber support. Another example
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Fig. 15. Azimuth track of the Giant Magellan Telescope (reprinted from [19] with permission from SPIE).

of rubber support in a hydrostatic thrust bearing was provided by
Beek and Segal [143] who used material with the compressibility
of 51.10° bar~'. The results showed that when a local strain
becomes greater than 10%, nonlinear elastic behaviour might
occur; thus the strain and symmetric pressure distribution [144]
should be carefully checkced to avoid unacceptably large or unpre-
dicted elastic deformation. Elastomer materials are widely used in
concrete bridge bearings [145], expansion joints [146], and pot
bearings of dimensions up to 1200 x 1200 x 360 mm with a load
capacity reaching 10 MN. Therefore, the use of such support is pos-
sible for stable and lower ambient temperatures because the elas-
tomer material aging process [147,148] at temperatures above
70 °C decreases the rebound resilience, tensile strength, and elastic
modulus, while the hardness increases. Higher temperatures can
eventually lead to swelling [149] and an increase in the volume
of up to 2.4 times. Hassine et al. [150] proposed failure criteria
and failure time prediction for lower operation temperatures to
minimize the impact of rubber ageing and degradation on its
mechanical performance.

4.3. Materials, surface treatment, and modification

Proper material selection of the hydrostatic bearing pad is an
essential step in the machine design process, where price, manu-
facturability, and mechanical and chemical properties are consid-
ered. To achieve specific properties, bimetallic or trimetallic
bearings are used [151]. An important material characteristic of
hydrostatic bearing sliding surfaces is material compatibility.
Materials [151] should be selected to resist physical joining when

.
20 pm

Fig. 16. Microscopy analysis of bearing shells showing the cross section of various polymer coatings and thicknesses (reprinted from [153] under licence CC BY 3.0).
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the sliding surfaces sit on each other while in a non-working state.
Subsequently, when the bearing is in a working state, cavitation
resistance plays a significant role, especially at higher rotation
speeds. When using lubricants that promote corrosion, such as
water or seawater [152], corrosion resistant materials, such as
bronze, should be considered to avoid costly surface treatment
and frequent maintenance. Summer et al. [153] experimentally
investigated friction and wear properties of journal bearings with
various polymer coatings composed of silicon, intermetallic, and
tin phases (Fig. 16). With respect to fail-safe measures, friction
reduction and wear prevention surface treatment might help to
reduce repairs and maintenance in case of hydropower unit failure.
The selection of what is needed and what is possible to perform
was summarized by Matthews et al. [154], as well as the applica-
tion requirements according to the dominating phenomenon.

In case of high hydropower unit failure and surface error com-
pensation, thick elastic coatings [144] could be applied onto the
sliding surfaces. Along with surface material selection and treat-
ment, surface texturing has its significance in numerous areas of
mechanical engineering, including hydrostatic bearings. As pre-
sented in reference [155], in a full-fluid-film and mixed lubrication
regime surface texturing can serve as storage pockets for lubrica-
tion, acting as a fail-safe measure for large bearings. Additionally,
grooves are able to trap wear debris in case of lubricant contami-
nation, prevent minor surface damage or conserve micro particles
of smart fluid particle-based lubricants [156-158]. The groove
shape, size, density, and texture fraction play an important role
in the bearing performance optimization [159]. Higher groove den-
sity results in better performance at higher speeds, but proper
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selection of bearing operating conditions must be known and set in
advance [160]. Along with full texturing, partial texturing [161]
has shown several advantages because of pressure build-up at
grooves at higher rotational speeds, leading to higher load capacity
and lower friction torque at optimal dimple depth and density
ratio [162]. High speed conditions of textured surfaces are espe-
cially sensitive to cavitation occurrence at a critical dimple depth
[163]. Cavitation is generally considered a negative effect, although
it can increase the load-carrying capacity and decrease the friction
force. To keep the positive effect of cavitation on performance, wall
erosion reduction can be achieved by welding a cavitation-
resistant-alloy layer onto the surface [164]. Fluid performance at
specific conditions, including cavitation effects, can be efficiently
investigated using a numerical approach considering roughness
and special averaging methods providing information about local
flow losses [165]. A frequently used tool for investigation is the
FSI, providing more accurate results [166]. An advanced tool is
the thermal-FSI (TFSI) [167] that includes high temperature rise
condition and results in a complex insight into texture perfor-
mance evaluation. The higher the groove depth is, the larger the
load capacity and temperature increase. Modern technologies
allow us to consider unusual groove shapes that can be made with
unconventional processes, such as laser texturing. An example is
generic algorithm optimization according to Zhang et al. [61]
where bullet-like grooves exhibited the lowest coefficient of fric-
tion in comparison to circular and fish-like shapes (Fig. 17); how-
ever, only at higher rotation speeds and appropriate rotating
direction.

5. Hydrostatic bearing supply system

The hydraulic circuit is the second, equally important part of
the hydrostatic bearing (Fig. 5). A pressurized fluid supply is neces-
sary for proper working of the hydrostatic lubrication. Preferably,
the design process of the hydraulic circuit is defined by perfor-
mance requirements. The recommended design flow of a hydraulic
circuit is shown in Fig. 18. With respect to large dimensions and
numerous hydrostatic pads required to supply with pressurized
fluids, the use of flow compensators is necessary and will be
described in detail in the following chapter.

5.1. Flow compensation

In case of large hydrostatic bearings, numerous hydrostatic
pads will be usually used due to the previously stated size-
related limitations (as shown in Fig. 5). Therefore, pressurized fluid
flow must be supplied into all pads either by using separate pump
for each pad, or by using a common source of pressurized fluid.
While the first type is advantageous from the point of maintaining
a constant lubricating film, the second option using common
source of pressurized fluid is preferred since it does not require
large number of pumps. However, when using a common source
of pressurized fluid, a compensating device is necessary for main-
taining a constant lubricating film thickness in all pads for uneven
loading and error compensation. There are numerous options of
flow control compensation devices available, all described in
Table 9. Restrictor types can be divided according to geometry into
fixed or variable. Adams and Shapiro [95] provided damping-load
design charts for different recess-to-pad ratios for constant flow
(highest), orifice and capillary (lowest) flow compensation. An
unusual restriction type was proposed by Xu et al. [168] where a
combination of numerous orifice restrictors in the hydrostatic
hinge inner compensation led to significantly better performance
than only orifice-compensated hydrostatic hinge. Nonetheless,
the latest trends in flow compensation aim at intelligent control
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[64] to maximize the performance and cut down friction losses.
A particularly important advancement in flow control is variable
viscosity monitoring [169] according to actual oil temperature in
the recess to avoid the loss of a load-carrying capacity due to lubri-
cant overheating. Recently, preview control based on a prediction
of the machining force for ultraprecision CNC machine tools was
proposed by Liu et al. [38], resulting in very high sensitivity to
lubricant pressure and displacement. Wang et al. [37] introduced
an intelligent monitoring system based on data acquisition that
is capable of online diagnostics of measured parameters to provide
maximal control and safety of a hydrostatic bearing operation via
abnormal data dynamic control. Furthermore, the collected data
[130] can be used for real-time performance improvement of the
whole hydrostatic bearing system, including carrying ability, vari-
able viscosity conditions, dynamic load influence on film fluctua-
tions, and any other measured and controllable properties. Thus,
maintenance can be predicted and prioritized [170] to cut down
downtime-related costs.

5.2. Accumulator units

Accumulator units serve as temporary supply of pressurized
fluid in the hydraulic circuit, for example in case of hydrogenerator
supply failure [179], making it an important element for sliding
surface damage. The accumulator price is a small sacrifice consid-
ering costly maintenance and repairs [180] that could emerge from
electricity drop-out and other possible disturbances. Hydraulic
accumulators are often connected with energy recovery systems
and energy transformation [181]. However, they also play an
important role in energy saving and storage [182], pressure fluctu-
ation reduction [183], and shock absorbing element in fast heavy
forging machines [184]. As observed by Xue et al. [60], the fluctu-
ation of the supply pressure increases the linear motion errors.
Moreover, inclusion of hydraulic accumulators leads to pulsation
pressure reduction. However, the accumulator unit should not be
overdimensioned because the volume increase causes a slight
increase in pressure pulsations [185]. The accumulator optimal
design in case of large hydrostatic bearings is to last for at least
as long as the moving part stopping time from full speed to zero,
so in case of an emergency the sliding surfaces will get into a con-
tact when they become stationary. Besides the fail-safe measures,
accumulator units can be helpful for thermal expansion and leak-
age compensation in extreme conditions [182], considering rela-
tively small changes in the pressure at a wide range of volume
increase as shown at Fig. 19.

5.3. Lubricants

As previously mentioned, lubricant characteristics directly
influence the overall performance of the hydrostatic bearing.
Viscosity-pressure dependence is normally not considered even
though liquids under extreme pressure often show an increase in
viscosity, thus only the pumping performance will be affected.
However, experimental results of Zhang et al. [186] showed an
increase in bearing performance with high bulk (low compressibil-
ity) fluid. The viscosity-temperature dependence is far more
important since the pump and choking members generate heat.
An unexpectedly high temperature rise could even lead to a serious
decrease in load-carrying capacity [187] and eventually to a loss of
the load-carrying ability. Therefore, a cooling system is usually
used for keeping the stable performance of a hydrostatic bearing
with restricted flow [188]. Constant viscosity is generally consid-
ered in the design process. However, for achieving a higher calcu-
lation accuracy, a variable viscosity should be taken into account
[68], while an expected ambient temperature range and internal
fluid heating on choking elements must be included in the design
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stage. Moreover, viscosity-shear dependence should also be taken
into account, especially at rotational speeds above 60 r/min and
heavy loads, because the hot oil carrying phenomenon occurs
[189]. Basically, a higher viscosity fluid carries more load; however,
it requires a higher pumping power, and generates more fluid fric-
tion. A low viscosity fluid might not reach desired load carrying
capacity of the hydrostatic bearing [54]. Therefore, the lubricant
should be selected for the optimal supply power and load-
carrying ability. Mostly used lubricants are oils because of certified
classification of viscosity index (VI) according to ISO VG. In order to
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modify the performance or lubricant characteristics, VI improvers
are used [190]. However, the NMR (Nuclear magnetic resonance)
spectroscopy for the viscosity-temperature relation prediction
offers more accurate results than standard measurements, which
makes it beneficial mainly for high-precision bearings [191]. Basi-
cally, mineral oils are of satisfactory performance and relatively
reasonable price. ISO VG 10/15/22/32/46/68/100/150 are chosen
according to expected working and surrounding temperatures,
and the hydrogenerator performance. Oils of these grades are
advantageous due to low friction performance and a neutral effect
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Table 9
Comparison of compensating devices types for hydrostatic bearings flow control.
Geometry type Restriction Restrictor ~ Flow Stiffness Variable  Film Power Cost Suitability
type device maintenance load thickness losses
range compensation
Fixed geometry Constant flow None High Medium Medium Medium Low High High accuracy systems
[40] Small hydrostatic
bearing systems
Pump needed for each
pad (for multi-pad
bearings)
Capillary Capillary Low Low Low Low High Low Low accuracy systems
[101] tube Any size
Orifice Orifice Low Low Low Low Medium/ Low Low accuracy systems
[40,54,171,172]  plate high Any size
Self-regulating  Flow High High High High Medium/ High High viscous damping
[15] divider High No restrictor needed
Only for closed-type
bearings
Variable Elastic member Elastic Low Low Low Low Medium/ Low Rubber capillary
geometry tube high Limited pressure range
[4]
Elastic Low High High Low Medium/ Low/medium  Inaccurate design for
surface high (dependent optimal compensation
plate on size)
[144]
Inherent Membrane Medium High High High Medium Medium/high  High accuracy systems
[101,173-
176]
Feedback Servo High High High High Medium High Variable loads - quick
system valve (depended response (~ 0.1 s)
[177,178] on load) Long-term operation

machines (variable
viscosity condition)
Feedback system (PID) -
variable viscosity
compensation

on sealing elements. Standard hydraulic oils are providing protec-
tion of the hydraulic circulation system components and are suit-
able for use at high pressures, up to 350 bar. Hydraulic oils
performance is usually enhanced using lubricant additives [192],
such as viscosity/temperature stabilizers, anti-wear and oxidation
inhibitors and extreme pressure additives, which are often used
for increased protection of extremely stressed contact surfaces.
However, they might act aggressively when used in lubricating
copper-based metals [193], especially at higher temperatures.
Therefore, the lubricant should be selected regarding the material
selection of hydrostatic bearing components. Obviously, the lubri-
cant properties should be also controlled throughout the service
life of the hydrostatic bearing since its working principle and per-
formance relies on the lubricant properties. An important approach
to bearing diagnostics is an oil monitoring technique, which is,
however, difficult for ball bearings [194]. On the other hand,
hydrostatic bearings have hydraulic circulation that can be easily
modified for oil diagnostics and special filter addition.

For specific environments other fluids could be used, based on
their applicability and suitability. An example is water
[36,175,195,196] and saltwater [28,29] that are beneficial for use
in mechanism manipulation with a difficulty of oil sealing. How-
ever, in such aggressive conditions materials must be carefully
selected and treated [152]. In case of extreme operating conditions,
such as high vacuum, ionic liquid can be a suitable choice [197]. In
terms of performance improvement, non-Newtonian fluids have
been recently investigated in numerous applications. As reported,
a micropolar lubricant can improve the hydrostatic bearing perfor-
mance [78] in terms of film thickness and stiffness. Yet, the restric-
tor performance is decreased, which influences the overall
performance of the micropolar fluid-lubricated hydrostatic bear-
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ing. To find the optimal performance, fluid modelling is induced
for the simplification of the design and development processes of
hydrostatic bearing [198], such a model is, for example, the Rabi-
nowitch fluid model that can be used for pseudoplastic, Newto-
nian, and dilatant fluids by changing a single parameter. The
application of fluid modelling showed that a pseudoplastic lubri-
cant has lower load-carrying capacity and higher frictional torque
than Newtonian fluids, while dilatant fluids were reported [157] to
exhibit a lower frictional power loss. In contrast, investigations on
additive percentage included an improvement of the VI [199],
which can be beneficial in environments with a large temperature
difference. Compared to pseudoplastic fluids, fluid modelling of
non-Newtonian fluids for the Bingham type showed higher load
capacity [200] compared to conventional hydrostatic bearings. This
type of fluid can describe the behaviour of smart fluids whose rhe-
ology can be modified [158] by electric and magnetic fields. Surface
modification, such as magnetic texturing [201] (Fig. 20), can help
to increase the load capacity of an magnetorheological fluid and
improve the sealing ability [202] of the land, but it also increases
the fluid friction. However, the required amount of hydrostatic
bearing lubricant exceeds hundreds of litres. While the smart fluid
price is very high [203], they have only been investigated in small
applications. Other limitations are high required voltage for induc-
ing a noticeable difference in electrorheological fluid performance
[204] and an abrasive effect of magnetorheological particles
[205,206] caused by high-pressure flow on sliding surfaces and
hydraulic circuit components. Besides the abrasive effect, another
limitation introduced by Urreta et al. [207] suggested the active
compensation of unbalanced machine tool spindle shaft cannot
be used due to slow response of hybrid bearing lubricated with
magnetorheological fluid.
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6. Summary

This review has summarized the design and optimization pro-
cess of large-scale hydrostatic bearings. This paper has also high-
lighted the latest improvements and challenges including
hydraulic circuit components and modern advancements in digital
technology. The hydrostatic bearing types are selected according to
the expected loading direction and designed for the required static
and dynamic performance. Analytical calculation provides the pad
geometry and approximate static performance, while numerical
simulations are utilized for geometry optimization, dynamic per-
formance evaluation, and investigation of thermal properties. Ana-
lytical calculation provides a quick estimation of the bearing
geometry and supply performance. In contrast, numerical analyses
provide a critical insight into the possible future problem mini-
mization, such as structural deformations and thermal influence
effects on the performance and lubricating film stability. The bear-
ing land texturing can improve the dynamic properties at higher
speeds. As it turned out, the manufacturing process does influence
the final bearing performance. It is required to achieve high bear-
ing straightness, which is, however, difficult for large-scale struc-
tures. Therefore, a suitable compensation method must be
applied - either flow compensation using restrictors, or surface
compensation using compliant materials. Latest advancements in
control technology offer a wide range of possibilities for bearing
performance monitoring, management, and diagnostics. Hydraulic
accumulators offer both fail-safe and vibration damping effects.
Special lubricant additives can improve the bearing performance.
As found out, smart fluids are not yet suitable for large-scale
hydrostatic bearings, especially due to high price. The stated
remarks can be applied both to radial and axial hydrostatic bear-
ings of all sizes.

