”’

Soselles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e_“ ScienceDirect

Trans. Nonferrous Met. Soc. China 22(2012) 2431-2438

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Lubrication properties of Nitinol 60 alloy used as high-speed rolling bearing
and numerical simulation of flow pattern of oil—air lubrication
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Abstract: The friction and wear tests were performed using Nitinol 60 alloy pin sliding over GCr15 steel disk in a pin-on-disk
tribometer system under PAO oil lubrication conditions. It was found that Nitinol 60 alloy can be lubricated well and has shown
remarkable tribological performance. Average coefficient of friction (COF) of Nitinol 60 is 0.6 under dry friction; however, average
COF decreases to 0.1 under PAO oil lubrication. SEM image of the worn surface shows that Nitinol 60 exhibits excellent wear
resistance and the wear mechanism is mainly adhesive wear. Flow pattern of oil—air flow in oil pipe was simulated by FLUENT
software with VOF model for acquiring working performance of oil—air lubrication. The optimum velocity of oil and air at the inlet
was achieved, which provides the great proposal for the design of experiment of oil—air lubrication of Nitinol 60 alloy. The
simulation results showed that the optimum annular flow of flow pattern was obtained when air velocity is 10 m/s and oil velocity is
0.05 m/s. The formation mechanism of annular flow was also discussed in the present study.
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1 Introduction

Nitinol 60 alloy, an intermetallic nickel—titanium
alloy containing 60% (mass fraction) nickel and 40%
titanium, has been extensively used due to its superior
mechanical and chemical properties [1]. Nitinol 60 is
hard, electrically conductive, highly corrosion resistant,
less dense than steel, readily machined prior to final heat
treatment, non-galling and non-magnetic, which exhibits
excellent useful structural properties and offers a broad
combination of properties that make it unique among
bearing materials. No other bearing alloy, metallic or
ceramic, claims all of these attributes [2—4]. The
performance equaled or exceeded that observed with
silicon nitride or traditional steel-based bearing materials
such as titanium carbide-coated 440C, M50 and 52100
steel [5,6]. These steel materials suffer from corrosion
attack if not protected and they are highly magnetic. In
addition, when used as bearing rolling elements, their
high density leads to high centrifugal forces and limited
fatigue life [7]. These considerations have driven the
development of alternate bearing materials [8]. Low

density of silicon nitride compared with that of steels
makes it ideal for high-speed applications because of low
centrifugal stress. However, it is more expensive to
manufacture than steel due to the complexity and cost of
high temperature and high-pressure powder metallurgy
processing [9].

Nitinol 60, when appropriately heat-treated, does
not exhibit shape memory effect (SME) properties at
normal ambient. It is 26% in density lower than steel for
weight sensitive applications such as aircraft, satellites
and spacecraft. Based on these special characteristics,
Nitinol 60 appears to be an excellent candidate material
for high-speed rolling bearings. Researches indicate that
COF of Nitinol 60, not like traditional titanium alloys
such as Ti—6Al-4V with poor tribological property even
under well lubricated conditions by oils and greases [10],
is around 0.5 in dry sliding [11]. Clearly, researches will
be required to understand the tribological properties of
Nitinol 60 under oil lubrication, especially when Nitinol
60 is used as the bearing materials for high-speed rolling
bearing. Oil—air lubrication system has the advantages of
high cooling efficiency, high lubricating efficiency,
environmental benefits and precise oil quantity control
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[12]. It has better cooling effect than the traditional oil
lubrication due to high-speed compressed air [13].
Although oil—air lubrication of steel bearing has been
used to high-speed bearing [14], no information about
TiNi alloy rolling bearing is available. The bearing
performance depends on its operating parameters such as
load, environmental temperature, speed, lubricant type
(liquid, grease or solid) and lubricant supply method (oil
immersion, oil jet, oil mist, oil/air, etc) [15]. In
application, it is difficult to predict the optimum value
for each of these parameters [16,17]. Numerical
simulation has been developed in an attempt to
rationalize oil—air lubrication parameter optimization,
design evaluation and prediction of lubrication properties
[18,19]. In recent years, as computing costs have
decreased, computational fluid dynamics (CFD) has
found widespread applications, particularly in the
simulation of complicated flows [20]. Numerical
simulation is an effective and economical method for
analysis of oil—air two-phase flow [21]. The goal firstly
is to perform an experimental evaluation about
lubrication properties of Nitinol 60 alloy, and then
FLUENT software with volume of fluid (VOF) model is
used to simulate flow pattern of oil—air flow in order to
obtain optimum oil-air lubrication parameter in the
present work.

