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ABSTRACT

In this paper, the effect of wear in the fluid film journal bearings on the dynamic behavior of
rotor bearing system has been studied depending on the analytical driven of dynamic stiffness
and damping coefficients of worn journal bearing. The finite element method was used to
modeling rotor bearing system. The unbalance response, critical speed and natural frequency of
rotor bearing system have been studied to determine the changes in these parameters due to
wear. MATLAB software was used to find the analytical values of dynamic coefficients of
journal bearing. The results of rotor mounted on fluid film journal bearings showed that the wear
in journal bearing increases the amplitude of unbalance response and decrease critical speed,
stability and the natural frequencies.
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1. INTRODUCTION

The response of a rotor mounted on the fluid film bearings is depended on the material
characteristics and geometric of the rotor, the reaction forces and the dynamic coefficients of the
journal bearings which support the rotor. The lubrication of the fluid film bearings is described
by the Reynolds equation. The wear in the bearing metals is a usual situation in the systems. This
wear occurs due to overloads which leading to contact between journal and bearing or due to dry
friction between them during the startup or shutdown of the system. In such cases the wear
changes the oil thickness and then the pressure distribution, the equilibrium position of the
rotor's center and finally the dynamic coefficients of the journal bearing and the response
amplitude of the system.

Dufrane, et al., 1983. inspected the worn hydrodynamic journal bearings used in steam turbine
generators and established a model of wear geometry for use in analytical studies of the bearings.
Hashimoto, et al., 1986. examined theoretically and experimentally the effects of geometric
change due to wear on the hydrodynamic lubrication of journal bearings in both laminar and
turbulent regimes. Nikolakopoulos and Papadopoulos, 1994. calculated the full stiffness and
damping matrices of a misaligned wear pattern in a fluid film bearing including higher order
nonlinear terms. Kumar and Mishra, 1996.studied numerically the influences of geometric
change due to wear on stability of hydrodynamic journal bearings. Kumar and Mishra,1996,
studied the non-circular worn journal bearings under condition of non-laminar lubrication
regimes, and the influence of wear on friction and load carrying capacity. Bouyer and Fillon,
2004. investigated the effect of wear on the thermohydrodynamic performance of a plain journal
bearing and they found out that the temperature of lubrication oil is lowering due to wear in
journal bearings. Nikolakopoulos, et al., 2005. developed and presented a numerical method to
identify the clearance defect due to wear in a rotating flexible rotor supported on two misaligned
journal bearing, by response identification at any arbitrary point. Nikolakopoulos and
Papadopoulos, 2007 developed an analytical model in order to find out the relationship
between the friction coefficient, the misalignment angles, and wear depth. Gertzos, et al.,2011.
developed a graphical detection method to identify the wear depth correlating with the measured
dynamic bearing characteristics. Chasalevris, et al., 2013. analyzed a rotor bearing system
supported on worn fluid film bearings in order to estimate the progress of specific frequency
components in the rotor response during resonance due to the action of an external excitation
force. Desjardins, 2013. used special software known the COMSOL software to study the Effect
of Wear on the maximum Oil Pressure and Load-Carrying Capacity of a Plain Journal Bearing.
Robbersmyr, et al.,2014. investigated the metallic contact degree and thus wear and tear
between bearing bushes and rotating shafts due to the oil whirl and oil whips in oil film journal
bearings by measuring electric currents which pass through the oil film.

2. MATHEMATICAL MODEL OF WEAR IN FLUID FILM JOURNAL BEARING

2.1 Wear Model
The wear model used in this work is proposed by Dufrane, et al., 1983. The shape of wear
model is shown schematically in Fig 1.
The region of positive pressure in the state of worn journal bearing can be divided to three sub
region as following:
1. First non- worn region where (0 < 6 < 6;) .In this region the lubricant oil fluid thickness
at equilibrium position can be described by the following equation, Cameron, 1981.:
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h, =c+ecosf (1)

For small amplitude motions about the equilibrium journal position the fluid film thickness
can be rewritten as shown in the following equation and this represents a new approach
adopted in this paper to determine the wear effect on the fluid film thickness

h =C + e(t)cos(0); 2

Where,

0 =y- 0@, , v isanangle measured from y axis.
e(t) = ey + Ae(t); O(t) = @y + AD(t) , where de and A@ are small radial and angular
displacement quantities, respectively. Eq. (2) can be rewritten as in the following
equation

h = C + (ey + 4de){cosO cosAP + sinf sin AQ }, 3)

