G Model
PARTIC-888; No.of Pages10

Particuology xxx (2016) XXX—XXX

journal homepage: www.elsevier.com/locate/partic ==

Contents lists available at ScienceDirect

Particuology k-]

PARTICUOLOGY
Sis0co s Yootmacy o P

= [

Performance behaviour of elliptical-bore journal bearings lubricated

with solid granular particulates

Faisal Rahmani*, Jayanta K. Dutt, Raj K. Pandey

Department of Mechanical Engineering, Indian Institute of Technology, Delhi, New Delhi 110016, India

ARTICLE INFO ABSTRACT

Article history:

Received 30 July 2015
Received in revised form

24 December 2015
Accepted 30 December 2015
Available online xxx

Journal bearings operating in hot environments and at high temperatures experience accelerated degra-
dation of lubricating oils. In such situations, dry granular particulates have emerged as potential media for
providing lubrication in journal bearings in place of lubricating oils. Granular particulates do not degrade
thermally, even at considerably high temperatures. This work explores the static and dynamic perfor-
mance characteristics of elliptical-bore journal bearings lubricated with granular particulates. It is found

that a bearing lubricated with a larger size (2 um) particles offers better performance compared with that
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using smaller size (1 wm) particles. Bore ellipticity reduces the load-carrying capacity and increases side
leakage and the coefficient of friction; however, rotor stability is marginally improved at low eccentricity
ratios (<0.6), followed by significant improvement at high eccentricity ratios (>0.6).

© 2016 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of

Sciences. Published by Elsevier B.V. All rights reserved.

Introduction

Conventional lubricating oil employed in journal bearings oper-
ating in hot environments at high temperatures deteriorates due
to its thermal instability, causing rapid degradation of the oil
(Stachowiak & Batchelor, 2013). For effective lubrication of bear-
ings, an excessive rise in the temperature of the lubricant should
be avoided. The Arrhenius rate law states that for every 10°C
rise in temperature, the rate of the chemical reaction doubles; in
lubricating oil, this causes chain breakage of the molecules. More-
over, broken molecules interact differently from normal lubricant
molecules. This causes polymerization, which leads to sludge for-
mation and prevents the lubricating behaviour of oil, i.e., its ability
to participate effectively in mixed and hydrodynamic lubrication.
This results in the loss of load-sustaining capability of the bearing.
Dry granular particulates have the potential to act as lubricants in
bearings working in hot environments and under extreme oper-
ating conditions (lordanoff, Berthier, Descartes, & Heshmat, 2002;
Khonsari, 1997; Wornyoh, Jasti, & Higgs, 2007).

Dry granular powders have been widely employed as lubricants
in mechanical devices. Heshmat and co-researchers have exten-
sively studied the behaviour of powder lubrication in machine
elements, such as dampers (Heshmat & Walton, 1992, 1993),
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slider/pad bearings (Heshmat, 1992, 2000; Heshmat & Heshmat,
1999), and journal bearings (Heshmat & Brewe, 1995, 1996; Higgs,
Heshmat, & Heshmat, 1999; Kaur & Heshmat, 2002). Based on these
studies, the researchers have reported that the pressure developed
atthe interface by powder lubricants is remarkably similar to that of
liquid lubricants. Experiments on a three-pad journal bearing have
been conducted using MoS, (Heshmat & Brewe, 1995) and WS,
(Heshmat & Brewe, 1996) powders to explore the performance of
a bearing operating at 53.3 m/s (30,000 rpm) speed under lightly
loaded conditions (unit load 0.35MPa) and subjected to temper-
atures as high as 400 and 600 °C, respectively. Higgs et al. (1999)
found that, at high speed and in extremely hot environments, MoS,
is more acceptable as a lubricant than WS,. Similarly, based on
an experimental study of a journal bearing (operating parame-
ters: unit load 0.65 MPa; speed 53.3 m/s, i.e., 30,000 rpm), Kaur and
Heshmat (2002) concluded that powders have great potential as
lubricating materials for application in hot environments.