2 Experimental

Friction and wear tests were carried out using
pin-on-disk tribometer under oil lubrication conditions.
PAO oil was used as lubricant. The physical properties of
Nitinol 60 alloy pin, sliding under rotation motion
against GCrl5 steel disc, are shown in Table 1. The
normal load was 22.92 N and sliding velocity was 0.219
m/s. The average contact pressure was around 220 MPa.
It was assumed pin with 6 mm in diameter and 15 mm in
length contacted steel disc with 30 mm in diameter and 5
mm in thickness directly. Nitinol 60 pin was polished to
surface roughness R,=0.22 pm. GCrlS5 steel disc was
polished to surface roughness R,=0.006 um. The
humidity was strictly controlled to (30+2)% RH in
ambient air and room temperature of (24+1) °C in the
laboratory. The friction tests were run three times for
each combination of pairs and a new area on disc and pin
was used for each test respectively. Before starting the
friction tests, the specimen was cleaned using acetone in
an ultrasonic bath for 10 min and the disc surface was
pre-lubricated with 10 pL of lubricant followed by

Table 1 Physical properties of Nitinol 60 alloy

. Thermal Thermal Elastic
Density/ Hardness/ . .
(@em™) MPa conductivity/  expansion  modulus/
£ (Wm "K' coefficient/°C"!  GPa
6.7 660 18 10x10° ~114

bidirectional wiping. After the friction tests, the worn
surface was observed by scanning electron microscopy
(SEM).

3 Experimental results

Figure 1 shows COF of Nitinol 60 pin during
sliding against GCrl5 steel disc versus sliding time
under dry friction and oil lubrication conditions,
respectively. It was found that the tendency of COF with
sliding time is completely different. COF is low (around
0.1) at initial step; and then increased slowly to 0.6 with
increasing sliding time in fluctuation under dry friction.
However, COF was constant around 0.11 under PAO oil
lubrication, irrespectively of sliding time. Average COF
of Nitinol 60 alloy at steady step is about 0.57 under dry
friction, but 0.11 was maintained under oil lubrication.
The friction behavior is remarkable under PAO oil
lubrication. For metal, it is well known that the friction
behavior is strongly dependent on lubrication type.
Under oil lubrication, COF decreases as oil film is
formed between Nitinol 60 and GCrl5 frictional contact
surface. Low and stable COF was maintained over a long
period because it may result from lubrication effect of oil
film.

SEM images of the worn surface of Nitinol 60 are
shown in Fig. 2. It was found that the wear groove is
clearly formed on the worn surface under dry friction and
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Fig. 1 COF curves obtained under dry friction (a) and oil
lubrication (b)
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Fig. 2 SEM images of worn surface of TiNi60 under different
friction conditions: (a) Dry friction; (b) Oil lubrication

some big wear debris can be found at the edges and on
the wear track. However, it appears to be uniform and
smooth on the worn face. There are small dents along
with sliding direction, which indicates adhere wear.
Apparently, PAO oil is beneficial to the tribological
properties of Nitinol 60 under oil lubrication.

4 Numerical simulation model

FLUENT is a popular and commercial software
based on CFD. It is widely used in hydrodynamics
modeling. FLUENT is an appropriate software that is
used for simulating and analyzing the fluid flow and heat
transfer in complex geometric area.

4.1 Hydrodynamics modeling
4.1.1 Fluid medium

Air and PAO oil are used as gas and fluid in oil—air
lubrication system, respectively. PAO oil has excellent
properties such as a low volatility, high thermostability
and viscosity index. Table 2 shows the physical
properties of air and PAO oil, respectively.
4.1.2 Physical model

The law of fluid flow is the basis of establishing

Table 2 Physical properties of PAO oil and air

Property Density/(kg-m °) Viscosity/(Pa-s)
Air 1.225 1.8x107°
PAO 827 2.6x1072

fluid movement equations. The control of fluid flow, heat
and mass transfer and other process are listed into
mathematical formula. Governing equations of oil supply
system were derived from continuity and momentum
equations. The governing equations are listed in the
following.

