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Abstract. In the last fifty years, the performance of aerostatic pads has been
largely investigated as regards load capacity, consumption, stiftnhess and damp-
ing. However, there are few works studying the effect of other aspects which are
not usually taken into account, e.g., deformations, waviness and roughness. This
paper investigates the causes of air leakages at zero air gap condition. Different
numerical simulations are performed to evaluate which is the deformed shape of
the pad under different loading conditions. Experimental air flow measurements
at zero air gap condition were also performed. It has been found that, in this in-
stance, pad deflection is one of the main causes producing air leakages.
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1 Introduction

Because of their outstanding features, aerostatic bearings are widely used in different
high precision industrial applications, e.g., metrology, nuclear, biomedical and manu-
facturing [1]. The low viscosity of air allows relative motion with almost zero friction
and wear.

Large number of studies have been performed to understand which are the key as-
pects that have to be taken into account for the aerostatic bearing design. The selection
of the bearing feeding system is one of the most crucial aspect. Feeding compensation
allows the variation of the air gap height when the load supported by bearings change.
The most common feeding systems are simple orifices, pocketed orifices, micro holes,
porous surfaces and compound restrictors. The performance of aerostatic bearings with
simple and pocketed orifices were the first to be investigated. In these instances, the
influence of the recess shape and dimension, supply pressure, supply hole diameter and
position were largely investigated. Boffey et al. [2, 3] performed an experimental study
on the effect of the supply pressure and the orifice size over the performance of air
lubricated bearings with pocketed orifices. Chen and He [4] demonstrated also that the
recess shape have a significant effect of the pad performance. They found that that
spherical and rectangular recesses can generate vortexes which can compromise bear-
ing performance. Colombo et al. [5] performed a numerical and experimental study of
the static and dynamic performance aerostatic rectangular pads with multiple simple
orifices. They investigated the effect of the supply pressure and supply hole diameter



on the pad performance, eventually performing a sensitivity analysis to find an optimal
supply hole location. To increase the relatively low stiffness and pour damping of aer-
ostatic bearings, porous surface, compound restrictors and micro holes were experi-
mented as feeding systems. Fourka and Bonis [6] compared the performance of porous
pads to those of pads with discrete number of restrictors. They highlighted the remark-
able influence of the permeability of the adopted porous surfaces. Yoshimoto and
Khinno [7] studied the performance of porous aerostatic bearings with a groove air
supply and a hole air supply to find a technical solution to reduce the deflection of
porous surfaces. Despite the higher performance, the main problem in the use of porous
surfaces is the selection of the porous material that must exhibit suitable permeability
and strength [8]. Another way to obtain acrostatic bearings with higher performance is
the use of compound restrictors. Compound restrictors consist in simple restrictors sur-
rounded by grooves with different geometries. The groove insertion usually enhances
the bearing stiffness and load carrying capacity generating a more uniform air gap pres-
sure distribution. Colombo et al. [9—13] studied the static and dynamic performance of
rectangular aerostatic pads with different groove configurations. Charki et al. [14] per-
formed numerical and experimental studies of the performance of circular aerostatic
pads with multiple orifices. The use of micro holes is the last type of feeding system
that has been experimented thanks to the recent innovations in laser technology. Bel-
forte et al. [15] performed numerical and experimental studies on aerostatic pads with
micro holes by providing an empirical formula to compute their discharge coefficients.
Mitayake et al. [16] compared the performance of aerostatic pads with small feed holes
to that of compound restrictors by finding that they provide similar stiffness similar and
higher damping coefficient.

Despite literature presents a large number of investigations on aerostatic bearing,
there is a lack of numerical and experimental works considering the effect of pads ma-
terial, leakages and macro and micro geometrical errors. Lu etal. [17] developed a FEM
model considering the fluid-structure interactions to evaluate the effect deformations
over the bearing performance. They found that, in some instances, air gap pressure dis-
tribution may generate significant deformations of the pad.

In most of the cases, externally pressurized pads may exhibit air leakages even when
they are in contact with the counter surface.

The aim of this work is to shed light on the causes of this phenomenon.

2 The Aerostatic Pad

The pad employed in this investigation is an Aluminum rectangular pad with size of
75x50 mm? and thickness equal to 13 mm. Figure 1 shows a photograph of the active
surface of the pad. The pad presents eight supply holes with a diameter of 0.2 mm which
are distributed on a supply rectangle of size 55x30 mm?.



Fig. 1. Photograph of the investigated pad.

For further details, the static and dynamic performance of these pads was investi-
gated in [5].

3 Experimental Set-up

Figure 2 shows the testing configuration adopted to carry out the campaign of air flow
measurements. The pneumatic circuit at the upstream of the pad is composed of a reg-
ulator valve (1), a bistable 3/2 pneumatic valve with manual control (2), a variable
pneumatic resistance (3), a flowmeter (4) and a digital pressure transducer (5).
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Fig. 2. The adopted testing configuration.

The pressure regulator (1) is used to set the supply pressure of the pad. The pneumatic
valve (2) is used to rapidly is used to rapidly connect the circuit to the supply or to the
vent. The pneumatic variable resistance (3) is necessary to obtain a second and finer
regulation of the pad supply pressure. The flowmeter (4) and the digital pressure trans-
ducer measure the air mass flow rate and the supply pressure of the pad.