7. Future challenges

Some of the greatest challenges will be the design of new large-
scale structures based on the hydrostatic lubrication principle, and
the replacement of existing old rail turntables with silent hydro-
static bearings. A substantial part of future development will be
aimed at numerical simulations improvement and combination,
such as FSI etc. The future research might be oriented towards tol-
erable error specification to simplify the manufacturing and
assembly processes of large-scale hydrostatic bearings. Error com-
pensation can be improved using durable and stable compliant
materials. Further improvement can be made in optical scanning
of sliding surfaces during manufacturing and assembly to speed
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up the whole construction process. To avoid costly repairs, a fail-
safe surface texturing that act like lubricant reservoirs in case of
sliding surface collision can be developed. A significant advance-
ment can be achieved in real-time hydraulic circuit monitoring
and adaptive regulation to provide optimal maintenance and con-
dition prediction and adaptation based on big data analysis [208].
The emerging trend of utilizing modern progressive technologies of
the Industry 4.0. era, such as Digital Twin (DT) and Internet of
Things (IoT), open new ways in machine design, manufacturing
[209] and control in the mechanical engineering industry. Possibly,
the next industrial epoch might bring fully automated design, opti-
mization and eventually also manufacturing using artificial intelli-
gence (Al) that could exceptionally improve future technologies
and satisfy increasing societal demands.
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Later in 2021, Brenkacz et al. [3] published a review article focused on different
controllable journal bearings, including comparisons and possible future development in the
field of controllable bearings. Bouyer et al. [4] experimentally investigated the effect of HS
lubrication in HD bearings. It is evident that the HS regime helps during the start and stop
phases to eliminate wear and reduce friction. Moreover, the externally supplied lubricant
significantly reduced the temperature rise in the lubricating film area. Nonetheless, the
hybrid regime (HS + HD) has greater energetic demands, and it is not suitable for operation
at very high speeds.

Majority of the published available research, which focused on HSB was devoted to
numerical modelling of the bearing performance. Shang et al. [5] proposed a CFD-based
model considering viscosity-temperature dependence and validated it using experimental
data to improve the precision of an internal grinding machine HS spindle. The results show
a good agreement with the experimental data, when compared to a conventional model. CFD
was further implemented by Liu et al. [6] for investigation of HSB performance with
microgroove surface. As seen in Figure 2, the microgroove depth might change the heat
generation within the lubricating film, eventually to lead to a lower heat generation in high
depths compared with smooth surfaces. Moreover, a larger groove spacing can further
decrease the heat generation rate.
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Figure 2 Heat generation for different microgroove depths [6].

Li et al. [7] investigated the influence of supporting grooves in aerostatic bearings. The
results show good agreement of the CFD model and experimental data. The supporting
grooves improve bearing stability and increase load carrying capacity (Figure 3).
Nonetheless, the CFD boundary conditions for inlet were set to constant pressure supply,
thus even though a greater load capacity was observed, it required higher supplied flow.
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Figure 3 Pressure distribution comparison of a) flat pad and b) pad with supporting channels [7].

HSB fluid domains were usually modelled using Finite Difference Methods (FDM), which
require structured meshes [8-10]. Wang et al. [11] used Finite Volume Method (FVM) with
unstructured mesh to analyse the performance of HSB pocket with orifice using k-¢
turbulence model. The unstructured mesh allowed for higher agreement for experimental
data compared with analytical formulae.

Orifice Chamber
Pressure
inlct

40mm

25;11111

Triangular prism mesh Tetrahedral mesh

Figure 4 Computational domain of the CFD analysis with details on unstructured mesh regions [11].

Another numerical modelling technique, which has been frequently combined with the CFD
approach is Fluid-Structure Interaction (FSI). This method has a great importance when it
comes to evaluation of bearing precision considering structural deformations and thermal
effects. Liu et al. [12] investigated solid body deformation of an aerostatic bearing,
concluding that the deformation can be as high as 53 % of the film thickness depending on
the supplied flow and film thickness, what can lead to an undesirable decrease of the bearing
precision.
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3 ANALYSIS AND CONCLUSION OF LITERATURE
REVIEW

HS lubricating film is created between sliding surfaces by an external hydraulic supply. It
secures complete separation of the conformal surfaces, resulting in very low friction, almost
no wear, very high precision without occurrence of stick-slip effect, high stiffness and
vibration damping ability. The use of fluid bearings might lead to higher energy efficiency
compared to rolling or sliding bearings with direct contact [13], even though HS lubrication
requires continuous external supply of pressurized lubricant. HS lubrication is a unique type
of lubrication regime that is suitable for a wide range of applications — from millimetres up
to tens of metres [2] — for small high precision bearings, through medium-sized machining
centres, or even for moving large structures, such as giant telescopes, radio antennas, or
large-scale machining centres. In the case of large-scale applications, the slider and pad
bodies are not possible to be manufactured in one piece, because of manufacturing space,
transportation, and assembly. The performance, precision and safety of large-scale HSB can
be heavily influenced by assembly precision, which has not yet been specified in the
available literature. Moreover, HSB require pressurized oil supply for proper function,
therefore the energetic demands for operation are higher than other types of bearings, thus
energy consumption should be minimized as much as possible. A comprehensive
methodology on HSB design and optimisation was published by Bassani & Piccigallo [14].
This book provides a strong foundation for HSB design engineers. Nonetheless, some of the
challenges and issues that are linked with large-scale machines and structures show new
challenges and issues, especially regarding assembly precision and the use of computational
software for bearing geometry optimization, which has been remarkably improved over the
last few years.

3.1 Bearing safety

Geometric errors negatively influence the lubricating layer of sliding bearings, whose
performance is decreasing with the magnitude of surface irregularities [15]. Misalignment
in hydrodynamic (HD) bearings is strongly influencing the lubricating film. HS bearings are
often combined with HD bearings to reduce wear during start and stop phase [16], and
compensate misalignment and are frequently mounted on tilting support of the pad [17]. HS
lubrication regime increases the film thickness and improves lubricant circulation and
cooling [18], thus improving its performance. This is one of the main reasons why HS
lubrication is used for bearings of high-precision machines. Nonetheless, HS bearings have
also certain limits to compensate the geometric errors. The energetic demands needed to
compensate the geometric precision of the solid bodies surrounding the lubricating film [19]
are rising with the error magnitude. An unconventional way of error compensation, by using
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compliant members was employed for slider surface [20] and pad support [21]. The previous
research was aimed at the pad misalignment compensation modelling using compliant
support numerically [22]. Numerical modelling was also used for geometric error
investigation. Model for motion error analysis of closed guideways lubricated by HS regime,
based on kinetic equilibrium of the table with squeeze film effect consideration was proposed
by Wang et al. [23], who found out that with increasing speed the error is more significant,
but can be compensated with higher lubricant supply. Rajput and Sharma [24] investigated
different geometric imperfections of defined shapes and misalignment of journal bearing
lubricated with HS regime using FEM formulation. All imperfections caused observably
lower minimal film thickness, while the minimal film thickness was as twice as much lower
in all cases with journal misalignment. As later observed by Zoupas et al. [25] using CFD
analysis, different manufacturing error types (convex, concave, sine wave) have similar
effects on the HD thrust bearings, as it was in the case of journal bearings. A new design of
adjustable HS bearing with improved precision was proposed by Fedorynenko et al. [26].
Zhang et al. [27] presented a model based on formulations describing the relationship
between geometric errors and motion errors in bearings lubricated with HS regime with an
experimental validation. Zha et al. [28] later proposed tolerance design method for HS
guideways based on error averaging effect, considering geometric parameters of guide rails
with experimental validation.

KNOWLEDGE GAP:

The previous published available research provided insight into manufacturing error
modelling and the use of compliant members. Nonetheless, an experimentally validated
approach for investigation of compliant support applicability, and estimation of allowable
assembly errors is missing.

3.2 Bearing efficiency

Unlike in case of small HSB, the power economy becomes a serious issue. The power
consumption of HSB increases with the size. Therefore, it is crucial to optimize the bearing
performance to reduce the operational costs. The calculation of a HSB performance and
characteristics can be derived from N-S equations considering simplifications that lead to
Reynolds equation for pressure distribution calculation. Based on the derived equations,
analytical solutions for simple geometries, such as single recess rectangular or circular pad,
were derived. In case of more complicated pad geometries, such as multi-recess pads, it is
merely impossible, or extremely difficult to obtain analytical formulation. Therefore,
experimental approach was used to obtain performance factors for a variety of pad
proportions [29,30] based on electric analogy. This classical simplistic, yet effective
approach has been used for decades to determine the pad geometry [31]. Nonetheless, with
the advances in computational fluid dynamics, numerical modelling approach allowed to
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improve the design process of any bearing shape, while allowing to investigate flow
characteristics and parameters that are difficult or even impossible to be measured
experimentally. This approach has been increasingly applied on HS lubrication modelling
[1]. 1t was successfully used for comparison of recess shapes by Yadav and Sharma [32]
using FEM formulations. Helene et al. [8] used full Navier-Stokes equations in 2D geometry
with structured mesh, including modelling turbulence effects to determine an optimal recess
depth of HS journal bearings. 3D geometries are harder to be discretized into a structured
mesh, therefore, an analysis of unstructured mesh for HS bearing performance was
conducted by Wang et al. [11]. The presented results show that the CFD approach results
are far closer to the experimental results than the analytical formulae.

KNOWLEDGE GAP:
As shown in the provided state-of-the-art summary, many works aimed at numerical
investigation of various recess shapes [33—-37], but none of the available published research
focused on assessing HSB performance by varying recess size and position of multi-recess
HSB pad independently.
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4 AIMS OF THE THESIS

The main aim of this PhD thesis is to introduce performance and safety improvements to the
large-scale hydrostatic bearing design methodology. The thesis is focused on experimental
and numerical analysis of hydrostatic bearing performance for different pad geometries and
under bearing misalignment conditions. To achieve the main goal of this thesis, the necessary
sub-aims are as follows:

development and design of the experimental device,

design of the methodology of experiments,

design of data processing and evaluating,

development of the methodology for pad shape optimization,

series of experiments focused on the analysis of the bearing performance for the
investigated cases and conditions,

data analysis,

discussion and publication of obtained results.

4.1 Scientific questions & Hypotheses

Q1: What is the influence of HSB recess position and size on the bearing performance?

H1: Recess size and layout optimization are usually done according to one parameter
classical approach, in which the geometric parameters are linked together
[14,29,38,39]. Separating the two parameters, size and layout, can lead to improved
pad performance and lower energetic losses.

Q2: How is the HS lubricating film affected by assembly errors of the bearing bodies?

H2: Pad misalignment can significantly affect the generation and uniformity of the
HS lubricating film [15,24,40]. The lubricating film is able to compensate certain
magnitude of pad misalignment. The bearing performance during eccentric loading
can be improved using a compliant member [41]. But the compliant support is also
able to compensate larger misalignment compared to rigid support.

H3: Manufacturing errors were studied due to their influence on the bearing
precision [5,42,43]. Assembly errors were not studied, even though HS bearings have
a great potential in large-scale applications. Assembly errors of a segmented slider
can lead to HS lubricating film non-uniformity and disruption. The maximal allowed
error of the segmented sliders must be smaller than the film thickness to secure safe
operation of the bearing.
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4.2 Thesis layout

The PhD thesis is composed of three original research papers published in peer-reviewed
journals with impact factor. The content of the thesis is reflecting the scientific questions
from chapter 4.1. As shown in Figure 5, two main parts of the conducted research were
determined: bearing efficiency and bearing safety, respectively. The two parts are further
described in publications [I-111] in detail.

BEARING EFFICIENCY
H1:
PAD SHAPE
experimental & numerical
H2:
PAD

MISALIGNMENT

experimental H3:
SLIDER
» ASSEMBLY
ERRORS

Figure 5 Thesis activities layout into bearing efficiency and bearing safety subcategories.

Bearing efficiency is linked with pad shape and the focus is aimed at pad geometry
optimization, to reduce the power losses and thus energy consumption of the hydraulic
pump. The first article [I] is focused on introducing a new two-parameter pad geometry
optimization method based on CFD simulation. The second part is dealing with bearing
safety, specifically pad and slider misalignment effect on the bearing performance. The
second article [I1] is focused on investigation of pad misalignment effect on the bearing
performance, and the effects of compliant support on misalignment compensation. The last
article [I11] is focused on assessing assembly errors of segmented sliders in stationary and
low-speed conditions.
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5 MATERIALS AND METHODS

The performed literature review led to outlining the knowledge gap in the area of large-scale
HSB. Based on the knowledge gap, scientific questions and hypotheses were formed. To
investigate the scientific questions and hypotheses outlined in the previous chapters,
experimental and numerical methods are employed in the presented study. The experimental
and CFD simulation results were compared with analytical calculations to determine the
precision of the measured and computed values, respectively. A schematical representation
of the performed activities are shown in Figure 6. The employed experimental and numerical
methods, methodology and experiment design are described in the following chapters in
detail.
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CF

2-PAD D MATLAB
5 —t
g . &
S ) DATA FOR MODEL 3
=
& -3 - CALIBRATION
= i
v Offset, tilt and incline of pads. Offset of slider bodies Recess position and size variation 3D chart interpretation. Rotational viscometer measurement.
—
= _— T ]
= I
Bl ———— R [o]o] . | i\
PAD MISALIGNMENT SLIDER ASSEMBLY ERROR GEOMETRY OPTIMIZATION DATA EVALUATION DYNAMIC VISCOSITY
Measured data from sensors: Obtained data: Data post-processing : Measurement procedures:
. Lf)ad . . Recess pressure . Performance factors . Qil shear force measurement
Film thickness . Resulting force . Power loss evaluation . Data fitting
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Lubricant temperature

Figure 6 Schematical representation of the performed activities within the thesis.

5.1 Experimental devices

The experimental investigation was carried out on Dual-Pad Experimental HSB (2-PAD).
To obtain inputs for the analytical calculation and CFD simulations, lubricant dynamic
viscosity was measured using rotational viscometer.

5.1.1 Experimental hydrostatic bearing

The 2-PAD experimental device was designed at Institute of Machine and Industrial Design
and introduced into function in 2020. 2-PAD consists of a loading frame that generates load
on the slider, two HS pads mounted on pad supports with inlet channels. The slider can
perform reciprocating motion driven by the electromotor.
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Figure 7 2-PAD experimental setup overview and laboratory view.

2-PAD was equipped with a variety of sensors (Figure 8) that allowed performing
full online diagnostics of the bearing performance via controlling software build in the
LabView environment. Proximity sensors mounted on pad supports provided direct
measurement of the film thickness. Initially used contact proximity sensors with range of 3
mm and resolution of 0.02 mm were replaced with contactless sensors of 0.01 resolution and
higher reliability. Four force sensors of range 10 kKN and 2.5 N resolution allowed direct
measurement of the applied load generated using threaded rods and compression springs.
Temperature information from temperature sensors built in the recess were used to evaluate
actual dynamic viscosity based on the viscosity-temperature dependence. Pressure sensors
of 160 bar range and 0.5 bar resolution were used for obtaining information about the
pressure in the recesses. The pad supports of 2-PAD were mounted on settings screws for
the pad alignment based. For investigation of the compliant support, pads could be mounted
on silentblocks with threaded ends instead.
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Figure 8 2-PAD sensor description and support type customization procedure.

The second, equally important part of the 2-PAD tester was the hydraulic circuit
(Figure 9), which secures constant supply of the pressurized lubricant into the contact area
and maintains lubricating film separating the sliding surfaces of slider and pad. The
hydraulic circuit was designed as single-pump, thus restrictors had to be assumed to evenly
distribute the supplied flow of the lubricant into the recesses. The hydraulic circuit was
equipped with safety components, such as pressure relief valve, check valves. The supplied
flow and supplied pressure information were displayed on the motor controller and logged
via the LabView control program. The hydraulic circuit of the 2-PAD is open type; therefore,
a filtering system was used to prevent damage of the hydraulic circuit parts. The information
about the lubricant level and temperature were also displayed on the motor controller. The
oil tank size was designed for 100 litres of oil, thus a cooler was not assumed, since the
planned tests were primarily steady-state and short-term. The selected lubricant for the
experimental device was 1ISO VG 46 grade oil.
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Figure 9 Hydraulic circuit scheme of the 2-PAD.

5.1.2 Viscometer

Dynamic viscosity is one of the primary variables that influence the bearing performance
(Equation 1). Rotational viscosimeter HAAKE RotoVisco® 1 (PSL Systemtechnik,
Germany) as shown in Figure 10 was used to obtain the lubricant dynamic viscosity
dependency on temperature, thus actual viscosity could be evaluated in correspondence with
the actual measured temperature in the recess region. The measured temperature was in
range of 20 — 50 °C. The obtained coefficient for dependence were fitted using VVogel-
Fulcher equation with R? = 99.87%. Final equation for dynamic viscosity evaluation was as
follows:

1221 )

uw=391-107°- e(T+131.5 (1)

where T is lubricant temperature.
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Figure 10 Rotational viscometer Haake Rotovisco 1 with schematical explanation of the working principle.

5.2 Numerical approach

Computational Fluid Dynamics (CFD) is a widely used method for analysis of fluid
behaviour. Numerical analyses were performed using commercial software ANSYS Fluent
2021 R2 based on Finite Volume Method with Cell-Centered formulation. The calculation
process could be divided into three main parts, as seen in Figure 11: pre-processing, solving
and post-processing. Within the pre-processing stage, the 3D geometry was generated and
transferred to discretization module Fluent Meshing. Subsequently, boundary conditions
were set according to the experimentally obtained and measured data. Using the inputs, the
case was solved until reached desired residual magnitude, and then the calculated case was
used for results evaluation and flow analysis. The described procedure was performed for all
design points according to the parametrization values, which can be found in article [1].

PRE-PROCESSING

POST-PROCESSING

3D GEOMETRY NSNS DISCRETIZATION ESSSSSNN) BOUNDARY CONDITIONS NS P RESULT EVALUATION EEEEEEEE FLOW ANALYSIS

Figure 11 Schematical representation of the CFD solving processes.
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After solving all parametrized design points in ANSYS Fluent, the data obtained
from simulations were transferred to MATLAB for further evaluation. As seen in Figure 12,
the classical 1-parameter optimization approach uses only one variable parameter, recess
size a, or recess position/pad size t. The proposed 2-parameter approach works with two
geometric parameters, recess position p and recess-to-pad size ratio Ar/Acwt, independently.
The programmed MATLAB script generated 3D charts for each of the performance factors
independently and then created the power loss factor interpolated surface, which was
discretized into smaller areas to obtain more precise coordinates for minimal power loss
factor Hr. Subsequently, using the coordinates, an optimized pad geometry could be created.

