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Abstract — Researches of the nature of friction coefficient of water lubricated bearing are carried out in this
paper. Based on the experimental results of composite material bearing under hydrodynamic lubrication
by water, we calculate the Stribeck curves as the function of load and speed, deviate the modified Reynolds
equation considering wall slip effects in Cartesian coordinate system, put forward the essential model of
friction coefficient, the composition of friction coefficient and essential changing correlation between them.
Numerical results are in good agreement with experimental results, which verifies existence of wall slip.
Researches indicate that there is always an appropriate working condition which friction coefficient is
minimum. Comparison of the theoretical and experimental results shows that they are consistent on the
overall trend but still exist some deviations under certain operating conditions. Reasonable explanations
are given to illustrate the correctness of theoretical model.

Key words: Water lubricated bearing / nature of friction coefficient / wall slip effect / solid contact effect

and fluid viscous effect / experimental research

1 Introduction

Water lubricated bearing has great potential in envi-
ronmental protection, energy conservation as well as sus-
tainable development and thus has been widely used in
ships, water pumps and other mechanical systems for its
advantages of no pollution, wide source, safety and fire
resistance, etc. It can effectively reduce the wear, noise
and power consumption due to the relative movements of
friction pair material [1,2]. Its lubrication performance,
reliability and safety have important effects on the safe
and stable operation of mechanical system, therefore, the
research and improvement of lubrication performance are
of vital directive significance for the promotion and ap-
plication of water lubricated bearing.

The Stribeck curve plays an important role in identi-
fying boundary, mixed, elasto-hydrodynamic and hydro-
dynamic lubrication regime as well as tribological prop-
erties in water lubricated bearing [3—7]. Presently, most
of the researchers are interested in investigating the theo-
ries and experiments of hydrodynamic lubrication, many
scholars have done much in this field [8-13]. For exam-
ple, Alex de Kraker [14] adopts an ideal asperity contact
model together with an effective film thickness formula-
tion to compute Stribeck curve at constant load for water
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lubricated journal bearing. Computed Stribeck curves are
presented and sensitivity of the computed Stribeck curve
and minimum film thickness with respect to the design
parameters (such as: clearance, surface roughness, load)
and the material parameters (such as: modulus of elastic-
ity, surface hardness) are also systematically researched
in this paper. Lu [5] reports the Stribeck-type behav-
ior results of a series of experiments under various oil
inlet temperatures and loads, the results are also com-
pared with simulations of the Stribeck curves using the
approaches presented in references [4,6]. The theoretical
verifications presented in this paper are related to mixed
lubrication regime and elasto-hydrodynamic lubrication
regime (EHL), where the Bair-Winer model is adopted to
describe the shear stress of the lubricant. Kalin [15] in-
vestigates the Stribeck curve and the bearing lubrication
design for non-fully wetted surfaces, and has experimen-
tally verified the friction behavior by using fully wetted
and non-fully wetted model surfaces in different contact
configurations. So far, researches of water lubricated bear-
ing are mainly about the tribology behaviors of sliding
surfaces of silicon nitride, polymer or rubber in water or
sea water, but very few of them penetrate into the nature
of bearing characteristics including the friction force and
the correlation between the friction coefficient and the
lubrication state as well as the lubrication mechanism.
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Nomenclature
T Shear stress
s Viscosity layly Length of surface 1, surface 2
Ue Critical slip velocity Uz, Uy Velocity component in z, y-direction
Te Critical shear stress Qe Qy Volumetric flow rate in x, y-direction
Us Wall slip velocity o Aspect ratio, Iy /1,
P Film pressure H,F,P,U,W  Dimensionless variables
Pa Ambient pressure L,D Width and diameter of the test bearing
h Film thickness z Cross-film or axial coordinate
Amin  Minimum film thickness | N Rotating speed of journal
A Film thickness ratio R Force arm
f Friction coefficient G Gravity of the bearing
c Radical clearance T Tangential force
e Eccentricity Fr Radial load
€ Eccentricity ratio, e/c Rgya, RyB RMS surface roughness of the contacting surface A and B

Fluid flow boundary condition is one of the most im-
portant factors which determines the fluid dynamic char-
acteristics. All along, the classical fluid mechanics, the lu-
brication theory and scientific researches utilize the “no
slippage boundary conditions”, namely: no wall slip oc-
curs in the solid-liquid interface, and the relative speed of
motion between fluid molecules on the solid surface and
the solid interface is zero. This hypothesis is verified by
experiments to a macro sense, and has been widely used in
theoretical and experimental researches in fluid dynamic
problems. However, in recent years, with the development
of micro-nanometer science, technology and related fields
as well as the help of some modern measurement technolo-
gies, such as the atomic force microscope (AFM), surface
force apparatus (SFA), micro-particle image velocimeter
(u-PIV), near field laser velocimeter (NFLV) and the
molecular dynamics simulation (MDS) etc., researchers
find that no slip boundary condition is no longer applica-
ble under certain conditions, namely: boundary slip may
occur in many instances [16-21]. Therefore, boundary slip
phenomenon affects the fluid dynamic behaviors. So, the
influence of wall slip on the lubrication performance is
gaining more and more attention. For instance, Spikes
et al. [22], analyze the influence of slippage on the fluid
dynamic behaviors when the wall slip phenomenon oc-
curs on the static slider surface, finding that the bear-
ing load capacity is exactly half of the case with no slip-
page when the limiting shear stress equals to zero, but
the corresponding friction is reduced by several orders
of magnitude. Aurelian [23] investigates wall slip effects
on elasto-hydrodynamic journal bearings and the study
extended to the influence of wall slip in highly loaded
compliant bearings for steady-state and dynamical load
conditions. It also predicts that well-chosen slip/no-slip
surface pattern can considerably improve the bearing be-
havior and largely justify future numerical and experi-
mental works. Zhang [24] presents the development of a
numerical model for high speed and water lubricated jour-
nal bearings with different boundary slip arrangements,
and obtains the conclusion that a suitable combination
of slip/no-slip surfaces on the sleeve of a journal bearing
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may enable improvement of the tribological performances
through suppressing the occurrence of cavitation, enhance
the load bearing capacity and reduce the interfacial fric-
tion between bearing sleeve and shaft. However, very few
of the researches penetrate into the nature of bearing
characteristics as well as the lubrication mechanism con-
sidering the wall slip effects. The effect of wall slip on the
lubrication performance is not very clear, therefore, re-
searches on the wall slip effects should be further studied.

