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Abstract

This study gives an explanation to design analysis and performance evaluation of a novel multi-cantilever foil
bearing (MCFB). The aim of this study is to develop a theoretical model that will explain the working principles
of the cantilever foil bearing. A theoretical derivation of structural and vibration models were developed to find
structural stiffness, equivalent viscous damping and maximum deflection. Findings show that the theoretical
results of structural models have an equivalent structural stiffness of 568.59kN [ mm, equivalent viscous damping of
0.599kNs [ m and maximum deflection of 0.5675mm. The equivalent viscous damping is computed at a near zero
circumferential coordinate (0.0350). The results obtained from vibration models show an equivalent structural
stiffness of 568.74kN | mm, equivalent viscous damping of 0.228kNs/m and maximum deflection of 0.5675mm.
Theoretical viscous damping coefficient varies from 0.23kNs /[ m at 24Hz to 0.026kNs | m at 200Hz when determined
at maximum deflection of 0.5675mm and phase angle of 0.0350. This means the higher the frequency, the lower the
viscous damping coefficient. The validation was done over frequency range 24-200Hz and at amplitude of 50mm
at a 450 phase angle. The models were found to have compared well with experimental results in the prediction of
equivalent viscous damping coefficient. The models can be relied upon to analyze the behaviour of MCFB and it

can also form a theoretical background for the design and manufacture of Multi-Cantilever Foil Bearing.
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1. INTRODUCTION

Foil bearing (FB) are mostly used in high-speed
performance turbo-machines [1]. They have sheet
of foil metals made of mainly steel. Foil bear-
ing are hydrodynamic self-acting bearing capable
of accommodating misalignment, reduces surface-
to-surface contact, and have splendid damping co-
efficient [2]. Foil bearing can be grouped into
Gas Foil Bearings (GFB), Viscoelastic Foil Bear-
ing, Multi-wound Foil Bearing, Metal Mesh Foil
Bearing and the Multi-cantilever Foil Bearing
(MCFB). The gas foil bearing comes with either
single bump foil or double bumps foil which is the
major determinant of the bearing structural stiff-
ness and damping performances.

GFBs are used in oil free turbo machinery and
high temperature applications which include but
not limited to aircraft cycle machines, gas com-
pressors and micro turbines [3, 4]. Viscoelas-
tic foil bearing, metal mesh bearing and multi-
cantilever foil bearing are gas foil bearing with
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special modification of its components to enhance
the overall performance of the bearing structural
stiffness and viscous damping. GFBs have some
features which make them more advantageous
than the other bearings and shaft support sys-
tems. Some of such features according to Ser-
dar [5] are: it does not require oil lubrication and
as such requires no scheduled maintenance. it is
environmentally sustainable and performs excel-
lently in both low and high speed and temperature
operations.

The viscoelastic foil bearing was proposed by
Hou et al. [6]. In an attempt to achieve uni-
form structural stiffness and viscous damping, the
bump foil was replaced by the viscoelastic mate-
rials which then gave the bearing a good stabil-
ity. The metal mesh gas foil bearing was proposed
in 2008 by Lee and Kim [7], and its structural
stiffness and damping coefficient test measured by
Luis and Thomas in 2010 [8-10]. The structural
difference of this bearing from the conventional
GFB is the presence of porous metal mesh foil
strips which serve as a replacement of bump foils
of GFB. The multi-wound foil bearing was first
worked on by Feng and Kaneko [11, 12]. Recent
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researches are on-going on Gas Foil Bearings to
improve its advantages in aeronautics and power
industries [8]. The targeted advantages are low
power loss, misalignment accommodation, stabil-
ity and particles resistance.

The novel Multi-cantilever Foil Bearing
(MCFB) was first reported by Feng et al. [13].
The novel prototype MCFB has a top foil made
of viscoelastic material which has direct contact
with the shaft, three foil strips with array of
cantilevers. Figure 1 shows the schematics of
pfoicot}]fpe MCFB developed and tested by Feng et
al. [13].

Figure 1: Schematics of Cantilever Foil Bearing [13].

