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EXPERIMENTAL INVESTIGATION INTO  
THE OPERATION OF HIGH SPEED FOIL BEARING

BADANIA DOŚWIADCZALNE WYSOKOOBROTOWEGO ŁOŻYSKA FOLIOWEGO

Summary: The foil bearings are self-acting units operating without the liquid 
lubricants. Elastic support of sliding foil, the decrease in the weight and good 
resistance against higher temperatures are significant advantages of such 
bearings. The subject of this report are: the experimental investigation into the 
behaviour of foil bearing of simple design that included the manufacturing of both, 
bump and top foil as well as the housing with fixing elements. Preliminary results 
will give the basis for further, wider tribological experimental and theoretical 
investigation with different materials of foil at higher rotational speeds and loads.
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Streszczenie: Łożyska foliowe są łożyskami samodziałającymi bez płynnych 
środków smarowych. Podatne podparcie folii roboczej, lekkość i odporność na 
wysokie temperatury to zalety tych łożysk. Artykuł dotyczy badań doświadczalnych 
autorskiego łożyska foliowego o prostej budowie z folią podpierającą, roboczą 
oraz obudową z elementami mocującymi. Wstępne wyniki badań są podstawą do 
sprawdzenia metodologii badań, uwzględnienia w badaniach teoretycznych tych 
łożysk oraz opracowaniu algorytmu numerycznego umożliwiającego wyznaczanie 
ich charakterystyk statycznych i dynamicznych. Dalsze badania będą kontynuowane 
z różnymi materiałami folii roboczej oraz większymi obciążeniami i prędkościami 
obrotowymi.

Słowa kluczowe: łożyska wysokoobrotowe, film powietrzny, łożysko foliowe

Introduction

The foil bearings can be applied in high rotational speed ro-
tating machinery such as turbochargers, turbo compressors, 
and micro turbines for power generation [1-8]. Their great ad-
vantage is the operation without lubricant what allows the de-
signers to locate the bearings in the hot sections of the turbine, 
without having concerns for a liquid lubricant. In such bearings 
there are no rolling elements, i.e. they can operate at the high-
est rotational speeds of the supporting shaft [1-6]. The thick-
ness of air film is approximately 2.5 µm and it provides the load 
support. The bump foils act as an elastic foundation that per-
mits the top foil to locally deflect in response to changes in the 
hydrodynamic pressure. This compliancy allows foil bearings 
to accommodate significant centrifugal and thermal growth of 
the shaft and engine housing, high levels of misalignment and 
shock loads, and improved tolerance to dirt and dust contami-
nation [1].

The lack of air film during start-stops and low speed op-
eration causes that the wear occurs at the sliding interface 
between the top foil and shaft surface. This will alter bearing 
and shaft geometry leading to reduced preload and changes in 
the bearing’s stiffness and damping properties. To avoid wear 
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and extend operating life, solid lubricant coatings are applied to 
the shaft surface and/or bearing top foils. Depositing the wear 
resistant, low friction, and temperature resistant layers on the 
foil and journal surface can solve the problem of wear. However, 
it is unclear how the coating will respond to the start-ups at 
low temperatures and higher static loads of rotating machine 
operation [1].

Foil air bearings have made significant progress during the 
last 25 years. Reliability of many high-speed turbomachines 
with foil bearings has increased over tenfold compared to those 
with rolling element bearings. A high speed-rotating machine 
called Air Cycle Machine (ACM) is the heart of the Environmen-
tal Control System (ECS) used on aircraft to manage cooling, 
heating and pressurization of the aircraft. Today, ACM for al-
most every new ECS system on military and civil aircraft and 
on many ground vehicles use the foil air bearings. Old ECS sys-
tems with rolling element bearings are being converted to foil 
air bearings. The F-16 aircraft ACM used rolling element bear-
ings from 1974 to 1982, but all aircraft built since 1982 use foil 
air bearings. The Boeing 747 aircraft ACM used rolling element 
bearings from 1970 to 1988, but all aircraft built since 1988 
have foil air bearings. The ECS system on the older model Boe-
ing 737 aircraft have rolling element bearings whereas ECS on 
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around the entire circumference of the bearing. Nano compos-
ite self-lubricated layer nc-W/a-C (with nano crystallite WF in 
amorphic carbon base; WC – wolfram (tungsten) carbide) [9] 
was deposited on the inner surface of thin foil. Foil hardness 
was about 1000 HV.