In the present research, on the basement of experiment
of composite material bearing under hydrodynamic lubri-
cation by water, we calculate the Stribeck curves as the
function of load and speed, deviate the modified Reynolds
equation considering wall slip effects in Cartesian coordi-
nate system, develop the essential model of friction coef-
ficient, analyze the composition of friction coefficient and
the essential changing correlation between them in water
lubricated bearing. The research results are of important
guiding significance for the structure design and optimiza-
tion of water lubricated bearing.

2 Theoretical considerations
2.1 Theoretical basis of wall slip

The hypothesis in the classical lubrication theory,
which assumes the fluid velocity on the solid interface
is the same with the velocity of the solid surface, regard-
less of its magnitude or direction, is widely exploited in
the vast majority of the theoretical researches and the ex-
perimental studies in lubrication problems. This is an im-
portant prerequisite for the establishment of the classical
Reynolds equation. Modern bearing always works in ex-
treme conditions: low speed, heavy load and very narrow
clearance. Also these bearings are made of polymer ma-
terials and are lubricated by unconventional lubricants.
Therefore wall slip phenomenon becomes more and more
common in the lubrication process.

Modern research [25] on the lubricant rheology shows
that: wall slip effect is closely related to the interface
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Fig. 1. Schematic of wall slip model.

shear strength. Just as the plastic flow in solid mechan-
ics, lubricants also have a limiting shear stress. The liquid
molecules will slip along the solid surface and lubricant
will show the characteristics of plastic solid when the in-
terface shear stress reaches the limiting shear strength of
the friction pair material. Research [26] shows that wall
slip effect only occurs in the surface with smaller limiting
shear strength when there exists relative motion between
two surfaces with different limiting shear strength.

Figure 1 shows the schematic of wall slip model of
water lubricated bearing. Suppose that surface 1 is par-
allel to surface 2, surface 2 moves with speed u in the
X-direction, while surface 1 is stationary. The limiting
shear stress on surface 2 exceeds that of surface 1, thus,
wall slip phenomenon only occurs on surface 1. Assum-
ing that when the speed meets the criteria u = u., sur-
face 1 just reaches the critical state of wall slip, this cor-
responds to the interface limiting shear stress or limiting
shear strength, correspondingly, the critical shear stress
T is:

Te =U" (1)
where v is the dynamic viscosity of lubricant; u. the crit-
ical slip velocity; h the film thickness.

With the increase of velocity on surface 2, wall slip
phenomenon starts to occur in surface 1, the wall slip
velocity ug is :

Us = U — U (2)

If there is no wall slip phenomenon on any of the surface,
the wall slip velocity equals to zero, i.e. us = 0. When wall
slip phenomenon begins to occur, the wall slip velocity
equals to the difference between the velocity of surface 2
and the critical slip velocity, i.e. us = u —u.. One thing to
note is that, the fluid velocity means the average of all the
fluid molecules. When the velocity meets the requirement
u > u., we can not say that all the lubricant molecules
on the surface occur to slip.

Some of the literatures [23, 27-30] have proposed a
simple criterion to distinguish whether wall slip effect has

Table 1. Interfacial tension of commonly used materials.

Material Interfacial tension/
x1073 N.m~!
Oil Based Lubricants 30
Water 73
Metal 500
Teflon 18
Nitrile Butadiene Rubber 52.6

occurred on the solid-liquid interface through theoretical
and experimental researches. When the interface tension
of the lubricant medium becomes bigger than that of the
friction pair material, namely, adhesion fracture occurs
before the cohesive fracture of molecular bonds, then the
wall slip is very likely to happen.

Table 1 shows the interfacial tension of commonly
used materials. It can be seen from the table that com-
pared to oil lubricated bearing, the interfacial tension of
water lubricated rubber bearing is much smaller, adhe-
sion fracture of water molecular bonds occurs more easily,
and therefore wall slip phenomenon is inclined to occur.
Similarly, wall slip phenomenon also exists on the solid-
liquid interface of water lubricated Teflon bearing. That
is to say, the influence of wall slip phenomenon should be
fully considered in the numerical simulation and experi-
mental research on water lubricated non-metallic or poly-
mer friction pair material bearing. The modified Reynolds
equation considering wall slip effects may more exactly
describe the hydrodynamic characteristics of the water
lubricated polymer bearings.