To numerically understand the performance of powder-
lubricated bearings for a wide range of operating parameters,
Dai, Khonsari, and Lu (1994) and McKeague and Khonsari (19963,
1996b) used grain theory (proposed by Haff (1983)) to develop
mathematical models applicable to lubrication. In the proposed
models, the powder particles were assumed to behave as molecules
of granular fluid. Dai et al. (1994) reported an analytical model for
a slider bearing that considers energy fluctuations due to inter-
grain collisions and particle slippage at boundaries. McKeague and
Khonsari (1996b) studied Couette flow in powder lubrication by
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Nomenclature
A hmin/(al +03 )0'5
B mean fluctuation velocity, m/s 0 density, kg/m?3
Gjj damping coefficient, Ns/m 01,05 roughness on journal and bearing surfaces, respec-
G radial clearance, mm tively, pm
G dimensionless damping coefficient (¢;Cr/W) 6 angular coordinate, rad
d particle diameter, pm ) attitude angle, rad
D diameter of bearing, mm w journal angular velocity, rad/s
Fx bearing force in X-direction, N
Fy bearing force in Y-direction, N
Fs total shear force on the journal, N developing an appropriate theory. Tsai and Jeng (2002, 2006) inves-
e eccentricity, mm tigated the effects of grain characteristics on the performance of
f coefficient of friction for elliptical bore journal bearings.
fo coefficient of friction for circular bore Since the last decade, attempts have been made by various
f body force per unit mass, N/Kg researchers (Jang & Khonsari, 2005; Pappur & Khonsari, 2003; Zhou
Jvafyva components of body force per unit mass f, N/Kg & Khonsari, 2000) to develop more comprehensive mathematical
Fs dimensionless friction force, Fs = (Fs/noUL)(C;/R)* models for powder lubrication. Zhou and Khonsari (2000) con-
G non-circularity parameter, (Rmax — Rmin)/Cr sidered more comprehensive constitutive equations (Lun, Savage,
h film thickness, mm Jeffrey, & Chepurniy, 1984) for investigating the behaviour of pow-
h dimensionless film thickness, h/C; der lubricants sheared between two parallel plates. They reported
hmin minimum film thickness, pm that viscous dissipation plays an important role in the pseudo-
I energy dissipation energy equation. The work of Zhou and Khonsari (2000) was
K thermal diffusivity extended by Pappur and Khonsari (2003) to study the behaviour
kij stiffness coefficient, N/mm of an infinitely wide slider bearing. An extensive set of paramet-
Kij dimensionless stiffness coefficient, k;;Cr/W ric simulations were performed, considering operating parameters
L bearing width, mm such as granular size, surface roughness, load, and speed. Jang and
m rotor mass, kg Khonsari (2005) derived a three-dimensional model for analysing
Mer stability parameter for elliptical bore the lubrication behaviour of granular materials by correlating
Mero stability parameter for circular bore the pressure, pseudo-temperature, and solid volume fraction
N speed, rpm parameters.
p hydrodynamic pressure, Pa Many attempts have been made to investigate the performance
X volumetric flow rate per unit width in x-direction, behaviour (load-carrying capacity, frictional force, coefficient of
m?/s friction, and side leakage) of powder-lubricated circular-bore
Q; volumetric flow rate per unit width in z-direction, journal bearings using numerical and experimental approaches.
m?/s During the passage of time, however, with running of the
Q side leakage, m3/s B rotor, the circular bore of the journal bearing is modified to an
Q dimensionless side leakage, Q = Q;/(UC) elliptical shape, as a result of wear, misalignment, and defor-
R radius of journal, mm mation issues. Exploring the static and dynamic performance
Ry radius of elliptical bore, mm behaviour of elliptical-bore journal bearings lubricated with
Rmax major radius of elliptical bearing, mm granular particles is therefore an essential task from a practi-
Rmin minor radius of elliptical bearing, mm cal point of view. Moreover, for developing an understanding
s average surface separation between two of the dynamic behaviour of rotors supported on powder-
neighbouring particles lubricated bearings, the evaluation of bearing coefficients is
t time, s necessary. These coefficients are needed to calculate the critical
Uy, Uy, Uz particle flow velocity in x, y, and z directions speeds of rotors to examine their stability against self-excited
u surface velocity, m/s vibrations. The objective of this study was therefore to high-
v average particle fluctuation velocity, m/s light the performance behaviour and stability characteristics of
%4 particle flow speed, +/uz + uJZ, +u? elliptical-bore journal bearings lubricated with granular particles
w load on the bearing, N of two different sizes (1 and 2 pm). The load-carrying capacity,
w dimensionless  load-carrying capacity, W = side leakage, friction coefficient, and stability parameters were
(W/noUL)(C:/R)? investigated.
x,y,z  coordinates for Reynolds equation
X,Y,Z coordinates for film forces, stiffness and damping Mathematical model
coefficients
AX, AY displacement perturbation in X and Y directions, This section outlines the mathematical model employed in the
~ respectively, m investigation. A schematic diagram of the journal bearing with its
AX, AY velocity perturbation in X and Y directions, respec- coordinate system is illustrated in Fig. 1. The orientation of the
tively, m/s elliptical bore with respect to the load line is indicated.
8 orientation of the major axis of elliptical bearing
from load line, rad Governing equations
£ eccentricity ratio, e/C;
n viscosity, Pas The relation for an elliptical-bore radius (Ry) is expressed as
n average flow viscosity across the film, Pas follows (refer to Fig. 1):
No reference viscosity, Pas

Rb = Rinin SIN%(6 — 8) + Rimax c0s2(6 — §). (1)
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