PAD GEOMETRY A) 1-PARAMETER N B) 2-PARAMETER

Ps Q. Hy

a/tl

Figure 12 Schematical representation of A) classical 1-parameter approach and B) novel 2-parameter approach geometry
optimization.

5.3 Methodology and experiment design

The methods used for the investigation of defined scientific questions and hypotheses were
analytical, numerical and experimental. Firstly, the analytical formulation was employed to
verify the results obtained from the remaining two approaches. The thesis investigation was
divided into two main areas, namely bearing efficiency and bearing safety, respectively.
Those areas are described in the following chapters in detail.

5.3.1 Bearing efficiency

The classical approach to HSB pad recess layout and size optimization is based on finding
the minimal value of power loss factor, what is represented by an optimal ratio for the highest
load capacity at lowest supplied flow. Then, an optimal ratio between recess radius and
recess position (a/l) is determined. In case of pad geometry as shown in Chyba! Nenalezen
zdroj odkazi., an optimal a/[ ratio is 0.4. Subsequently, the geometry is adjusted according
to the obtained ratio. Nonetheless, the described classical approach constrains the two
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geometrical parameters — recess size and recess position, together. Therefore, a numerical
study was performed to investigate the bearing performance of the two geometric
parameters, recess size and position, independently. In this approach, all three approaches
(analytical, experimental and numerical) were combined to validate the numerical model
result precision. As seen in Figure 13, the methodology steps were divided into four main
parts: numerical model establishment (1.), domain discretization (2.), numerical model
calibration (3.) and results evaluation (4.).

2.
DOMAIN
DISCRETIZATION

3

MODEL
CALIBRATION

Figure 13 Bearing efficiency improvement methodology.

Firstly, a parametric 3D model was established for an automated geometry customization
after each finished case calculation. To reduce the computational time and improve model
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precision, one-quarter model was created using symmetry regions (as seen in Figure 14).
Subsequently, the created domain was discretized using finite elements. Special attention
was focused on smooth transition from the relatively small elements in the lubricating film
region to the recess region. The mesh quality was assessed based on Richardson
Extrapolation [44] for three sets of meshes. Upon reaching a satisfactory mesh quality, the
boundary conditions were set according to the experimentally obtained results and the
calculation was performed. Finally, the results for recess pressure, pressure contours and
resulting force on the top plane were evaluated and discussed. More details can be found in
the published paper [I], which is attached in the Results and Discussion section.

\
Y\ Lubricating film
region (h)

S * Recess region

Symmetry region

o

Figure 14 One-quarter model of the HSB pad with boundary conditions.

5.3.2 Bearing safety

The investigation of assembly errors was divided into two main branches — pad misalignment
and slider segment misalignment, respectively. For those cases, only analytical and
experimental methods were employed. The bearing performance and behaviour was judged
based on experimental data, while the analytical approach served to check the generated data
validity. The two investigated cases were described in detail in the published articles [11] and
[I11], respectively, which are attached in the Results and Discussion section.
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Figure 15 Bearing safety testing methodology for A) pad misalignment and B) slider segment misalignment.

A)Pad misalignment

The investigation of maximal allowable misalignment errors of HSB pads was performed
completely under static conditions. The first step was to identify the misalignment types that
can occur during the assembly (Figure 16). Nonetheless, the misalignment had to be within
the range of proximity sensors (0 — 3 mm). The misalignment errors were set using SKF
calibrated shims. All pad misalignment types were measured for a range of error magnitudes
with rigid support.

Figure 16 Pad misalignment error types: a) offset, b) inclination, c) tilt 1 and d) tilt 2.

Subsequently, a compliant support consisting of three silentblocks sets of different stiffness
were measured (Figure 17). The stiffnesses were chosen according to the expected loads and
the error compensation range. The ultimate goal of the compliant support was to deform and
compensate the generated pad misalignment, thus creating an even pressure and film
thickness distribution.

50



b) COMPLIANT

setscrews silentblocks

Figure 17 Comparison of a) rigid and b) compliant support type for HS pad.

B) Slider segment misalignment

The estimation of slider segment assembly error tolerance was carried out on the 2-PAD
tester with a slider consisting of two parts with a bolted connection. The error was generated
in the connection using SKF calibrated shims for two cases — offset and tilt, respectively
(Figure 18). The error magnitudes were used in the error-to-film thickness ratio (e/h) for
better transferability of obtained results for different scales. Firstly, static tests for offset and
tilt error types were conducted to determine the critical error values. Subsequently, dynamic
tests only for offset error type were performed. The “step-up” and “‘step-down” offset error
types were investigated to determine the offset error type and critical error value for both
directions of the slider movement. When the average recess pressure started to decrease,
what signalized the loss of load carrying ability. The evaluation criteria for both, static and
dynamic tests, respectively, were recess pressures and film thicknesses.

Figure 18 2-PAD Segmented slider error types a) offset and b) tilt.
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6 RESULTS AND DISCUSSION

The state of the art was summarized in the review article entitled “A review of the design
and optimization of large-scale hydrostatic bearing systems”. The conducted review was
based on 209 references including original research articles, reviews and books on the topic
of the HS lubrication and large-scale HSB. According to the analysed research, knowledge
gaps in the investigated field were defined. The main aim of the doctoral thesis is to improve
efficiency and safety of multi-recess large-scale HSB. The obtained results were described
in the papers [I — I11], which were published in peer-reviewed impacted journals. The HSB
performance improvement based on CFD was published in paper [1]. The latter two articles
[IT & 111] were focused on safety improvement of large-scale HSB, in terms of pad
misalignment and segmented slider assembly errors, respectively.

The first paper [I] dealt with HSB pad geometry optimization based on CFD
simulations. A novel method based on multi-parameter optimization of the recess size and
position in a multi-recess HS pad was proposed. Unlike in the classical single-parameter
approach, where the position of the recess is linked with its size, the novel method allows to
separate the two parameters. The CFD model, assuming 3D quarter pad geometry, was
calibrated based on analytical calculation and experimental data. Subsequently, the various
positions and sizes were determined to proceed with a parametric study in the ANSYS Fluent
software. The results from the CFD simulations — resulting load and recess pressure,
respectively, were used to determine load and pressure factors. Those two parameters were
combined to determine power loss factor, which is directly correlated with pumping power
losses. The goal of the optimization was to achieve optimal ratio between load-carrying
capacity and supplied flow. The obtained results were interpolated in the MATLAB
environment to find the minimal value of power loss factor. Using the two-parameter
optimization, the power losses can be reduced by 20 % compared to the classical single-
parameter optimization approach.

The second paper [11] was focused on assessing compliant support effect on HSB
performance for misaligned HS pads. The investigation was performed experimentally using
2-PAD device. Firstly, four pad misalignment types (offset, inclination, and two variations
of tilt) were identified and described. Subsequently, HS lubrication performance criteria for
bearing condition monitoring were introduced (normal operation, overload and failure).
According to these criteria, the bearing performance in various types of misalignments was
assessed. Each misalignment type was tested for rigid and compliant support, respectively.
The results show that the compliant support deforms to compensate the pad misalignment
and thus creates more evenly distributed oil pressure in recesses. This results in four to six
times higher error allowance compared to the rigid support. The stiffness of the compliant
support directly affects the magnitude of the misalignment that can be compensated to secure
proper function of the HSB pads. Moreover, it has been observed that some types of
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misalignments affect the performance more. Inclination seems to be the least dangerous,
while on the other hand, tilting and offset of the pads are more critical. As concluded,
compliant support allows higher magnitudes of pad misalignment, however, it is not suitable
for high precision machines. Finally, a methodology for allowable error estimation for HSB
was proposed as a tool for design engineers.

The third publication [II1] was aimed at assembly error tolerance estimation for
segmented sliders of large-scale HSB working under static and low-speed conditions. The
study was performed on 2-PAD experimental device, which was capable of performing low-
speed slider movements. Firstly, the expected assembly error types were defined and
described in detail. Subsequently, measurements were carried out for each of the defined
error types and error ranges. Recess pressure and film thickness were set as the judging
criteria for performance evaluation, which were considered altogether to determine the
bearing performance. To make the results applicable to wider range of film thicknesses, a
ratio e/h (error magnitude to film thickness) was established. As the results obtained from
static tests indicate, the allowable error ratio e/h for offset is 2.5. To determine allowable tilt
errors, angular error was set as the evaluation criteria. The maximum error tolerance was
considered as 6 = 0.46 ° for the tilt static tests. Finally, dynamic tests were performed to
assess the lubricating film behaviour under low-speed conditions (38 mm/s). Two error types
were investigated — “step-up” and “step-down”, respectively. The “step-up” error type is l€ss
dangerous as no collision might occur. The critical value vas determined as e/h = 1.5.
However, on the other hand, the “step-down” error type is far more dangerous and as the
results show, the e/h ratio for this type of error must not exceed 1. If bi-directional movement
is assumed for the HS bearing operation. The e/h ratio should be always smaller than 1.

53



Tribology Letters

(2023) 71:52

https://doi.org/10.1007/511249-023-01726-3

ORIGINAL PAPER

=

Check for
updates

A Novel Geometry Optimization Approach for Multi-Recess
Hydrostatic Bearing Pad Operating in Static and low-Speed Conditions
Using CFD Simulation

Michal Michalec' - Martin Ondra’ - Martin Svoboda’ - Jiti Chmelik’ - Petr Zeman' - Petr Svoboda’ -
Robert L. Jackson?

Received: 3 January 2023 / Accepted: 22 March 2023
© The Author(s) 2023

Abstract
The design of a hydrostatic bearing pad is limited to simple geometry using analytical equations or one-parameter optimiza-
tion based on experimental data. This study proposes and investigates a new two-parameter method for estimating optimal
hydrostatic bearing pad proportions—trecess area and position, using Computational Fluid Dynamics (CFD). In this study,
3D static CFD quarter model of a multi-recess hydrostatic bearing pad assuming laminar flow is used. The CFD model was
calibrated based on experimentally obtained results and the literature. The recess pressure and resulting load are evaluated
for a variety of recess positions and areas. Performance factors are calculated and interpolated in the MATLAB environment.
Using the proposed novel two-parameter optimization, the energetic loss was reduced by 20% compared to the classical
one-parameter approach. This methodology allows versatile and effective design of optimal hydrostatic bearings operating

in low-speed conditions to achieve minimum energetic loss.
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1 Introduction

Hydrostatic (HS) bearings are a vital part of high-precision
machines whose sizes range from millimeters up to tens
of meters [1]. They are widely used in machining centers,
guideways, turntables, space telescopes, and hydro-energet-
ics [2-5]. The main advantages are operation at zero speed,
very low friction, minimal wear, high stiffness, and good
damping ability. The possibility to operate at zero speed cre-
ates a huge advantage for the operation of hydrodynamic
bearings in low-speed conditions. Thus, they are frequently
combined with HS bearings to improve the performance and
reduce wear during low-speed operation and start and stop
phases [6, 7]. Such bearings are called hybrid bearings. On
the contrary, it is necessary to continuously supply the bear-
ing with pressurized lubricant to maintain a uniform lubri-
cating layer and proper function. The energetic requirements
and initial costs are considerably higher than that for other
bearing types. Nevertheless, interest in replacing large rotors
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rolling bearings has been rising in recent years to reduce
downtime and maintenance costs [8].

The working principle is shown in Fig. 1. Lubricant
is supplied by a hydraulic circuit into the recesses of the
pad. The generated pressure then lifts the load and sepa-
rates the solid bodies of the bearing pad and turntable (in
case of circular bearings) or slider (in case of guideways).
Then, a lubricating film of thickness usually in the range of
10-100 um is created. The lubricant outflowing from the
narrow gap is returned to the hydraulic circuit. The restrictor
plays an important role in achieving high stiffness, stabil-
ity, and control. Many types of such devices have been pro-
posed to improve the bearing performance, such as orifice
[9, 10], membrane members [11], or feedback systems [12].
The lubricant supply is necessary for proper function while
moving or until the required sliding speed is reached, in the
case of hybrid bearings, for the hydrodynamic effect to occur
and carry the load. Liu et al. [13] concluded that HS bear-
ings have had an increasing trend of research interest over
the last few years. Therefore, it is crucial to design the HS
bearing pad for the best performance and minimal energetic
demands, which are increasing with the size of the bearing.
He and Wang [14] added that the implementation of the
best available technology in the industry can reduce the total
energy consumption in some fields by up to 20%, which is a
significant amount of energy directly affecting the environ-
ment and the final product or service price.

The geometry of the hydrostatic bearing is one of the
key parameters that affect the lubricant pressure distribu-
tion and the bearing resulting performance [15]. Loeb and
Rippel [16] introduced the determination of the optimal pad

pressure profile r

Paes

w _ turntable / slider

lubricating film |p

_~ bearing pad

"~ fluid domain (lubricant)

- lubricant supply

 bearing land
- "~ inlet hole

~_

recess

Fig. 1 Scheme of the bearing parts and working principle
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shape using an electric field plotter analogy [17], where the
optimal shape can be determined using performance factors
for a variety of pad shapes using experimentally obtained
curves. Subsequently, Rippel [18] published a design man-
ual for HS bearings. Khonsari and Booser [19] published
a book dealing with tribological aspects in engineering
applications, including hydrostatic bearing shape optimiza-
tion based on Loeb and Rippel [16] methodology. Based
on previous research, Bassani and Piccigallo [20] presented
a comprehensive methodology for the design of HS bear-
ings describing the most important parameters and design
considerations. Chikurov [21] later continued modeling HS
bearings using the electric field analogy for possible sim-
plification. A very important step in the HS bearing design
process is optimization to achieve the best performance and
reduce energetic demands as much as possible [22, 23]. This
is especially crucial in large-scale HS bearings, where the
energy consumption is significant [24]. To achieve the best
performance and stability, a multicriterion optimization
approach should be considered [25]. Simple pad geometries,
such as circular pads and recesses, have been analytically
derived [19]. However, in cases of complex and multi-recess
pads, the analytical solution becomes very complicated, and
the performance characteristics must be obtained experimen-
tally or using a numerical approach.

Computational Fluid Dynamics (CFD) has been
increasingly used in various applications over the past
decade. One of the key advantages of this method is that
it allows one to obtain many parameters and investigate
flow characteristics in areas where it is extremely difficult
or even impossible to implement sensors or use optical
methods. CFD has already been used to study hydrody-
namic, HS, and hybrid bearings [26—28]. Sharma et al.
[29] conducted a numerical study to determine the per-
formance of unconventional hybrid bearings. It has been
shown that hybrid bearings perform with lower pressure
and temperature peaks, which leads to higher bearing
stability [30, 31]. However, it is crucial to determine the
accuracy of the model. Cui et al. [32] investigated heavy
HS bearing using a quarter CFD model and obtained errors
under 10% compared to analytical approaches. Gao and
colleagues [10] studied the effect of orifice length in HS
bearings and compared the CFD model with experiments
that reached errors under 1%. The experiments are crucial
to CFD model validation, especially in cases where exact
analytical approaches cannot be used. Wasilczuk et al.
[33] concluded that the presence of HS pockets in hydro-
dynamic bearings reduces the temperature change and
pressure peaks, leading to higher reliability of the hybrid
bearing, but the drawback of the presence of the pocket
is the larger friction losses due to the cooler oil. Wodtke
et al. [34] carried out experimental validation for theo-
retical calculations and predictions of large hydrodynamic
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thrust bearings and emphasized the necessity of experi-
mental validation of numerical simulations, which are
simplified and thus do not represent the real geometry
and other influential effects. Helene et al. [35] conducted
a parametric study of the flow pattern in the 2D recess of
a hybrid bearing based on Navier—Stokes equations with
the comparison of laminar and turbulent flow regimes.
The authors concluded that the modeling of the turbu-
lent flow regime could contribute to better understanding
of the inertia and viscous effects in recess bearings. For
that reason, turbulent models were later used by Ghezali
et al. [36] and Gao et al. [10] in hydrostatic bearing orifice
performance numerical investigation of flows of higher
Reynolds numbers. Horvat and Braun [37] extended the
study of numerical flow characteristics to 3D HS journal
bearings with experimental validation using laser flow vis-
ualization of streamline maps at a high rotational speed.
A similar study was later conducted on HS thrust bear-
ings to investigate geometric patterns and different pad
shapes, concluding that the presented model may be useful
in HS bearing load-carrying capacity and stiffness of HS
bearings for low-speed applications [38]. Du et al. [39]
proposed an analytical model for the analysis of the pres-
sure of tilted HS journal bearings validated using a CFD
and experimental procedure. Guo et al. [40] performed a
comparison of CFD codes for static and dynamic proper-
ties in hydrodynamic and HS bearing applications. The
authors agree that CFD will play an important role in bear-
ing and damper analysis in future research. The compari-
son of CFD standard code to a special one made for HS,
hydrodynamic any hybrid bearing analyses showed good
agreement, which leads to a conclusion that general codes
might be used for the investigation of such bearings and
their static and dynamic characteristics.