4 Methodology

The aim of the described methodology is to investigate the presence of air leakages
when the air pad is in contact with its counter surface with a preload higher than its
maximum load capacity. The main hypothesis at the base of this campaign of experi-
ments is that air leakages are essentially due to the pad deflection and to the roughness
of the mating surfaces. Here, only the effect of the pad deflection is investigated. Two
numerical simulations were performed to clarify which is the deformed shape of the
pad when it is subjected to the external loads. The first simulation consists in a contact
analysis to investigate the effect of the external load with no supply air. The second
simulation is aimed to reproduce the conventional working condition of the pad, i.c.,
the simultaneous presence of an external load and an air pressure distribution. This
configuration was modelled by considering a constant pressure distribution under the
pad which is balanced by the external load. Table 1 summarizes the material properties
which were employed in the simulations:

Table 1. Material properties of pad and countersurface.

Young Modulus E [MPa] | Poisson ratio v [-]
Pad 70 000 0.3
Counter Pad 210 000 0.3

The second part of the study consists in experimental tests to measure the air leak-
ages when the pad is in contact with its counter surface. To ensure the presence of a
solid-to-solid contact, the pad was loaded with a force (1200 N) higher than the maxi-
mum load capacity of the pad. The test consists in measuring the air leakages as a func-
tion of the supply pressure.

5 Results

5.1 Numerical Simulations

Figure 3 shows the results of a numerical simulation performed to evaluate the pad
deformations due to the external load only (F= 1200 N). This loading condition was
simulated through a 2D FEM contact analysis considering the symmetry of the prob-
lem. The simulation demonstrates that, in the absence of an air gap pressure distribution
under the pad, the external load induced negligible pad deformations. It is possible to
see that the loading tip deforms the pad locally, but does not modify its shape.

The second simulation was performed to evaluate the deformed shape of the pad when
it is subject to an external load balanced by the pressure distribution that establishes in
the gap under the pad. Figure 4 shows the field of displacement and the deformed shape
of the pad in this second configuration. It is possible to see that, in this instance, since
the active surface of the pad becomes convex, the pad deflection is no more negligible.



This means that, the simultaneous presence of external loads and air gap pressure dis-
tributions significantly deflects the active surface of the pad thus generating air leak-
ages. Figure 5 shows the deformed profile shape of the upper surface of the pad ob-
tained with loads ranging from 100 to 800 N.

par(1l)=1 Surface: Total displacement (um)
mm T T T T Y
25+ R
20¢ B 1
15¢ R
0.8
10
5 0.6
0
0.4
-5
-10 0.2
-15
0

0 10 20 30 mm

Fig. 3. Results from the numerical simulation performed to evaluate the pad deformations
due to the external load only (F= 1200 N).
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Fig. 4. Deformed shape of the pad due to the external load and the
pressure estabilishes in the air gap.
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Fig. 5. Deformed shape of the upper surface profile of the pad in the presence of different
loading conditions.

5.2 Air Flow Measurements

Figure 6 shows the results of the air flow measurements performed by modifying the
supply pressure of the pad in the presence of a constant external load of 1200 N. The
expression of the air flow through a rectangular duct was employed to evaluate the
correspondent equivalent air gap:

_ h? (Pli — Pozut) E (1)
~ 24uRT 1

where, h is the air gap height, P, and P, are the inlet and the outlet pressures, b and
1 are the width and length of an equivalent rectangular duct and p, R and T are the
dynamic viscosity, gas constant and temperature. It is worth pointing out that the pres-
sure drop in the supply orifices can be neglected as the air consumption is small. Ratio
b/l can be estimated from eq. (1) measuring G and knowing all other parameters.
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Fig. 6: Air mass flow rate expressed as a function of the supply pressure with a constant ex-
ternal load equal to 1200 N

The first point of the considered range (see Figure 6) was taken as reference value
(Prer, Grer) and dimensionless air gap heights were evaluated as:

)

Figure 7 shows the trend of the dimensionless air gap h expressed as a function of the
absolute supply pressure P; . As it is possible to see, the computed air gap shows a
linear trend even though the pad is in contact with its counter surface. This indicates
that, depending on the external force and the supply pressure, pads may be subject to
significant deflections that lead to air leakages. Hence, the higher is the external load
and supply pressure, the poorer are the performance simulated by rigid pad models
based on Reynolds’ equation.
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Fig. 7. Dimensionless air gap height expressed as a function of the absolute supply pressure.

6 Conclusions

This paper describes a numerical and an experimental study aimed to investigate the
behavior of an aerostatic pad at zero air gap condition. The main goal is to have a better
understanding of the causes of the presence of air leakages when the pad is in contact
with its counter surface. In particular, this study focuses on seeking a correlation be-
tween pad deflections and air leakages. It was found that pad deflection has a large
influence on the air leakages even when the pad is in contact with its counter surfaces.
A dimensionless expression of the air gap height was used to evaluate how this param-
eter varies with the supply pressure.
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