The MCFB of Feng et al. [13] has two end caps
and main bearing housing. The arrangement of
cantilevers on each foil strip is such that one end
of each cantilever is fixed into a slot on to thefoil
strips while the other end called the “free end”
is on the bearing housing. The aim of the slots
is to guide each cantilever sliding motion during
loading and offloading and to reduce their struc-
tural stiffness. The foil strips are not fixed but
form compliant foundation for the bearing sur-
face. Obaseki and Alfred [14] modeling and inves-
tigating the effect of offset distance on slider-crank
mechanism.

Feng et al. [13] performed an experimental
analysis to investigate the behaviour and the per-
formance of the multi-cantilever foil bearing in
terms of structural stiffness, viscous damping and
deflection pattern. However, there is no theoret-
ical and mathematical model yet to further ex-
plain the working principles of the bearing, hence,
this work. The aim of this work is to develop a
theoretical model to explain the working princi-
ples of the cantilever foil bearing in order to get
structural stiffness, equivalent viscous damping
and maximum deflection. To achieve this, theo-
retical modeling of the MCFB based on the struc-
ture and vibration of the bearing system (subject
to harmonic loading), validation and analysis of
the models will be tested with experimental data.

2. DESIGN ANALYSIS OF
CANTELEVER FOIL BEARING

Analysis of a novel Multi-Cantilever Foil Bear-
ing (MCFB) is necessary to ascertain its com-
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pliance with bearing design standard. Theoreti-
cal design analysis of the MCFB is to determine
the deflection and vibration of cantilevers bearing
structure when subjected to fluctuating load and
to have theoretical backup for future design im-
plementation.

2.1. Structural Design

To carry out structural design, it was assumed
that there is uniform pressure in the bearing and
that each cantilever has uniform stiffness. A novel
Multi-Cantilever Foil Bearing (MCFB) has three
equal foil strips, each fitted with 60 cantilevers,
arranged in array of 5 x 12 cantilevers. And be-
cause the foil strips are not fixed, the structural
stiffness of the bearing is assumed solely as the
stiffness of the cantilevers.

Figure 2 shows the position of the cantilever
when it is under pressure load. The dotted hor-
izontal line shows the no load position of the can-
tilever. When loaded, the free ends of the can-
tilevers slide away from the original (no load) po-
sition and the cantilevers deflect through a dis-
tance, x. Figure 3 shows the deflection of a sin-
gle cantilever as its response to load, R, which is
the reaction equivalent of the effect of the pres-
sure force in the bearing.

Figure 2: Deflection of Loaded Cantilever Bearing.

Let:l. = Length of Cantilever[mm]; /; = Length
of foil strip[mm]; b, = Breadth of foil strip[mm];
p=Point Pressure in the bearing [Pa]; = Incline

angle of Cantilever at no load [Rad]; R = Normal
Reaction at the free end of Cantilever[N]

2.1.1. Load and Reaction on cantilever
The load on one foil strip is the product of pres-
sure, p, and the total surface area, A, of the strip.

F=pA=plsby 1)

Figure 3: Deflection of Single Cantilever.
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There are 60 cantilevers on each foil strip, there-
fore, the load on each cantilever is the total load
divided by 60 as given by Eq. (2).

plrby
=—— 2
c="%0 (2)
According to Newton’s law, action and reaction are
always equal; therefore, the normal reaction at
the free end of the cantilever is given as;

plrbrcosp

60 @)

=F.cosf=

2.1.2. Deflection and stiffness of cantilever

Let E = Elastic Modulus of Cantilever[GPal];
I = Moment of inertia of Cantilever[Kgm?]
a = Deflection angle of Cantilever at maximum
load [Rad]
x = Deflection of Cantilever at maximum load [m]
The moment of inertia of the cantilever of rectan-
gular section with thickness, ¢. and breadth, &, ,
is given as; [15, 16]

botd
12

I= 4)

The maximum deflection of the cantilever is given
as;
_RL}
3EI
The maximum deflection angle is given as;

(5)

_RL?
~ 2EI

(6)

The stiffness, %, of the cantilever is the load on
each cantilever divided by deflection and is given
by Beléndez et al. [15] as;

po B _3EI (Ta)

The foil strip stiffness was neglected because the
foil strip thickness is very small (0.1lmm) and as
such, the stiffness is small and negligible com-
pare to the overall structural stiffness of the can-
tilevers. Therefore, the equivalent Structural
Stiffness, K.4, for each foil strip-Cantilever ar-
rangement made of 60 cantilevers is calculated
from the structure of the bearing as equivalent
structural stiffness of parallel arrangement and
given in Eq. (7b) as;