1) Mass conservation equation

op , Opu)  O(pv) Olpw) _ 1
ot Ox Oy oz

2) Conservation of momentum equation

0 0 o 9ty
_(Pui)"'_(Pui”j):__p"'_]"'Pgi+Fi (2)
ot 8xj ox; 8xj

where p is the static pressure; 7;; is the stress tensor; pg;
and F; are body-forced gravity and extern body force in i
direction, respectively.

Stress tensor are given by

8ul~ auj
Ty =lul
ox;  ox;

where 7; is the component of v which is the viscosity
stress produced on the surface of micro unit body due to
molecular viscosity.

3) Conservation of energy equation

2 814,
G 3
3u8x, v @)

0 0

~ (PE)+——[u;(pE + p)] =

ot ox;
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where kg is the effective thermal conductivity; J; is the
diffusion flow of component j; S, includes chemical

action heat and body heat; E is calculated by equation
2
E=h-2 +u7". Heat transfer between oil and air is
P

negligible, so this law is ignored.

4) Physical model and mesh generation

The pipe had 500 mm in length and 10 mm in
diameter. Based on measured dimension for pipe, three
dimensional CAD model was developed to write input
data for the grid generation program. The generated grid
is shown in Fig. 3.

One end of pipe is the entrance to air and another
end of pipe is outlet of the mixture phase. The inlet of oil
is located where distance is 20 mm far from inlet of air
and also perpetual with the inlet direction of air. The
diameter of inlet is 4 mm. It was meshed when the
physical model was built. In general, the tetrahedral grid
is easily meshed, but the calculated results are not
precisely accurate. Therefore, the hexahedron grid used
in spite of grid meshing is difficult and the calculated
results are relatively accurate. The shape of oil inlet was
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simplified to square pipe in order to mesh the
hexahedron grid easily. The grid is intensive near the
pipe wall in order to observe two-phase flow clearly. The
pipe is mode from the symmetric fabric; therefore, half
of pipe is used to save time, as shown in Fig. 3.
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Fig. 3 Grid system of pipe

5) Physical model simplification

To simplify simulation analysis of oil—air
lubrication, the following assumptions are given in the
present model:

(a) There is no phase transformation in oil;

(b) Heat transfer between oil and air is negligible,
and the properties such as control volume, pressure and
temperature are constant for working fluid,;

(c) Pressure is zero and there is no effluent
recycling at outlet of pipe for mixture phase flow;

(d) Air is regarded as the compressible flow, but air
is considered incompressible flow when Mach number is
less 0.3.

4.1.3 Solver

The pressure-based solver is chosen as solver,
which is suitable for low velocity and incompressible
flow. The implicit formulation was used because it can
obtain convergent solution quickly. The transient state
parameter is used in the time option to obtain the flow
pattern map because flow pattern is an unsteady process.
4.1.4 Two-phase flow model

1) Fluid type of two-phase flow

Two-phase flow was to be separated when
two-phase fluid flows in the horizontal pipe due to the
gravity.

Two-phase flow model is grouped into six
categories: bubbly flow, air plug flow, laminar flow,
wave undular laminar flow, slug flow and annular flow.
In the bubbly flow, most of bubbles are in the top of the
pipe under the gravity. When air flow rate increases,
small bubbles are merged into air plug flow. Laminar
flow is suitable because air and fluid flow rates are small
and the interface of two phases is smooth. When air
phase flow rate becomes high, flow wave occurs at the
interface of two-phase flow, an two-phase flow becomes
undular laminar flow. If air phase flow rate is so high,
two-phase flow will become slug flow. Annular flow
occurs when air flow rate is high and fluid flow rate is

little. Annular flow fluid type was chosen as the fluid
flow type when the velocity of air flow is high. In the
annular flow, the lubrication will be obtained when the
least oil content is used.

2) Two-phase flow model

VOF (volume of fluid) model was used to analyze
two-phase mixture flow of oil and air in pipe. Two-phase
flow model can be used if fluids are not dissolved each
other. There is a remarkable interface when the mixture
of oil and air flows in the horizontal pipe.