The CFD can significantly speed up the development,
reduce costs, and provide detailed information about the
flow character and many parameters. Although the CFD
approach is widely adopted in various applications, includ-
ing HS, hydrodynamic, and hybrid bearings, it is necessary
to set appropriate boundary conditions and verify the results
obtained with an experimental approach [41-43]. Moreover,
many papers dealing with CFD analyses of HS bearings have
been proposed over the last years, although only a few of
them offered practical design recommendations. This article
aims to optimize recess size and position in HS bearing pads
to minimize energetic loss while achieving the best perfor-
mance for static and low-speed conditions. The presented
geometry optimization multi-parameter approach using area
ratio and recess position has not yet been proposed.

2 Materials and Methods

Three approaches were used to verify the obtained results—
analytical, experimental, and CFD. An integrated process
was also followed to create and analyze the results using
these three methods, as shown in Fig. 2. Based on the analyt-
ical calculation, experimental conditions were determined.
Afterward, boundary conditions of the CFD analysis were
set according to the resulting analytical results and experi-
mental conditions. Subsequently, all results were compared
and discussed.

2.1 Analytical Approach

Navier—Stokes equations play a significant role in the field of
fluid mechanics. Nonetheless, due to the complexity of the
Navier—Stokes equations, it is almost impossible to obtain
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Fig.2 Optimization flowchart used in the presented study
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analytical expressions to calculate required flow character-
istics. Therefore, certain assumptions can be considered to
help to obtain a simpler form of equations. The assumptions
are as follows:

1. Film thickness is constant and small compared to its size
in other directions.

2. The fluid is Newtonian, incompressible, and isoviscous.

3. Inertia terms are negligible compared to the viscous
forces.

4. No squeeze nor sliding exists and the bearing surfaces
are stationary.

5. The pressure of lubricant is constant in the direction of
the film thickness (dp/0z = 0).

6. There is a continuous supply of lubricant, and the flow
is laminar.

Then, the Reynolds equation for computation of the pres-
sure distribution in the simplified form is as follows:

o(n o o ( i dp
== )+=—=—=—) =0 1)
ox \ 12u ox oy \ 12u dy

After obtaining the pressure distribution, the load-carry-
ing capacity (or acting force) can be expressed as follows:
W=P.-Ag, @
where P is the recess pressure and A, is the effective area

of the pad, which can be expressed from effective pad area
proportion S (< I) and total area of the pad A,:

tot*

Ac{[f = ﬂ : Amt' (3)

Eqgs. (1-3) can be further customized and utilized to
express required flow supply to the bearing as follows:

Fig.3 An example design chart

where £ is the film thickness, ¢ is the dynamic viscosity of
lubricant, and Qs the flow factor, dependent on the geom-
etry and the effective area of the bearing.

Loeb [17] introduced a new methodology for estimating
optimal proportions of the bearing pad and recess based on
electric analog field plotter. Generalized analytical equations
could be used to calculate the bearing performance using
read values obtained from graphs, presented in Loeb and
Rippel [16]. Similarly, the performance factors (Eq. 5-7)
can be determined based on known values of bearing
characteristics.

P, -A

(a) pressure factor P, = = % <, )
12-u-Q-A

(b) flow factor Qy = ”W 813 ot (6)
Py 0O

(c) power loss factor Hf = P @)

Egs. (5, 6) can be transformed to obtain the required
variable from the expression. An example of designing
a HS bearing pad proportions using one-parameter opti-
mization is shown in Fig. 3. The ratio (a/l) represents the
characteristic dimension of the recess to the characteristic
dimension of the pad, that is, the diameter of the recess
to the pad edge length. One primary parameter is kept
constant (usually recess size to retain the required lift-
ing area), while the other is optimized. The aim of the
pad geometry optimization is generally to achieve the
best possible performance with minimal pumping power
loss, in this case, the power loss factor—Hf. And for the

using one-parameter optimiza- P
tion with geometry description
from Loeb and Rippel [16]

- 2, -
Qy, Hy L / .-
— ¥ / Qo \
_ @ &
| Ng :
Q/;oul
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Table 1 Performance factors for

. . Parameter Label Value
experimental pad proportions
read from Fig. 4 of [16] Pressure factor Py 1.52
Flow factor R 27.4

Power loss factor Hf 41.65

(a/l) ratio of the minimum power loss factor, the values of
optimal pressure (P;) and flow (Q,) factors are obtained,
respectively. Performance factors for the experimental pad
proportions can be found in (Table 1). This study assumes
relative performance change independently on the pump
efficiency, what is not the aim of this study, thus the
parameter n was assumed as 1 for simplification.

In the basic approach, only one of the two parameters:
a or [ are used, while the recess position (¢=1[) is assumed.
The optimization approach using performance curves in
a 2D graph utilizes (I=4a). However, we defined the
new variable parameter (¢) to describe the position of the
recess. Thus, the proposed method uses two-parameter
criteria, recess position (7), and recess area-to-total pad
area ratio (A,/A,,,) for performance optimization. The area
and the position of the recess were chosen as the primary
parameters because the recess shapes may be chosen to
better accommodate the pad shape and thus improve the
bearing performance. The length of the edge of the pad
(2 1) remained constant, so the second variable assumed
in this study was the recess radius (a). Attention should
be paid to prevent exceeding the recess area out of the pad
geometry, i.e., in case the pad has rounded corners.

Fig.4 Schematic representation

of 2-PAD experimental device Shder AN

Pad ~_ ™

Hydraulic
accumulator

3

I B
-_—

2.2 Experimental Validation
2.2.1 Lubricant Viscosity

To obtain all the inputs required to build a relevant math-
ematical model, the dynamic viscosity measurement
was performed on a rotational viscometer from HAAKE
RotoVisco® 1 (PSL Systemtechnik, Germany). Measured
data were filtered with 99.88% reliability using a Bing-
ham rheological model. The dynamic viscosity of the
used ISO VG 46 grade hydraulic oil was fitted using the
Vogel-Fulcher equation with R?>=99.89%. The experiments
were carried in static conditions, with stable temperature
23 °C recorded using temperature sensors in the recess. The
results showed very low temperature difference throughout
the measurements, only + 1 °C. Thus, constant viscosity of
0.104 Paes was considered in all simulations. It has been
previously observed by Schmelzer et al. [44] that the pres-
sure—viscosity dependence of liquids of constant compo-
sition is extremely small (around 2%) in the investigated
pressure range (O—1 MPa). Therefore, the pressure—viscosity
dependence was neglected in this study.

2.2.2 Two-Pad HS Experimental Bearing (2-PAD)

The experimental device used to obtain the measured data
for evaluation is schematically shown in Fig. 4. It consists of
two main parts, the bearing and the hydraulic circuit, which
supplies pressurized lubricant with a pump powered by an
electromotor. The hydraulic circuit is equipped with safety
features, such as a check valve and a pressure relief valve.

Load (W) Load (W)

/,17

Supplied®‘

pressure

Flowmeter

AAN

Check valve

Pressure relief valve
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The hydraulic accumulator minimizes the pressure spikes
generated by the pump. The flowmeter measures the total
supplied flow to the whole bearing. Flow restrictors (throttle
valves) secure bearing stability in the event of asymmetrical
load or misalignment. A pressure sensor of 0.25 bar pre-
cision is mounted on each of the inlets to the recess. The
lubricant that flows out of the contact area to the collector is
returned to the oil tank.

Three-contact potentiometer proximity sensors are
mounted on each of the 2-PAD pads for obtaining film
thickness with precision of 0.01 mm and range of 3 mm.
To measure the actual temperature in the recess area, a ther-
mometer is fitted in each of the recesses for calculation of
the viscosity value of the lubricant. The load is created using
four set screws, each mounted with a load cell with+5 N
precision, which provides a real-time measurement of the
loading force. The experimental measurements were car-
ried out three times after the temperature in the recess area
stabilized at 23 °C (corresponding to a dynamic viscosity of
0.104 Paes). Since the hydraulic circuit has relatively large
tank (100 1), no additional cooling was necessary. The exper-
imental conditions were based on the previous test bearing
comparison with analytical equations in ref. [45]. The total
supplied flow into both pads was set to 8.5 I/min. A com-
parison of predicted and measured film thickness with vari-
able load was presented in reference [45], where the high-
est precision was achieved at 16-kN load. Therefore, for all
measurements, a total load of 16 kN were applied in this

Loading frame

Slider
Oil cover
Inlet pipes ~_ _

Outlet pipes

Bearing pads”
Force sensors

study. The resulting average film thickness was 0.197 mm.
The pad size used in experiments was 140 X 140 mm with
recess diameters of 35 mm and positions of =35 mm and
recess depth was 5 mm. The inlet was 40 mm long and of
8 mm diameter (Fig. 5).

2.3 Numerical Approach

CFD analysis has become a favored method for the analysis
of fluid dynamics. It provides a detailed understanding of
the lubricant flow in hydrostatic bearings. In this study, the
CFD analysis was done using commercial software ANSYS
Fluent 2021 R2 based on the Finite Volume Method with
Cell-Centered formulation. The code solves the conserva-
tion equations for mass (Eq. 8) and momentum (Eq. 9),
respectively.

V.v=0, 8)

p(v- Vv =—Ap+ uVv. ©)]

In this case, pressure-based steady-state incompressible
flow with absolute velocity formulation was investigated
without considering thermal effects and gravity. A uniform
lubricant film was considered in all simulations. The Reyn-
olds number estimation was below 10 and the laminar flow
regime is expected in the film region, thus laminar model
was selected. Because of relatively high film thickness and

laboratory |\
—

\w

Proximity sensors Levelling rods

Pressure sensors Temperature sensors

Fig.5 Schematic representation of the 2-PAD hydrostatic test bearing with sensor description and photography of the assembled experimental

device in the laboratory
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Ebv';izabiog;';’;ﬁ;‘égt?ge Area ratio A /A, (~) 005 01 02 03 04 05 06 07
simulation design points Recess diameter D (mm) 1766 2498 3532 4326 4996 5585 6118  66.08
Recess position 7 (mm) 883 1248  17.66 2163 2497 2792 3059  33.04
1929 2149 2459 2697 2898 3075 3235  33.82
2976 3049 3153 3232 3299 3358 3412 3461
4023 3950 3846 37.67 3701 3641 3588 3539
5070 4850 4540  43.02 4101 3924  37.64  36.17

Fig.6 Quarter model with
boundary conditions used for
the CFD analyses

Symmetry region

low pressure were assumed for very short experimental tests
isothermal conditions were assumed—constant viscosity
(0.104 Paes) and density (875 kg/m3) were established for all
simulation design points. The operating conditions included
an atmospheric pressure of 101.3 kPa to reflect the real
conditions. The 3D geometry of the fluid domain was para-
metrized in 3D modeling software of the program. The vari-
able parameters, recess position and diameter, are listed in
Table 2. The simulation of all design points was conducted
using the setting described below. An important rule to avoid
the recess area outreaching the pad area must be checked
before proceeding with the simulation parametrization.
The quarter model of the fluid domain was discretized
into an unstructured polyhedral mesh in built-in ANSYS
Fluent Meshing (\* MERGEFORMAT Fig. 6). Mesh refine-
ment was set on the top plane to enhance the results of the
pressure and resulting forces acting on this plane. Three sets
of meshes were compared using Richardson Extrapolation
method [46]. Discretization error was calculated from a
theoretical extrapolated value based on the results from the
three sets of equally spaced meshes. Three boundary layers
were added to the walls in the lubricating film region to
enhance near wall fluid behavior in the top plane area, from
which the results were evaluated. Due to the large difference
between lubricating film height and recess depth, element
growth rate was set to 1.05 to ensure slow transition of the

\\\ Lubricating film
“~N— Recess region region (h)
Q T
Table 3 Parameters of the three examined meshes
Fine Medium Coarse

Resulting force — top plane (N) ~ 1982.53 1986.32 1908.75

Refinement ratio 1 1.25 1.5

Discretization error (%) 0.02 0.22 3.7

Number of elements 392e+6 2.27e+6 1.09¢e+6

Max. aspect ratio 21.7 20.2 23.3

Max. skewness 0.47 0.43 0.44

Min. orthogonal quality 0.21 0.21 0.21

Avg. total meshing time (min) 6.5 4 2

Avg. computational time (min) 30 20 12

elements. The final mesh selection was based on the results
in Table 3. The precision of the model was also judged
according to the analytically predicted and experimentally
obtained results. It is also possible to optimize bearings with
smaller film thickness using this method, but it may require
longer computational times to secure smooth mesh element
transition from the recess area to the film region.

A uniform film thickness of 0.197 mm, as obtained
from experimental measurements, was used for all design
points. The boundary conditions can be seen in Fig. 6.
Starting with the mass flow inlet (Q) set at 0.015 kg/s on
the face of 40-mm-long inlet pipe. Symmetry conditions

@ Springer
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were employed on the symmetry planes of the quarter
model and pressure outlet with atmospheric pressure oper-
ating condition (P, ). Output parameters were the result-
ing force on the top plane of the bearing and average pres-
sure over the recess area on the top plane.

The residuals of continuity and momentum equations
condition were set below 107 to achieve convergence.
Under relaxation factors for both velocity and pressure
were set at 0.5 and 0.5, respectively, without any further
need for adjustment. We used the coupled pressure—veloc-
ity coupling scheme, which should provide robust and high
performance for steady-state flows compared to the segre-
gated schemes available in ANSYS Fluent. The gradient
least square-based spatial discretization method was used.
The first-choice schemes—second order and second-order
upwind were kept for pressure and momentum, respec-
tively. Hybrid initialization was conducted to improve the
convergence of each case. One case took approximately
20 min to discretize and solve with the used computer
specifications: 12 physical cores of 3.47 GHz processor,
96 GB of RAM, and 1 TB SSD to store retained case data.

3 Results and Discussion

Firstly, the comparison of results obtained from experi-
ments, calculations, and CFD simulations were performed
to validate the CFD model precision. Subsequently, all
design points were calculated and evaluated for the per-
formance factors and shape optimization.

9000
7912

7861

7608
+3.5%

8000

7000
6000
5000

Load (N)

4000
3000
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experimental calculation CFD

3.1 Model Calibration

The total load applied per pad was obtained based on three
measurements using load cells with sensor precision of 3%
and resulting average deviation under 0.5%. The recess pres-
sure was obtained from pressure sensors in each of the recess
with 5% sensor precision and resulting average deviation
under 1% based on three measurements. The calculated load
was obtained using information from sensors mounted on
the pad. Then, a 3D CFD model was created and computed
for the same geometry as on the experimental device. The
results are shown in Fig. 7 for (a) load and (b) recess pres-
sure. The CFD results for the load were obtained from result-
ing force acting on the top (contact) plane of the model.
The weight of slider and loading frame was included in
load evaluation. The experimental results show relatively
good agreement with the calculation considering the preci-
sion of the used sensors. The recess depth influence on the
performance might have affected the results as well, since
analytical calculation does not assume this geometric param-
eter. The obtained difference from analytical calculation in
load was — 3.2% for experimental results and + 0.65% for
CFD, respectively. The difference in results of recess pres-
sure compared to the analytical approach reached — 7.5%
for experiments and + 5.3% for the CFD analysis. The val-
ues obtained experimentally exhibit lower values due to
the simplifications that are assumed in analytical and CFD
computation, respectively. Despite a constant viscosity was
assumed in all simulations to determine optimal geometry,
so that the comparison of various shapes was unaffected,
additional influence of the results could be caused by the
dynamic viscosity variation with temperature, which approx-
imately changes by 5% for 1 °C. A minor contribution to the

0.7
0.6 0.541

0.585 0.616

0.5 Y%

0.4
0.3

0.2

Recess pressure (MPa)

0.1

experimental calculation CFD

Fig.7 Load (a) and recess pressure (b) comparison obtained from experimental measurements (including sensor error & measurement devia-

tion), analytical calculation and CFD analysis for the initial pad geometry.
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results difference could be caused by the geometry imper-
fections of the HS bearing (surface flatness and roughness)
or the recess depth effect influence, which is in the case of
analytical calculation neglected. Nonetheless, the obtained
results were of satisfactory precision to carry on with the
model parametrization.

3.2 Design Point Computation and Evaluation

After conducting the initial comparison of the different
approaches, the numerical CFD study was solved for all
the design points from Table 2. The performance factors P,
O, and Hy were calculated from the results obtained using
Egs. (5-7) for all design points. The results of all perfor-
mance factors are shown in Figs. 8, 9, and 10 in the form
of (a) 3D graphs with the variable recess on the y-axis and
variable area ratio on the x-axis, forming the two-parameter
approach and (b) area ratio sections for better readability
of the obtained data. Generally, the optimization goal is to
achieve the lowest Py, O and Hy, assuming Egs. (5-7). The
load factor (Fig. 8) shows a similar trend as in the reference

P/ {')

P/(’) 2 15
15
1

60
>
P _— os o5
\\x /‘/ 06
20 04
\\</’ 0.2 0
t (mm) 0o A /A (-)

experimentally obtained 2D graph from [16], but in a dif-
ferent scale. The results for the load factor indicate that the
load-carrying capacity decreases with increasing area ratio
or position from the origin, separately and together. The
larger the area ratio, the smaller the load factor. The lowest
value of P, can be found in the middle sector of the graph.
Nonetheless, as seen in Fig. 11, the largest area ratio creates
a very small sealing edge and thus is extremely sensitive
to the pad misalignment and asymmetrical loading. In the
case of flow factor (Fig. 9), it is obvious that the larger the
area ratio or the farther the position of the recess from the
center, the higher flow is required to sustain certain film
thickness or load-carrying capacity. As for the flow factor,
the closer to the pad center the recess is, the smaller the
actual value. The smaller the area ratio is, the better perfor-
mance will be achieved. Ultimately, the power loss factor
(Fig. 10) expresses the overall performance—to secure an
optimum between the highest load capacity and the lowest
power requirements (as expressed in Fig. 3). Therefore, to
achieve the lowest energy requirements, a minimal H,should
be considered.