And, for small amplitude motions,cos(49)~1,sin(40) ~A@. Small values products
such as (4eA®) should be neglected (considered equal to zero)

h=C+ eqcosf + Adecosf + ey AP sin@ = hy + hy 4
Where,
hyo =C+ eycosf; hy = Ade cosO + e, AD sinf

2.Worn region where (65 < 6 < 6).The thickness of lubricant oil fluid (h,,,) in the journal
bearing wear region at equilibrium position can be described by the following equation
Dufrane, et al., 1983.

how = do +ecos8 — ccos(6 + 0,) (5)

Where, c is the journal bearing radial clearance.
By using the same procedures mentioned above for non worn region the thickness fluid
film for worn region (h,,) can be written as following

h,, = do + (eg + Ae) cos(y — @y — AD) — c cos(6 + @)
h,, = do + ey cos8 — ccos(0 + By) + exAD sin 6 + Ae cos 8
= how + 1y (6)

3.Second non-worn region where (6; < 8 < m). In this region the thickness of lubricant oil
fluid as in the first non-worn region.
The starting and final angles of the region where the wear take place (6; and 6y) are given by
the solution of the following equation Nikolakopoulos and Papadopoulos, 2009
cos(9+¢o)=d—— =§—-1 (1)

0
c
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Where 6§ = %

So the values of starting and final angles of the region where the wear take place are
0, =m— @, —arcos(1—-96) , 0y =m — @, + arcos(1 —§) (8)
2.2 Reynolds Equation

For a laminar flow and isoviscous incompressible fluid the Reynolds equation with some
necessary assumptions Kramer, 1993. And for short journal bearing can be written as below

o ( h3 opP o ( h3® op oh | Q 0h
OGO g
dx \12u 0x 0z \12u 0z at a6

By integrating Eq. (9) with respect to the journal bearing length (z), the pressure distribution for
non worn region can be described by the following equation

P50 =5 (2 22) (- 5) )

And for worn region in journal bearing above equation becomes

dhy . Qohy,

P02, = 3 (G +55) (2 - %) (11)

Where P, and h,, are the pressure and fluid film thickness in the worn region of journal
bearing respectively.

2.3 Calculation of Dynamic Coefficients of Worn Journal Bearings

The radial and tangential components of fluid film journal bearing force are Chen and Gunter,
2007

EY L2 om cos 0
{Ft}_z [ [T PO,z 0R (Sin H)dedz (12)

According to the above divided of positive pressure in journal bearing, by using Eg. (10) and
Eq.(11) for pressure in non worn region and worn region of fluid film journal bearing
respectively , Eq. (12) becomes

(o) = (0 G 83+ 7 (e %) + 1 G+ 22010 )
(22 - £)aodz 13)

Substitute the derivative of fluid film thickness for worn and non worn region of journal bearing
in the Eq. (13) and integrate it with respect to the bearing length (Z) with limits (0 to L/2), and

w

let H= % , Hy = hT therefore Eq. (13) can be rewritten as following



Number 12 Volume 21 December - 2015 Journal of Engineering

F) _  opRr eosinfcos 0 _ apR egsinfcos 0
{Ft} 2 3H3 f { —eysin’(0) } 2 3H3 fe { —eysin?(0) }
_QuI®R ey sin@cos 0 + csin(06 + @y) cos 6
2 c3H}, f { —eysin?(0) + csin 0 sin(0 + By)

}de

QuLPR[ 65 (— sin 6 cos 0 aul®R|[ 65( cos?@
“zam o { —sin’@ }de] he s am [fo {sin 0 cos 9} dB] 200

PR [ 6 (—sin6cosO _ QuIR ef{ cos? 0 }
2c31-13 _fes{ _San(e) do|Ae 2 3H3, fB sin 6 cos 0 doe 60A®

QuLdR[ m (—Sin O cos 6 QuL3R cos? 0
T 233 .fﬂf { —sin0 } d0 Ae—3 [f"f {sin 0 cos 0} dB] €00

ul3R[ (05 ( cos?@ __pLPR[ 65 (sin @ cos O :
S _fo {sin 0 cos 0} de] he—am [fo { sin?@ }de] €00

_ uL®R 'fof{ cos? 0 }dB]Aé uL3R [fef{smecose}de] eoAD

3H;, |05 (sin 6 cos @ 3H, sinZo
_wPR[m( cos*@ . _uLPR[ m (sin@cos O .

c3H3 -f"f {sin 0 cos 0} dO] Ae — Gua [fef{ sin0 } dB] 2V
(14)

The solution of Eq. (14) has the following form Andres, 2006.

