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When applied perturbation methods to Reynolds equation. The dimensionless time independent
modified Reynolds equation can be written as

a ¢ ar 1y a0 ar sin(y) 8
o)t (o) - {“S(‘f’)—(ﬂ T >] .
Where
SR L L *Z(*+(n—1)(*_“;‘°)( A Ksuly ))
U T v o Hy = Hr | Hs Hs 1o/ \1 + 2Kyl

2 o 2
u;—uﬂ(u;m—n(u;—%)(%)) nd A= E

Boundary conditions are
P(Xiniet) = P(Xexit) = (aP/aX)X=Xexit =0 and P(Yiniet) = P(Yexit) = (ap/ay)Y=Yex“ =0

Apparent viscosity of the lubricant

The apparent viscosity in the Carreau viscosity model needs to be included the correction factor
for viscosity—pressure [8]. The dimensionless apparent viscosity can be written as.
T = [Ipils (4)
Where
(In(pg) + 9.67) ] . M (
and jig = —
0

-1
T i 1-E2Y (1 4 22K, )2
Ha EXp{x (=1 + (1 + 5.1 x 107%P, P)™) )( + Kl 7

Ho
Density of the lubricant

The dimensionless density of lubricant according to Dowson and Higginson [1] obeys the
following relation
g=1+ (0.6 x107°P,P/{1 + 1.7 x 107°P,P}) (5)

Film thickness
The film thickness, including the deformation of Surface under line contact, is given as

g X2 . X2 — 4PH ff PX,YHAX'dY’ -
BN R R e

Where D(X,Y) is the dimensionless combined surface roughness with random roughness
distribution.

Load carrying capacity

The total load carrying capacity of the lubricant is due to hydrodynamic action. The dimensionless
form of load balance equation is

f f P(X,Y)dXdY :Z?H 7

-0 —a

Friction coefficient
The friction coefficient of surface roughness elastohydrodynamic lubrication is defined as

f=Jf+i/w 8)
Where
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Xexit Xexit
~ ZpguR f ,LI*) (au*) ~ 2uyTR f (ﬂ*) (6?}*)
e ==, i 37 ), and == Tz,
Xin.’.et Xm.let

Simulation and Results

The material data and the properties of lubricant used in the analysis are given in Table 1 and
Table 2 respectively.

Table | Material data of the ball and plate Table 2 Property of hubricant [9]
Material Property Ball Plate  Lubricant Property PAQ-100
Modulus of Elasticity, GPa 200 200 Inlet Density, kg/m3 834
Poison Ratio 0.3 0.3 Low Shear Strain Rate Viscosity, Pa-s 0.0698
Density, kg/m3 7750 7750  High Shear Strain Rate Viscosity, Pa-s 0.00
Combine Amplitude 0.15 Time Relaxation, s 4.657x107
Roughness, pm Power Law Index 0.625
Viscosity-Pressure Index 03917

Fig. 1, Fig.2, Fig.3 and Fig4 show the film pressure profile and film thickness in the contact
region under w=1,500 N, ¥V=1.25 m/s and the combined surface roughness amplitude, R;=0.15
um. For smooth surface, it can be seen that the maximum film pressure reaches its maximum at the
center in the contact region, and the minimum film thickness occurs near the exit in the contact
region. For rough surface, the surface roughness profile, and surface asperity have significant
affected the film pressure in the contact region.

Increasing the amplitude of surface roughness, the friction coefficient increases but the minimum
film thickness decreases. For smooth surface, the minimum film thickness and the friction
coefficient are 0.307 ym and 0.0223 respectively. When the combined roughness is increased to
0.15 pm and 0.30 pm, respectively, the minimum film thickness decreases to 0.249 pym and 0.183
pm but the friction coefficient increases to 0.037 and 0.114respectively as shown in Fig. 5.
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Fig 1. Film pressure profile of smooth surface ~ Fig 2. Film thickness profile of smooth surface

Fig. 6 shows the variation of minimum film thickness and friction coefficient for various loads.
The film thickness decreases but the friction coefficient increases when the applied loads increased.
For rough surface, when the applied load, w=1,500 N, the minimum film thickness and the friction
coefficient are 0.299 um and 0.037, respectively. When the applied loads increase to 2,500 N, the
minimum film thickness decreases to 0.239 um but the friction coefficient increases to 0.059.
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The variation of the minimum film thickness and the friction coefficient for various average

surface speeds were presented in Fig 7. The minimum film thickness increases and the friction

coefficient slightly increase when surface speed increases.
Fig. 8 shows the variation of minimum film thickness and friction coefficient for varying the

elliptic ratios. When elliptic ratio increases, the friction coefficient decreases but the minimum film
thickness slightly increased.
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Fig 7. The minimum film thickness and friction
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Fig & The minimum film thickness and friction

In this research, the time independent modified Reynolds equation and elastic equation were
solved to obtain minimum film thickness and friction coefficient of rough EHL in elliptical contact
with non-Newtonian lubricant and can be concluded as:
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1. The surface roughness has significant affect to film pressure in the contact region. The
minimum film thickness decreases but friction coefficient increases when the amplitude of
surface roughness increased.

2. Minimum film thickness decreases but friction coefficient increases when applied loads
increages.

3. Minimum film thickness and friction coefficient both become increased as the speed increases.

4. Minimum film thickness increases but friction coefficient decreases due to the increasing of the
elliptic ratio.
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Nomenclature
Dy/2,Dy/2 Semi-width of Hertzian’s Ry,Ry Radius of curvature on x/y direction,
contact on x,y direction, m m
E' Effective elastic modulus of Sy,Sy  Slip ratio on x,y direction, m,
Roller/Plate, Pa vV Average surface velocity, m/s,
H Dimensionless film thickness w Applied load \N
I Dimensionless second invariant of X,Y,Z Dimensionless coordinate,
strain rate Zy Viscosity-Pressure index
iz, Iy Dimensionless second invariant of " Equivalent viscosity, Pa-s
strain rate on x/y direction tofHe Viscosity at low/high shear strain
k Elliptic ratio rate, Pa-s
n Power law index Po Inlet density of lubricant kg/m’®
p Dimensionless film pressure, 7 Dimensionless density, g = p/pg
Py Hertzian’s contact pressure, Pa A Time relaxation, s
R Radius of curvature, m ¥ Angle of surface velocity, rad,
References

[1]
(2]

[31
[4]

D., Dowson and G.R., Higginson, : Elastohydrodynamic Lubrication : The Fundamental of
Roller and Gear Lubri-cation, Pergamon, Oxford, (1966).

C.C., Kweh, H.P., Evans, and R.W., Snidle : Microelastohivdrodyna-mic lubrication of an
elliptical contact with transverse and three-dimensional roughness, J. Tribology, Vol. 111
(1989), pp. 577-583.

R.T, Lee and B. I, Hamrock : 4 circular won-Newtonian fluid model: Part II - used in
micro-elastohvdrodynamic fubrication, J. Tribology, Vol. 112 (1990), pp. 497-505.

AA., Lubrecht, W.E., Ten Napel and R. Bosma : Multi-grid, an Alternative Method for
Calculating Film Thickness and Pressure Profiles in EHL Line Contacts, J. Tribology, Vol. 108
(1986), pp. 551-556.

FXK., Osbomm, and F., Sadeghi : Time Dependent Line EHD Lubrication Using the
Multigrid/Multilevel Technigue, J. Tribology, Vol. 114 (1992), pp. 68-74.

W.Z., Wang, H,, Chen, Y.Z., Hu, and H., Wang : Effect of surface roughness parameters on
mixed fubrication characteristics, Tribology International, Vol. 39 (2006), pp. 522-527.

R.I, Tanner : Engineering Rheology, Vol. 14-15 (1983), Clarendon Press, Oxford, pp. 359.
C.J.A., Roelands : Correlational Aspects of the Viscosity-Temperature-Pressure Relationship of
Lubricating Oils, Druk, V.R.B., Groingen, Netherland, 1969.

S., Bair and F.,Qureshi : The high pressure rheclogy of polymer-oil solutions, Tribology
International, Vol. 36 (2003), pp. 637-645.



123

Advanced Composite Materials
10.4028/www scientific.net/ AMR .482-484

Effects of Surface Roughness on Elastohydrodynamic Lubrication in Elliptical
Contact with Non-Newtonian Fluids

10.4028/mww .scientific.net/ AMR .482-484.1057



124



125



126

1428 Advanced Composite Materials

Numerical Solution

This research is to solve the effect of particles in solid-liquid lubricant in line contact using
Newton-Raphson and multi-grid multi-level method to obtain film pressure, film thickness and film
temperature in the contact region. The surfaces of roller and the solid-liquid lubricant properties for
the calculated are given in Table 1 and Tahle 2.