4.1.5 Turbulence mode

Turbulence models can be broadly grouped into
three categories. First category is the turbulent transport
coefficient model. The task of turbulence or turbulence
closure model is to calculate the turbulent viscosity
coefficient of the expression or its transport equation
approach. The second category is abandoned the concept
of turbulent transport coefficients, the direct
establishment of the turbulent stress and the amount of
other second-order correlation transport equation. The
third category is large-eddy simulation. Large-eddy
simulation to turbulent flow into large-scale turbulence
and small-scale turbulence, as amended by solving
three-dimensional Navier—Stokes equations, has been
movement of large vortex characteristics, and movement
of small vortex model used above [22].

Turbulence models provided by FLUENT include:
single-equation (Spalart Allmaras) model, two-model
(standard) model, Revised model and Reynolds stress
model and large-eddy simulation, etc. Turbulence model
of Reynolds stress is the most fine turbulence model in
FLUENT software. It neglects the vortex viscosity of
isomorphism, and solves Reynolds stress equations
directly. The calculated quantity of Reynolds stress is
large. The turbulence model of Reynolds stress can be
used when the anisortropy of Reynolds stress is
considered. There is the secondary flow in the horizontal
pipe. Therefore, the turbulence model of Reynolds stress
is chosen in the present work.

4.1.6 FLUENT parameters setting

1) Pressure

It is important that the setting of pressure in
numerical simulation process. It affects the calculated
results significantly. The pressure is set firstly as
atmospheric pressure in FLUENT software.

2) Boundary conditions

The physical condition is met under the calculated
boundary conditions in flow field. Velocity at inlet of
pipe where oil-air two-phase entering the pipe was
determined through outlet. The boundary condition at
outlet of oil pipe was evaluated from exit pressure of oil
pipe.

3) Parameters of turbulence

The turbulence intensity and diameter of water



ZENG Qun-feng, et al/Trans. Nonferrous Met. Soc. China 22(2012) 24312438 2435

power should be set. The turbulence intensity is referred
as the ratio of average flow velocity. The diameter of
water power, which represents the limit of turbulence
flow, is set as the diameter of pipe.

1
1=0.16(Re) ® ()

where Re is Reynolds number.

4) Operating pressure

The atmosphere pressure is used as operating
pressure. The gravity acceleration is considered in
negative y direction.

5 Simulation results and discussion

Air velocity is 10 m/s and oil velocity is 0.05 m/s,
0.5 m/s or 10 m/s. Flow pattern of two-phase flow was
investigated under these parameters.

Figure 4 shows the distribution of two-phase flow
on the symmetry plane when air velocity is 10 m/s and
oil velocity is 0.05 m/s, 0.5 m/s or 10 m/s. It was found
that oil moves along with upper pipe wall under a small
oil velocity. However, oil moves downward firstly along
inlet of pipe when oil velocity increases, and then sticks
and moves upward along the pipe wall under air
promoting.
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Fig. 4 Distribution of two-phase flow on symmetry plane at
different oil velocities: (a) v(0il)=0.05 m/s; (b) v(0il)=0.5 m/s;
(c) v(oil)=10 m/s

Figure 5 shows the distribution of two-phase flow
on pipe wall when air velocity is 10 m/s and oil velocity
is 0.05 m/s, 0.5 m/s or 10 m/s. Results show that oil
covers the whole pipe wall at initial stage from the top of
the pipe toward the bottom of pipe under a small oil
velocity. However, oil covers whole pipe wall from the
bottom of the pipe toward the top of pipe when oil
velocity increases. The reasons may be principally that
interactions between oil and air increase due to the
increasing oil content in mixture chamber with
increasing oil velocity, and there is a counteracting force
producing when oil impacts the bottom of pipe wall
under high speed. This fore makes oil move upward
along the bottom of pipe wall, but this phenomenon only
happens at the inlet of the oil.

Figure 6 shows the distribution of two-phase flow at
different positions along with z-axial profile when air
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Fig. 5 Distribution of two-phase flow on pipe wall at different
oil velocities: (a) v(0il)=0.05 m/s; (b) w(oi)=0.5 m/s;
(c) v(oil)=10 m/s
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velocity is 10 m/s and oil velocity is 0.05 m/s. It is
shown that secondary flow of two-phase flow is formed.
Air moves downward along the pipe wall and then
moves upward nearby the symmetry plane. Air forms
two vorticity motions. Air vorticity has a great effect on
the movement of oil. Oil moves downward along the
pipe wall from the top of the pipe under the secondary
flow and the gravity at the same time, and then finally
becomes an annular flow of flow pattern.