10 20 30 40 50 60
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Fig.8 Load factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis
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Fig.9 Flow factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis
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Fig. 10 Power loss factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis
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Fig. 11 Top plane pressure contours of static pressure for recess size and position: a smallest and closest to the center, b medium in the middle,

and c largest and farthest from the pad center

In the case of open-type bearings (without counter pads,
as explained in ref. [1]), the recess position should be cho-
sen, also considering the ability of the bearing to manage
asymmetrical loading and pad misalignment. This is another
reason why the multi-parameter approach offers a more ver-
satile design process compared to the classical one-parame-
ter approach. For this reason, pressure contours of the vari-
ous pad shapes from smallest and closest to the pad center,
to the farthest and biggest (Fig. 11). It is obvious, that the
larger the land area (as for the smallest area ratio), the higher
the recess pressure. Nonetheless, the load capacity and abil-
ity to manage asymmetrical loading and misalignment are
not desirable in this case (Fig. 11a). The recess pressure was
gradually decreasing with increasing recess size and distance
from the pad center (Fig. 11b). The highest ability to man-
age asymmetrical loading was achieved with largest recess
size (Fig. 11c). The sealing edge is very small in this case
and the pressure gradient is the steepest (Fig. 12) for this
configuration, which makes the bearing extremely sensitive
to pad misalignment. Even though the smallest load factor
was obtained, the largest flow factor resulted for this case,
which is undesirable.
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Total pressure
1.27e+05
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Fig. 12 Top plane pressure contour of static pressure for recess size
of 68.4 mm diameter and position 35.48 mm from the pad center with
detail on the sealing edge
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3.3 Optimal Shape Determination

To determine the optimal shape of the bearing, the mini-
mum power loss factor was searched for. To obtain a more
accurate result, the minimum was not chosen from the cal-
culated values of the design points, but using a cubic inter-
polated surface as seen in Fig. 13. This step allowed us to
look for the minimum value of the power loss factor also
between the calculated points. The calculated points were
used to fit the cubic interpolated surface with normaliza-
tion in MATLAB R2021a. It is also possible to use linear
interpolation, which is simpler but does not capture the
surface trend and curvature as well as the cubic interpola-
tion. Subsequently, a minimum value of the power loss fac-
tor was found. Then, the coordinates of the minimum value
expressed the optimal shape—the recess position and area
ratio, respectively. The minimum value of the power loss
factor, 30.66, obtained by CFD simulation was determined

Fig. 13 Power loss factor cubic
interpolation of results obtained
from CFD analysis with high-
lighted minimal power loss fac- 500
tor for 2-parameter optimization 0
(H¢cpp) and using 1-parameter
optimization (H;) based on [16]
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6.35e+05
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4.47e+05
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3.22e405
2.59e405
1.96e+05
1.34e+05
1.17e+05
1.03e+05

[Pa]

a t=35.00; D=28.00

[Pa]

for the recess position 17.66 mm from the center and an
area ratio of 0.2. In contrast, optimal value of the power
loss factor obtained from the graph presented by Loeb and
Rippel [16] is 38, with recess position of 35 mm and area
ratio of 0.132. Compared to the basic approach using one-
parameter criteria, a 20% reduction of the power loss fac-
tor was achieved. The investigated ranges of recess posi-
tion and area ratio were chosen according to the pad size
and computable geometry. The interpolated grid could be
finer if even higher precision was required. The deformed
grid areas on the left side of the 3D graph in Fig. 13 are
only a graphical representation of the grid fitted over the
sample points and thus are not evaluated.

Finally, we compared the pressure contours of the opti-
mal shape obtained from the classical approach (Fig. 14a)
and the presented two-parameter approach (Fig. 14b),
respectively. The classical approach optimization resulted
in smaller recess diameter and its farther position from the

\
—

= %
06

Total pressure
1.13e+06
1.04e+06
9.47e+05
8.53e+05
7.59e+05
6.65e+05
5.72e+05
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3.84e+05
2.90e+05
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t=17.66; D=35.32

Fig. 14 Top plane static pressure contours of optimized pad shapes using a one-parameter approach and b novel two-parameter approach
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pad center compared to the two-parameter approach, which
also resulted in higher recess pressure due to larger sealing
edge. As can be seen in the comparison of the two pres-
sure contours (Fig. 14), the one-parameter approach per-
formed with pressure decrease in the central area, while the
two-parameter approach showed uniform pressure among
the four recesses. This has also been observed in all two-
parameter approach pressure contours as seen in Fig. 11.
The results indicate that the proposed method provides more
uniform pressure distribution and contributes to higher bear-
ing load capacity, stiffness, and ability to carry asymmetrical
loading and pad misalignment. The only drawback of this
geometry might be worsened ability to assess the behavior
of each of the recesses separately. Nonetheless, discharge
grooves can be added to solve this issue [26].

4 Conclusion

This paper presents a novel approach to HS multi-recess
thrust bearing pad geometry optimization using results based
on CFD simulations. The precision of the CFD model was
compared to the analytical and experimental results. The
proposed two-parameter criterion was used to evaluate the
optimal shape—tecess position and recess area-to-pad area
ratio. The obtained results from two-parameter optimization
show a possible 20% power loss factor reduction, which is
directly related to pumping power loss, compared to the case
of conventionally used one-parameter criterion. Moreover,
it has been observed that the position of the recess has a
strong influence on the resulting performance and thus the
size and position should be evaluated independently. The
pressure contours indicate that the proposed two-parameter
method provides more even pressure distribution in the cen-
tral area of the pad, resulting in higher load capacity, stift-
ness, and ability to manage asymmetrical loading and pad
misalignment. The optimization scheme tailored for best
performance at lowest energetic requirements can be used
for various shapes with custom defined geometric param-
eters. The proposed method might bring about a notable
reduction in the energetic demands, especially for bearings
of large-scale structures. Although in the presented study
a cross-symmetrical four recess HS bearing pad geometry
was optimized, this approach can be applied to any shape of
HS bearing and a wide range of operating conditions—from
very low to extremely high loads and recess pressures. It is
necessary to determine the area ratio and position of the
recess grooves first, then perform CFD analysis of selected
design points, and find the minimal power loss factor. The
drawback of the presented method is the computational time
required to evaluate all design points, which nonetheless,
depends on the machine used for simulations.

@ Springer

Further research might aim at full experimental evalua-
tion of the presented 3D optimization graphs. The next steps
might lead to the preparation of 3D optimization graphs
for the mostly used bearing pad geometries to improve the
design process of HS bearings. This approach could be used
also for journal HS bearings. The precision of the model
presented in this article could be further improved by con-
sidering the influence of sliding speed and thermal effects
and sliding surface geometric precision (i.e., manufacturing
and assembly errors). Very little attention has been paid to
the structural deformation of the slider/turntable caused by
the pressurized fluid flow. An experimental verification of
real effects on bearing performance would provide valuable
information for design engineers.
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Hydrostatic bearings offer numerous advantages in large-scale moving mechanisms and structures. Nonetheless,
the limits of manufacturing, transportation, and assembly in such scales are often encountered. The
manufacturing and assembly errors significantly influence the hydrostatic bearing’s overall performance.
Therefore, it is desirable to compensate the resulting errors and pad misalignment of the hydrostatic multi-pad
bearing. Previous research dealt with accuracy improvement and error prediction of small hydrostatic guide-
ways. A little attention was aimed at the use of compliant materials for pads, but this area did not develop any
further. The present study offers a methodology on how to estimate allowed assembly errors based on the
analysis of the influence of manufacturing errors on the bearing’s performance. Additionally, this article de-
scribes effects of the compliant support on assembly errors of hydrostatic multi-pad bearings. The proposed
prediction is compared with experimental measurements on a hydrostatic bearing experimental rig. The effects
of compliant support for a hydrostatic bearing can significantly increase the allowed error as compared to the
usual rigid support. Furthermore, the experimental results indicate that the prediction of performance influence
based on a known manufacturing error could be used for the hydrostatic bearing’s performance improvement.
The obtained results might help to enhance the design process of a hydrostatic bearing and improve its per-
formance and extend the lifetime.

the initial and operational cost is the need of an external hydraulic
circuit and its regular maintenance.

The ability to transfer high loads, operate at zero speed, and vibra-
tion damping are highly desirable, and therefore, hydrostatic bearings
are used in a wide range of industrial applications, ranging from large
structures and machines to small ultraprecise mechanics [1]. Large-scale
bearings diameters ranging from 2000 mm up to above 10 000 mm [2]

1. Introduction

The hydrostatic bearings have been known since 1851 when the first
hydraulic bearing was introduced with the invention of L. D. Girard [1] -
a pressurized water-fed bearing. By 1918, the equations for load, flow,
and friction had been compiled by Lord Rayleigh [2]. In 1923, Hodge-

kinson [1] patented a bearing with pockets fed through restrictors.
Recently, numerous investigations have been carried out to improve the
performance of hydrostatic bearings, and the trend shows that it is still a
topical issue [3,4]. Hydrostatic bearings operate on the principle of
supplying pressurized fluid from an external source, a hydraulic pump,
in between two sliding surfaces [5-7]. The hydrostatic bearing consists
of a pad and equally important part — a hydraulic unit which secures a
continuous supply of pressurized lubricant fed through inlet holes. The
sliding surfaces are divided by a relatively small lubricating gap (Fig. 1),
typically around 10-100 pm [6], and are completely separated at all
speeds [8], even at standstill. This theoretically results in zero wear of
the sliding surfaces [8] and a very low coefficient of friction, caused only
by the viscous forces of the lubricant. The main disadvantage increasing
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are reaching the limit of technological possibilities due to manufacturing
and transportation. The hydrostatic bearing offers high precision posi-
tioning of heavy structures since there is no solid-solid contact and thus
no unwanted stick-slip effect [3,4]. Because of the high precision of
hydrostatic bearings, they were used for nuclear structure analysers [5],
antennas [1], large telescopes, such as the Giant Magellan Telescope [6],
and hybrid bearings for water energetics [7]. This type of bearing pro-
vides high stiffness, low wear, and fair vibration isolation; therefore,
hydrostatic bearings are also widely used in heavy machining tools [8,
9]. Other applications might include turntables and rotary parts of
large-scale machines, such as boring and digging machines or trains,
stage and showroom rotation structures and guideways. The slider de-
formations under high loads of large-scale structures play a major role;
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Nomenclature

A cross section of pad
E error

Ea assembly errors

Eg structural deformation caused by thermal effects
Em manufacturing errors

Es structural deformation caused by external forces
Er total errors

F bearing load

N, number of pads of the bearing

Nsp number of compliant supports supporting each pad
P, recess pressure

Pom atmospheric pressure

Q supplied oil flow

h film thickness

k stiffness

ksp stiffness of silentblock

kr total stiffness of compliant HS pad

qr flow factor

x deformation

Xa maximum error tolerance

Xac maximum error tolerance of compliant support
XAR maximum error tolerance of rigid support
Xp lubricating film maximum error tolerance
Xsr rigid support maximum error tolerance

Xsc compliant support maximum error tolerance
S height difference error

7 angular error

U dynamic viscosity

Pressure profile

yZ Turntable / slider

// Bearing pad

Fluid domain

__— Inlet pipes

—

B ™
- ~ Land

~
B
~—_ Inlet hole

T
T~ Recess

Fig. 1. Longitudinal cross section of the bearing (contact) with fluid pressure
profile, and top view of the bearing pad.

thus the elastic and plastic structural deformation should not be
neglected in the design process. Inaccuracies can be caused by dynamic
or eccentric loading and local overloading (e.g., during machining) [10],
uncontrolled lubricant temperature increase, workpiece heating [11] or
dynamic ambient temperature change, and other effects, such as flow
instability [12-15].

Widely used methods for the determination of the sliding surface
structural deformations during the design process are fluid dynamics
and fluid-structure interaction (FSI) [16]. An advancement to those
methods is thermohydrodynamic (THD) that was used for the investi-
gation of the bearing performance characteristics considering the
manufacturing tolerances either for steady-state or dynamic analyses
[17,18] of high-speed hydrodynamic (HD) applications as hydrostatic
bearings are often used as hybrid bearings to achieve wear-free lift-off
during the start and stop procedures in large HD bearings [19].

Geometric imperfections, such as manufacturing and assembly er-
rors, significantly influence the bearing’s performance [20]. For
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example, non-parallelism of the sliding surfaces might cause an uneven
pressure distribution across the pad width or undesired film thickness
decrease. Rajput and Sharma’s [21] numerical investigation showed
that the combined effect of shape and misalignment significantly
contributed to film thickness reduction. Therefore, it is necessary to
inspect the manufactured surfaces to avoid the undesired decrease of the
bearing’s performance [22]. Emerging trends in numerical compensa-
tion [23] provide higher accuracy and efficiency, especially in precision
manufacturing. As Cappa et al. [24] proposed, the deviation could be
reduced by increasing the number of feedholes, although the increased
number of inlets might undesirably raise pressure losses. There have
been proposed several models for numerical modelling of motion errors
of hydrostatic bearings [25-27] that can be used for performance opti-
mization. However, it is often problematic to determine the allowable
manufacturing and assembly tolerances during the design stage of hy-
drostatic bearings to achieve the desired performance.

A discrete part tolerance analysis [28] might be useful to determine
the worst-case scenario and it is preferred in small-scale manufacturing.
However, statistical methods are highly emphasised [29] for the whole
manufacturing process precision and efficiency improvement. Every
tolerance analysis method has its pros and cons, but it is obvious that 3D
tolerance analyses [30] allow an investigation of manufacturing de-
viations and more versatile postprocessing. Recent improvements in
image processing allow a deviation investigation of sizeable sites [31]
and large-scale structures [32] with satisfactory precision. Qi et al. [33]
proposed a method for predicting the hydrostatic guide error based on
the measured 3D profile, indicating that the part error might be pro-
cessed with improved accuracy and more information about its shape.

Misalignment of the bearing pads might affect the performance
significantly [20], which is greater in the case of non-recessed hydro-
static bearings [34]. However, the hydrostatic bearing pad misalign-
ment is especially dangerous in large-scale structures. Although the
misalignment of journal bearings might slightly improve the
load-carrying capacity at higher speeds [35], it also decreases the film
thickness dramatically. And it is even more dangerous in the case of
low-speed hybrid bearings where the wedge can certainly not generate
enough lifting force to make the lubricating film thicker, and the hy-
drostatic bearing misaligned surfaces cannot support the load equally to
prevent the collision of the sliding surfaces. The effect of assembly errors
might eventually lead to the sliding surfaces collision [36]. In the field of
hydrostatic bearings, the latest improvements from the still-developing
trend of Industry 4.0 and Internet of Things (IoT) [37-39] could be
adapted. However, active regulation might significantly increase the
initial cost and service demands. There are also different ways that allow
tilting and height adjustment, such as a self-aligning hydrostatic bearing
design [40], or a master-slave pad system [41], which also allow height
adjustment or spherical mounting. These enable tilting according to
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Fig. 2. Overview of the hydrostatic bearing experimental device.
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Fig. 3. Scheme of the whole hydrostatic bearing experimental device (cross section of the pad bodies).

slider shape and orientation. Nonetheless, the complexity of these sys-
tems could be significantly simplified by using elastic pad supports. The
use of a compliant or elastic pad support [42] can improve the pressure
profile even on non-parallel sliding surfaces. Van Beek et al. [43] studied
the effect of the shape of the sliding elastic surface on the thickness of the
lubricating film. Liang et al. [44] proposed an HD bearing with elastic
support and verified the obtained experimental results with numerical
simulations, which demonstrates the possibility of using the compliant
support also for other types of bearings, including HD and plain bearings
or sliding guideways. Lefanti et al. [45] studied the wear of elastomeric
compliant pads at various loads and at various offsets. The results show
that the critical factors determining the life of a compliant pad are the
offset and the amount of deformation capacity for a given load, but its
life can be increased by using a harder material. Frequently used natural
rubber (NR) compliant pads provide low oil resistance [46]; nonethe-
less, oil resistance can be greatly improved by altering the chemical
composition or careful sealing of possible oil leakage to achieve a proper
and long-lasting function of the hydrostatic bearing.

This article aims at the issue of the effects of manufacturing and
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assembling large-scale axial hydrostatic bearings on their performance.
Bearing pad misalignment and uneven pressure distribution can cause a
decrease in load carrying capacity that might lead to sliding surface
damage or eventually to failure. A possible solution to these problems
could be the use of compliant support which enables misalignment
compensation. However, it is crucial for the designer to determine the
required stiffness of the compliant support for a certain load or what
inaccuracies can be allowed for securing a proper function. The previous
research aimed at hydrostatic bearing design and performance has not
yet presented possible solutions to the above-mentioned issues; hence
this article deals with answering these questions.

2. Materials and methods

In the following sections, the experimental setup and error mea-
surements are described in detail. Subsequently, the allowable error
estimation and compliant support stiffness calculation are presented and
explained.
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Table 1

Characteristics of used compliant pads.
Compliant pad Stiffness
Soft 850 N/mm
Medium 1750 N/mm
Hard 3200 N/mm

2.1. Experimental setup

The experimental device (a dual-pad hydrostatic bearing tester) used
for the investigation of the presented issue was developed at Tribology
department of Institute of Machine and Industrial Design. The dual-pad
tester shown in Fig. 2 is composed of two main parts — bearing pads and
hydraulic supply. The hydrostatic bearing consists of a slider, a loading
frame with springs to simulate the free weight, threaded rods with force
sensors, oil inlet pipes from the hydraulic supply, outlet pipes for
collected oil returning to an oil tank, and an oil cover with a compliant
lip seal to prevent oil leakage. The dual-pad hydrostatic tester’s
maximum load capacity is 40 kN and it can also be used to perform
dynamic tests (reciprocating motion). However, in this study only static
tests were performed as we investigated the static performance of mis-
aligned pads.