1
[Ft] [Fto] Ktr Ktt] [eo AQ] [Ctr Ctt] [eo AP (13)
So as to solve equation (14) a first order Tyler series expansion has been used
H3=Hy3®—-3H;*H, , H,?=H;}—3H5 H, (16)

After long algebraic operations, the solution of Eq. (14) can be described as in the following
equation

E _ 11] I3 14] Ae I; 18]{Aé}
T R VA R i v B v o 4
Where
foegsosme cosG fefsosme cosf— cosf sin(0+0,) do
Hw
Il = C.P;

T £,5in6 cosO
+ fef 7 do
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2_
fes so(sme) do +f9f £o(sinB)?*— sinb sin(6+0,) de

0 H3
I, =c.F, ow
n fn eo(sme) do
( _ fes sin@ Cose do + 3. ¢ fes sinB (cosB)? de \
Hp
_ . 0 siné cosb O sind (cosB)? Of (cos0)? sin(0+0,)
I;=F fes N do +3.¢ f i de — 3. f e de
T sinf cosB T sinf (cos@)
| —Jy, a0 + 3.g. [ T dB )
( fes (cos@) do + 3. J-HS cos6 (sin)? do \
| 0 Ho |
_ P; 4 +3 £,. fef (smt:) cosB do + fef (cose) do — 3. f:f cosf s;ln(9+(2)o) d@}
ow Hdy ow
1 (cosB)? 7 cosB (sinh)? I
L g6 + 3., [y A de )

i 0)2
_J-OHS (smf) do +3.¢ £, fegcose (sin)? de

(
15 _ F;J+3.€o.f9f (sin@)? cosO do — fef (sm@) do — 3. fé)fsme cos0 sin(0+0,) dgL
| o |

05 How How
_ fn' (sm@) do + 3.¢e g, fn' COSHI(;MQ) do
6 6
( foswde +3.e,. [y S L0 g )

2
16 —F +3.¢ £, J«Gf(sm) d9+f9f5m96059 do — 3. fef(sme) sin(6+9,) do
Hpy

HOW
T sin@ C059 T (sm)
L + fef do + 3.g,. f ao )
_ 2Fs { (6s (cos0)? 0f (cos0)? 7 (cos0)?
Iy = 2o [0 + [, do + [0 de}

18 _ %{fﬂs sin® cosO do + fef sin6 cosO do + fn sin6 cosO de}

0 H} 0s  H3, 0  HP

19 _ %{foeg sinf cosG do + fef sin@ C059 do + fn sinf cosB d@}
H§
110 _ ng {f:s (smG) do + fef (smB) do + fn (smB) d@}
UQRL3
Fs = 2¢3 '
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By comparison between Eqg. (15) and Eq. (17) get the values of dynamic coefficients in rotating
coordinates system

Fro=11, Fo=0L Ky =13, Ky =14, Kgp=1Is , Kt =1g
Cr=1;, Cit=1Ig,Cq =1y , Ct = gy

For dynamic coefficients in fixed coordinate system the following equation can be used to
convert from the rotating coordinates to the fixed coordinates Andres, 2006.

[Ky x ny] _ [sin 2, cos @, ”sm 2, —cos 9,
|Kyx Kyyl |—cos®, sing, Ktr Kill cos®, sin@,

(18)

[Cyx CXY] _ [sin 2, cos (Z)OH ”sm 2, —cos (ZSO]
[Cyx Cyyl  |—coso, sind,|[Cs Cill cos®, sind,

The integrals in Eq. (17) can be calculated by using table of journal bearings integrals
Booker, 1965. for integrals of non worn regions and by using Simpsons 1/3 rule with multiple
divisions for integrals in the worn regions. Many Matlab scripts have been written to calculate
dynamic coefficients for non worn journal bearing and worn journal bearings. The dynamic
coefficients of non worn journal bearings can be calculated by using the same equations of worn
journal bearings except the value of wear depth (do) equal zero.

The following steps were followed to calculate dynamic coefficients for journal bearings in state
of non worn and worn case

1. Writing Matlab script to calculate iteratively (using Newton — Raphson method) the

eccentricity ratio of journal bearing by using the balancing between the film reaction
force components and applied static load which represented in the following equation
Friswell, et al, 2010.

€8 —4e®+ (6 —S2(16 —m?))e? — (4 +n2SHNe? +1=0 (19)

Where S, is modified Sommerfeld Number S = pQLR

are

journal radius , bearing length, rotor rotational speed, lubricant oil viscosity, radial
clearance and external applied load (the part of rotor weight supported by every bearing)
respectively.