Figure 7 shows the distribution of two-phase flow at
different positions of z axial profile when air velocity is
10 m/s and oil velocity is 0.5 m/s. Results show that oil
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Fig. 7 Distribution of two-phase flow at different positions on
z-axial profile at 10 m/s of air velocity and 0.5 m/s of oil
velocity: (a) z=470 mm; (b) z=350 mm; (c) z=0 mm

escaped from attachment effect of pipe wall and failed to
the center of pipe under the gravity with increasing oil
velocity. The direction of the secondary flow in the pipe
is the same as 0.05 m/s of oil velocity. The oil will move
downward and become an annular flow of flow pattern
under air promoting.

Figure 8 shows the distribution of two-phase flow at
different positions along with z axial profile when air
velocity is 10 m/s and oil velocity is 10 m/s. Oil moves
down to the bottom of the pipe. The direction of the
secondary flow in the pipe is opposite with 0.05 m/s of
oil velocity. The oil moves upward along the pipe wall
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under the secondary flow, overcoming the gravity at the
same time. However, oil will fall down to the bottom of
pipe with increasing the amount of oil.

Results show that oil moves upward along pipe wall
when oil velocity is small and then moves downward
along with pipe wall, forming annular flow under the
gravity. Oil penetrated into air phase and impacted the
bottom of pipe directly. Two-phase flow was laminar
flow at initial stage. Then it becomes annular flow when
the oil moves upward along with pipe wall to the top of
pipe and oil moves toward two lateral surfaces along
with pipe wall under the air, promoting meeting together.
The annular flow becomes uniformly with time
increasing along with pipe.

6 Conclusions

Nitinol 60 is proposed to be a promising candidate
material for high-speed rolling bearing. Lubrication
property of Nitinol 60 was investigated by pin-on-disc
tribometer under dry friction and oil lubrication,
respectively. In addition, flow pattern of air—oil flow for
high-speed rolling bearing was simulated with FLUENT
software. The results are listed as the following.

1) Nitinol 60 exhibits excellent tribological
properties under PAO oil lubrication. Average COF of
Nitinol 60 at steady-stable stage is 0.6 under dry friction;
however, average COF is 0.1 under oil lubrication. The
wear-resistant behavior is improved under oil lubrication.
The wear mechanism of Nitinol 60 is mainly adhesive
wear.

2) Numerical simulation results show that oil
velocity influences flow pattern of oil—air two-phase
flow strongly. In symmetry plane, the oil moves directly
from upward to downward of pipe wall with increasing
oil velocity. In pipe wall, the movement of oil directs
from top to bottom of pipe wall with increasing oil
velocity. The best annular flow of flow pattern is
achieved when air velocity is 10 m/s and oil velocity is
0.05 m/s. Moreover, annular flow distribution of
two-phase flow along with z-axial profile becomes
gradually uniform. At outlet of mixture oil—air flow,
annular flow is the best in the pipe, which is agreement
with our aim of oil—air lubrication.
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SR & A TiNi60 &£ 8985 48
S HERERRENEEEITE
CEAE, BB, Tk, RaF
P2 ATl R IR T S8 TR RE A E T E S0 =E, 152 710049

OB P REEERSGHITR: TINI6O A4 1E PAO MiiEE T HA LR MBS LR, Fue b B P4 B
BER BT EEHE 0.6 FRAKEIMNET T/ 0.1, 17 HARHTEE . M SEM BB T &1 T T TiNi60 &4x11)
FESRRTEDGHT , A B RS9 . TESEBRITIT, O B SR RS SR S AR T T N S I LA PR R
PEIAEROT . KM FLUENT UETHE T i~ AR KPS T IR 0 A0, 31T fetEah <k Fos s,
H RSN AR H TINIGO SR S T AT SR AL T B . A7 a8 AR S 10 ms
FIVITH AL 0.05 m/s I, BT LAS B SR IR RS A0
KRR ERER 60 A4 VEVFTERE; WAUEN: BUEHE; PIAHG
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