Table 1 Physical properties of lubricant and roller material

Property Roller Property SAE-S0
Elasticity modulus, GPa 205 | Inlet density, kg/m §92.80
Density, kg/m 7850 | Inlet viscosity, Pa-s 0.1546
Poison ratio 0.30 | Viscosity-Pressure index 0.5685
Specific heat, J/kg-K) 475 [ Specific heat, J/(kg-K) 1870
Thermal conductivity, W/(m-K) 50.20 | Thermal conductivity, W/(m-K) 0.126

Table 2 Physical properties of Alumina [15]

Property Alumina
Density, kg/m 3850
Specific heat, J/ikg-K) 729
Thermal conductivity, W/(m-K) 36
Friction Coefficient steel-alumina 0.60
Hardness, GPa 14.124

Results and Discussion

In this research, the two surfaces in line contact under thermal elastohydrodynamic
lubrication with SAE-90 oil mixed with alumina particles were investigated. The applied load and
mean velocity of roller are 250,000 N/m and 0.96 m/s respectively. The particle size is 2 um in
diameter and percentage of volume fraction is 0.01%. The results show that the film temperature
profile and the film pressure profile are almost similar shape but the film temperature decreases
rapidly at the exit in the contact region and remained stable at approximately 50 °C. Near the exit of
contact region, pressure spike occurs and increases up to 0.641 GPa for film thickness and film
temperature at 1.416 pm and 99.14 °C respectively.
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Fig.1 Film pressure, film thickness and temperature profiles for 2 pm alumina particles mixed with
SAE-90.

In Figure 2, the maximum pressure of the film pressure profile is 0.635 GPa atx = 0.141 mm for SAE
90 and SAE 90 mixed with micro size particles but the maximum film pressure is only 0.599 GPa atx
= 0.222 mm for SAE 90 mixed with nano size particles.



127

Advanced Materials Research Vols. 482-484 1429

o7
15
- Nevwlooua-5hEW)
B 1 ssssess SAF9HNane-Alumbn 0L01% i
== SAFSMicre. Aluming 0.01% 3 10 —_— Newionian=54F9
= s '.; = wrwanns NA 0 Nanee Alwming W01
= H E —— S AEHMioro- Abuming 00 %%
= 0 i
B hd H 5
£ -]
] 3
a =
= = 1
= =
= a2 =
15
(4]
o0 %
~f.2 -l B8 A6 D4 D2 (1] (83 4 i b =05 =04 <03 =02 <1 G0 G 02 03 04 0S5 i

X (mm) X (mm)

Fig.2 Pressure profiles at various lubricant. ~ Fig.3 Film thickness profiles at various lubricant.

The minimum film thickness for SAE 90 is 1.282 pum. For SAE 90 mixed with micro size particles
and SAE 90 mixed with nano size particles, the minimum film thickness are 1.416 pm and 1.437 pm
respectively as shown in Figure 3. Figure 4 shows the maximum temperature for SAE 90 oil, and
SAE 90 mixed with micro size particles are both equal to 100 °C. The maximum temperature is 42.05
°C for SAE 90 mixed with nano size particles.

Film Temperature (0)

R

A0 84 0 ma A3 om0 02 0k

X ()

Fig.4 Film temperature profiles at various lubricant.

Conclusions

The transient thermoelastohydrodynamic lubrication characteristics of two surfaces line
contact with liquid-solid non-Newtonian fluids were examined numerically. The main results
presented can be summarized as:

1. For Sae 90 mixed micro size particles, The film pressure profile, film thickness profile and
film temperature profile are almost identical with that for SAE 90 lubricant.

2. For Sae 90 mixed nano size particles, The film temperature decreases rapidly and the
maximum temperature position shift to the exit region.
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Applying the perturbation method, the dimensionless time dependent modified Reynolds equation
can be written as

i(es‘Ua—P)+(i)i( aP) A{cmcos(w)—(ph') CVTMG(;:HH—@H)}(Z)

ax ax k2/ax \ 'V oy k ay
Where Cyp = @/V, Cpp = 5/V, A= 96pgR2V/PyDyD2 and V = vu? + #2 (3)
e BH P
&y = pH /iy, & = FroE W =tan~W#/a), p=p/p, andk = Dy/Dy (4)
Vv

1/R =1/Rx + 1/Ry, Dy/2 = 2(68wR/mkE")Y* and D, /2 = 2(6k*¢wR /mE")'/? 5)

Heo P Ksuly = SX)2 = Sy :

= -Vl -—=———] ] ., == d;*:(—)
Hy = g (#5"‘(“ )( MO)(1+A2KSHF)) X (H and Ly = {4

. . s Koy ly 4RV 2 L
iy = g HS+(11—1)(HS——) = ,KSH:(—D) and] = + ¥ (7)

—~

6)

o/ \1+ A2Kgyd Dy Dy

Boundary conditions are
P(Xyy) = P(Xour) = (AP/8X)3oxyr = PWiw) = PQoyr) = (@P/3Y Jyoyyyr = 0 8)

The apparent viscosity equation

The apparent viscosity in the Carreau viscosity model[8] needs to be included as a correction
factor for viscosity-pressure [9]. The dimensionless apparent viscosity can be written as

T = JIgits 9)
Where
fr = exp{(In(ug) + 9.67)(=1 + (1 + 5.1 x 1072P,P) %)} (10)

n—1

55 = ton/ o (1 = pon/ o) (1 + 72 Where Py = 6w/nDy Dy (11)

The density equation

The dimensionless density of lubricant according to Dowson and Higginson[l] obeys the
following relation

p=1+0.6x10"PyP/(1+ 1.7 x 10°P,P) (12)

The film thickness equation

The film thickness for deformation of the surfaces under elliptical contact can be written as
R 4PyR PX.Y', TydXx'dy’

w0 (@D AQ) (@) -e5 [ e )
R r[EDX ooJ(X X2 + k2(Y — Y')2

The load equation

The total load carrying capacity of the lubricant is due to hydrodynamic action. The dimensionless
form of load balance equation is

©a o0 2
f f P(X,Y)dxdY = gCWT:'I Where Cpr = w/wy (14)

The friction coefficient

The friction coefficient of surface roughness elastohydrodynamic lubrication is defined as

f=Jf+iK/w (15)
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Where
2 uR Kexit ¢7* a - 2 R Yexit 7% a #
o B ), e BT, o o
Dy Jy e VHINIZ J5og Dy Jy, ., \HINOZ /59

Computational procedure and numerical calculation

The numerical solution of the governing equations described above were solved numerically
using pressure iteration. The modified Reynolds equation, elastic equation, density equation and
viscosity equation under elastohydrodynamic lubrication with non-Newtonian lubricants were
calculated using multigrid and Newton’s method with full approximation scheme technique. The
multigrid technique has been utilized to improve the convergence rate in this calculation. The

convergence criteria of pressure and hydrodynamic load are adopted as follows:
Nx Ny Ny Ny

Z Z|P;f;1 - P!-"‘j|/z Z PEF < 0.0001 (15)
i=0 j=0 i=0 j=0
2 Kexit Vexit 2
S Cprm —f f PdXdyY /—CWTH < 0.0001 (16)
3 ¥ ¥, 3

inlet inlet

RESULTS and DISCUSSION

The geomeiry and the coordinate of a ball and flat plate are defined as shown in Fig. 1. The material
data and the properties of lubricant used in the analysis are given in Table 1 and Table 2.

Z

Fig. 1 Geometry and coordinate of a ball and flat plate

Table 1. Material data of the ball and plate Table 2. Property of lubricant [10]

Material Property Ball Plate Lubricant Property PAO-100

Modulus of Elasticity, GPa 200 200 Inlet Density, kg/m 834

Poison ratio 0.3 0.3 Low Shear Rate Viscosity, Pa-s 0.0698

Density, kg/m® 7750 7756 High Shear Rate Viscosity, Pa-s 0.00

Radius of Ball, Rx/Rv, m 0.05/0.60 Time Relaxation, s 4.657x107
Power Law Index 0.625
Viscosity-Pressure Index 0.3917

Fig. 2, shows the contour of the film thickness in the contact region under normal load, wgy =
1500 N, ¥V = 1.25 m/s. For initial load, w = 1500 N, as shown in Fig. 2(a), the minimum film
thickness is 0.306 pm at x = 0.469mm and y = 0.000 mm. At time t = 0.50ms, the
dimensionless transient load, Gy, 18 increased to 1.354 but the minimum film thickness is
decreased to 0.229 pm at x = 0.516 mm and y = 0.039 mm as shown in Fig. 2(h). Fig. 2{c),
shows the film thickness contour at time t = 1.00 ms and applied load w = 2250 N, the minimum
film thickness increasge to 0.305 pm at x = 0.539 mm and v = 0.039 mm due to the increasing of
film viscosity.
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. Fig. 2 Transient Film thickness

) . contours for wg = 1500N, V=

1.25 m/s and maximum Cyr = 1.5
(a) at initial condition,

)
0.42

6 T £, (b) at time = 0.5 ms after load
= = = change and
N ' (c) at time = 1 ms after load
2 change
X ey M ammy . Kmmd
@ ) © For increasing the sudden load, the

minimum film thickness slightly decrease and then increase rapidly within 2 ms after that the
minimum film thickness slightly decrease to the steady state condition at time approximately equal
to 8.0 ms. The friction coefficient increases significantly when the load is increased. The shape of
the profile on friction coefficient and applied load are very similar as shown in Fig. 3. The
maximum friction coefficient are 0.0263, 0.0301 and 0.0339 for maximum sudden loads, Cy -, are
1.25, 1.50 and 1.75, respectively.