2.2 Derivation of modified Reynolds equation

The modified Reynolds equation considering wall slip
is derived in Cartesian coordinate system based on the
above theoretical analysis. The schematic of water lubri-
cated bearing configuration is shown in Figures 2a and 2b,
and the simplified schematic of water lubricated bearing
configuration in Cartesian coordinate system is shown in
Figure 2c. Surface 1 moves with speed w in positive x
direction, while surface 2 is stationary. Wall slip phe-
nomenon occurs on surface 1, its critical limiting shear
stress is 7., and the critical slip velocity is u.. Assum-
ing the film thickness h can vary in the x, y direction,
but is small enough in z direction so that the lubrica-
tion approximation is valid and the transient effect in the
Navier-Stokes can be ignored, i.e. the water lubricated
bearing is in the state of stable operation. Thermal ef-
fects are not considered in the analysis, as the isothermal
condition, the viscosity and density of water are regarded
as constant, without any changes with the temperature
and pressure in the film thickness direction. In addition to
the isothermal condition, derivation of modified Reynolds
equation also needs the following hypothesis:

(1) Ignoring the volume force, such as gravity or magnetic
force.
(2) Neglecting the velocity component in the water film

thickness direction as the film is very thin, i.e. % = 0.
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Fig. 2. Schematic of water lubricated bearing configuration.

(3) Neglecting the pressure variation in the water film
thickness direction.

(4) Compared to the water film thickness, the radius of
curvature of the bearing supporting surface is rather
bigger. Therefore, neglecting the changes of velocity
direction caused by the curvature of bearing support-
ing surface.

(5) Neglecting the influence of inertial force effect, the in-
ertial force caused by the fluid acceleration as well as
the centrifugal force caused by the fluid film bending.

Using the above assumption, the z-component of the
Navier-Stokes equation becomes:

op 0%y
- =0 3
oz " 1952 (3)
With the boundary conditions:

Surface 1:
z=0,u =u (4)

Surface 2:
Z = ha Uy = Us (5)

For the solution of Equation (3), subject to the boundary
conditions Equations (4) and (5), we can get the velocity
component in x direction:

1 op, U — Ug
—ﬂ%z +< h —ﬁ%>z+us (6)

Similarly, the velocity component in y direction is:

1op, ko

Yy = 24 o~ @%Z @

Ug

The volumetric flow rate per unit length in z direction is:
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Similarly, the volumetric flow rate per unit length in y di-
rection is:

h 3
h? Op

Gy = Uydz = ———— 9
o= | s = -2 )

Conservation of mass requires:

0¢a 8Qy
— =0 10
Ox * oy (10)

Insert Equations (8) and (9) into Equation (10), we can
get:

0 (,30p 0 (,30p\ _ oh
Ox (h &T) + Oy (h 8y> = 6u (ut u) Ox

O (u+us)
— (11)

Equation (11) is non-dimensionalized by defining the fol-
lowing dimensionless variables and parameters:

+ 6uh

x-fy_Yp_2 gy M, b
ll‘ ly pa hO ly
6pe (u+ us) 6uH
17'277 = ].2
h%pa hopa ( )

The resulting dimensionless modified Reynolds equation
becomes:

o [ ,OP o [ .op OH 0 (u+tuy)
2 (i) L () Ly E )
oX ( ax)” oy ( ay) ox VT ox

(13)
U g—g is the hydrodynamic effect term and
Wa(%itgs) is the wall slip effects term.

where

2.3 Load balance equation

The actual water lubricated bearing is usually with
longitudinal lubrication grooves. Compared to the lubri-
cation oil, water lubricated bearing works in poor operat-
ing conditions. In the ocean or inland river environment,
the lubricating water usually contains silt or other small
particles, sometimes even a large quantity. Silt and other
small particles will increase friction and wear, sometimes
may even broke the lubricating environment. The main
functions of longitudinal lubrication grooves are exclud-
ing small particles from the lubrication interface when the
journal is rotating, so as not to affect the lubricating con-
ditions of the bearing. Therefore, in the test part of the
paper, we use bearing with guiding grooves to verify the
theory.

Figure 3 gives the position of longitudinal lubrication
grooves in relation to external load. For given external
load conditions, the externally applied load is shared be-
tween fluid and solid effect at various operating condi-
tions. When the journal is rotating at speed N, the static
equilibrium position of the journal center O; can be found
by equating the hydrodynamic forces and solid contact
forces with the external load. The magnitude of the resul-

— —
tant force of F'guiq and Fgoiq equals to the external ver-
tical load F external- The direction is upward Z direction.
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2.4 Boundary conditions

The lubrication theory in the present work is gen-
eral and applicable to such bearings. For water lubricated
bearings with or without lubrication grooves, only the
boundary condition is different. For bearing with guid-
ing grooves, the corresponding boundary conditions are
slightly more complicated than bearing without grooves,
other parameters and calculating methods are almost the
same. The natural rupture boundary conditions, namely
the Reynolds boundary conditions, are exploited to solve
the pressure distribution and film thickness distribution
of water film in this paper. Reynolds boundary conditions
regard water film as discontinuous, and the termination
of water film pressure as some kind of natural fracture
phenomenon, i.e. water film will fracture after the mini-
mum water film thickness at an angle of Y5, which can be
written as:

Y=0,P=P,

dpP
Y=Y27P=Pa,@=0
0<Y <Y,, P=P(0)
Y2<Y<27r,P:Pa,%:O

The modified Reynolds equation can be solved nu-
merically by exploiting the finite difference method
(FDM) [31], through the discretization of the partial dif-
ferential coefficients using two order central difference
regime. After we make iterative calculation using the
Gauss-Seidel iterative method, and finally obtain the
pressure distribution and the film thickness distribution.
Iteration continues until the solution converges, then the
lubrication parameters such as the friction coefficient can
be obtained by double numerical integration over the
pressure distribution area, the concrete solving process
can be get in references [32,33].