2. Writing Matlab script is used to calculate iteratively the attitude angle in state of worn
journal bearing by using the following equation

0.5
(Eo®+F’) —Fp=0 (20)

3. Writing Matlab script is used to calculate dynamic coefficients for non worn journal
bearing by using EQ.(17) with (substitute do = 0 in EQ.(6) then substitute resultant
equation in Eq.(17))

4. Writing Matlab script is used to calculate dynamic coefficients for worn journal bearing
by using Eq. (17). For bearing number one as shown in the Fig.1 while bearing number
two still without wear.
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3. ROTOR BEARING SYSTEM ANALYSIS USING ANSYS

3-D Solid model rotor bearing system gives more accurate results than in the case of one
dimensional beam model as well as there are many advantages in adopting this model Rao and
Sreenivas, 2003. Therefore it is used in this work, Solid187 element has been used to model
shaft and disk as shown in the Fig.2. (a), as well as comi214 element used to model journal
bearing ANSYS Guide, 2012. The eight dynamic coefficients of journal bearing are depending
on the rotational speed therefore when these coefficients represent in ANSYS must be changed
with rotor speed. The dimensions of rotor and bearings which used in this work are shown in
Fia.2. (b), and Table.1.

4. RESULTS AND DISCUSSION

4.1 Effect of Wear on the Dynamic Coefficients of Journal Bearings

The eccentricity ratio for fluid film journal bearing decreases with the increasing the
modified Sommerfeld number (Ss) and with increasing the rotor spin speed due to the inverse
relationship between modified Sommerfeld number and rotational speed of rotor and then with
eccentricity ratio as shown in the Fig.3.
Fig.4 and Fig.5 describe the variation of the intact rotor dimensionless stiffness and damping
coefficients respectively with the modified Sommerfeld number (duty number) and rotational
speed of rotor, these figures showed that the direct dynamic coefficients (stiffness and damping)
become somewhat fixed value when the rotor spin speed reach about 2000 rpm, because the
eccentricity ratio becomes somewhat fixed and eccentricity ratio represents the important
parameter in the dynamic coefficients calculations.
Fig .6 shows the variation of attitude angle with wear depth and eccentricity ratio, the attitude
angle under the constant eccentricity ratio decreases with increasing in the wear depth parameter.
Fig.7 demonstrated that the direct dynamic coefficients (Kyy, K, Cxx, Cy,) have fixed value
when rotational speed of the rotor becomes higher than the 2000 rpm approximately, also cross
coupling dynamic coefficients (K, Ky, Cxy, Cyx) have no significant changes when rotor speed
becomes higher than the 2000 rpm this is because the change in the value of the eccentricity
ratio becomes small at this speed.
Fig .8 and Fig.9 clearly show that the dynamic coefficients decrease with the increasing of wear
depth parameter except the direct stiffness coefficient in the y- direction increases with the
increasing in wear depth parameter that means the stability of rotor supported on worn journal
bearing will decreases with increasing in the wear depth parameter.

4.2 Effect of Wear on the Dynamic Behavior of Rotor

The critical speed of rotor supported on fluid film journal bearings is speed dependence,
Childs, 1993. Therefore the location of the critical speed is at maximum unbalance response,
Rao, 1996. The ANSYS results showed that the using of fluid film journal bearing in the rotor
bearing system increases the instability at the critical speed due to existence of cross coupling
coefficients as shown in the Fig.10. The wear in the journal bearing with the wear depth
parameter (6 = 0.2,do = 0.02 mm) decreases the critical speed by about 2.3% and increases
the amplitude by about 50% at the critical speed as shown in the Fig.11 this is due to the high
decreasing in the cross coupling (Kyy) with low decreasing in the direct damping coefficients and
less increasing in the cross coupling damping coefficients but this state increases the stability of
rotor after critical speed as shown in the Fig.11 where there is smooth decay beyond maximum
response.
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The additional increase in the wear depth parameter (6 = 0.4,do = 0.04 mm) led to decrease
the critical speed by about 8.87 % and decrease the amplitude of unbalance response by 8.9 %
due to high increasing in the Ky, as well as high increasing in the cross coupling damping
coefficients as shown in the Table 2., but The important point that deserves to be mentioned
here the system become more instable as shown in the Fig.12, and this is undesirable case

5. CONCLUSIONS

1.

w

Wear in journal bearing is generally decreasing the critical speed of rotor bearing system
and that means decreasing the natural frequency.