2.50 0.5 0035 . . . .
Eo -=—- Load Increasing 25% T [ Fig.3 The dimensionless tran-sient
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Fig. 4, shows the film thickness contour in the contact regime under normal load, w = 1500 N,
Vy = 1.25 m/s. The minimum film thickness is 0.306 pm at x = 0.469 mm and y = 0.000 mm at
the initial condition, V' = 1.25 m/s, as shown in Fig. 4(a). At time equal to 0.50 ms, The speed is
decreased to 0.808 m/s, the minimum film thickness is 0.300 pm at x = 0.469 mm and v =
0.039 mm as shown in Fig. 4(b). When time i{s 1.00 ms and V = 0.625 m/s, the minimum film
thickness decrease to 0.290 pm at x = 0.469 mm and y = 0.039 mm as shown in Fig. 4(c).

& UNTT £ o

— = Fig. 4 Transient Film thickness contours for
wg = 1500 N, 7, = 1.25 m/s and minimum
Cyr = 0.5
(a) at initial load and speed
conditions,
(b) at time = 0.5 ms after speed
change and
e T v S | o e (c) at time = 1 ms after speed

X ( 3] X (mm) XA ;
@ ) @ change

Y (mm)
L

Y (mm)

Y (mm)

2aLR2R5E

— 5

After reach the peak speed condition, the
friction coefficient decreases speed is decreased but for time more than 1.8 ms, friction coefficient
increase because of the increasing in lubricant shear strain rate. It approaches the steady state
condition at time approximately equal to 7.0 ms. The minimum friction coefficients are 0.0129,
0.0146 and 0.0081 for the minimum speed, Cyy, are 0.75, 0.50 and 0.25, respectively. The
mininum film thickness decreases when the transient sudden speed is decreased and then the
minimum film thickness increases again to the steady state condition as shown in Fig. 5.
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Gl 1%6 _ poes  Tig. 5 The dimensionless transient
’ Ciy 1 & .. speed, Cyr, minimum film thickness,
0.75 A | - oo "2 | £ and friction coefficient when various
i e Spaed Dndcreastng 750 £ [ § minimum sudden speeds condition
7 0.50 1%4= <
£ Fooz %
E 9 E C u
] 3 E onclusions
0.25 43 E E 0.01
i Thickness ] = F In this research, the time dependent
0.00 e s L T

o 12 a4 s e 7w modified Reynolds equation and elastic
T (ms) equation were formulated and solved
numerically for two surfaces in elliptical contact with non-Newtonian lubricant under sudden change
in load and speed conditions. The characteristics of two surfaces in elliptical contact under EHL were
examined for isothermal condition and can be concluded as:
1. Minimum film thickness slightly decreases but friction coefficient rapidly increases when
transient sudden loads increases.
2. Both minimum film thickness and friction coefficient decrease as the transient sudden speed
decreases.
3. TFordecreasing the transient speed,Cyr, the film thickness at entrance contact region decreases.
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constant speed status, U,, so this period is called a speed-up delay. In the same way, the speed-down
delay occurs in web handling processes near the end of operation namely the speed of web will
decrease from constant speed to non-moving condition so this period is called a speed-down delay.
The mathematical model for winding speed of web through winding operation as shown in Fig. 2 can
be divided to three regions and can be expressed as

U, =(UJSTHT, (for 0=T= T.); U, =U, (for T2 T=T+T.); U, =(UST)( T:-T,-T.) (for T>T+T.) (1)

For the length of web that has been already reeled as a wound roll, we can evaluated by using
integer of Eq. 1 so the relationship between the length of web reeled, time and the radius of a wound
roll during winding can expressed as:

T:Ti n
L= |Udr=%2ry, (2)
T=0 i=l

Where L; is the length of web reeled, T; is time, #; is the radius of a wound roll, and the subscript of
i indicate the current of web layer.

Internal stresses of a wound roll with air-entrainment

The characteristics of wound rolls can be explained with the internal stresses that consist of at least
two directions as shown in Fig. 3. The radial stress is defined as &, and the tangential stress is defined
as o;. By using non-linear Hakiel model including the effect of air-film layers in-roll can be expressed
in Eq. 3 [6], the incremental radial stress in each layers during winding can be evaluated. According to
the effect of air-film layers in-roll can be explained by the equivalent Young’s modulus in radial and
tangential direction (E,., , E;.,) as shown in Eq. 4 respectively.

2 o, , Radial stress Nip-roll . ;
o, , Tangential ;!{\; T P Air-entrainment

stress

Wound roll
Fig. 3 Typical of internal stresses Fig. 4 Diagram of the simplest winding with nip-roll
r* (8%, /87 |+ (3-0)r(@8a, / )+ (1= Euy / By )Ac, = 0 (3
By =(t, (6, W) E, | Eq=(t,+0)/ {2,/ E.+h/E,) - (4)

Where Young’s modulus of air layer inside a wound roll with nip-load can be given as follows.

E,=(o.+2.) /((Tw‘rw +y*NihW)/ » +pa] (5)

o-t‘

The simple winding process with nip-roll is presented in Fig. 4. Where ¥ is the web width, ¢, is the
web thickness, T, is a web tension, E, is the radial Young’s modulus, £, is the tangential Young’s
modulus, & is a Poisson’s ratio of wound roll, # is the air film layer that estimated by Hamrock et al.
[7] in case of the winding system with nip-roller, p, is the ambient pressure, R, is the equivalent RMS
roughness of web, 4, is static friction coefficient and g, is defined as a kinetic friction coefficient that
can be estimated by Hashimoto’s formulation below [8].

M = fork<Rq;pk:(yS/Z)(?s—h/Rq) for R, <h<3R,. =0 for h>3R, (6)
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Therefore, radial stress at the ith layer of a wound roll can be evaluated by summing all increment
radial stresses in each layer from the i+1 layer up to the sth layer (final layer of winding) as follows

.= zﬂ: Ao_m‘,j (7

J=i+l

By using the force equilibrium in polar coordinate, the relationship between radial stress and
tangential stress can be formulated as:

o, =v(do, /O )+o, (8)
For friction force inside a wound roll, F, can be written as.

Fo=2rny,;

o, ©
Wrinkle and slippage phenomena of wound rolls

Since unsuitable internal stresses of wound rolls, the wrinkle and the slippage phenomena can
occur in wound rolls namely small radial stress or more air-entrainment lead to low friction force
in-roll and slippage phenomenon, and the negative tangential stress in-roll {compressive stress) lead
to the wrinkle phenomenon. In order to prevent problems as already mentioned, the tangential stress
and friction force in-roll should be expressed as

o, =0 5 F=F ., for (1.0<rre<2.1 (10)

Where Fi. is the critical friction force that web layers in roll performs as slipping each other.
According to this value for a PET wound roll, we refer to the empirical proposed by Hashimoto [8]
and it is 50 gravity force.

Numerical analysis

The governing equation in Eq. 3 is discretized to N number of locations along the roll radii by using
the finite different method. Once the derivatives are replaced with central difference approximations,
the governing equation can be rewritten as

(r2/ar =3r 1280 ) Ac, (1-1)+ (-2 1 AFP 1= By 1 E,,, )80, (1) + (7 187 +30 ) 287 ) A, (141) =0 (11)

Considering nip-induced tension, the boundary conditions at outermost and innermost of the roll
can be expressed as:

Aorow:7(Tw‘fm+y&sz/W)/rm i (dao,rar) = ((E /E)71+V)(Ao,‘r:rmfr.) (12)

g (] i

The incremental radial stress can be solved by written these equations in matrix form yields a
tri-diagonal system as shown below.

[4]{Ac, | =[0] (13)

The system of equation can be solved efficiently by a Gaussian elimination routine consisting of
(N-1) forward and (N-1) backward substitutions.

Numerical results and discussions

In this section, the numerical results were obtained from the physical properties of materials as
shown in Table 1. The web is a PET film (Polyethylene terephthalate), the core material is the wood,
and the nip-roll is rubber. The results such as radial stress, tangential stress, and friction force in-roll
were calculated under the beginning of winding tension is 150 N/m (T), the taper winding tension, the
nip-load of 50 N, and the winding velocity at control point is 0.5 m/s. The formulation that explained
taper winding tension can be found in Eq. (14). Where ¢ is defined as taper ratio. For this paper,
winding tensions through radial position of a wound roll in the reel process such as constant tension (g
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=0), and taper winding tension (¢ =0.4) are shown in Fig. 5. Figure 6 showed winding velocities
through operating of reel process that consists of a constant winding velocity, and a winding velocity
with a speed-up and a speed-down. Speed-up begin from r/re=1.0 to r/re= 1.1 or accord with 130
second (T, =130 s) and speed-down begin from r/rc=1.65 to r/re= 2.2 or accord with 1,328 second (T,

=1,328 5).