The bump foil was continuous across the bearing’s axial 
width and split in one place (Fig. 1a). The bearing casing was 
made with three bores for the thermocouple monitoring the 
heating generated by the friction between the journal and top 
foil. The thermocouple was put into the bore on the lower 
curved portion of the bumps as near to the top foil as possible. 
An access to the bump foil was provided by bores drilled in the 
bearing’s casing in the middle plane of casing. 

Experimental investigation

High-speed test rig designed for the investigation of foil bear-
ing with deposited nano composite layer shows Fig. 2. It consists 
the support 1 of electric motor 2 and rolling bearing system 3 with 
the foil bearing 4 and the hollowed journal 5 that was fixed on the 
shaft of high speed bearing system. Investigation of considered 
foil bearing was carried-out in the range of rotational speeds from 
11,5 krpm up to 31 krpm. During the continuous operation of bear-
ing at any of assumed speeds, the casing with the foil bearing was 
easy displaced on the generated air film without any resistance in 
axial direction. There was no increase in the friction or contacts of 
foil with the journal. On the foil surface and journal surfaces there 
were no traces of wear after about 25 minutes of operation [9].

Depending on the outside weather conditions the room tem-
peratures varied from 210C up to 29°C. Exemplary, at the temper-
ature equal to 21°C and after 3 minutes of continuous operation 
of bearing, the operation temperature of 26°C was registered and 
during further 5 minutes of continuous operation the temperature 
reached the level of 270C. Digital multimeter M890G with ther-
mocouple was applied for the measurements of foil temperature.

new 737 uses foil air bearings. Many machines operating with 
the fluids other than air, such as helium, xenon, refrigerants, liq-
uid oxygen and liquid nitrogen, have been built and successfully 
tested [1,2] with the foil bearings.

Experimental design of foil bearing is presented in Fig. 1a 
[10]; it consists casing 1 with a bump foil 3, top foil 2 supporting 
the shaft ( journal) 4. The bump foil supports the top foil and is 
made of higher quality steel; its function is to generate and con-
tain the aerodynamic pressure as result of rotational motion of 
shaft and convergent wedge of air. General view of author’s foil 
bearing is illustrated in Fig. 1b; the design allows for application 
and changes of top or bump foil that can be made of different 
materials with or without the deposition on the foil operating 
surface the low friction high wear resistant layers.

Among different materials applied for the deposition on the 
foil, one is the nano composite self-lubricated layer nc-W/a-C 
(with nano crystallite WF in amorphic carbon base; WC – wol-
fram (tungsten) carbide) [9].

This report presents the exemplary results from performing 
the tests on a foil air bearing operating against an uncoated 
journal. The foil of the test bearing was coated with a special 
nano composite layer [9]. The tests consisted of performing as-
sumed number of start-stops at an acceleration rate of 11 krpm 
to 31 krpm (1krpm equal to 1000 rpm) while supporting a small 
load of 3 N. In this test, durability was based on signs of dam-
age to the bearing’s top foils and indications of coating damage 
in the form of wear. 

Foil Bearing Description

A cross-sectional view of the overlapping, leaf-type foil 
bearing used for testing is shown in Fig. 1. The bearing’s inside 
diameter was nominally equal to 30 mm and its width was 18

mm. For the journal the steel of hardness about 50 HRC 
was applied. The bearing was constructed from the foil in 

Fig. 1. Experimental foil bearing; 1 – casing, 2 – top foil, 3 – bump foil, 4 – journal;  
a) lay-out of bearing, Ob – center of bearing, Oj – center of journal, b) general view [10] 

a)							         b)
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An effect on the wear of foil has the vibrations and that was 
the reason to measure their level during the operation of foil bear-
ing. Arrangements of foil bearing with regard to the direction of 
applied load are showed in Fig. 3a and Fig. 3b; these positions 
were used to check an effect of foil overlap position on the gener-
ated vibrations.