180E1

= (7h)

koq = 60k =

2.2. Torque and Load on Cantilever Bearing

Let: ¢ = Clearance between shaft and bear-
inglmm]; ¢ = time [s]; N = Shaft rotation
[Rev/min]; L = Bearing Length [mm]; » = Radius
of rotor journal [mm]; P, = Atmospheric Pressure
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[Pa]; e = Eccentricity [mm]; 6 = Circumferential
coordinate [rad].
Let z, w and 0 be defined as;
zZ2==

L
§;w=2nf=ﬂ;0=wt (8)

30
Again, the following parameters can be written in
a dimensionless form as;
2z p

t=""ip="y =

P
7 o Nt;x = . )

2.2.1. Equivalent damping coefficient

Assuming there is uniform pressure on the
bearing strip surfaces, the dimensionless point
pressure is given by the formula [17];

kex . CiN oi
Dal Pa of
Where C; = Equivalent damping coefficient of

each cantilever [Ns/m] and [ =

k = stiffness of the cantilevers[N/m]

I = length of foil strip part occupied by one can-
tilever

(10)

p-1=

kex
Pal

C1 can be determined by taking the direct integral
of Eq. (11) as;

(11)

C1—= [(p -

k
Cl=, [( T PY (12)
x Jo Pal
At#=0,C1=0.
i P, kef
Cy=--2 1)- 13
1=2N (-1 pal (13)

Substituting lgf for, changing to dimensional form
and simplifying gives;

o[-

Substltutlng for t and # = Nt into Eq. (14)

gives; Therefore the equivalent viscous damping
is given as;

(14)

(15a)

( p—P, ) 5k

x 1 f
C; is a function of pressure difference per unit
deflection in the bearing, the structural stiffness
per unit length of the foil strip-cantilever system
and the clearance between the shaft and the bear-
ing inner surface. The Equivalent Viscous Damp-
ing, C.q, for each foil strip-Cantilever arrange-
ment made of 60 cantilevers is calculated from the
structure of the bearing as the equivalent viscous
damping coefficient in parallel arrangement of 60
dampers as in Eq. (15b).

600, (p—Pa) 5k

f

Ceq =60C; = (15b)

w X
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2.2.2. Bearing load capacity and reaction torque

According to Tim et al. [18], the rotor model is
used to determine the non-dimensional load ca-
pacity and reaction torque. This involves integrat-
ing the uniform pressure in the bearing over each
strip.

Load capacity

The non-dimensional load capacity in the x-
direction is given as;

1 2n
F,= —f f * (5 - 1)sin0d0dz (16)
-1J0

The non-dimensional load capacity in the y-
direction is given as;

1 21
F,= —f f3 (5 - 1 cosOdOdz (17)
-1J0

The non-dimensional load capacity of the bearing

is given as;
Fp=\/F2+F?

The dimensional equivalent of load capacity of the
bearing is given by Liu et al. [17] as;

(18)

, 3.
FL=>F.P,rL

: (19)

Where L = Length of bearing and r = Inner radius
of bearing

Reaction moment

The non-dimensional reaction moment in the x-
direction is given by Liu et al. [17] as;

2 21
Mx:—f z’f3(p—1)cos0d6dz’ (20)
0

The non-dimensional reaction moment in the y-
direction is given as;

2 2n
Myz—f z’f3(p—1)sin0d6dé 21)
0

The non-dimensional reaction moment of the
bearing is given as;

M=\/32 012

The dimensional equivalent of reaction moment of
the bearing is given by Liu et al. [17] as;

(22)

M= gMPacrL2 (23)
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2.3. Vibration Analysis

The cantilever bearing has three disjointed foil
strips. Each of the foil strips is supported by sixty
cantilevers. Each foil strip cantilever assembly
vibrates in tune with the excitation force. Since
there is uniform pressure in the bearing, the vi-
bration of each foil strip-cantilever assembly rep-
resents the vibration of the entire system.