T,=T,~4(r-x) (14)
Table 1. Material properties
Parameter Value
Equivalent RMS roughness, R, 0.066 (um)
Web thickness, £, 50 {(pum) =200
: E Constant tensiong=0
Web width, 0.28 (m) Z
Static friction coefficient, i 0.3 E_§:150
Tangential Young’s modulus of -
& £ s 43205 (GPa) | E
wound roll, £, 2100
Radial Young’s modulus of wound | £ = a|5 |"" (Pa) : ;
4 e = Taper tension, ¢=0.4
roll, E, a=4.09E4,b=065 | 0 ¢
Young’s modulus of core , E, 1.3 {GPa) B
Winding core radius, r. 0.05 {m) 0
a : 1.0 1.2 1.4 1.6 1.8 20 22
Yqung :f mo@ulns of nip-roll, Enp 0.027 (GPa) Hotiialed tadaLHEEHoR. )
Poisson’s ratio of wound roll, u 03 Figure 5 Winding tension
_ 08 1.¢
E 0.7 Constant velgeity g - Constant velocity, ¢ =0
5' 0.6 \ - Speed-up and
! 0.5 § 0.6 \ speed-down, ¢=04
‘§ 0.4 i
g
T 03 5 04
an o ““mm_,m
E 0.2 Speed-up and —~02 1 T -
§ 0.1 Speed-down - Constant velocity, =04 2
0.0 :
1.0 1.2 1.4 1.6 1.5 20 22 1.0 1.2 1.4 1.6 .8 20 22
Normalized radial position (#/r <) Normalized radial position, (r/r<c)
Fig. 6 Winding velocity Fig. 7 Radial stress inside a wound roll
A5 .30
& Z ;
= 2'0 Constant velocity, ¢ =0 %25 Constant velocmf,sd? :Ud 1
ke peed-up an
L B
ﬁ 20 Speedd’slp and¢ ol X 20 speed-down, ¢=04
[ spged-down, ¢=10. b
g1 A 21s
= Constant velpeity, ¢=0.4 = -
1\ N Zdln =
n 0.5 \ - g g 5 Constant velocity, ¢ =0.4 ""“%-.\
& 0.0 e ——— i) r TSI R
= (i - Compressive stress, Wrinkled zone - 0 ;g;f$llgp.ag¢.fza';ne,' (1 05kes2:1) ™

Lo 1.2 14 1.6 L8

20 22

Nommalized radial position, (r/rc)

Fig. 8 Tangential stress inside a wound roll

1.0 1.2 1.4 1.6 1.§ 2.0

Normalized radial position, (#/rc)

2.2

Fig. 9 Friction force inside a wound roll

Figures 7 to 9 showed the characteristics of a wound roll such as radial stress, tangential stress, and
friction force in-roll under the winding conditions as mention above. The results showed that under a
constant winding velocity, and a constant winding tension (¢ =0) the radial stress in-roll become the
highest value as shown in Fig. 7 and result in high friction force in-roll that become higher than the
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critical friction through »/re =1.0 to »/rc = 2.1. Therefore, a wound roll becomes no-slippage
phenomenon as shown in Fig. 9. However, the tangential stress in-roll under this condition becomes
negative value or compressive stress and wrinkle phenomenon occurs in a wound roll as shown in Fig.
8.

For a wound roll under a constant winding velocity, and a taper winding tension (¢ =0.4), this
condition can prevent the wrinkle phenomenon due to positive tangential stress as shown in Fig. 8.
However, the radial stress in-roll becomes the lowest value and lead to low friction force that is lower
than that the critical friction force from r/rc =2.0 to /rc = 2.1 result in slippage phenomenon for
theses radial positions as shown in Fig. 9.

For a wound roll under a winding velocity with a speed-up and a speed-down, and a taper winding
tension (¢=0.4), a wound roll can be prevented from both of the wrinkle and the slippage phenomena
due to through radial positions the tangential stress without negative value, and friction force in-roll
from r/rc =1.0 to r/rc = 2.1 become higher than that the critical friction force as shown in Figs. 8 and
9 respectively.

Conclusions

In this paper, the winding conditions such as a constant winding velocity, a winding velocity with
the effect of a speed-up and a speed-down, a constant winding tension, and a taper winding tension
were theoretically investigated. The main conclusions can be summarized as follow:

1) The radial stress in-roll become significantly large in case of operating under a constant winding

tension and can lead to wrinkle phenomenon.

2) The friction force in-roll become too small in the case of operating under a taper winding

tension and lead to slippage phenomenon.

3) By using speed-down delay with taper winding tension, both wrinkle and slippage phenomena

can be prevented efficiently and energy can be saved.
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Where
s 2
Ko M;»Rx , ©=5H° [;7 #eDJ L 'édz (3)
BF, Mo Mg Byt p
The houndary conditions are
or
P(X,}=0, P(Xpp)= [6XJ =0
Viscosity Equation

According to Roeland [4], the viscosity in the power-law model, which depend on pressure,
temperature and shear strain in the lubricant shown as

TRy )
The term of dimensionless viscosity which change with pressure and temperature as
I, =exp{[ln,u0 +9.67}[—1+(1+5.1x10'°PHP)Z‘}—yﬁ,(6_—1)} (3)
While the term of dimensionless viscosity which change with shear strain as
n-1
="k, ) (©)
Hy

Load balance equation
The load balance equation is
J' M pdx == )]
Xin 2
Film Thickness Equation

The dimensionless film thickness including deformation of the surfaces can be expressed as
2

Xt o
H,,:H{,+T’+6,, (8)
Where
= AX & X, +X X +X
5=-"2%PIn bk ; i B (9)

In | 2 | 2

Density Equation

The dimensionless density of a non-Newtonian lubricant from Dowson and Higginson [5] is
followed as

- 0.6x10° P, P =
=l BT (f -1 (10}
4 [+1+1.7x10’9PHPJ[ 71l ﬂ

Energy Equation

Heat is generated from load that compressed lubricant and shear stress of film lubricant. The
dimensionless energy equation of line contact can be expressed as [6]

T T e

_ - N
Where Kﬂzﬂ i pT o LTOTRP i

; =L, K=t Bp=le————
kR kT, TRT T 1+691XI0°R,P

L]

The houndary conditions are

; B(X=0)=1 (13)

551:52 71+D]f2

P2

55 "
OZ [z X, = X' \/ﬂ'up”ZC k b3[1+SQJ

Numerical Simulation and Discussion

The research work has investigated the thermoelastohydrodynamic lubrication of two rollers in line
contact. Film pressure, film thickness and film temperature of the contact region were obtained at
steady state. The mechanical properties of the roller and the property of the non-Newtonian
lubricant for the numerical calculation are shown in tables 1.
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Table 1 Mechanical properties of the roller and lubricant

Property Roller Property SAE-90
Elasticity modulus, GPa 205 Inlet density, kg/m 892.80
Density, kg/m 7850 Inlet viscosity, Pa-s 0.1946
Poison ratio 0.30 Power law inlet viscosity, Pa-s 0.1946
Specific heat, J/ikg-K) 475 Flow index (n) 0.9850
Thermal conductivity, W/(m-K) 50.20 | Viscosity-Pressure index 0.3917

Results and discussion

The simulation use SAE-90 oil for lubricating between roller 1 and roller 2 which velocity 0.60

and 1.32 m/s respectively.

- - Film Pressure (Isothermal ) L 180 —_

14 svessesese Film Pressure (Thermal) - e <
. | 5 - 12 Film Pressure i 160
= = Film Thickness (Isothermal) 3 seveene F 2
B 1.2 Film Thickness (T hermal) E. & Fil Tensperture -
e = SRR ETI
= w =
& Lo & g ‘a
= e 5% oz
z 2 5§ &
g . = e 4 w2
A, - = a - o
g £ g 4 /’ 3 80
= 4 = = 7 e, £
= =2 = 2- j/ Tene 60 =

2 v =

0.0 u ¥ T T T T 40
‘”'_T 5 6 -5 4 3 -2 -1 00 a1 23
X (mm) X (mm)
Fig.1 Pressure profile and film thickness profile Tig.2 Pressure profile and temperature profile

for EHL for with isothermal and TEHL.

for EHL with isothermal and TEHL.

From figure 1, film pressure and film thickness at the end of contact region are decreased rapidly.
The value of pressure for TEHL is higher than that for EHL with isothermal. So, film thickness for
TEHL is smaller than that for EHL with isothermal. Figure 2 shows that temperature profile has

similar shape to pressure profile.

25 9 320
Film Pressure (Wz = 120,000 N/m)
Film Pressure (Wz = 200,000 N/m) - 8 C 20
’g? 20 Film Pressure (Wz = 280,000 N/m) 'g‘ -]
B Film Thickness (Wz = 120,000 Nom) 7 =) : 240
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210 = g
-] = ]
£ g = 120
=
0.0

Fig.3 Pressure profile and film thickness profile

at various loads.

Fig.4

+  Film Temperature (Wz = 120,000 N/m)
Film Temperature (Wz = 200,000 N/m)
Film Temperature (Wz = 280,000 N/m)
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"
"
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Film temperature profile at various
at various loads.

When increase loads from 120,000 N/mto 280,000 N/m, film pressure and film temperature are
increased but the film thickness slightly decrease. Pressure and temperature spike increase when
loads increase simultaneously as shown in figure 3 and 4.
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Fig.5 Minimum film thickness and maximum film temperature at various loads.