The dual-pad hydrostatic tester (Fig. 3) was specially designed for
the experimental investigation of hydrostatic lubricating film behaviour
between the slider and the misaligned pads. Both pads are mounted on
the bearing support that is used for pad levelling and bedding of the
loading frame. The pad misalignment can be created using setscrews or
threaded ends of compliant pads. The reference height is set using 100
mm calibration rods with the precision of +0.005 mm. The misalign-
ment is created by adding normalised calibration plates.

Each of the hydrostatic bearing’s pads could be supported by either a
rigid base — a setting screw with large stiffness, or a compliant base made
of four compliant pads with specific, much lower stiffness. The
compliant support was made of compliant pads from natural rubber
(NR) based on polyisoprene. Three sets of compliant pads with specific
stiffnesses were used for the experiments (Table 1). The bearing pad
levelling was performed before the experiment by threads on the
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compliant pad body or by the setting screw. The pads were loaded by the
loading frame and threaded rods. The loading force was logged using
four force sensors with 1 N resolution. The pressurized oil from the
hydraulic supply was distributed to the recess by inlet holes in the pad
support and its pressure was logged using pressure sensors with the
resolution of 0.5 bar. The temperature of the lubricant significantly in-
fluences the resulting film thickness by the dynamic viscosity variation.
Thus, temperature sensor probes were placed in each of the recesses of
both pads, at such a height as to prevent a collision with the slider. The
film thickness values were obtained using proximity sensors. Due to the
relatively high misalignment in the range 0-4 mm, the resolution of
proximity sensors was 0.01 mm.

All sensors are schematically shown in Fig. 4. There were four force
sensors (F1-F4) on the threaded rods that allowed an accurate setting of

e SEREREY

Flow divider

Supplied pressure
(P,)

Flowmeter
(Q

N\

LA\/\V/\-

Pressure relief valve
(Prmax)

Check valve

Motor with pump SR e

(RPM) Filter

—l— Temperature sensor

Oil tank

Fig. 5. Schematic representation of lubricant supply.

relative distance

|

Fig. 4. Top view of hydrostatic pads with all sensors and relevant labels.
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Table 2

Selected characteristics of hydraulic oil used in experiments.
Parameter Range
Viscosity grade ISO VG 46
Kinematic viscosity (at 40 °C) 46 mm/s>
Density (at 15 °C) 875 kg/m°®
Dynamic viscosity (at 21 °C) 0.118 Pas

the required loading force. The information about slider tilting was ac-
quired by central proximity sensors (A; and B;). The device was
equipped with six proximity sensors, three on the left pad (A;-As) and
three on the right pad (B;-B3). The lubricant temperatures inside the
recesses (1-4) of both left and right pads (t;,-t4p) provided the actual oil
film temperature. The recess pressure was acquired using pressure
sensors at the inlet of the recess, four for each pad (Pa;-Pp4). The total
pad size was 180 x 180 mm with four recesses with the diameter of 36
mm and depth of 5 mm. Inlet holes with an 8 mm diameter are in the
centres of each the recess grooves and are drilled onto a square 60 x 60
mm.

The hydraulic supply (Fig. 5) consisted of an oil tank with passive oil
cooling. The oil was pumped through filters and the required flow was
maintained using the motor rpm and a flowmeter. A pressure relief valve
and a check valve were necessary safety elements. The supplied flow was

0,14

u (Pas)

2

20 25 0

2L

3.0
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distributed to each recess by a flow divider and an equally set needle
restrictor for each of the recesses in both pads. The restrictor valves were
all set to generate a pressure drop of approximately 1.5 bar per
restrictor. The hydraulic supply working range was 0-20 1/min of total
volumetric flow at the maximum pressure of 100 bar. After considering
the experimental device operation range and the hydrostatic lubrication
performance, sensor accuracy, and misalignment range, the hydraulic
supply was set to the constant pressure inlet for 20 bar (primary con-
dition) with an approximate 10 1/min total volumetric flow for both
pads.

The lubricant used for the experiments was standard hydraulic oil of
viscosity grade ISO VG 46 (Table 2). The selected oil was preferred due
to its suitability for the hydraulic circuit and satisfactory characteristics
for the overall hydrostatic bearing performance. The viscosity was
measured using the HAAKE RotoVisco® 1 rotational viscosimeter (PSL
Systemtechnik, Germany) filtered with 99.88% reliability using the
Bingham rheological model. The dynamic viscosity dependence on the
temperature shown in Fig. 6 was fitted using the Vogel-Fulcher equation
with R? = 99.89%.

2.2. Manufacturing error measurement

The slider’s manufacturing imperfections were examined using the
GOM ATOS III Triple Scan 8 MP optical 3D scanner (GOM - ZEISS

& measured
— fitted

40 45 50

t(°C)

Fig. 6. Viscosity-temperature dependence of the used 46 viscosity grade hydraulic oil.
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Fig. 7. Schematic representation of error types: a) assembly error represented as pad misalignment, b) contacting bodies flatness, c) slider deformation caused by
pressurized fluid or local overload between pads, and d) thermal deformation of the slider.
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Group, Germany). The scanner was used in an MV560 configuration
(measurement volume 560 x 420 x 420 mm). According to the accep-
tance tests (VDI/VDE 2634 standard), the total maximum measurement
errors were under 0.01 mm, which was satisfactory for this analysis.
Before scanning, the part was covered with a thin titanium oxide layer to
prevent reflection. The resulting mesh was refined and smoothed with a
surface tolerance of less than 0.01 mm, which matches the scanner
accuracy.

The pad sliding surface flatness was carried out using a digital
micrometre with a 0.001 mm resolution. It is necessary to obtain the
errors of contacting surfaces because the pads will be levelled on the
sliding surfaces. However, the manufacturing errors of other parts and
surfaces are not so important and therefore further not assumed in this
study.

2.3. Allowable error estimation

To secure a proper function of the hydrostatic bearing, it is necessary
to achieve high surface accuracy and flatness, and in case of multi-pad
bearings the flatness among the pads as well. Additionally, other ef-
fects, such as structural deformation and environment dynamics, should
not be neglected. The total error is then given as a sum of all expected
errors:

Er=)E €8]
And if we assume the most frequent and significant errors, we get:
Er=E,+Ey+Es+Eg (2)

where:

E4 are assembly errors, and the key parameter investigated in this
study (Fig. 7 a), Eym is an average manufacturing error of contacting
surfaces - slider and pad (Fig. 7 b), Eg are structural deformations
caused by a local overload of the slider or by the pressurized fluid (Fig. 7
¢), and.

Eg are deformations caused by other effects, such as variable tem-
perature (Fig. 7 d) of the environment.

The lubricating film and bodies of the pad must then be able to cover
or compensate occurred total error E7. To obtain a maximum error
tolerance (the compensation range) value of the bearing, we can express
it as a sum of the deformation of all bodies:

XA = Zx
The deformation of separate bodies can be obtained using the
following formula:

3

G

where F is the local applied force per pad or the total applied force, and k
is the stiffness of the body. Subsequently, the estimated value of the
lubricating film stiffness can be obtained as change of the film thickness
with the load change using eqn. (13). The resulting film stiffness is then
as follows:

dF

k==
dh

)
where dF is the force increment, and dh is the film thickness change. The
maximum error tolerance for rigid support on setscrews:

©

XAR = XF + Xsr

where x is the lubricating film’s maximum error tolerance (assumed as
constant), and xgg is the rigid support allowance (given by the setscrew).
Then for the case of the experimental rig with compliant pads, we obtain
the maximum error tolerance for compliant support as:
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)

Xac =XF + Xsc

where xg¢ is the compliant support maximum error tolerance (given by
the compliant pad). And finally, a condition to determine whether the
total error could be compensated:

(®

The maximum error tolerance should be always higher than the total
error to secure the proper function of the bearing and to prevent damage
or failure. It is also possible to determine a specific error tolerance. For
example, when we want to determine an approximate value of the
maximum assembly error tolerance, we can express the equation to
obtain the maximum assembly error tolerance in the following form:

EA:Zx—ZE 9

Ey=x5 — (Ey+Es+Eg)

x4 > Ep

10)

2.4. Compliant support stiffness calculation

To be able to determine the stiffness of the compliant support, we can
use the following expression:

F F
k=—=— 11

5T E an
where F is the applied force (including load given weight of the turn-
table) and & is the required deformation that will compensate the
occurred errors, in this case the total error (E7). In the case of a pad
supported by numerous supporting elements or rather compliant pads,
the stiffness of one compliant pad can be estimated from the total
required stiffness as follows:

kr

= 12)
Np-Nsp

ksg

where Np is the number of pads of the bearing and Ngp is the number of
compliant pads supporting each pad.

A note for design engineers: it is necessary to consider the stroke of
a deformed compliant pad in the loading direction in a some application
to avoid malfunction because large deformations might occur at very
high loads, especially in large-scale structures.

3. Results and discussion

Firstly, the initial measurements were conducted without any
misalignment setup to determine the accuracy of the designed experi-
mental device and compare it with the prediction. Then, measurements
for all misalignment types that might occur were performed. And finally,
the variations of the compliant pads’ stiffnesses were compared.

3.1. Prediction evaluation

The film thickness prediction calculation was obtained using eqn.
13):

he? 12-Q-p-A
F-qs

where h is the film thickness, Q is the lubricant flow to pad, u is the
dynamic viscosity, A the geometry coefficient, F is the applied load, and
gy is the flow factor (obtained from Ref. [47]). Because of the constant
pressure at inlet condition, the feed volumetric flow decreased with the
increasing load; therefore, the actual values obtained from the experi-
mental device were used in the film thickness prediction calculation.
The calculated values were compared with the experimental results that
are shown in Fig. 8. The experiment was repeated six times to obtain

13)
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Fig. 8. Experimental and predicted film thickness dependence on total load.
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Fig. 10. Investigated misalignment error types: a) OFFSET, b) INCLINE, c) TILT1, and d) TILT2.

more reliable results, while the maximum standard deviation values where the lubricating film demonstrated very low stiffness and pressure.
reached 0.025 mm, which is in the range of the proximity sensor reso- Thus, the lubricating film between the sliding surfaces was probably not
lution. The measurement results show a good agreement with the pre- evenly distributed. However, around the load of 16 kN, the measure-
dicted values of film thickness. The largest difference between the ment results showed a good agreement with the prediction, and so this

prediction and the measurement is visible in the range of lower loads, load was further applied in all xperiments.
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Table 3
TILT and INCLINE rotation angle calculated from height difference.
8 [mm] 0.5 1 1.5 2 2.5 3 3.5 4
0[] 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
Table 4
Average recess pressure criteria values.
Ey=x4s —Eyn (14)

Bearing condition Average recess pressure Percentual value

Overload 5.67 bar Higher than 102.5%
Normal 5.40 4 0.135 bar 100% =+ 2.5%
Failure 5.13 bar Lower than 97.5%

For simplicity, Es and Eg errors were not assumed in this study. The final esti-
mated maximum assembly error tolerance was obtained as follows:

Table 5
Maximum allowed error according to the proposed prediction and experimental
results for both MEDIUM compliant pad and RIGID supports.

Assembly error tolerance - E4 [mm]

Error type RIGID COMPLIANT

Experimental Prediction Experimental Prediction
OFFSET max. 0.5 max. 0.05 max. 2.5 max. 1.72
INCLINE max. 0.5 max. 3
TILT 1 max. 0.35 1.5-2
TILT 2 max. 0.4 1.5-2

3.2. Manufacturing error measurement

The examined manufacturing imperfections are the contact plane
flatness and the flatness and parallelism of loading planes. The paral-
lelism of the mentioned planes was evaluated with respect to the contact
plane. The resulting values were also compared with the demanded
tolerances as shown in Fig. 9. The contact plane represents the sliding
surface of a slider and loading planes transmit the applied load. The
parallelism did not significantly affect the measurements because the
springs mounted on the loading frame allow for an adjustment of the
slider to the lubricating film layer. As for the contact plane, the actual
flatness was smaller than the projected lubricating gap and its actual
value (maximum deviation) 0.08 mm was considered in the total error
calculation as the manufacturing error. The actual value of the pad’s
sliding surface flatness (maximum deviation) was 0.05 mm. The
measured manufacturing errors of contacting surfaces were averaged,
resulting in 0.065 mm manufacturing error that was used for the further
calculations.

setscrews
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3.3. Assembly errors

When considering a multi-pad large-scale hydrostatic thrust bearing,
several types of pad misalignment can emerge, mostly pad height dif-
ference and tilt. As seen in Fig. 10, several cases that we assume might be
the most significant were selected. The first one is a pure height error —
offset (Fig. 10 a), which must be set among all pads and cannot be fixed
separately. Then, inclined pads (Fig. 10 b) in the perpendicular direction
to the slider’s moving direction. Finally, we investigated tilted pads in
both senses of pad B’s rotation (Fig. 10 ¢ and d), which could cause a
collision and a failure in the moving direction of the slider. In all ex-
periments, pad A was the reference pad and pad B was misaligned to-
wards pad A. Actual values of the rotation angles are listed in Table 3 for
simpler determination of the angular misalignment errors — TILT and
INCLINE.

The reference film thickness (hg) without misalignment was set to
approximately 0.15 mm (at least ten times the proximity sensor reso-
lution). The supplied pressure was held constant at 20 bar as a primary
condition of the hydraulics, thus forming constant pressure supply with
a restricted flow. Considering that the load and supplied pressure are
constant, the average recess pressure should not change. The reference
operating recess pressure was chosen to be at least ten times the reso-
lution of the pressure sensors. All measurements were repeated three
times. The average recess pressure throughout all measurements was
5.4 bar with an average deviation of 0.012 bar. Thus, the evaluation
criteria were set to average recess pressure of 5.4 bar +2.5% (the
reference pressure Pg), or a total of 5% of the total tolerance to cover the
recess temperature that was in all experiments in the range of 25 + 3 °C.
The recess pressure increase would signal that the load is increasing. On
the other hand, if the average recess pressure decreased under 97.5% of
the normal value, this indicated that the load-carrying capacity was
weakened and possibly the lubricating film might have started to
collapse. Thus, the load could be partly carried by the hydrostatic pad
edge in case of further decrease of the average recess pressure. All
measurements were repeated four times, while the average deviation of
the average recess pressure was under 2.5%. Therefore, if the average
recess pressure value exceeded the 5% tolerance it was considered a
failure. The actual value used for determining the hydrostatic bearing
condition is listed in Table 4.

The predicted and experimentally obtained values of the maximum
allowable error are listed in Table 5. The allowable error for rigid sup-
port was significantly lower compared to the compliant support with
medium compliant pads. The experimental results show that the
compliant support resulted in four to six times higher misalignment than
the rigid support according to the average pressure evaluating criteria.
The misalignment effect on performance might differ with the distance
between the neighbouring pads — the larger the distance, the greater the
misalignment. However, this could negatively influence the slider shape
due to structural deformations.

silentblocks

Fig. 11. Support behaviour of the misaligned hydrostatic pads with a) RIGID and b) COMPLIANT support.
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Fig. 12. Relative change of a) pressure and b) film thickness of rigid and
compliant support (medium stiffness) for all studied misalignment types with
0.5 mm misalignment and 16 kN load.
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The maximum allowed error of rigid support according to the pre-
diction reached very low values compared to the experimental results,
which was probably caused by considering the constant stiffness of the
bolt. However, Lu et al. [48] proposed a new method for stiffness
calculation considering the surface roughness where the stiffness in-
creases gradually and approaches the traditional theory which assumes
comparably higher values than the proposed method. Moreover, the
rigid support was compensated with restrictors to some extent, and
therefore the real allowed error was higher than predicted. However, the
allowed error considering the restrictor depends on the operating con-
ditions and was not investigated in this study. It is obvious that the
maximum allowed error on compliant support is significantly higher
either from the prediction or from the experimental measurement re-
sults. From the investigated error types, the INCLINE error seems to be
less sensitive to the misalignment because effect on slider with is much
smaller than along the slider between the two pads. The TILT and
OFFSET errors might be a major issue for a moving slider in direction
hitting the edge, either in hydrostatic or hybrid bearings during start and
stop. From the obtained results, it is evident that in the compliant suport
helps the pads to adjusts to the slider, as illustrated in Fig. 11.