(b)

Fig. 3. Position of grooves in relation to external load.

The dimensionless bearing friction coeflicient is at-
tained by integrating the shear stress distribution over
the whole surface area. Friction force and friction coeffi-
cient can be calculated as following:

2 (L2 g
F :Fn+F=/ / P axay
! o Jopp 2oy

27 L/2 2

+/ / B axay
o Jorpp h

Fy

f== (15)

(14)

where F is the resultant force, F is the friction force.
The parameters for the test bearing are shown in Ta-
bles 2 and 3, friction coefficients calculated will be shown
in Section 4.3.

In fact, F is just the friction force caused by the lig-
uid viscous shear force. In the actual bearing system, the
friction coefficient is more complex. It not only includes
the liquid viscous shear force, but also includes the fric-
tion due to the solid effect. Therefore, it is necessary to
analyze the essence of the friction coefficient in water lu-
bricated bearing.

2.5 Lubrication states diagram

Generally speaking, friction coefficient has a direct re-
lationship with the bearing lubrication regime or the lu-
brication state, and the lubrication regime has a close
relationship with the lambda parameter A (i.e. the film
thickness ratio).

hmin
/By + Rp

Since the lambda parameter A is designed to determine
the effect of the contact conditions and the tribological

A= (16)
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Fig. 4. Nature of friction coefficient and typical classification
of different lubrication regimes depending on lambda parame-
tre.

properties, it is typically used to determine the lubrica-
tion states that reasonably well demonstrate the amount
of friction and the ability of contacts to separate the con-
tacting surfaces. It can directly influence the friction co-
efficient and wear properties of a particular lubricating
system.

The author draws the lubrication state diagram
with comprehensive consideration of the existing mod-
els, which is schematically shown in Figure 4. Generally,
the lubrication states, by using the lambda param-
eter, are divided as follows [34]: A > 3 for hy-
drodynamic lubrication/elasto-hydrodynamic lubrication
regime (HL/EHL), 1 < X < 3 for mixed lubrication
regime (ML) and A < 1 for boundary lubrication regime
(BL).

A more precise classification also includes A > 4 for
fully HL and the bearing is in full film lubrication region
with no asperity contacts. Mixed lubrication regime (ML)
can also be divided up by 1 < A < 1.5 and 1.5 < A <
3, indicating the much asperity contacts and a certain
amount of asperity contacts, respectively [34].

2.6 Analysis of friction coefficient

The typical Stribeck curve and the lubrication state
configuration are shown in Figure 5, which is a schematic
of the dependence of the overall friction on the contri-
bution from “solid” and “viscous” forces. Among them,
X axis is the journal speed (Note: water film thickness
is rather small and difficult to measure exact values, us-
ing speed instead of lambda), Y axis is the friction coef-
ficient f. F-solid (the red dashed line), is the solid-solid
contact friction coefficient due to asperity contacts on the
lubrication interface, namely “solid-solid effect”, which in-
creases with radial load according to Coulomb’s law. F-
fluid (the black dashed line), is the fluid friction coefficient

106-page 6

—— -total

wummnn F_golid

[rT—— i V1 s
=
2
=)
E=|
o
@
o
=
=2
=
Q
=
23 Y 5

¥
LAY
.f" ““a
0". "“
«f’. ""/
. o L '."""" L
-2 -1 o ! ?
10 10 10 0 °
Speed/(m/s)

Fig. 5. Correlation between total friction coefficient and solid
effect and viscous effect.

due to the viscous shear force between liquid molecules,
namely “viscous effect”. F-total (the blue thick line) is
the total friction coefficient, the widely used Stribeck
curve [15], which is the weighted sum between “solid-
solid effect” and “viscous effect” as shown in Figure 5.
Therefore, essence of friction coefficient is the linear com-
bination of the solid-solid contact friction coefficient and
the fluid viscous shear stress in water lubricated bearing.

We can see from Figure 5, under certain working con-
ditions, the available formula of friction coefficient in wa-
ter lubricated bearing is as follows:

frotal = 01 fsolid + @2 fauid
a1 +as =1, ar,as € 0,1]

where, oy is the weighted factor of “solid effect”, fsoniq is
the friction coefficient produced by “solid effect”. The cal-
culation method and procedure of fs1;q can be attained
in references [14, 35]. o is the weighted factor of “vis-
cous effect”, fauiq is the friction coefficient produced by
“viscous effect”. fauia can be calculated by Equation (15).

Moreover, a change of the film thickness and the
hydrodynamics will in turn affect the friction and the
contact state again because of the modified contact con-
ditions or even the lubrication state through increased
solid-solid contacts. In fact, lubrication state is in a con-
stant change in actual operation. The lubrication state
transition changes correspondingly with the change of op-
erating parameters. So, the film thickness ratio A is in a
dynamic fluctuation state, causing the fluctuation of the
friction coefficient. Note, under different working condi-
tions, even the same values of friction coefficients, their
compositions may be distinctly different from each other.