The relationship between minimum film thickness for EHL with isothermal and the minimum film

Film thickness for TEHL are both decrease linearly as load increase but the maximum

temperature increase rapidly and linearly with load as shown in figure 3.
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Fig.6 Pressure profile and film thickness profile
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Fig.7 Temperature profile at various
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v

film

Figure 6 describes the film pressure and film thickness profiles and figure 7 describes the
temperature profile when increase surface velocity of rollers. It can be noted that film thickness and
film temperature increage but film pressure still no change.
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Fig.8 Minimum film thickness and maximum film temperature
at various surface velocities of the roller.
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Figure 8; shows that for increasing the surface velocity, all the minimum film thickness for EHL
with isothermal is higher than the minimum film thickness for TEHL. The difference in minimum
film thickness is greater when surface velocity increase. The maximum film temperature increases
rapidly for surface velocity form 0.30 to 0.60 m/s and then stay constant until the surface velocity is

more than 1.20 m/s.
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Fig.9 Pressure profile and film thickness
profile at various material elastic

modulus of the roller.
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Fig.10 Film temperature profile at various
material elastic modulus of the roller.

Figure 9 and 10 show film pressure, film thickness and film temperature profiles for varying the
material elastic modulus of roller from 50 GPa to 205 GPa. The pressure profiles show that pressure
and pressure spike increase when elastic modulus of roller increase, the film thicknesses decrease
slightly. For film temperature, at elastic modulus of rollers 205 GPa, the temperature rise up to
170°C but for roller with low material elastic modulus, the temperature is going up slightly.
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Fig.11 Minimum film thickness and maximum film Temperature

at various elastic modulus of rollers

In case of thermoelastohydrodynamic, temperature increases rapidly when increases elastic
modulus of roller, the minimum film thickness of isothermal film is greater than the minimum film

thickness for TEHL.
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Conclusions

The two rollers in line contact under TEHL with non-Newtonian lubricant were examined and
can be summarized as:

1. The film pressure and film temperature increase as the applied load increase, but the film
thickness decrease slightly.

2. As the surface velocity of rollers increase, the film thickness increase but film temperature
decrease slightly specially at high surface velocity.

3. The influence of material elastic modulus of the roller is significant and the film temperature
increase with elastic modulus.

4. For roller with lower material elastic modulus, the film temperature increase very small.

5. In the EHL regime, film pressure increase but film thickness decrease due to the temperature
in the contact regime under EHL.
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Nomenclature
b Semi-width of Hertzian contact, m
E,E, Elastic Modulus of Roller, Pa
E Equivalent modulus of elasticity, Pa
h Lubricant film thickness, m
H Dimensionless film thickness
i, Dimensionless thermal conductivity
Ko Dimensionless parameter
m, Power law inlet viscosity, Pa-s
n Power law index
» Film pressure, Pa
P Dimensionless pressure
P, Hertzian’s contact pressure, Pa
.5 Radius of roller, m
R, Radii of curvature, m
S, Slip ratio
T Film temperature, “C
T, Inlet film temperature, °C
U0, Velocity of roller 1,2, m/s
Iy Mean velocity of roller, m/s,
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w Applied load, N

W’ Dimensionless load

x Coordinate x-axial, m

X Dimensionless coordinates,

z Coordinate z-axial, m

z Dimensionless coordinates

o Lubricant density, kg/m®

24 Lubricant density at ambient pressure, kg/m3

7 Dimensionless density

iy Viscosity at ambient pressure, Pa-s

U, Poison ratio of cylinder

g Dimensionless film temperature

&, Dimensionless surface temperature
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Fig 9. Effects of power law index and transverse roughness amplitude on dimensionless mass and whirl ratio at eccentricity ratio=0.8 and E=70GPa.

4. Conclusions

The influence of surface roughness and material modulus on the
dynamic characteristics of the journal bearing under thermal
elastohydrodynamic lubrication with non-Newtonian Carreau visc-
osity model are examined theoretically and can be concluded as:

(1) the time dependent modified Reynolds egquation and the
adiabatic energy equation with non-Newtonian Carreau
viscosity model are formulated and solved numerically using
Mewton method and multigrid multi-level with full approx-
imate scheme techniques;

for journal bearing under thermal elastohydrodynamic lubrica-
tion operated at severe conditions, the journal bearing with
transverse surface roughness pattern in the bearing liner exhibit
better stability, specially for bearing liner with high surface
roughness amplitude and the region of stability decreases for
the bearing liner with lower elastic modulus material;

for bearing liner with transverse surface roughness pattern,
the stability of the journal bearing under thermal elastohy-
drodynamic lubrication increase significantly as bearing L/D
ratio is decreased;

for journal bearing under thermal elastohydrodynamic lubri-
cation operated at severe conditions, the stability region
increases with an increase of power law index.
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Abstract

This paper presents the performance charactenistics of rough swface spur gears
under thermo-elastohydrodynamie  Inbreatten (TEHL) with nen-INewtonian
liquid—solid lubricant based on a Power law viscosity medel. The time dependent
modified Fawyneld: equation, slasticity equation, powdsr lead carrying capacity,
and energy equation with mitial condifions were formulated and solved mumencally
using a multigrid multilevel with full approximation technigue for an mvolute spur
zear. In this analy=is, the normal load and overloads are applhied on sither two pairs
or one pair of gear teeth. The transitions from two pairs to cne pair and vice versa
are modeled 3s a step vanation of load. The effects of powder concentration,
diameter of sohd particle, swface roughness, and nen-Newtoman lubricant
properfies wers examined in the region along the line of action of the meshing gaar
The results show that the powder concenfration and swface roughness affect
significantly the film thickness, film temperature and fiction coefficient, but the
diameters of solid particle are relatively msignificant for rongh TEHL.

Key words: Liguid-5olid lubricant, Fough swface, TEHL, Spur gear

1. Introduction

The TEHL analysis of mvolute spur gears 15 a non-stattonary problem. It 15 very hard to
predict the film thickness and film temperatme of the lubricant in contact region. In this
case, 1f 15 not only the load that vanes, but entrammment velocity and contact geomety also
vary as the gear teeth come into action MMoreover, the surface roughness of gear teath, high
shear stress behavior of the Lhigmd-sehd lubricant properties and the load all vary
significantly along the lme of action. So it is very hard to get all thess effacts into a transisnt
thermo-elastohydrodynamic solution for an mmvolute spur zear.

The gear problem has historically been solved with different simphfications. The
numerical solution of elastohydrodynamue lubnication (EHL) problems was descnibed by
Dowson and Higgmsen[l]. Many numerical solutions have been obtained mn the area
ranging from thermo-elastohydrodynamie (TEHD) lubrnication problems to transient TEHL
problems. Wang and Cheng [2.3] made a Gmbin-tvpe analysis of invelute spur gear
transmissions and were able to calenlate the mmimum film thickness at several points aleng
the line of achon. Hua and Khensan[4] gave an isothermal full transient soluton for
mvolute spur gear by neglecting dynamic load in the medsl Later, a full 1sothermal
transient non-MNewtontan EHL sclution to the Fevnolds equation was zrven by Larsson[3].
Wang[#] prezented the formmlation of the transient TEHL preblem in spur gears. The results

sFiegened X0 KK 2000 (No. XX-X000K) showed that the transient conditten affects sizmificantly the film temperature and film
OOl 00.0000AEC DE 2006.00000:0]
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thickness of lubricant in the contact region. Mongkolwongrojn and Panichakorm[7] studied
TEHL rough surface spur gears under sudden overloads. The results showed that the effects
of sudden overloads are sigmificant for the fnction coafficient, the film temperature and film
thickness of lubricant in the contact region. Savles [8] came to the conelusion that particles
larger than the oil film thickness and softer than the interacting surfaces would zlso hurt the
surface, and reduce the life of the mbopar. Khonsard, Wang, and Qu[9] formulated Feyneolds
and energy equations for non-Newtonian liquid-solid lubricants m line contact Yousif [10]
obtained the improved lubnication characteristics by muxing soft Mo52 and graphite
particles with pure il Mongkolwongrojn[11] showed that the liquid-selid non-Newtonian
lubricant affects significantly the film temperature and film thickness of lubricant in contact
region under sudden load. Lubrecht, Ten Wapel, and Bosma [12] showed that the multigrid
algorithm 15 the most efficient method for solving the highly nonlmear EHL problems with
roughness effects. The mmlignd techmique has been developed to solve transient
thermo-elastohydrodynamie lubrication (TEHL) by Osbem and Sadeghi [13]. Ai and
Cheng[14] presantad the formulation of the fransient rough EHL problem using a mmltend
technique. The results showed that surface roughness affects significantly the transient
pressure  distmbution m lme contact. Wang[l3] presented a techmique to generate
non-Graussian surfaces for mixed lubrication.

In the present analysis, rough spur gears with lhigmd-sclid non-Newtonian lubricant is
incorporated i TEHL analvsis. Gear teeth with rough swrfaces are assumed mn this full
transient thermal EHL analysis. Fmie difference multiznd muliilevel method with full
approximate scheme techwiques were implemented to calenlate the tansient TEHD
lubrication of rough surface gear testh with varieus particle materials and various percant of
particle concentration for the ligmd-solid non-WNewtonian lubricants. Mmimum film
thickness, maximum film temperature and friction coefficient were defermined at different
contact points aleng the lme of action.