The comparison of investigated misalignment types is shown in
Fig. 12. To express the significance of the compliant support effect, the
relative change of recess pressure to the initial recess pressure (with
aligned sliding surfaces) was used as an evaluation criterion. Firstly, the
difference was calculated for each sensor. Then the obtained values were
divided by the initial film thickness, and then an average value was
calculated. As shown in Fig. 12 a, the compliant pads adjusted to the
occurred assembly error and caused a more even distribution of the
pressurized fluid for at least twice in case of the TILT 2 error type, five
times and eight times in case of the OFFSET and INCLINE errors
respectively. TILT 1 did not show any significant difference with
compliant pads in the recess pressure, which might be caused by a
greater space for the slider deformation. A similar trend was observed
with the film thickness relative change (Fig. 12 b). The INCLINE error
type resulted in three times, TILT 2 3.8 times, TILT 1 twice, and the

B0mm 0.5mm S1mm 15mm E2mm Z25mm EB3mm ’
15 Reduction of average recess pressure
- 10
]
<
a’ g §
N
% ] s
0 B o § e N
pAl pA2 pA3 pB2 pB3
b) COMPLIANT
0mm 0.5mm S1mm 1.5mm E2mm [Z2.5mm E3mm
15

P, (bar)

pAl

pA2 pA3 pA4

Reduction of average recess pressure

SSCTTTTTENLTTOeeey

7 rs sy

pB2 pB3 pB4

Fig. 13. Recess pressure values of OFFSET measurements for height difference & (0, 0.5, 1, 1.5, 2, 2.5, and 3 mm) with a) RIGID and b) COMPLIANT (medium

stiffness) support.
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Fig. 14. Geometrical representation of the pad’s geometry for film thickness evaluation (see Fig. 4. — front and back cross section).
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OFFSET 5.3 times smaller relative film thickness change with medium
compliant pads. The results clearly indicate that the compliant pads
create more evenly distributed film thickness and pressure.

The obtained results show that the compliant support could provide
a uniform film thickness along the slider and evenly distributed pressure
in the recesses. To show the oil pressure distribution and film thickness,
we selected only one misalignment type — OFFSET, which is probably
the most problematic error from the presented ones because it is
necessary to be set to all pads to achieve as high as possible sliding
surface flatness. The obtained recess pressure values are shown in

Fig. 13 for a) rigid support and b) compliant support with compliant
pads of medium stiffness with the outlined average pressure values from
Table 4. The rigidly supported hydrostatic bearing showed slightly
higher local pressures (12 bar) compared to the compliant supported
hydrostatic bearing (9.2 bar). However, the rigid support shows signif-
icantly greater differences in the recess pressure among all recesses,
while the compliant support evidently distributes the lubricant pressure
more evenly. The difference between the predicted and experimental
values is most probably caused by a local increase and decrease in the
lubricating film stiffness local according to the misalignment magnitude
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and slider position relative to the bearing pads. The local pressure
decrease possibly causes the lubricating film stiffness to decrease and
vice versa. Therefore, the load-carrying ability for certain misalignment
types is higher than in the prediction.

The comparisons of lubricating film thickness are illustrated in
Fig. 15 for a) rigid support and b) compliant support with a compliant
pad of medium stiffness. The initial film thickness (hp) of 0.16 mm is
outlined in both figures. The negative values of film thickness represent
the position of the slider’s sliding surface relative to the pad’s sliding
surface because the proximity sensors are not located directly in the
pad’s sliding surface (see Fig. 4). The film thickness on the edge of the
pad was calculated using values obtained from proximity sensors and
their positions. Then the calculated film thickness was determined.
When the value of film thickness reached 0 mm, a loss of the load-
carrying ability occurred (as seen in Fig. 15). The negative film
thicknes in Fig. 15 means that the slider came into contact with the pad,
but the proximity sensor could still collect the data, as shown in Fig. 14.
The results obtained from proximity sensors and pressure sensors
correspond well, as the average recess pressure started to decrease with
a 0.5 mm offset misalignment for rigid and a 2.5 mm offset misalignment
respectively.

The results support the assumption that the compliant support
significantly reduces the differences in the film thickness compared to
the rigid support. The results show that a more than 50% smaller change
of the film thickness was achieved using the compliant support. There-
fore, the sensitivity to the misalignment error is greatly lower with the
use of a compiant support for the hydrostatic bearing pads. The exper-
imental results of film thickness indicate that the lubricating film stiff-
ness is not constant along the slider in a misaligned bearing. Therefore,
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the maximum assembly error is actually higher than the predicted one as
shown in Table 5, which emphasises the significance of the restrictor use
in the hydrostatic bearing systems.

3.4. Compliant pad stiffness comparison

The compliant pad stiffness effect on the performance of the hy-
drostatic bearing with misaligned surfaces was investigated only for the
OFFSET error. The recess pressure and film thickness relative change (Ap
and Ah) with misaligned pads divided by the initial values (pp and hy)
obtained for levelled pads was used as the evaluation criteria. Hence, the
relative change of the a) recess pressure and b) film thickness is shown in
Fig. 16. It is evident that the hydrostatic bearing rigid support does not
allow for even distribution of the pressure and uniform film thickness
along the slider. The relative change of the film thickness is greater with
increasing offset misalignment for all support types. In comparison with
the rigid support, for the 3 mm offset a significant 56% reduction in
recess pressure, and a 70% decrease in film thickness relative change
were achieved using soft compliant pads. Therefore, it is evident that the
lower support stiffness, the better the ability to adjust the pads’ sliding
surfaces to the slider. Thus, the bearing performance with compliant
support shows significantly better performance and much lower sensi-
tivity to the assembly errors. However, we want to emphasize that the
use of compliant support for error compensation can only be used in
applications that do not require high bearing stiffness, such as
machining centres, precision guideways, or optical telescopes. On the
contrary, it might be highly desirable in large-scale low-precision ap-
plications to reduce costs related to the manufacturing, assembly, and
service.
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4. Conclusions

In this article, we have reported an experimental investigation to
verify the assumptions on the estimation of the allowable errors. We also
demonstrated the hydrostatic bearing’s compliant support effect and
significance. Based on the obtained results, the following conclusions
can be drawn:

e The proposed methodology can be used for hydrostatic bearing error
estimation to achieve proper functioning and for assembly and
manufacturing tolerance design approximation. This methodology
can also be used for estimated compliant support (compliant pad)
stiffness calculation according to the predicted assembly and
manufacturing errors and errors caused by structural deformations of
the slider, which could be obtained by numerical simulations.

The compliant pads allow for an even distribution of the recess
pressure in all recesses, and therefore maintain a uniform and stable
lubricating film. The compliant pads can adjust the film thickness
along the slider in case of misaligned hydrostatic pads during as-
sembly when compared to rigid support. The compliant pads prevent
the collision of the slider and misaligned pad surfaces four to six
times more than the rigid support and work for either tilting or
height difference compensation.

In this article, natural rubber compliant pads were used. However,
the compliant support material must be chosen according to the
environment compatibility (sufficient oil resistance) or properly
covered to prevent its degradation caused by oil leaks.

The error prediction showed a relatively small assembly error
allowance, which might be caused by neglecting the structural de-
formations of the slider and the restrictor compensation. However,
the experimental results of the assembly error allowance for
compliant support were at least four times higher than those of the
rigid support. The predicted values were smaller than the experi-
mentally obtained values from measurement, which indicates that
this methodology could be used for hydrostatic bearing error esti-
mation to prevent a collision of the sliding surfaces.

The proposed way of error compensation using compliant support
might be highly demanded to reduce the cost of large-scale low-
precision structure positioning. However, it may not be suitable for
applications that require high precision and high stiffness of the
bearing.

Future work on this topic might focus on prediction accuracy
improvement that includes structural deformation of the bodies caused
by pressurized fluid force effects and thermal deformations. And
possibly also the compensation range of restrictors and film stiffness
change could be investigated and determined.
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Abstract: Hydrostatic bearings come with certain advantages over rolling bearings in moving large-
scale structures. However, assembly errors are a serious matter on large scales. This study focuses on
finding assembly error tolerances for the most common types in segmented errors of hydrostatic bear-
ing sliders: tilt and offset. The experimental part was performed in the laboratory on a full diagnostic
hydrostatic bearing testing rig. An investigation of the type of error on bearing performance was first
conducted under static conditions. We identified the limiting error-to-film thickness ratio (e/h) for
static offset error as 2.5 and the tilt angle as 8 = 0.46° for the investigated case. Subsequently, two
types of offset error were investigated under slow-speed conditions at 38 mm/s. The limiting error
for the offset error considering the relative bi-directional movement of the slider and the pad was
determined as e/h < 1. The results further indicate that the error tolerance would further decrease
with increasing speed. The experimental results of error tolerances can be used to determine the
required film thickness or vice versa.

Keywords: tolerancing; error estimation; experimental investigation; hydrostatic lubrication;
hydrostatic guideway

1. Introduction

Although rolling bearings are the most widely used type of bearing, their application
becomes more challenging with increasing machine or structure size. When large structures
need to be moved or rotated, hydrostatic (HS) bearings offer numerous advantages. The
HS lubricating film is created between sliding surfaces by an external hydraulic supply.
It secures the complete separation of conformal surfaces, resulting in very low friction,
almost no wear, very high precision [1] without the appearance of a stick-slip effect, high
stiffness, and vibration damping ability [2-4]. A great advantage of HS bearings consists
of the possibility of active control implementation [5]. The use of fluid bearings could
lead to higher energy efficiency compared to rolling or sliding bearings [6], although HS
lubrication requires a continuous external supply of pressurized lubricant. HS lubrication
is a unique type of lubrication regime that is suitable for a wide range of applications—
from millimetres up to tens of metres [7]—for small ultra-precision machine tools [8],
through medium-sized machining centres, or even for moving large structures, such as
giant telescopes, radio antennas, or large-scale machining centres [9]. This type of bearing
is frequently combined with hydrodynamic (HD) bearings to reduce wear in the start and
stop phases [10,11]. In the case of such large scales, it is not possible to manufacture the
slider and pad bodies in one piece because of manufacturing space, transportation, and
assembly. The performance of the HS lubricating film is influenced by many factors, such as
uneven loading, the elastic deformation of solid bodies, thermal effects [12], manufacturing
precision, and, primarily in the case of large-scale bearing, assembly precision.
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Geometric errors negatively influence the lubricating layer of sliding bearings, whose
performance decreases with the magnitude of surface irregularities [13]. Two main types
of geometric error that can be classified are manufacturing errors and assembly errors.
This article focuses primarily on assembly errors. Misalignment causes serious problems
leading to reduced bearing performance or even seizure [14]. The misalignment of the HD
bearing strongly influences the lubricating film. HS bearings are often combined with HD
bearings to reduce wear during the start and stop phase [15], compensate for misalignment,
and are frequently mounted on the tilting support of the pad [16]. The HS lubrication
regime increases the thickness of the film and improves circulation and cooling [17], thus
improving its performance. This is one of the main reasons why HS lubrication is used as
bearings on high-precision machines. However, HS bearings also have certain limits for
geometric errors that could be compensated by the relatively thick lubricating film. The
energetic demands needed to compensate for the geometric precision of the solid bodies
surrounding the lubricating film [18] increase with the magnitude of the error. Restrictors
are often used to control flow distribution into the pads and recesses in case of single-pump
multi-pad HS bearings. They also serve as a safety element that helps to align the surfaces
using the pressure difference they generate. There are various types, from basic, such as
orifice (see [19,20] or [21]), to more sophisticated, including membranes [22] or controllable
elements, such as electromagnetic valves [23,24]. Previous research aimed to compensate
for pad misalignment using compliant support numerically [25,26] and experimentally [27],
respectively.

Numerical modelling was used to investigate geometric errors. The model for the
analysis of the motion error of closed guideways lubricated with the HS regime, based on
the kinetic equilibrium of the table taking into account the effect of the squeeze film, was
proposed by Wang et al. [28], who found that with increasing speed, the error is more sig-
nificant but can be compensated for with higher lubricant supply. Rajput and Sharma [29]
investigated different geometric imperfections of defined shapes and the misalignment of
the HS-lubricated journal bearing using FEM formulation. All imperfections caused an
observably lower minimal film thickness, whereas the minimal film thickness was twice as
much lower in all cases with journal misalignment. As later observed by Zoupas et al. [30]
using CFD analysis, different types of manufacturing error (convex, concave, and sine
wave) have similar effects on HD thrust bearings, as in the case of journal bearings. Fe-
dorynenko et al. [20] proposed a new design of adjustable HS bearing with improved
precision [31]. Zhang et al. [32] presented a model based on formulations that describe the
relationship between geometric errors and motion errors in bearings lubricated with the
HS regime with experimental validation. Zha et al. [33] later proposed a tolerance design
method for HS guideways based on the error averaging effect, considering geometric
parameters of guide rails with experimental validation.

The certain misalignment of multi-pad HS bearing can be compensated by the lubri-
cating film itself [27]; nonetheless, if the slider is assembled from smaller segments and is
not aligned properly, it might result in edge collision and thus bearing failure. Compared to
pad misalignment, slider segment misalignment is far more serious. This article focuses on
assembly errors of segmented sliders, in which we identified two primary cases (Figure 1):
offset (A) and tilt (B) of the neighbouring segments of the slider. Although a great deal of
research work has focused on manufacturing errors in hydrostatic bearings and guideways,
the following question remains unanswered: “What is the assembly error tolerance of a
segmented hydrostatic bearing (guideway) slider?”. This study will try to provide answers
to this question.
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Figure 1. Schematic representation of two primary assembly errors of large-scale bearings: (A) offset
and (B) tilt.

2. Materials and Methods

The dual pad experimental hydrostatic bearing (2PAD) was used for measuring the
effect of assembly error on bearing performance. 2PAD (Figure 2) consists of two pads with
oil inlets and outlets mounted on supports. The load was generated using four threaded
rods and springs for even loading. Force sensors with a range of 10 kN mounted on each of
the threaded rods were used to obtain loading force. The loading frame transferred the load
through four ball bearings onto the slider. The slider was divided into two parts, which are
assembled using four bolts, to simulate assembly error cases. The motion of the slider was
secured by a ball screw and an electromotor.

loading frame
force sensors

lateral motion motor

outflow pipes

bearing base

06 levelled

05
. /b/;fa o,
ey

inlet pipes

cross -section
1

<

Recess pressure (MPa)
°
=

slider

ball screw

MAX Throttle level MIN

proximity sensor

pressure sensor

LI restrictors

Figure 2. 2PAD experimental HS bearing setup, sensor description and assembly error setting for
(A) offset (step) and (B) tilt.

During all experiments, ISO VG 46 grade oil was used, with measured temperature-
viscosity dependence (0.104 mPa-s at 23 °C). The selected oil type is normally used for
hydraulic systems, while the specific grade was chosen according to the environmental
condition—room temperature. The oil flowed from the hydraulic pump into the recess
and through the oil film gap in between the slider and the pad land to the collector and
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then was returned to the tank. Excess oil was wiped using lip seal to prevent leakage
and oil contamination outside the pad area. The oil temperature was obtained from the
temperature sensor at the inlet of the bearing. The laboratory has its own air conditioning,
and the tests were relatively short; therefore, the temperature was stable at 23 + 0.5 °C
during all experiments. A pressure sensor of precision £0.056 MPa was mounted at each
inlet to recess.

Since the 2PAD is a single-pump HS bearing, a restrictor (needle flow control valve)
was mounted at each inlet into for recess to compensate the pressure differences in the
recesses. The throttle level was the same for all valves and was determined in a misaligned
pad case (Figure 2). The approximate pressure difference generated at each of the restrictors
was 0.1 MPa. If there were no restrictors, the multi-recess pad would act as a single recess,
and the pressure would be the same in each of the recess. Supplied oil flow was measured
using flowmeter of range 15 L/min and precision 0.1 L/min.

Six contactless proximity sensors with a precision of +0.01 mm were mounted on
the pads to obtain information about the film’s thickness. The sensor layout is shown in
Figure 3, with details on proximity sensors mounted on pad supports. The four recesses
in each pad secured an even pressure distribution over the pad area, while providing
information about the pressure in each of the corners of the pad. In this study, pressure
information in each recess and film thickness from proximity sensors were used as primary
performance evaluation parameters. Secondary parameters, such as the load and flow
supplied, were held constant. Pads were levelled using straight slider with a flatness of
0.02 mm, calibration rods with a precision of +0.001 mm, and combined information from
pressure and proximity sensors to achieve distribution of film thickness and recess pressure
values that are as similar as possible. The 2PAD central distance of pads to pad size (length)
ratio in the presented configuration was 2.3. This ratio is given by the design of the test rig
that is based on a large hydrostatic bearing. Nonetheless, it must be carefully considered
in actual design with respecting structural deformations of the slider, applied load, and
required precision or stiffness.

| relalitive dista‘nce | | I1

o

Figure 3. Pad shape and sensor composition on 2PAD with detail on proximity sensors.

2.1. Static Tests

An evaluation of static performance was performed for three possible scenarios that
might emerge during the assembly process. The error was generated on the surface plate
using SKF calibrated shims that were underlaid under one side of the slider. The offset
error (Figure 4A) was assessed in the middle of pad A and in between the recesses. The
tilt errors were investigated in two positions—in the middle of pad A (Figure 4B) and
between the two pads (Figure 4C). Those two cases might occur when the slider connection
is moving; thus, the two most critical scenarios were assessed.
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(B) tilt - mid-pad (C) tilt - mid-bearing

Figure 4. Schematical representation of the static error types assessed in this study for cases: (A) offset
of slider bodies, (B) tilt positioned in the centre of pad A and (C) tilt positioned between the pads A
and B.

2.2. Dynamic Tests

Dynamic tests were carried out only for offset errors. Two possible scenarios were
identified: step-up (Figure 5A), with the second part of the slider offset upwards relative
to the other, and step-down (Figure 5B), with the error created below the main slider. The
latter is more dangerous since the collision of the slider and pad is inevitable for a certain
error magnitude. This is the reason why the step-down dynamic experiment was conducted
after all previous experiments were finished.

e

A B
(A) step-up
v
e —>

(B) step-down

Figure 5. Error types assessed during the dynamic tests for offset cases: (A) step-up and (B) step-
down.