Given that the bearing is subjected to a har-
monic excitation force, it will vibrate in accor-
dance with the equation;

Mi+Coi+K,x=Ft (24)
Where, C, = Equivalent viscous damping for all
the cantilevers in one foil strip, K, = Equivalent
Structural Stiffness of the entire cantilever in one
foil strip, M = Vibrating mass (Mass of 60 can-
tilevers and one foil strip). Figure 4 shows the
schematics of the actual geometry of a single foil
strip with cantilevers. This shows uniform pres-
sure transmitted to the foil strip through the vis-
coelastic top foil. Figure 5 shows the approxi-
mated system which behaves the same way as the
system in Fig. 4. Figure 5 was further reduced to
Fig. 6 for easy analysis. Figure 6 shows the equiv-
alent structural stiffness, load and viscous damp-
ing in one foil strip.

Figure 4: Foil Strip and Cantilever Actual Orienta-
tion.

Figure 5: Foil Strip and Cantilever Approximate Ori-
entation.

The harmonic excitation force could be cosine
function or complex exponent function.

2.3.1. Solution by cosine function

Let F(t) = Fcoswt, where w = single excitation
frequency, then, the steady state solution, x;, is in
the form [19];

x5 = A sin(wt) + B sin(wt) (25)

Vou. 40, No. g, May 2021.
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Figure 6: Equivalent Stiffness, Load and Viscous
Damping.

Differentiating Eq. (25) to obtain the first deriva-
tive x; and the second derivative %, and substitut-
ing into Eq. (24) gives;

(K, - Mo?*)(Asinwt + Beoswt) + C.w(A coswt — Bsinwt)

= F coswt (26)
Equating the coefficients of sinwt and coswt in
both sides of Eq. (26) and solving the two resul-
tant equations simultaneously gives;

FC,w

A=
(K, — Mw?)? +(C,w)?

(27a)

F(K,-Mw?)
(K, — Mw?)? +(C,w)?

Let ; X =VA2+B2

Then, the steady state solution can also be repre-

sented as;
xs = X sin(wt — &) (28)

Where; @ = Phase angle. Evaluating X from
Eq. (27a) as X = v/(A2 + B2) gives;

F

A= (27b)

X= (29)
VK, —Mw?) +(Cow)?
And tano = %
C.w
_ -1 e
o =tan (m) (30)

2.8.2. Solution by complex exponential function

Let F(t) = F exp'®t, where i = complex number.
The steady state solution will take the form
[19];
(wt—2) (31)
Differentiating Eq. (31) to obtain x; and i; and
substituting into Eq. (24) gives;

xs =X exp

(K, — Mw?) +iowC,1X exp @2 = Fexp™"  (32)
From which;
F .
(K,—Mw?®) +iwC, = Eexp”a (33)
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Im

Figure 7: Complex Diagram.

Equation (33) can be represented on a complex di-
agram as shown in Fig. 7.
From the diagram, we have;

F

X = (34)
VK, = Mw?)? +(C,w)2

and

& =tan"! ( (35)

e® )
K, - Mw?
Equations (29) and (30) obtained from harmonic
excitation of cosine function are exactly the same
as Eqgs. (34) and (35) obtained from harmonic exci-
tation of complex exponential function. Since the
results are the same, the equivalent structural
stiffness and viscous damping can be obtained
from the analysis the vibration coming from har-
monic excitation of complex exponential function.
This is done by separating and equating the real
and imaginary part of Eq.(33), and then mak-
ing K, and C, the subject of the formulas as in
Egs. (36) and (37).

K,=Mow?+Re (}E(expi@) (36)

Im (£ exp'?)

Ce = (37)

w

Where Re(% expiﬁ) = real part of (%expi@) and
Im ()E( expig) = imaginary part of (%eXpi@),

24. ,

Determination of Cantilever Angle The can-
tilever angle, § is determined from the data in Ta-
ble 1. The cantilever vertical height, A, is half of
the difference between bearing housing inner di-
ameter and the top foil outer diameter. The outer
diameter of the top foil,D/ is the difference be-
tween the top foil inner diameter and twice the
top foil thickness. The perpendicular distance be-
tween the foil strip and the bearing housing inner
surface at no load condition is derived from the
geometry of the bearing as;

1
h=— -
2[Dj, - Dyl

Vou. 40, No. g, May 2021.
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Figure 8: Cantilever-foil strip Orientation.

where D; = Bearing Housing inner diameter and
D¢ = outer diameter of the top foil.