Nomenclature

b Semu-width of Hertzian contact under loadwy, m, b = R (80, /=)"/*
Cpr - Transient dimensionless curvatme sum, Cpr = Ry /Ry

Cyr : Transient dimensionless entramment velocity, Cpr = fi/u,

Cyer : Transient dimensionless load, Cpr = w'/wy

D(X) : Dimensionless of combined surface roughness of gear and pinion
Ey,z : Elastic modulus of pinion/zear, Fa

E. :Elastic modulus of Sclid Lubrication, Fa

E' : Effective elastc modulus, Pa, 1/E" = 1/{2[(1 — {1/ E, + (1 — vI)/E, ]}
f - Friction coefficient of pimien

fp : Friction coefficient of solid lubricant particle

h  :Lubneant film thickness, m

hy :Rizid central film thickness, m

H  : Dimensionless film thickness, H = h(B,/5%)

Hy : Dimensionless rigid central film thickness, Hy = hy(Ry/b%)

K  :Constant in Revnelds equation

k  : Thermal conductvity of lubricant, W/m - K

kg : Thermal conductivity of lnbricant at ambient prassure, W /m - K
kp : Dimensionlezs Thermal conductivity of lubricant  kp = k/ky
Ky, @ Constant in Energy equation

Fpz : Constant in Energy equation

Ky @ Constant in Energy equation

my  Apparent viscosity at the shear rate of umit, Pa- s
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n  : Power law index

. Preszsure, Pa

: Dhmensionless pressure, P = p/Py

- Maximum Hertzian pressure, Pa. Py = E'(W/2m)VE
: Base cvele radit of pinion, m

- -
EREN

: Basze cycle radu of gear, m

- Pitch circla radii sum, m, 1/R, = 1/7sin(@) + 1/r,sin{@)
: Radi of curvature of pinion teeth, m

Ry : Radil of ewrvature of gear teath, m.

Ry :Cawrvature sum m, 1/Fy = 1/8; +1/R;

5 - Distance along line of action, m

oo
= g

So  :Slip ratio, 55 = (us — )/ %

: Time, s

: Dimensionless time, T = t{u,/b)
T : Temperature, K

Ty, Swface tamperature of pinion, K
T, :Swrface temparature of gear, K

Ty - Inlet temperature, K

u : Film velocity, m/s

u;  : Pimion teeth surface veloeity, m/'s

1, {ear teeth surface velocity, m/s

@i : Entrainment velocity, m/'s,& = (uy +uz)/2
uy : Reference velecity, m/s

u* 1 Dimensionless film velocity.u® = wu/uy

w'  : Transient load, N/ m

wy : Reference load, N/m

Wy : Dimensionless reference load, W, = wy/E'BS
x : Coordinate, m

X : Dhmensionless coordinate, ¥ = x/b

=z : Ceordinate, m

Z  :Dimensionless coordinate, £ = z/h

EZy  : Viscosity-Pressure index

=) : Dhimensionless film temperature, & = T/Ty

8, :Dmmensionless pinten teeth swface temperatare, 8, = T, /T,

8, :Dimensionless gear teeth surface temperature, #, = T/ Ty
u : Equivalent viscosity, Pa-s
f#  :Dimensionless equivalent viscosity, @ = p/p,
wg : Imlet viscosity, Pa s
T : Shear stress of lubricant, Pa
. Density of lubricant, kg/m?
py Inlet density of lubricant, kg/m?
Pp - Inlet density of lubricant kz/m*

7 Dimensionless density of lubricant, 7 = p/ gy
A : Concenfration by weight of Solid Lubricant
&  :Presswre Angle, degree

1. Load, curvature and velocity

It 15 difficult to estimate the transmitted force between twe testh in 3 meshing gear In
this analysis, gear tooth lead is aszsumed to act along the lne of action. The gear teath ara
aszumed to be 1igid and the dynamics of the zear are neglected. The pitch error 13 assumed
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to be very small and will not influence the load.  With these assumptions the load will be
constant as long as two pairs of gear feath camry the total load. When only one pair caries
the lead, the gear teoth load will immediately be doubled.

The contact between gear teath at a distance § from the pitch line in a pair of involute
gear teeth having radii n, and r, and a pressure angle ¥ can be vepresented by two
cirenlar evlinders rotating with the same angular velocity &, and wp as the gear teath
themselves, Thesa radii vary along the line of the action as:

RS =rsimif) —F (1)
R3(5) = mysin(§) + § (22

The teeth both roll and shde agamst each other except at the pitch peimnt, wheie a pure

rolling condition exists. The tooth smrface velocities are:
w1 (5) = waf(5) (3)
1y (5) = wy iy (5) 4]

3. Governing Equations

In this study, for low particle concentration in the liquid-solid labricant, single-phase
flow can be assumed as a simplication. The time-dependent thermo-elastchydredynamie
lubrication of rollmg/sliding line comtact: can be solved simultaneously by using the
modified Feynolds, elasticity, and energy equations to obtain pressure, film temperaturs,
film thickness, friction coefficient and powder load carrying.

3.1 Modified Reynolds Equation

The relationship between shear stress and shear rate of non-Newtonian lubricant in this
work can be approximated using a power-law viscosity model.
Ldu ,dv
Teg = H E and Tyz = H E
Where the equivalent viscosity

=m0 ]

The dimensionless medified Feynolds equation for the transient thermal line contact
problem with consideration of the temperature dependency of viscosity and density across
the film [10] has been formulated using perturbation techniqua.

{n—1)/2

d ar d a
— I — | = A (E)—FH) + =I5 5
—(#52) = afen@qz o) + = om) )
Where
P_HH 13u||#0R<!| - a1 Mg fugRy L
- P M I ) . ay(r—-1)/2 . 000
& = 0 A= bF, Vi = fEpnkey (I and Ky " [: pE )

The boundary conditions are
X =Koy FP=0 } ¥=X, . P=3FP/8X =0

3.2 The apparent viscosity equation

The apparent viscosity in the power-law model ne2eds fo be included as a comrection
factor for viscosity temperature-prassure and the comection factor for solid particles in the
lubricants according to Evlander[16] and Feelands[17]. The dimensionless apparent
viscosity can be written as

-

i = polplpds (8}
where
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i+ 2.5dpg
[— _—
F Apo+ (1 - A)gy

iin = exp{(In{u,) + 2.67)(—1+ (1 + 5.1 % 107%P,PY") — pTo(8 — 11}

;= Ky (1) 7002
1.3 The density equation

The density of the ligmd-solid lubricant according to Dowson and Hizzinson[1] obeys
the followmg relation

o= ﬁ'u_F'D (7

bp
wheare

Ao i 0.6 1079y P
sr=1-1[1—-—], ':(1+—)1— (8 —1)
e ( pp) Fe =l l+1.7x10"’F‘HP_E BTy }

1.4 Thermal conductivity of oil film

The effact of pressure on thermal conductivity has been implemented in the thermal
EHD caleulation by Wang.[18]
Sy PP

— KL A 8
1+ @y aPyP (€

ke =

1.5 The film thickness equation

The film thickness, mehiding the deformation of suwiface under line contact, 13 given as

z Xy

x 1 wie
H=H,+ +D(x1—— Plx"inlx — x'|dx’ (9}
2Cqr T I8 e
where D{X) is the dimensionless combined surface roughness of gear and pinion with

random roughness distnbution.
1.6 Load carrving capacity

The total lead canving capacity of the hquid-sohd lubnicant film censists of two parts:
the first load component results from deformation of particlas W, and tha other load

compenent 15 due te hydrodynamic action wy, where

Texlr
wp= [ pGods (10)
Fimler
Consider a spherically shaped particle mn the contact region under the action of normal
lead, the particle may undergo plastic defermation. For a particle that defoims plastically
when the mean contact pressure reaches the hardness of particle Hy , the load carrving
capacity by a plastically deformed was written by Hua and Khonsan[19]

9 S ds

— A3 P
w _—n—H( + plx)upd
= d \Erh';] I VpAipl

whers

1 11— 1—w
_:_{_i"_'__-'-]
Epe 2\ Ep E.