The acceleration of vibrations were measured in vertical di-
rection with the measuring system PULSE of Brüel & Kjaer and 
piezoelectric pick-up (fixed to the upper part of test bearing –  
Fig. 2b, pos.4) of acceleration containing the internal electronics 
of type 353B04 (PCB Piezotronic Company) [10].

Time and spectrum runs of the vibrations acceleration were 
measured at vertical load direction and two position of foil over-
lap. Spectrum characteristics of velocity and acceleration were 
obtained on the basis of carried out analysis FFT in the range up 
to 3,2kHz.

Exemplary results of vibrations acceleration measured dur-
ing operation of foil bearing at the rotational speed of journal 

31 krpm show Fig. 4 and Fig. 5. The acceleration of vibration at 
the horizontal position of foil overlap (Fig. 3b) was close to zero  
(Fig. 5). It suggests that there is an effect of foil overlap position 
on the bearing operation and particularly on the vibration level.

According to Fig. 4, the maximum amplitudes of vibrations 
(reaching the values from 7,8 ms-1 at 38 s of operation up to  
8,2 ms-1 at about 280 s) to have almost equal values in the inves-
tigated range of time, while the minimum amplitudes are slightly 
below zero with the negative values.

In Fig. 5, where the foil overlap has horizontal position (Fig. 3c) 
there are different, significantly smaller values of accelerations 
of vibrations (both positive and negative) having the values very 
close to zero. It certifies that the foil overlap affects the operation 
of the foil bearing. This feature is important from the point of wear 
and durability of the sliding surface of top (operating) foil.

After about 15 starts – stops and total time of operation about 
20 minutes, the slight traces of wear were visible on the foil op-
erating surface and journal (Fig. 6 and Fig. 7). The wear results 

a)							       b)

Fig. 2. High speed test rig of foil bearing;  
a – side view: 1 – support, 2 – high-rotational speed electric motor, 3 – rolling bearing system, 4 – test foil bearing,  

5 – journal, 6– damping support, 7 - bore for thermocouple

a)							       b)

Fig. 3. Arrangement of foil bearing;  
a) – the case of load on the direction of foil overlap (vertical position of foil overlap), b) – the foil overlap moved 90° clockwise with regard to the load direction
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from the dry friction conditions during the start and slowing down 
periods of test rig. The removal of deposited layer was seen in the 
highly load zone after 25 start – stop cycles.

In earlier investigation, at lower ambient temperature that 
was about 21°C and after 5 minutes operation, the frictional heat-
ing generated a small 5°C increase in the bearing’s temperature, 
which suggests that thermal loading under assumed condition 
is not a concern. At the end of tests the temperatures were ap-
proaching steady runs [10]. 

Final remarks

The results of this preliminary investigation indicate that 
a nano composite layer nc-W/a-C deposited on the foil of bearing 
operating with a non-coated shaft can tolerate the sliding condi-
tions. However, the limited number of test cycles, points out that 
more extensive, wider tribological testing is required before de-
posited layer can find practical application.

It was confirmed that the foil bearing allow the rotating ma-
chine to operate at the high speeds due to the aerodynamic ac-
tion and generated pressure distribution supporting the shaft.

Opposite to the hydrodynamic journal bearings the low level 
of operating temperatures of foil bearing ensures its effective op-
eration at both low and high temperatures capabilities.

The design and position of foil overlap needs more investiga-
tion into its effect on the foil bearing performances such as the 
load capacity and its vibration.

Simple design and easy manufacturing of foil bearings pro-
vides potential for low cost bearings with the use of automated 
production methods for commercial applications; e.g. automo-
bile gas turbine engine, or commercial air/gas compressors.
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Fig. 4. Acceleration of bearing vibrations versus time in case of top foil  
overlap on the load direction ( Fig. 3b)

Fig. 5. Acceleration of bearing vibrations versus time at horizontal  
position of top foil overlap (Fig. 3c)

Fig. 6. Foil of bearing (1) and wear traces (2) on the inner surface of top foil 

Fig. 7. Journal (1) of foil bearing with the traces of wear (2) on its surface