Under the low speed region, the “viscous effect” makes
up a small fraction of the total friction coefficient while
the “solid effect” is dominant, oy — 1l,a2 — 0, so
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Fig. 6. Principle diagram of water lubricated bearing test rig
1 — servo motor; 2 — damper; 3 — coupling; 4 — shaft; 5 —
hydrostatic bearing; 6 — test bearing; 7 — sleeve; 8 — hydraulic
cylinder; 9 — leading bar; 10 — force sensor; 11 — displacement
transducer; 12 — water tank; 13 — water; 14 — base.

Centrol cabinet
Force sensor
Leading bar

X . External load
Hydraulic cylinder

Test bearing

Setvo motor Sleeve

Displacement transducer

e e
Water yyater tank  Base

Fig. 7. Physical map of water lubricated bearing test rig.

the total friction coefficient curve is consistent with the
F-solid curve in this region. Under high speed region,
the fluid film can be fully formed, “viscous effect” is
the leading factor while “solid effect” is insignificant,
ap; — 0,as — 1, so the total friction coefficient curve is
consistent with the F-fluid curve in this region. Therefore,
there is a competition between the two physical effects,
and friction coefficient will depend on the interplay be-
tween the “viscous” and “solid” effect contributions, as
presented schematically in Figure 5.

3 Experimental equipment
3.1 Introduction of test apparatus

Figure 6 shows the schematic of the apparatus used
for measuring the friction coefficient of water lubricated
journal bearing, Figure 7 gives the physical map of the
water lubricated bearing test rig, respectively.

The main shaft is supported by two hydrostatic bear-
ings and driven by a Siemens servo motor with a max-
imum speed of 6000 rpm and a maximum power of
22 kW. The desired load is applied using a gas cylinder
via a leading bar. The working pressure is usually about
0.3 ~ 0.8 MPa. The pipe resistance loss is rather small
due to the low gas viscosity. It is also easy to focus on the
supply and convenient for medium distance transporta-
tion. It is also safe to use, no explosion, no electric shock,

S —

Force sensor 1# ¢—+— I
1“”" -

Force arm

-y Rolling clement Bearing

@ ®)

Fig. 8. Schematic diagram of the vertical loading part.

and the overload protection ability. The vertical loading
lever scale is 1:5, i.e. when we apply 1 N load on the right
side of lever, the applied load on the water lubricated
bearing is magnified to maximum five times.

The experimental equipment is mainly consisted of
the electric control part, the power-driven part, the in-
termediate part, the vertical loading part and the signal
acquisition part. Figure 8a shows the real object of mea-
surement cell and vertical loading part in details. The
lubrication grooves are not shown in Figure 8 for the sake
of convenience. Components 8, 9, 10 and 11 form the main
loading part, where force sensor 1# measures the vertical
load.

Figure 8b shows the enlarged figure of the measure-
ment cell. Water lubricated bearing is embedded into the
rolling element bearing. The functions of rolling element
bearing are: (1) apply radial external load to the bearing;
(2) help to measure the tangential force in order to calcu-
late the friction torque and friction coefficient. A lever (i.e.
the force arm) is fixed on the bearing surface. Therefore,
the bearing would not rotate with the rotating journal.
Force sensor 2# is mounted on the lever to measure the
tangential force.

Figure 9a gives the simplified technical drawing of the
whole bearing system, Figure 9b shows the schematic of
torque (force) equilibrium analysis for water lubricated
bearing. When the journal is rotating, the rotating shaft
drives the bearing through the friction force of water film,
generates the driving torque T’. The rolling element bear-
ing and the force arm apply the torque Tg, Tr in the
opposite direction. Therefore, three torques exist for the
bearing: torque Ty due to the friction force of water film,
torque Txr due to the friction force of rolling element
bearing, torque Tr due to the force measured by force
sensor 2#. As can be seen from Figure 9b, we can get
the torque equilibrium relationship. For water lubricated
bearing, the equation of torque equilibrium is:

Tf =Tr+1Tr (19)
Generally, the diameter of the ball in rolling element bear-
ing is small (less than 3 mm, about 1/70 of the force
arm (the force arm of tangential force is 205 mm)), the
friction force of rolling element bearing is small (friction
coefficient of rolling element bearing is less than 0.001,
about one tenth of water lubricated bearing (friction co-
efficient is 1072 order of magnitude for water lubrication
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Fig. 9. Simplified technical drawing of the bearing.

Table 2. Basic parameters of water lubricated bearing.

Description Symbol Value
Width L 20 mm
Diameter D 62 mm
Clearance c 0.07 mm
Bushing thickness T 2 mm
Range of rotating speed N 200-2000 rpm
Range of load F 862 N

Table 3. Water properties at 20 °C.

Description Value
Saturation water vapor pressure 2340 Pa
Saturation density of water 998.2 kg.m >
Saturation density of water vapor  0.5542 kg.m >
Dynamic viscosity of water 1x 1072 Pas

Dynamic viscosity of water vapor  1.34 x 10° Pa-s

bearing)). Therefore, torque Tr due to the rolling ele-
ment bearing is very small, and can be omitted in the
actual calculation. Then we can get Ty ~ T, and torque
Tr is due to the force measured by force sensor 2#. It
equals to the product of the force arm R and tangential
force T'. Force sensor 2# measures the tangential force T,
then measures the arm (R) of force applied on the bear-
ing through the lever. The torque can be calculated by
multiplied the tangential force T and the force arm R.

In the actual tests, the friction coefficient is translated
into tension or compression of a linkage bar and sensed
by a loading cell, and the test signal is transferred to the
computer system for recording and processing. The fric-
tion coefficient, the speed and the load are processed by
software and displayed on the computer screen. The time
interval of data reading is adjustable and is independent
of the duration of the test.