Since, the foil strip thickness was not used in
the determination of the structural stiffness and
viscous damping coefficient; it was also ignored in
the calculation of cantilever angle.

From Fig. 8, the cantilever angle is given as;

B=sin"? (Zﬁ)

Cc

(38)

The vibrating mass, M, is computed from the den-
sity of the material of the cantilevers.

M=pV (39)

Where, V = Volume of 60 cantilevers and the foil
strip and g = density

3. RESULTS AND DISCUSSION

Performance evaluation was carried out from
theoretical structural model and vibration model
developed in this work. Data of prototyped MCFB
fabricated and tested by Feng et al. [13] was used
to carry out this analysis and to validate the devel-
oped models. MATLAB 2014 software was used to
carry out the calculations and all the plots. MAT-
LAB Scripts were written, tested and debugged to
eliminate errors, then used to performed all com-
putations and performance analysis.

3.1. Input Data for Analysis

The input data for analysis was obtained from
the prototype Novel Multi-Cantilever Foil Bearing
(MCFB) fabricated by Feng et al. [13]. The data
are in Table 1.

3.2. Output of Structural Models

The structural models were used for the de-
termination of the Multi-Cantilever Foil Bearing
parameters from structural analysis. Structural
models here specifically mean Eq. (4) — (7b) and
(15b). MATLAB Software was used to develop a
script to handle the computation. The data in Ta-
ble 1 was used as input data for the script and
the output is in Table 2. A concentrated load of
100N have been the only source of pressure in the
bearing, thus the load on one strip is one-third of
the concentrated load on the bearing. The results
of structural models show an equivalent struc-
tural stiffness of 58.59kN/mm, equivalent viscous
damping of 0.599kNs/m and maximum deflection
of 0.5675mm. The equivalent viscous damping is
calculated at a near zero circumferential coordi-
nate (0.0350).
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Table 1: Input Data for Analysis.

S/N Parameter Value Unit
1 Bearing Axial Length 26 mm
2 Top Foil Inner Diameter 32 mm
3 Bearing Housing inner 33.3 mm
Diameter
4 Top Foil Thickness 0.3 mm
5 Rotor Shaft Diameter 31.95 mm
6 Diametral Clearance 0.05 mm
7 Foil Strip Thickness 0.1 mm
9 Foil Strip Length 31 mm
10 Foil Strip Width 26.05 mm
11 Cantilever Length 5 mm
12 Cantilever Width 1.25 mm
13  Elastic Modulus of Cantilever 200 GPa
14 Number of Foil Strips 3 -
16 Number of Cantilever on each 60 -
foil strip
17 Density of Cantilever Material 7850 Kg/m?
18 Atmospheric Pressure 101325 Pa
Table 2: Output of Structural Models.
S/N Parameter Value Unit
1 Structural Stiffness 58.5937 kN/mm
2  Equivalent Viscous Damping 0.5994 kNs/m
3 Maximum Deflection 0.5675 mm
4 Deflection Angle 1.7e-4 rad
5 Volume of Vibrating Matter 5.46e-7 m3
6 Vibrating Mass 0.0043 Kg
7 Load Capacity 126.48 N
8 Reaction Moment 8.24e-5 Nm

3.3. Output of Vibration Models

The vibration models were used for the deter-
mination of the Multi-Cantilever Foil Bearing pa-
rameters from vibration analysis. Vibration mod-
els are defined in Eqs. (24) and (34) - (37). A script
developed in MATLAB was used to handle the cal-
culation. A concentrated load of 100N (used as
an equivalent of uniformly distributed load within
the bearing) and the data in Table 1 was used as
input data for the MATLAB script and the out-
put is in Table 3. The computation was done at
a near zero phase angle. The results obtained
from vibration models show an equivalent struc-
tural stiffness of 58.74kN/mm, equivalent viscous
damping of 0.228kNs/m and maximum deflection
of 0.5675mm.

Table 3: Output of Vibration Models.