3. Results and Discussion

Experimentally obtained results are described for the cases of assembly errors inves-
tigated. First, the static performance characteristics for offset and tilt are presented and
assessed. Then, the effect of assembly error on dynamic performance is discussed. The
experimental conditions chosen for the tests reflected service conditions of a hydrostatic
turntable but on a smaller scale. The film thickness for the case without an assembly error
was 0.13 mm with a total flow supplied to both pads of 4.3 L/min. The predicted value
of film thickness for the geometry used and experimental conditions based on Rippel [34]
was 0.14 mm. This value was used to validate the experimental setup and conditions. For
all experiments, an evenly distributed constant 20 kN total load was applied. The load
varied within 2% during experiments, thus was assumed as constant. The precision of
the pressure sensor was considered in the performance evaluation and is highlighted in
all graphs. We have set an additional 5% pressure difference that represents the critical
pressure range. Within this range, the bearing can still perform normal functions, but it is
necessary to proceed with caution. It can be also seen in Figure 6 that the pressure varied
within this range. Especially in large HS bearings, the pressures might fluctuate due to
manufacturing and assembly errors of higher magnitude. However, this could compromise
the bearing precision and should be reflected in bearing performance requirements. The
difference in the recess pressure can be caused by lubricant temperature change, variable
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load, change in the supplied flow, or misalignment. The other effects were held constant
throughout all measurements. Only the misalignment of the slider bodies, representing the
assembly error, was varied.

0.80

0.70
normal pressure

sensor error

critical pressure range

Recess pressure (MPa)

0.60
critical error range

0.55
000 025 050 0.75 1.00 1.25 150 1.75 200 225 250 275 3.00 325 350 3.75

e/h(-)
Figure 6. Recess pressure in pad A dependency on error-to-initial film thickness ratio.

3.1. Static Performance

The static performance of the assembly error was measured for both cases—the offset
and tilt of the slider segments. To ensure the validity of the experimentally obtained data,
all static measurements were repeated three times. Between each measurement, the bearing
was turned off and back on. The loading frame and slider had to be disassembled with
each error case. The repeatability of the static tests was within 2% error for pressure, 1% for
film thickness, and 1% for load.

3.1.1. Offset of the Slider Bodies

The offset assembly error type was assessed only for the “step-up” configuration. The
judging criteria were the average pressure of the pad A, pressure in recess A2 and A3, film
thickness obtained from proximity sensor Al, and the initial film thickness of 0.13 mm at
e/h = 0. The normal pressure for the supplied flow and load was 0.68 MPa. The dependence
of the average pressure in pad A on the error magnitude to the film thickness ratio is drawn
in Figure 6. An increase in the mean pressure was observed in pad A within the error
ratio range e/h = 0-0.75. The overall average recess pressure rose by 0.03 MPa for this
ratio, indicating that the slider might become slightly inclined due to the geometry change
generated by the error. However, in the range of e/h = 0-2.25, the average pressure in pad
A remained within the range of sensor error. The range of e/h = 2.5-2.8 was considered
a critical error range because the average recess pressure in pad A fell into the critical
pressure range, which was below the sensor error range. In this range, a contact between
the solid bodies might occur since the load might not be carried only by the lubricating
film. Therefore, the ratio e/h = 2.5 is considered as the limiting value in which the bearings
can operate normally under static conditions. Regarding the ratio of e/h = 3 and higher,
the contact of solid bodies was confirmed by the inability of the slider to move anymore.

As seen in Figure 7, the pressure decrease as the magnitude of the ratio increases. For
the ratio e/h = 3, when a contact of solid bodies was confirmed, the average pressure in
recesses pA2 and pA3 fell into the range of free outlet pressure. This means that those
recesses did not carry load anymore, and that the remaining recesses could not sustain such
load alone.
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Figure 7. Recess pressure of pad A dependency on error-to-film-thickness ratio (grey) and average
pressure in pockets 2 and 3 of pad A (green).

As observed from proximity sensors, the inclination of the slider, as shown in Figure 8
was more significant as the error magnitude increased. A film thickness of 0.06 mm was
measured at proximity sensor Al at the highest offset error magnitude. From Figure 3,
it can be seen that the proximity sensor is not at the level of the edge of the pad, and
therefore, a film thickness of 0.06 mm could already mean zero film thickness at the edge
due to the slider inclination effect. Thus, during the offset static tests, the film thickness
was considered as secondary criteria, and the main performance assessment criteria was
the recess pressure in pad A.

Figure 8. Schematical representation of slider inclination with increasing error magnitude.

3.1.2. Tilt

The tilt assembly error type was assessed for two positions—"mid-pad” (Figure 9A)
and “mid-bearing” (Figure 9B) configurations. The judging criteria were the average
pressure of both pads, pressure in all recesses, film thickness obtained from proximity
sensors, and an initial film thickness of 0.13 mm at 6 = 0°. The normal pressure for the
supplied flow and load was again 0.68 MPa. The bearing performed normal operation
within the angular error of 8 = 0-0.4°. In the case of the “mid-pad”, the average recess
pressure slowly decreased, starting at 0 = 0.2° until 0 = 0.42°. The range of 0 = 0.46-0.5°
was considered as the critical error range for the “mid-pad” error type. The limiting value
that would allow the bearing to be functional was 0.5°. Regarding the “mid-bearing” error
type, the average recess pressure was relatively stable until the tilt angular error reached a
value of 8 = 0.75°. Any further added error caused the average recess pressure to rapidly
decrease. Due to the rapid decrease in the average recess pressure with increased error
value, the critical error range is relatively small, within 6 = 0.78-0.8°. Any error greater
than 6 = 0.8° would mean a loss of the load-carrying ability. However, a relative movement
of the pad and slider bodies is required for proper bearing function. Therefore, the angular
error of 0 = 0.46° is considered the limit value for which the bearings can operate normally
under static conditions in the two investigated positions. Considering that the slider will
move during operation, the “mid-pad” error type allows for a smaller error tolerance. The
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highest value of 0 is 0.5°. Any higher error would lead to a contact of solid bodies for the
tilt error type. The pads were positioned at ratio of pad centre distance to pad edge length
of 2.3. Nonetheless, if the distance of the pads were greater, the angular tolerance would
decrease.

(A) mid-pad (B) mid-bearing
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Figure 9. Average recess pressure dependency on angular error (tilt) of the slider bodies for cases
(A) in the middle of pad A and (B) in between pads A and B.

3.2. Dynamic Performance

All dynamic tests were performed at a slider movement speed relative to the pads. To
prove the repeatability of the dynamic tests, three initial measurements with 0.1 mm error
("STEP-UP” type) were carried out and compared. The following test were repeated three
times as well, but only one run was plotted as they all exhibited high repeatability. As seen
in Figure 10, the data obtained from the proximity sensors show the same trends for film
thickness with very few differences, as shown in the detailed comparison for the proximity
sensors (see the scheme in Figure 3). The repeatability of pressure sensors in all three
measurements was within £3%. For subsequent measurements, three measurements were
carried out and thoroughly compared. All exhibited very high repeatability and the same
deviation as in the initial experiment with 0.1 mm offset “step-up” type of error. The initial
average film thickness was approximately 0.13 £0.02 mm. A slightly higher deviation
could be caused by the manufacturing error of the slider during movement compared to
the static results.

3.2.1. Offset—"Step-Up”

The “step-up” dynamic tests were performed for a range of errors (e) from 0.05 to
0.3 mm with 0.05 increment, as seen in Figure 11. The average recess pressure trend was
very similar for all cases; therefore, only runs of 0.1 mm, 0.2 mm, and 0.3 mm errors (e) are
drawn in Figure 11. The measured data show an almost identical rise of the average recess
pressure when the edge passes through the pad land area (between points I. and II.). This
is caused by decreasing the effective area of pad A while carrying the same load; thus, the
pressure increases. However, as soon as the slider step approaches the recess area (point
I1.), the pressure rapidly decreases, depending on the magnitude of the error. If the error (e)
was within 0.05-0.015 mm, the pressure was still within the sensor error area and did not
reach the critical pressure range. However, the pressure with a 0.2 mm error (equivalent
to the ratio e/h = 1.5) has already entered the critical pressure range and is considered as
the limiting value of error for the investigated movement speed. After the edge passed the
recess area, the average pressure stabilized at a higher value in the case of smaller errors
(e < 0.2 mm). The errors within the range of 0.2-0.3 mm (e/h = 1.5-2.3) exhibited average
pressures below the critical pressure range. This is also a matter of the restrictor setup and
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their performance. The test was terminated when the edge reached middle of the pad A
(point IV).
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Figure 10. Film thickness charts comparison for three different measurements (A-C) of 0.1 mm
“STEP-UP” type error with highlighted A2 sensor film thickness from all the three measurements.
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Figure 11. Average recess pressure value evolution in time for “step-up” error at 38 mm/s movement
speed.

Although the returned pressure was above the critical pressure range, as in the case
of a 0.3 mm error, the critical area when the slider is passing the edge and entering the
bearing is more important. Furthermore, the precision is already compromised, because the
thickness of the film becomes more non-uniform, as shown in Figure 12. A similar effect is
expected to occur, as described in Figure 8. Nevertheless, the magnitude of error that the
lubricating film can manage without suffering decreased performance would most likely
be lower at higher movement speeds.
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Figure 12. Film thickness evolution in time for the “step-up” error at 38 mm/s movement speed.

3.2.2. Offset—"Step-Down”

The “step-down” dynamic tests were also performed for a range of errors (e) of 0.05-
0.3 mm with 0.05 mm increments, as seen in Figure 13. However, the average recess
pressure trend was different from that in the previous investigated case. In the error range
(e) of 0.05-0.15 mm (e/h = 0.38-1.15), the bearing could still operate normally and did not
exhibit any form of collision. As seen in Figure 14, the assumed 0.15 mm error was smaller,
approximately 0.1 mm instead of 0.15 mm. Moreover, the average recess pressure, as seen
in Figure 13, was slightly higher than the critical pressure after passing the recess area
(starting with point IIL). It did not fall below the lower critical value; thus, we assumed
normal operation. The tests were terminated when the edge reached the middle of the pad
A (point IV.). An actual problem with the bearing performance started to arise at an error
of 0.2 mm (e/h = 1.54), whose real value seems to be, according to the obtained data from
sensors, 0.15 mm. As seen in Figure 13, the “0.2 mm” error exhibited a rapid decrease in the
average pressure when the edge entered the pad area (point L), but the bearing was able to
react to the change with increased pressure. This type of error was not as sensitive to the
average recess pressure (between points II. and III.) as the “step-up” type but was more
dangerous from the film-thickness point of view. The bearing pad could not handle such
an error at higher speeds. As expected, this type of offset error was more dangerous, and
the slider and pad collision occurred at an error 0.25 mm (e/h = 1.92). The motor managed
to pull the slider despite contact was observed (the slider stopped for a while and then
continued with the movement). Therefore, the “step-down” tolerance must be within the
film thickness height, and thus, the ratio e/h should be smaller than 1 to avoid the collision
of the solid bodies. Although the average recess pressure almost did not reach the critical
pressure area, the film thickness (Figure 14) was already around zero, which means that the
slider error edge and pad were almost at the same level.
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Figure 13. Average recess pressure value evolution in time for “step-down” error at 38 mm/s
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The error of 0.3 mm (e/h = 2.3) caused a total failure of the bearing. As seen in
Figure 14, for this case, two sharp spikes were observed at sensors A2 and A3, respectively.
The slider completely stopped its movement at the edge of the pad due to collision. The
motor tried to pull the slider over the edge, which is what is explaining the two sharp spikes
on the film thickness sensors, and then it was interrupted. The pads were manufactured
without chamfers on the edges. This could surely help the bearing manage slightly higher
assembly errors of the slider bodies but the contact of solid bodies would be inevitable.
Considering the results obtained, we assume that the general recommendation for the offset
error would be that the error value should be smaller than the film thickness, or rather, that
the e/h ratio must be smaller than 1. The edge chamfer could help to avoid the impact, but
most probably not the collision of the slider and pad bodies.

4. Conclusions

In this study, assembly error tolerance was assessed for large-scale HS bearings work-
ing under static and low-speed conditions. Two main types of errors were classified—offset
and tilt. The study was carried out on an experimental HS bearing with complete perfor-
mance diagnostics. The investigation was evaluated on information from pressure and
distance sensors. Both types of errors were first investigated under static conditions. The
maximum tolerance for offset error was found to be for the ratio of error-to-film-thickness
of e/h = 2.5 for static conditions. Regarding tilt, two scenarios were tested: tilt centre in
the middle of the pad and between the bearings. However, when assuming a movement
of the slider, the maximum error tolerance was considered as 8 = 0.46° at the investigated
distance. Thus, the greater the pad distance, the smaller the angular error tolerance. The
angular error tolerance will decrease with increasing distance of the pads. Subsequently, the
offset error was investigated under low-speed conditions (38 mm/s) for two cases—"step
up” and “step down” error types. The critical error value was estimated for ratio e/h =
1.5 for “step-up” and e/h < 1 for “step-down”, which means that the error tolerance is
higher for static conditions, and that it is decreasing as the relative movement speed of
the solid bodies increases. In case of bi-directional movement, the step-down error type
should always be preferred, and the e/h ratio should not exceed 1 to avoid surface damage.
The tolerance estimation approach provided in this study offers an experiment-based tool
for design engineers and can help with assessment of the assembly process of such bear-
ings on large scales. It can also be used to determine required film thickness for known
magnitudes of error that occur in the final assembly, or to set limiting assembly errors
based on the knowledge of the designed film thickness. Further research could aim to
obtain error tolerance values depending on the relative speed of the solid bearing bodies.
Numerical modelling of the case could provide insight into how the pressure field changes
with different error magnitudes or during movement.
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7 CONCLUSIONS

The dissertation thesis deals with large-scale HSB performance and safety improvement.
The attention of research teams all over the world is mainly drawn by performance
optimization and geometric error effect investigation on precision and bearing performance.
Even though the HS lubrication was firstly demonstrated in the 19" century, the research
interest in this lubrication regime has been rising over the years, and is still growing. Multiple
approaches to design and optimization of such bearings were proposed over the years and a
huge proportion of researchers and design engineers rely on them. Nonetheless, there are
still some design aspects and procedures that are performed in an old-fashioned and not very
effective way, or performed by estimation without an experimentally or numerically
supported results. One of the primary factors of HS lubrication is the bearing geometry. The
classical experimentally derived optimization method based on single-parameter pad shape
optimization seems to serve well as a first iteration in design process, but further
customization of the pad geometry might reduce the energy losses of the pump. The
manufacturing precision and motion errors have been described in much detail, what allowed
to improve the precision of HSB. Another very important factor is the precision of the HSB
solid bodies, especially the assembly precision in the case of large-scale bearings. Pad
misalignment was studied very briefly, with little attention paid to compliant support
investigation. Segmented slider assembly errors have not yet been studied, even though
large-scale HSB sliders are not possible to be manufactured in desirable precision for
diameters exceeding tens of metres.

The first part of the thesis discusses all aspects of large-scale HSB design and optimization,
including performance analyses, errors and materials. Subsequently, a novel approach to
multi-recess pad geometry optimization using CFD is presented and validated based on
experimental and analytical data. The latter part deals with pad and slider segment
misalignment, based on experimental measurements.

The main aim of this thesis was to improve HSB performance and safety with the use of
experimental and numerical methods. To be able to investigate the bearing performance in
various cases and scenarios, an experimental HSB test rig was designed and developed as a
part of the PhD thesis in collaboration with colleagues at the Institute of Machine and
Industrial Design. The experimental rig data accuracy was validated against analytical data.
Subsequently, methodological approach for geometry optimization using CFD simulation is
presented and validated. Finally, allowed misalignment magnitudes of pad and slider
segments are determined based on experimental data.

The presented thesis presents original results extending the knowledge in the area of
hydrostatic bearing performance and safe operation. The results are confronted with
previously published studies. The further step is to employ to develop a comprehensive
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methodology for large-scale bearings working in the HS regime under real variable
conditions.

The main contribution of the thesis can be summarized into the following points:

A comprehensive summary of previously published research, current trends and future
scope aimed at large-scale HSB design and optimization approaches was performed.
A novel multi-recess pad shape optimization method of HSB based on CFD was
developed.

Experimental-based methodology for HSB compliant support design was suggested
and compared with rigid support.

For the first time, assembly errors of segmented sliders were assessed and
experimentally investigated under static and low-speed conditions.

Regarding to scientific questions from chapter 4.1, the obtained knowledge can be
summarized to the following concluding remarks:

A) Bearing performance

Q1:

What is the influence of hydrostatic bearing recess position and size on the bearing

performance?

H1:

HYPOTHESIS WAS VERIFIED

HSB pad geometry is one of the key parameters influencing its performance. Classical
optimization approach is based on one parameter optimization of the recess size and
position linked together. The proposed two parameter method shows that by adjusting
recess size and position separately can influence the bearing performance and reduce
energy losses up to 20 %.

B) Bearing safety:

Q2:

How is the hydrostatic lubricating film affected by assembly errors of the bearing

bodies?

H2:

H3:
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HYPOTHESIS WAS VERIFIED

As the previous research indicated, compliant pad support for multi-pad HSB can help
to compensate pad misalignment. Compared to the rigid support, compliant support
allows 4 to 6 times larger misalignment depending on the misalignment type.

HYPOTHESIS WAS VERIFIED

The segmented slider errors, inclination and offset, have larger error tolerance under
static conditions, depending on the distance between pads of multi-pad HSB when
compared to the film thickness. As investigated the offset error under slow-speed
conditions, the maximal allowed error to avoid solid bodies collision must be smaller
than the film thickness.
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