3.2 Test bearing

Table 2 gives the basic parameters and operating con-
ditions of the test bearing, Table 3 shows the basic phys-
ical properties of water in 20 °C environment.

Figure 10a shows the three dimensional model of the
test bearing, Figure 10b shows the physical map of the
test bearing. The material of the sleeve is the same as
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Fig. 10. Three dimensional model and physical map of test
bearing.

shaft, and the bushing is made of composite material
PTFE, which is highly resistant to impact, wear and cor-
rosion and has adequate bearing capacity.

As a case, the test bearing is composed by the bush-
ing and the sleeve, which are resistant to wear and cor-
rosion. The shaft is made of hardened 42CrMo steel with
0.3 Poisson’s ratio, 206 GPa elastic modulus. The surface
finish (Ra) is about 0.4 um consistently for the shaft. The
test bearing has an inner diameter 62 mm, and the bush-
ing thickness 2 mm. It has 4 guiding grooves, its cross-
section shape is round. The inner surface finish (Ra) is
0.4 pm consistently for the bushing. The bearing width
is 20 mm, therefore the length over diameter ratio is only
about 0.33, and the radial clearance is 0.07 mm, about
two thousandth of the shaft radius. The specific values of
the bearing and water properties may refer to Tables 2
and 3, respectively.

Figure 11 gives the surface structure and fracture
of the test specimen of the composite material PTFE.
Figure 11a shows the uniform distribution of dense white
spots on the tissue surface observed by high power micro-
scope, these white spots are mainly consist of high wear-
resistant engineering PTFE material particles. Figure 11b
shows the fracture morphology of the test specimen, high-
strength fiber uniformly distributed in the PTFE mate-
rial tissue, and formed disordered arranged crisscross pat-
terns, which can significantly improve the shear-resistant,
compressive and wear-resistant properties.

3.3 Experimental conditions and method

The experimental parameters and operating condi-
tions are shown in Tables 2 and 4. Group 1 investigates
the effect of vertical load on the friction coefficient under
different rotating speeds, and obtains the results for the
friction coefficient as the function of vertical load ranging
from 8-62 N; Group 2 researches the effect of rotating
speed on the friction coefficient under fixed vertical load,
and obtains the curve for the friction coefficient as the
function of rotating speed ranging from 200-3000 rpm.

Before any measurement is taken, the test system
should be balanced so that the friction coefficient is zero
when the shaft is at a static position. At each speed, the
history of the friction coefficient is monitored. The rms
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Table 4. Experimental conditions of water lubricated bearing.

Group Operating Value Increment
condition
Range of load 862 N ~10 N
Group 1 ponge of speed  400-2000 rpm 200 rpm
Fixed load 32N -
Group 2 Range of speed  200-3000 rpm 200 rpm

value of the history is taken as the friction coefficient for
the specified speed when the friction coefficient oscillates
periodically around a relatively constant value. By plenty
of observations, a period of 3 min is regarded as a rea-
sonable testing period for each vertical load point or each
rotating speed.

In the test, the parameters need to measure includes:
the bearing radial force measured by the force sensor 14,
the rotating speed IV, the tangential force T measured
by the force sensor 2#, the arm of force applied on the
bearing through the lever R, the bearing inner diameter
D, the width L and the gravity G of the bearing. The test
apparatus is shown in Figure 8.

Therefore, the radial load can be calculated as:

Fr=F -G (20)
Correspondingly, the friction coefficient can be calcu-
lated as:
2T X R

I =D

where, the specific parameters of the test bearing can be
checked in Table 2, R = 205 mm, D = 62 mm, G = 15 kg,
insert them into Equations (20) and (21), then we can get:

(21)

2057 2057

= 31(F—G) 31Fr

(22)

4 Results and discussion

Additional parameters used in the experiments are
provided in Table 4.

4.1 Analysis of friction coefficient fluctuation

Figure 12 shows the friction coefficient distributions
as the function of radial load at different rotating speeds
200 rpm, 400 rpm and 1600 rpm. These three rotating
speeds represent three typical operating conditions: low,
medium and high speed region, respectively. And, X axis
represents the radial load applied on water lubricated
bearing, Y axis represents the measured friction coeffi-
cients. The friction coefficient curves contain the error
bars, i.e. the I-shaped errors, which reflect the standard
deviations (i.e. the average deviation).

From Figure 12 we can see, for different rotating
speeds, friction coefficient curves as the function of load
exhibit consistency on the overall trend, but also exist
discrepancies in some details. For example, the minimum

Fig. 11. Surface structure and fracture of the composite ma-
terial PTFE.

Friction coefficient of water lubricated bearing
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Fig. 12. Friction coefficient of water lubricated bearing (ro-
tating speed 200 rpm, 400 rpm, 1600 rpm).

friction coefficient takes place at different radial loads.
When the radial load is very small, friction coefficient is
rather large. With increase of radial load, friction coeffi-
cient decreases mildly. But when the load increases to a
certain value, friction coefficient tends to be stable. Con-
tinue to increase the load, friction coefficient rises slowly,
and the higher the rotating speed, the more obvious the
increasing trend.