Low wear depth is increasing the stability of rotor bearing system but in the same time
increasing unbalance response amplitude.

High wear depth led to increasing in the instability of the rotor bearing system.

Measuring of unbalance response can be used to on line wear detection in the rotor
journal bearing system and develop a monitoring system for rotating machine can be
applied in the virtual system at early wear detection and prevent the sudden failure that
could lead to full system break down.
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NOMENCLATURE

¢ = radial clearance, m

do = wear depth, m

e = eccentricity between journal center and bearing center, m

eo = eccentricity between journal center and bearing center at equilibrium position, m
F, = journal bearing external applied force = weight of rotor applied on every bearing , N
E. = radial component of fluid film journal bearing force, N

F, = tangential component of fluid film journal bearing force, N

F,, = radial component of fluid film journal bearing force at equilibrium position, N
F;, = tangential component of fluid film journal bearing force at equilibrium position, N
K;; = dynamic coefficients in rotating coordinates , i,j = r,t

K;; = dynamic coefficients in fixed coordinates , i,j = X,y

h = fluid film thickness non- worn region, m

H = nondimensional fluid film thickness of non- worn region =h/c

ho = non- worn fluid film thickness at equilibrium position, m

h,, = worn fluid film thickness, m

H,, = nondimensional fluid film thickness of worn region = h,,/c

hgoy = worn fluid film thickness at equilibrium position, m

L = bearing length, m

P = lubricant oil pressure of non- worn region, pa

P,, = lubricant oil pressure of worn region, pa

R = journal radius, m

y = circumferential coordinate from Y-axis, Fig. 1

6 = wear depth parameter = do/c

& = eccentricity ratio = e/c

6 = circumferential coordinate, Fig 1.

6= circumferential location of the starting point of the worn region, Fig. 1

6= circumferential location of the final point of the worn region, Fig. 1

p = viscosity pas

@, = attitude angle, Fig. 1

Ae = small displacement at equilibrium position

A® = small variation of attitude angle

Q) = rotational speed of rotor, rad/s
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Figure 1. Worn journal bearing.
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Figure 2. (a) Ansys rotor model (b) Mechanical drawing of present rotor bearing system.
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Figure 3. Bearing eccentricity ratio (a) asa function of the modified Sommerfeld number (b) as
a function of the Rotor Spin Speed.
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Figure 4. Nondimensional stiffness of an intact fluid film bearing (a) asa function of the
modified Sommerfeld number (b) asa function of the rotor spin speed, (negative coefficients
are shown as dashed lines).
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Figure 5. Nondimensional damping of an intact fluid film bearing (a) asa function of the
modified Sommerfeld number (b) as a function of the rotor spin speed, (negative coefficients
are shown as dashed lines).
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Figure 7. Nondimensional dynamic coefficients of a worn fluid film bearing (a): stiffness as a
function of the rotor spin speed (b): damping as a function of the rotor spin speed, (negative
coefficients are shown as dashed lines).
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Figure 8. Nondimensional dynamic coefficients of a worn fluid film bearing (a): stiffness as a
function of the wear depth parameter (b) damping as the wear depth parameter, (negative
coefficients are shown as dashed lines).
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Figure 9. Nondimensional dynamic coefficients ratio of a worn fluid film bearing (a): stiffness
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Figure 10. Unbalance response of rotor supported on fluid film journal bearings (a): at bearing
No.1 (b): at disc center.
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Figure 11. Unbalance response of rotor supported on worn journal bearings (do= 0.02 mm) (a):
at bearing No.1 (b): at disc center.
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Table 1. Shows rotor material and lubricant oil specifications
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2015
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Shaft | shaft | Disc | Disc MOS?IUS Shgft ind Lubr?lcant Unbalance
length i i thickness . IS ol force
: d'?nm' d'?nm' Elasticity | pensity | viscosity
m m pa Kg/m® Pas Kg-m
0.654 | 0.048 | 0.34 0.02 2.1x10" 7850 0.032 | 0.323x10°
Table .2 Variation of journal bearing coefficients with wear depth
5 Ky Kxy Kyx Kyy Cyx Cyy Cyx Cyy
x10° | x10° | x10° | x10° | x10* | x10* | x10* | x10*
0 2.4 5.9 -6.81 | 1.34 194 | -0.38 | -0.38 2.1
0.2 2.1 3.93 | -6.86 1.6 1.69 | -0.25 | -0.25 1.7
0.4 15 3.37 | -1.77 2.2 194 | 0.176 | 0.176 | 1.59
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