S/N Parameter Value Unit
1 Structural Stiffness 58.7369 kN/mm
2 Equivalent Viscous Damping 0.2284 kNs/m
3 Maximum Deflection 0.5675 mm

4 Natural Frequency 1.17e5 Hz

5 Critical Damping Coefficient 0.2273 -

6 Force Transmissibility 1.80e-6 -

7 Vibration Force 1.24e-5 N

8 Work Done Per Cycle 3.63e-8 dJ

Vou. 40, No. g, May 2021.
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Table 4: Comparison of Structural and Vibration Models.

S/N Parameter Vibration Structural Models (S) Structural Models (S)
1 Structural Stiffness (KN/mm) 58.7369 58.5937 0.1432

2  Equivalent Viscous Damping (KNs/m) 0.2284 0.5994 -0.371

3 Maximum Deflection (um) 0.5675 0.5675 0

Figure 9: Validation of Equivalent Viscous Damping with Experimental values.

3.4. Comparison of the two Models

Table 4 shows the comparison between the out-
put values of structural models and vibration
models. The models are in agreement especially
in the determination of structural stiffness and
maximum deflection.

3.5. Validation of Stiffness and Viscous
Damping Models

To validate the stiffness and viscous damping
vibration models, experimental values of Feng et
al. [13] were used. The validation was done over
frequency range 24-200Hz together with the data
in Table 1 and at amplitude of 50mm and at 450
phase angle. The equivalent viscous damping co-
efficient and the structural stiffness of this work
were compared with the experimental data. The
results are shown on plots in Fig. 9 and Fig. 10.

The plot in Fig. 9 shows a reasonable level of
agreement between the experimental values and
theoretical values of this model. Figure 10 shows
very little agreement; this is due to the assump-
tion of uniform stiffness of the cantilever. The as-
sumption was necessary to eliminate ambiguity
and complexity in the modeling process. The theo-
retical models show a constant structural stiffness
over the range of frequencies under consideration,
whereas the prototypes MCFB have non-uniform
stiffness. The free ends of the actual cantilevers
have low stiffness and as such the stiffness varies
non-uniformly with frequency.
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3.6. MCB Deflection and Bearing Load

The factors affecting deflection and their effects
were analyzed. The cantilever angle determines
the deflection of the cantilever. Figure 11 shows
that defection is maximum at a near zero can-
tilever angle and zero at cantilever angle of 900.
At 900 the cantilever is parallel to the direction of
loading and cannot deflect rather it deforms. Can-
tilever angle cannot be zero because at zero it lies
parallel to the foil strip; thus, it will be restricted
from deflecting. A cantilever angle of 40 was a
good choice for the MCFB as it allows for maxi-
mum deflection.

Figure 12 shows a linear relation between load
and deflection. The higher the load the higher
the deflection. Since maximum deflection cannot
be equal or exceed 0.35mm as determined from
Fig. 8, aload that can cause a deflection of 0.3mm
becomes the critical load and must be avoided.
Load-deflection curve can be used to determine
the MCFB maximum bearing load.

3.7. Vibration Analysis

Vibration analysis is aimed at determining the
conditions that influence the structural stiffness,
equivalent viscous damping and the amplitude of
vibration. Figures 13, 14 and 15 show the effect of
frequency on the equivalent structural stiffness,
equivalent viscous damping and the amplitude of
vibration (Displacement of vibrating mass).

Vou. 40, No. g, May 2021.
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Figure 10: Validation of Equivalent Structural Stiffness with Experimental values.

Figure 11: Effect of Cantilever Angle on Deflection.

Figure 12: Effect of Load on Deflection.
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Figure 13: Effect of Frequency on Structural Stiffness.

Figure 13 shows an insignificant variation of
equivalent structural stiffness and their frequen-
cies. Theoretical structural stiffness is fairly con-
stant at 58.74kN/mm when determined at maxi-
mum deflection of 0.5675mm and phase angle of
0.0350. This represents the true structural stiff-
ness of the foil strip-cantilever system because it
agrees perfectly with the results obtained from
structural models.

Figure 14 shows a significant variation of equiv-
alent viscous damping coefficient with their fre-
quencies. Theoretical viscous damping coefficient
varies from 0.23kNs/m at 24Hz to 0.026kNs/m at
200Hz when determined at maximum deflection
of 0.5675mm and phase angle of 0.0350. This
means the higher the frequency, the lower the vis-
cous damping coefficient [13].