In fact, main reason for the fluctuation of friction coef-
ficient comes from two aspects: (1) competitions between
the two physical effects: “solid effect” and “viscous effect”,
and friction coefficient depends on the interplay between
the “solid” and “viscous” friction contributions, as pre-
sented schematically in Figure 5. (2) Changes of lubri-
cation states of the composite material bushing caused
by the elastic deformation under different speed and
load conditions. Although the overall trend of friction
coefficient curve is the same, the concrete mechanism dif-
fers for different rotating speeds. In order to analyze the
mechanism clearly, we divide friction coefficient curve into
three regions: low, medium and high speed region.

In the low speed region (about 0-400 rpm), the bear-
ing loading capacity is relatively small, and elastic defor-
mation of the bushing plays a major role. The water film
thickness is rather thin in the lubrication region, bearing
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is in the boundary lubrication regime (BL). Accordingly,
asperity contacts between the rough surfaces dominate
and determine the type of friction and wear, and the
“solid effect” makes the major contributions to the fric-
tion coefficient of the bearing. With the increase of radial
load, elastic deformation is larger and larger, so necking
phenomenon of the water film is more and more obvi-
ous. Then, the shaft is slowly floated by the increasing
thick film, the bearing loading area as well as the lubrica-
tion region area increases, and thus decreases the friction
coefficient. When the load increases to a certain value,
the elastic deformation reaches to its maximum value,
the bearing loading area as well as the lubrication region
area no longer changes. Continue to increase radial load,
friction coefficient tends to be stable gradually.

In the high speed region (about 1200-2000 rpm), wa-
ter film can be sufficiently formed. The bearing is fully
lubricated and in the hydrodynamic lubrication state.
Therefore, when the load is small, the “viscous effect”
dominates and the viscous shear force between the lig-
uid molecules constitutes the main part of friction co-
efficient. As with the increase of radial load, the film
thickness decreases gradually, and the lubrication state
transforms from hydrodynamic lubrication regime (HL)
to elasto-hydrodynamic lubrication regime (EHL), mixed
lubrication regime (ML) and even the boundary lubrica-
tion regime (BL). In this process, the proportion of “vis-
cous effect” declined slowly, friction coefficient also de-
creases gradually and reaches the minimum value finally.
Afterwards, continue to increase radial load, the lubrica-
tion state transforms to the boundary lubrication regime
(BL) or even the dry friction regime, the proportion of
“viscous effect” continues to reduce until it can be al-
most negligible while the proportion of the “solid effect”
rises correspondingly until it becomes dominant. There-
fore, friction coefficient begins to rise in the process and
then increases with the increasing radial load.

For medium speed region (400-1200 rpm), friction co-
efficient is determined by the weighted factors of “solid
effect” and “viscous effect” «q, as, as well as the elastic
deformation of the PTFE bushing. Therefore, character-
istics of the curve in the medium speed region is some-
where between the characteristics of low speed region and
the characteristics of high speed region, almost the linear
combination of the typical low speed curve and typical
high speed curve.

4.2 Analysis of the system limitations

From Figure 12 we can also see, the error bars (i.e. the
I-shaped error) become smaller and smaller with the rise
of load under fixed speed. That is to say, the fluctuation of
the measured friction coefficients is smaller and smaller.
When radial load increases to a certain value, the I-shaped
error is almost close to zero, the friction coefficient curve
has almost no fluctuation, and is stable at a fixed value.

Generally speaking, fluctuation of the friction coeffi-
cient is mainly caused by the oscillation of the weighted
factors of “solid effect” and “viscous effect” due to the

106-page 10

Friction coefficient of water lubricated bearing

0.08 — . , : . ,
—e=— Rotating speed=400rpm
0.071 —e— Rotating speed=800rpm |-
—— Rotating speed=1200rpm
_ 006} —+— Rotating speed=1600rpm |
b5 Rotating speed=2000rpm
Q
£ 0.057
(]
<]
g
.S 0.04r
je
&=
0.03f 1
0.02} , ,./A/:;:' 1
0.01+ : . . - -
10 20 30 40 50 60
Radial Load/N

Fig. 13. Friction coefficient under different rotating speeds.

transition of the lubrication state. The smaller the fluc-
tuation of friction coefficient, the more stable the bearing
operating conditions. Fluctuation is relatively small under
high speed condition for the “viscous effect” dominates
and the “solid effect” is almost ignorable; Fluctuation is
relatively large under low speed condition for sufficient
lubrication of the bearing cannot be ensured and “solid
effect” dominates the lubrication state, “viscous effect” is
almost ignorable. There exists large number of asperity
contacts between rough surfaces in low speed lubrication
region. It is the asperity contact that cause the fluctuation
of the friction coefficients.

Of course, system limitations exist and influence the
exact values of friction coefficient. Precision error of force
sensors 1# and 2# also affects the fluctuations of fric-
tion coefficient. Disadvantages of pneumatic system (the
low pressure transmission speed, the long reaction time,
poor speed stability due to the compressibility of the air)
bring rather big impacts on the control accuracy of the
system. For the external load, it is prone to be unsta-
ble. Numerical fluctuations for the load values exist in
the specific test process. Therefore, the next step, we will
use the mechanical loading device instead of the hydraulic
cylinder, because the mechanical loading device has bet-
ter stability.

4.3 Effect of radial load

Figure 13 shows the friction coefficient distribution as
the function of radial load at different rotating speeds,
and X axis represents the radial load applied on the wa-
ter lubricated bearing, Y axis represents the measured
friction coefficients.

From Figure 13 we can see, under fixed rotating speed,
friction coefficient curves show first decreased and then
increased trend with the increase of the radial load. There
exists an appropriate working condition which the friction
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Fig. 14. Friction coefficient under different radial loads.

coefficient is minimum. Generally speaking, this condition
is the ideal state for the bearing operation.