Where Aj;s the contact area of an mdividual particle due fo plastic deformation.
Equations give the load carrying capacity of a single particle due to plastic defermation.
Therefore, the load carrying capacity for zll particles 15

Nx Nz

w, :zz Wy (11}
L1
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where N, and N, are mmmbers of particles that come i contact with the surface in

x-diractions and z-directions respectively. The number of particles can be caleulated as [B]:

| v B4 Pol Bp
Il mdd [1—A(1 - pasap)]

where 1 is the concentration of particles by weight V; 1s the velume of the

N =1
N

solid-ligud lubricant withm the contact region and [; 15 the effective length along which
the particles deform. For line contact configuration where [y = 1, the total load carried by
the solid-liguid lubricant can be expressed as

wr = wy + wp

1.7 The load equation

The total load carrying capacity of the lubricant 15 due to hydrodynamic action The

dimensicnless form of load balance equation 13

Kexlr Wy — Wey o
J Pd¥ = Cyr (T](;} (12)
inler r oo

1.8 The friction coefficient

The friction coefficient on pinion tooth surface is defined as

f_mj[”“" (E‘] (2)  ax+BERM (1)
Wb Coer Sy VH SV BE Jzan wyChr

1.9 Energy equation

The surface in the contact region can be simplified as a semi-infinite body. Following
Carzlaw and Jaegei[19], the heat conduction m the surface can be analyzed by 1gnonng the
heat conduchon in the ¥ and VYdirechions, The tme-dependent dimensionless energy
equation for the oil film can be written as

a4 . BH? -ﬁe+ L 88 . g Buty? . e a:-"+ L8P
azz TR, (_SE ¥ a;c] 'T-*z,,liaxj' e I:af “ 32}
Hzf 'HJF
— K5, Cpl m—5— (14}
kp o Ap
wheare
& _uop;.cpb:‘ __uuuﬁ & _Suob“ﬁf . _ 2ugE'b
™= kB2 ! T T3 = kB2 ' T T,
The boundary conditions of the energy equation[20] are
Il ) =1
kR Festr (T oY 86 dx'
fiz=1z% — Jr _F) I:_-,} N
' | puper W4 T o — 5

g £
| J'_PL,"EEP.I_.Iz'cI..'zu'iu‘{ICLI'." {1 - _:Q}

4, Computational procedure and numerical method

The numerical solution of the goveming squations daseribed above is carried out by
the pressure-temperatme iteration befween transient Reynolds, elasticity, powder load
camrying capacity and energy aguations for the thermo-slastohydrodynamie lubrication with
ligmd-seld nen-Newtonian lubricants selutions were caleulated using multiznd with fisll
approximation scheme tachnigue to improve the convergence rate. The convergance critena
of pressure, temperature, and hydrodynamic load are adepted as follows:
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N FiL
Z|?§” -Bf| Z B! = 00001 (15)
=0 ! i=0
M G N
Zlﬁ.llr-rl _ﬁllzlll.'lell:-tl < 0.0001 (18)
=0 =
i Kexi r FITYy
Cur (=) —[ x|/ Cyr (=) < 0.0001 (17
‘2 Kinler / e

During each time mterval, the modified Feynolds squation, elasticity squation and
enarzy equation are caleulated using beundary conditions and imitizl conditions to obtain
pressure and temperatura distnibutions. In this problem, the boundary conditions Xjpy. and
X, can be obtained asy,,,, = —6.0 and ¥, , = +2.0

5. Results and Discussion

The gear datz and the properties of hquid lubricant. solid particle and zearbox data used

in the anmalysis are given m Table 1 and Table 2. These gear data comrespend to a
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commercially available zearbox

Tzble 1 Gear data and lubricant properties

Gear Matenal UNB C61300
MNumber of teeth (pinion : gear) 35:140
Moduls, mm 2
Contact ratio 1.786
Pinion speed, rpm 1,000
Nominal pressure angle, degree 20
Teeth width, mm 20
Transmitted power, kW 10.0
Elastic modulus of pinion and gear, GPa 117.0
Density of the teeth of pinion and zear, kg/m? 79500
Poisson ratie of the teeth of pimon and gear 0.28
Specific heat of the teeth of pimion and gear, J/kg - K BELE
Combined surface roughness amplitude (Rpe), um 0.10
Inlet temperature of lubricant, K 31313
Ambient density of the lubricant, kg/m? 8972 80
Ambient viscosity of the lubricant, Pa-s 0.195
Viscosity-Pressure index(Z,) 0.5683
Viscosity-Temperature coefficient, K™7! 0.05783
Coefficient of thermal expansivity, K™ 0.00074
Thermal conductivity of lubricant, W./m - K 0.126
Specific heat of lubricant, J/kg - K 1870
Power law index (n) - ligmd-seld lubricant 1005969
- liguid labricant 1.000

Fig. 1 shows: the wvanation of the dimensionless idealized load, central pressura,
dimensienless equivalent curvature and enftrainment veloeity along the line of action. The
dimensienless load (Cppe ) 15 0.5 at the approach point A and suddenly increased to 1.0 at
point B (5 = —1.10 mm) when the load was camied by one pair of teeth bezinnme at that
moment. The next parr of teeth comeas inte action at point D (5 = 0.90 mm) and the load

15 suddenly decreased to 0.5 agam. The amount of sliding reaches its highest level at the
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approach pomt. There 13 no sliding at the piteh point. The slip ratio reaches its highest level
at the approach point. The snftrainment velocity and the eguivalent curvature have their
lowest levels at approach pomt (pomnt A) too. That means appreach pomt might be the most
critical from a lubnicant film thickness point of view.

Table 2 Physical properties of solid lubricant particles

Solid particle properties MoS:
Brinell hardness, GPa 3.139
Modulus of elasticity, GPa 34
Poisson ratio 0.13
Denszity, kg/m?* 4800
Friction cosfficiant 0.1
Particle diameter, pm 2
.0 2AH k]
E Cwr
1.8 1.75 g _____ (-RT T
1.6 1.50 ? “. s s Oy . & 2
C14d asp N Siprside Rati, " E o 5
FaizmE U g PR
E - W E L= )
10 a5 - a E 3%
E ’ E i
B I : T 8 2
& A5 E ra 7 .1
E L
A .00 STTTTITITT FITIT IETTTTTRN AT Y (T TTITIPITTT ITIRIRTTITITIY 6 0.0

H -5 -4 -F -2 -1 0 1 2 F 4 5 l.'ll
Line of Action, 5 (mm)

Fig.l Variation of the load, central pressure, equivalent curvature and entrainment velocity
zlong the line of achon

Fig. 2 shows the variation of minimum film thickness along the line of action of the
gear tooth for hguid lubricant (SAE 90) and hgud-selid lubrcant (SAE 90 plus 10% MoS2
by weight) and the amplitude of combined roughness(Rgys) is 0.10 pm,. It can be seen
that the mimmum film thickness of liguid-solid lubricant 15 higher than the mnimum film
thicknaess for liguid lubricant aleng the line of action becanse of the load camad by the solid
particles in lubricant. At the approach peint(§ = —4.97 mm), the film thickness is at its
lowest value; the mmmum film are 017 pm  for all lubricants. This behavior can be
understood by the mechanism of the squesze effect.