Figure 15 depicts displacement-frequency plot.
It shows vibration pattern. The figure shows that
amplitude is constant at any frequency provided
the load on the bearing and the time are not
changed. The vibrating mass vibrates between
0.57mm and-0.28mm.

Figure 16 shows the effect of phase angle on
the equivalent structural stiffness. The effect of
phase angle was studied from assigned phase an-
gle range of 0-6.28rad (0-3600). Eqs. (34) and (35)
was used to re-compute the phase angle and their
effect on equivalent structural stiffness and vis-
cous damping coefficient. The graphs in Figures
16-18 are direct MATLAB output.

Figure 16(a) shows that maximum equivalent
structural stiffness was obtained at phase angle
values of 00, 1800 (3.14rad) and 3600 (6.28rad).
The equivalent structural stiffness becomes zero
at 900 (1.57rad) and 2700 (4.71rad). Figure 16(b)
shows the effect of calculated phase angle on
structural stiffness. Eq. (35) only computes the
acute angles from -900 (-1.57rad) to 900 (1.57rad),
therefore, Figure 16(b) shows the stiffness curve
within this range.

Equivalent stiffness increases with increase in
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deflection, that is, the structure of foil strip-
cantilever system becomes stiffer when in de-
flected position. Figure 18 shows maximum dis-
placement at the point of maximum stiffness (i.e,
00, 1800(3.14rad) and 3600 (6.28rad)) and zero
displacement at the point of zero stiffness (i.e, 900
(1.57rad) and 2700 (4.71rad). Figures 16 and 18
show that stiffness is maximum at points of max-
imum deflections and minimum at points of min-
imum deflections.

Figure 17 shows viscous damping acts in oppo-
site direction to the direction of movement of the
vibrating mass. It increases with decrease in de-
flection. Figure 17 shows minimum viscous damp-
ing coefficient at the points of maximum deflec-
tions (i.e., 00, 1800(3.14rad) and 3600 (6.28rad))
and maximum viscous damping coefficient at the
points of minimum deflections (i.e, 900 (1.57rad)
and 2700 (4.71rad).

4. CONCLUSION

This study gives an in-depth explanation to
design analysis and performance evaluation of
a novel multi-cantilever foil bearing (MCFB).
The aim of this work is to develop a theoret-
ical model to side-step the working principles
of the cantilever foil bearing. Structural based
modeling and vibration-based modeling of the
multi-cantilever foil bearing was used to theoret-
ically determine the equivalent structural stiff-
ness, equivalent viscous damping coefficient and
maximum deflection. Based on the investigation,
following conclusions are drawn.

1. Findings show that the theoretical results of
structural models show an equivalent struc-
tural stiffness of 58.59kN/mm, equivalent vis-
cous damping of 0.599kNs/m and maximum
deflection of 0.5675mm.

2. The results obtained from vibration mod-
els show an equivalent structural stiffness
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Figure 14: Effect of Frequency on Equivalent Viscous Damping.

Figure 15: Displacement-Frequency Plot.

Figure 16: Effect of Phase Angle on Structural Stiffness.
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Figure 17: Effect of Phase Angle on Equivalent Viscous Damping.

Figure 18: Effect of Phase Angle on Displacement.

of 58.74kIN/mm, equivalent viscous damping
of 0.228kNs/m and maximum deflection of
0.5675mm.

. In comparative analysis between the out-
put values of structural model and vibration
model, the models are in agreement espe-
cially in the determination of structural stiff-
ness and maximum deflection.

. Theoretical  viscous damping  coeffi-
cient varies from 0.23kNs/m at 24Hz to
0.026kNs/m at 200Hz when determined at
maximum deflection of 0.5675mm and phase
angle of 0.0350. This means the higher the
frequency, the lower the viscous damping
coefficient.

. The validation was done over frequency range
24 Hz - 200 Hz and at amplitude of 50mm
at a 450 phase angle. The theoretical models
show a constant structural stiffness and max-
imum deflection over the range of frequencies
under consideration.

The models were found to have compared well
with experimental results in the prediction of

Nigerian Journal of Technology (NIJOTECH)

equivalent viscous damping coefficient. The mod-
els can be relied upon to analyze the behaviour
of MCFB and it can also form a theoretical back-
ground for the design and manufacture of Multi-
Cantilever Foil Bearing.
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