For constant low load, bearing surface deformation
is rather small, the bearing is in hydrodynamic lubrica-
tion state. With the increasing load, the hydrodynamic
film becomes partially breakdown and thus results in
the increase of surface roughness peak contact, namely
the asperity contact. Continue to increase the load, the
bearing bushing surface elastic deformation becomes dis-
tinct, surface roughness peak contact area becomes larger
and larger. Correspondingly, the load per unit area be-
comes smaller and smaller. Therefore, friction coefficient
increases slowly and will become constant when the radial
load reaches critical value. The interaction of the two fac-
tors results in the existence of minimum value of friction
coefficient under certain speed.

4.4 Effect of rotating speed

Figure 14 shows the friction coefficient distribution as
the function of rotating speed at different radial loads,
and X axis represents the rotating speed of the shaft, Y
axis represents the measured friction coefficients.

From Figure 14 we can see, the measured friction
coefficient-rotating speed curves agree well with the clas-
sical Stribeck curve. For different radial loads, friction co-
efficient curves exhibit consistency of the overall trend,
but also exist some discrepancies in details. Under fixed
load, obviously, with the increase of rotating speed, the
friction coefficient first decreases sharply in the low speed
region (0-1200 rpm), decreases slowly in the medium and
high speed region (1200-2200 rpm), and then increases
mildly in the very high speed region (2200-3000 rpm).

Radial load has influence on the friction coefficient.
This is because, under low speed region, the bearing is
in boundary lubrication state and “solid effect” predom-
inates the motion, while the bearing is in full partial

Stribeck curve of water lubricated bearing
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Fig. 15. Contrast curve between theoretical and experimental
friction coefficient.

hydrodynamic lubrication state and “viscous effect” pre-
dominates the motion under high speed region. The fric-
tion coefficient curve increases more moderately when the
radial load is 55.3 N. The interaction of the two factors
results in the existence of minimum value of friction co-
efficient under certain load.

4.5 Comparison of experimental and theoretical
results

Figure 15 shows the measured and theoretical calcu-
lated friction coefficient distribution as the function of ro-
tating speed, X axis represents the rotating speed of the
shaft, Y axis represents the friction coefficients. “Mea-
sured values” curve represents the results measured in
the test; “With wall slip” represents the results consider-
ing the wall slip boundary condition; “Without wall slip”
represents the results without considering the wall slip
boundary condition. The radial load in the test is 32.0 N.

From Figure 15 we can see, with the increase of ro-
tating speed, the measured friction coefficients gradu-
ally decrease, reach its minimum value at 1600 rpm, and
then slowly increase. Just as the theory predicted in Sec-
tion 2.3, the theoretical values gradually increase and
become more and more close to the measured values with
increase of rotating speed. The difference between the
measured and theoretical values is smaller and smaller,
and eventually reaches zero when rotating speed increases
to a certain value. Results considering wall slip are much
closer to the measured values. The higher is the rotat-
ing speed, the smaller is the deviation between them. In
fact, when the rotating speed exceeds 2200 rpm, errors
between the measured and “With wall slip” results are
rather small, almost ignorable. This consistence indicates
that there is a real possibility that wall slip effect ex-
ists in the lubrication interface of water lubricated PTFE
bearing. And, the higher is the rotating speed, the larger
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is the possibility of existence of wall slip. This conclu-
sion is consistent with the previous achievements in ref-
erences [19, 23,25, 29, 36]. The modified model is more
accurate in the prediction of friction coefficient for water
lubricated PTFE bearing.

5 Conclusions

In this paper, on the basement of experimental results
of water lubricated composite material bearing, we mea-
sure the friction coefficient as the function of load and
rotating speed, deviate the modified Reynolds equation
considering wall slip effects in Cartesian coordinate sys-
tem. We develop essential model of friction coefficient, dis-
cuss the composition of friction coefficient and the chang-
ing correlation between components of friction coefficient,
and finally draw the following conclusions:

(1) The essence of friction coefficient in water lubricated
bearing is the weighted sum of solid contact fric-
tion coefficient and viscous shear stress between liquid
molecules. Lubrication state is in a constant change in
actual operation. The transition of lubrication state
changes correspondingly with the operating parame-
ters. Film thickness ratio A is in a dynamic fluctuation
state, causing the fluctuation of friction coefficient.

(2) There is always an appropriate working condition
which the friction coefficient is minimum, and this con-
dition is the ideal state for the bearing operation.

(3) Under fixed rotating speed, with increase of radial
load, the friction coefficient first decreases and then
rises, strikes its minimum value under a certain load.
Similarly, under fixed load, with increase of rotating
speed, the friction coefficient first decreases and then
rises, reaches its minimum value under a certain ro-
tating speed.

(4) The difference between the friction coefficient mea-
sured by the test and the friction coefficient calculated
by the theory is just the friction coefficient generated
by the solid-solid interface contact effect. As the rotat-
ing speed increases, the friction coefficient produced
by the “solid effect” will become smaller and smaller,
and finally approaches zero under a certain rotating
speed.

(5) Theoretical results considering wall slip are in good
agreement with the measured values. The higher is
the rotating speed, the smaller is the deviation be-
tween them. This phenomenon verifies the existence
of wall slip effects in the interface of water lubricated
bearing and also verifies the correctness of the theo-
retical model.
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