The transient effect 15 most pronounced after pomts B and D. When the load 15
suddenly increased at point B(S = —0.90 mm), the minimum film thickness first inereases
from 0,84 pmto 086 pm for the liquid lubricant, and from 0.97 pm to 0.99 um for
Liquid-zehd lnbricant; then it decreases to 0.76 pm for the hguid lubricant, and te 0.90 pm
for loguid-selid lubricant, befora it incrsases again. It mever reaches an equilibrium state
until the load 15 halved agamm. When the next pair of teeth comes mto action at point I
(5 = 0.40 mm), the load is suddenly decreased. The minimum film thicknass first increases
from 0.5Z2pm to 1.04 pm for the higud lubricant and 1.05 pm te 1.19 pm  for
Liquid-zehd kubricant; then 1t decreases until it recovers at 1,20 mm approximataly, where
the mmimum film thickness values are 0.83 pm and 0,99 wm  for liquid lubricant and
liguid-zehd lubricant, raspectively. It approaches the steady state condition at approximately
3.53 mm.
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The varation of fiction coafficient on pinion tooth and temperature rise of oil film for
liguid lubricant and liquid-solid lubricant, for rough surface gear testh along the lne of
action are presented in Fig. I and Fiz. 4. The friction coefficient and femperature 1ise of oil
film for the hquid-sohd lubricant are lower along the line of action than theose for Liguid
lubnicant except the near pitch pemnt. where they are higher value. At the approach point
(point A, §= —497 mm), the friction ceefficient and maximum film temperatire are
0.164 and 10771 “C, respectively, for liguid lubricant and 0.158 and 107.37 "C,
raspeciively, for liguid-selid lubricant when contact moves along the hine of action. The
fivst peak value 15 at —4.83 mm for the fuiction coefficient and at—4.63 mm for the
maximum film temperature, where the frietion coefficient and the maximum fillm
temperatiure are 0.219 and 238.07 “C for hiquid lubricant and 0.203 and 217.47 °C for
the Liguid-selid lubricant, respectively then decreaszes until the load is suddenly increased.
At £ = —0.40mm, the friction coefficient and maximum film temperaturs zre 0.561,
254,25 “C, for hquid lubricant and0.451 and 250,37 “C. for the liguid-solid Inbricant
raspectively. The values then decrease to the minimum value at the pitch point. At the pitch
point (point ), the friction coefficient and maximmum film femperature for liquid-solid
lubiicant have a higher value than the value for ligmd lubricant, because of friction forces
and friction heating of selid particle, These values are 0.077, 6173 °C, 0.079 and
63.08 "C  for lignid lubricant and liquid-solid lubricant, respectively. The friction
coafficient 13 approximately zerc and the mawximum temperature iz near the ambient
temperature because there 13 no sliding. Adjacent to the appreach pomt the friction
coafficient and maximum temperatura rise all have high lavels because of the high load
even though the comtact swrface iz small. The highest temperature nse occurs at the
approach point, which is cansed by the large slip ratie. When the line of action shifts from
the pitch peint, film temperature and friction coefficient rise up again. At § = +0,30 mm,
the maximum values are 0.342 and 11585 °C for Liguid lubricant, and 0.285 and
105,72 “C for liguid-solid lnbricant. When the next pair of teeth comes inte action at point
D, the film temperature and friction coefficient suddenly decreass and then ncreass again
when contact moves along the line of action. One can see that the maximum temperature
rise at the approach pomt 15 higher than at the recess pomt. That 15 bacause the slip ratios of
the approach point are larzer than those of the recess pomt,
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Fig. 5 and Fig_ 6§ show the minimum film thickness, frietion ceefficient and maximum
film temperature at the approach point A, pomt B where the load 15 suddenly mereaszed 1o
double and at pitch pomnt C as a function of amplitnde of combined surface roughness for a
ligmid-solid nbricant. The results show that the amplitude of combined swmifaca roughness
has a significant effect on film temperature and fiiction coefficient in liqumd-selid TEHL of
spar gears. Minimum film thickness decreases but frietion coefficient and maximum film
temperature ncrease when amplitude of combined smface roughness increases. At approach
pomi (point A), mmimum film thickness, fiiction coefficient and maximum film
temparaturs are 0.32 pm, 0.075 and 59.73 “C. respectively for smocth surface and thay
are 0.17 pm, 0.158, 107.37 “C and 0.14 wm, 0.183 and 128.21 “Cwhen amplitudes
of combinad swface roughness are 0,10 um and 0.12 pm, respectively. At the point the
lead is suddenly inecreased (point B), minimum film thickness, friction coefficient and
maximum film temperature are 1,02 pm, 0,118 and 59.09 “C for smooth surface, and
they aze 098 um, 0.220, 21827 "C. 097 um. 0.233 and 25475 °C when
amplitudes of combined smface roughness are 0,10 pm and 0.12 pm, respactively. At the
pitch point (point C), minmmmmm film thickness, fricton coefficient and maximom film
temparature are 116 pm, 0.008 and 4541 “C  for smooth surface and they ame
1.06 pm, 0.079% &308 °C, 1.03um, 0.08% and &7.35 "C when amplimdas of
combined surface roughness are 0,10 um and 0.12pum, respectivaly.
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The varation of friction coefficient on pinion tooth, minimum film thickness and
temperature rize of oil film for liquid-salid lubricant gear testh along the line of action are
presented i Fig. 7 and Fig. & The minimum film thicknass, fiction coefficient and
maximum film temperature at the approach point (peint A) ave only insignificantly effact by
roughness for hguid-solid TEHL in spur gears. At the point with suddenly mcreased load
(point B), the minimum film thickness increases when concentration of solid particles
meraases. It i 0.86 pm  for liguid lubricant and it increzses fo 099 wm and 1.05 pm
when concenirations of solid particle are 10% and 20%: by weight, respectively. The friction
coefficient and maximum film temperatire decreased when concentration of selid particle
dacreazes. They are 0254 and 224.30 °C for the friction coefficient and maximum film
temperatuye, respectively, when lubricant 15 purely ligquid lubiicant, and they decreass to
0,220 and 21827 “C when the concentration of solid particlas is 10% by waight. When
conceniration of solid parficles i= 20% by weight, friction coefficiant and maximoum film
temparatire are 0,194 and 20548 “C, respectively. The friction coefficient and
maximum film temperature values for liguid-selid lubricant are lower than the values for
ligmd lubricant when lead iz suddenly increazed (point B), bacause the affect of particls
lead canying would be to decrease the load of the higmd film lubricant. At the pitch point

(point C), the mimimum film thickness, friction cosfficient and maximwum film temperature
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for liguid-selid TEHL m spur gears increases when concentration of solid particles

increases becanse there 15 no sliding.
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In this paper, the approach point 15 where the gear teeth are m the fivst contact and at
that point the film thickness has its lowest values; that means approach point might be the
most critical from a lubricant film thickness point of view. The load of zear teeth may be
mereased more than the normal operating condition due to a sudden overload or impact of
gear teeth. The charactenistics of spur gears were investizated when subjected to a sudden
overload of 25% of the normal operating load with hgwid lubricant and liquid-solid
lubricant as shown m Fig 9.

During sudden overload or impact load at the approach point (point I) when
amplitudes of combinad swface roughness are 0.10 pm. the minimum flm thickness for
liquid lubricant and ligmd-selid lubricant is close to the normzl operating conditions
because at the approach point the minipoum film thickness depends on the mechanizm of the
squeeze effect; the mmimum film thicknesses at the approach pomt are 0.169 um,
0,167 pm and 0.168 pm for nermal cperating conditions, sudden overlead with Liquid
lubricant and sodden eoverload with ligmd-selid lubricant, respectively. The friction
coefficients and maximum film temperaturas with sudden everload at the appreach point are
greater than the nowual operating condition; they are 0.164 and 107.71 “C, 0.200 and
124,84 °C and 0,172 and 119.18 °C for noimal operating condition and sudden




Wal. 00, No. 0, 0000

overload at the approach point operatmg condition with liquid-selid lubricant, respectively.
When the contact meves forward along the line of action, the minimum film thickness,
friction coefficient and maximum film temperaturs rapidly inereaze. At pomnt J, the
minimum film thickness, friction coeffictent and maximum film temperature for neormal
operating condition with liquid lubricant, sudden overload eperating condition with Liqud
lubricant and sudden overload operating condition with liguid-zolid lubricant are
0.586 pm, 0.184 and 174.30 “C, 0.522pm, 0.213 and 21532 °C and 0.621 um,
0,195 and 200.31 °C, respectively. When the load iz suddenly decreased at point K, the
minimum film thickness for impact overload operating condition are rapidly increased to
0,654 pm and 0.773 pm for ligud lubricant and higuid-solid lubricant, respectively but
the friction coefficiont and maxinmum film temperature ara rapidly decreased to 0.175 and
158,61 “C and 0.157 and 141.79 °C ac shown in Fig 10, Fiz. 11 and Fig. 12
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Fig. 9 Vanation of the load, aleng the line of action for sudden overlead at approach point
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Fig. 10 Vanation of muinimum film thickness along the line of action for sudden overload at
approach point with liquid lubricant and liguid-selid lubricant

In the impact load region, the mimmum film thickness for hquid-solid nbrication 15
greater than the mininwum film thickness for lgwd lubrication but the friction coefficients
and maximum film temperatures for liguid-solid lubnicant are smaller than the frichion
coefficients and maxmmum film temperatures for hquid lubricant becanse of the load carriad
by solid particle in the lubricant and the changs of lubricant propertias from Newtonian
fluid for hqud lubricant fo dilatant fluid when solid particles are added into the lubiicant.

Fig. 13 and Fiz. 14 shown the vanation of frichion coefficient on pmion tooth,
minimum film thickness and temperature rize of oil film for hiquid-solid lubricant zear teeth
aloeng the line of action with impact overload at the approach pomt. At the appreach point

(point I), the concentration of solid particle has an msiznificant effect on the mimmum film
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thicknes: and mamimum film temperature, but the frichon coesfficient first decreases until
concantration of solid particls 15 move than 10% by weight, then it increases again. When
the contact moves forward along the line of action to point I and Pomt K, the mimimum film
thickness mereases but the friction coefficient and mawimum film temperature decreasze
when concentration of sohd particle inereaszes. This 15 because the effect of particle load
carrving would be to decrease the load of the liquid film lubricant.
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Fig. 11 Vanation of maxinmm film temperature aleng the line of action when sudden
overload at approach point with liquid lubricant and liquid-solid lubricant
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6. Conclusion

The time dependent modified Reynelds equation, energy squation and pewder load
camrving were formulated for spur zear with liguid-solid lubricant to ebtain minimum film
thickness, maximum film pressure, friction coefficient and maximum film temperature in
the comntaet between two rough gear teeth of invelute spwr gears. The dymamic
characteristics of spur gears under TEHL were mvestizated for both liquid and liquid-solid
lubricants. The load is kept constant as long as two pair of teeth carried the total load and it
15 doubled when only one paw 1s in action. The following can be concluded as:

1. Mmmmum film thickness of hqmid-selid lubricant 15 higher than the munimmm film
thickness of liquid lubiicant along the line of action, but friction coefficient and maximum
film temperature are lower valus than that the liquid lubricant except the pitch point where
they are higher valus.

2. Considering the rongh swface effect, the mmimum film thickness is thinner but the
maximun film temperature and fricton coefficient are greater when the ampliuds of
combined surface roughness inereases. Therefors, the surface reughness of gear teeth
significantly affects tibology of gear feath and should be comsidered m gear design
application.

3. When concentration of selid particle mncreases, the munmm film thickness
mcreases but friction coeffictent and maximum film temperature decrease. The sizes of
solid particles in liguid-solid lubricant have an insignificant effect for rough liquid-solid
TEHL in spur gear.

4. For spur gears with ligmd-selid lubricant under sudden overload at the approach
point, the film temperatmwe and friction coefficient are decreases but mimimum film
thickness increaze when compared with lgud Iubricant that means liguid-selid lubricant
can be protect the damage of zear teeth under severs operating condition.
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