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NOMENCLATURE

a	 Hertzian contact radius, m

C

	

	 Specific heat J/ (kg K)

a constart = 10-3 Ns/m2

E	 Characteristic fluid temperature, C

h	 Film thickness, m

k	 Thermal conductivity, W/(mK)

P	 Pressure, N/m2

Q	 Temperature--viscosity coefficient

ii



xYZ	 A

subscripts

1	 Stationary surface
v

2	 Moving surface

b Ball surface

c Contact center value

f Fluid

H Hertzi,an conditions ^+

o Ambient conditions or minimum value

s Sapphire surface
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"	 I. SUMMARY

	

During the past year research in the areas listed below has progressed 	
R

and is reported herein:

Prediction of Traction in sliding EHD Contacts 	 !
IL:

The shear stress theory proposed in the previous report when applied.

to the sliding EHD point contact using a naphthenic oil was found to yield

	

results consistent with experimental findings for the high end of the speed 	 4

range studied. The particular speed at which this theory yields reasonable

results depends on the normal load and film thickness. At loner speeds,

the calculated tractions exceeded the measured values. This is possibly due

to either the onset of asperity interaction as the film thickness decreased

or the breakdown of the Newtonian fluid model at high shear stress.

Calculations based on the theory indicated that the traction tends

to increase with an increase in base viscosity and a decrease in temperature

viscosity dependence of the lubricant. A weaker traction increase resulted

from an increase in the pressure-viscosity dependence of the fluid. Varia-

tion in the thermal conductivity was found to have very little effect on



2
r

The results of these studies are then compared with the flash temperature 	 {

theories of Blok, Jaeger and Archard. Deviations from the predictions are

then discussed.
R

A detailed study of the effect of surface roughness on BHD contact

behavior has also been undertaken. Balls of three roughness values

ranging from .011 to .381 pm c.l.a. were studied using both a surface

profilimeter and the EHD contact simulator. Ball surface profiles were

determined prior to running in the EHD contact, and then through the

	

	 .
l

use of a relocation technique, the surface profiles were again measured

after an EHD experiment. It was found that changes in the profiles, as

a result of asperity interaction, were closely related to the ratio of

the film thickness to composite surface roughness and the surface tempera-

ture level.
I

Finally, a technique has been.developed which allows the determination
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11. THE PREDICTION Or, 'TRACTION IN SLIDING EHD CONTACTS

A. Introduction

The determination of the traction force in elastohydrodynamic

contacts is of primary importance in the understanding of many lubricated
a

mechanisms. The traction is defined as the force generated in the contact

which resists relative motion of the bearing surfaces. This is directly

related to the pouter loss in mechanical components such as gears, cants,	 i

and rolling element bearings. Traction studies are also motivated by a	 i.

{need to predict the onset of skidding in rolling element bearings. How- 	 t
9

ever, due to the physical complexity of the problem, no simple model.

describing quantitatively the generation of traction in an EHD contact has

Yet been generally accep ted.. Complications caused by the large role of 	 ^ .=

thermal effects and by difficulties in finding a Theological model which 	 M

is adequate at-high pressures and shear stress have hindered simplified

theoretical analysis. i

A number of modals for predicting traction have been proposed. 	
y

Crook (1), Kannel and Walowit ( 2), and Allen, Townsend and Zaretsky (3)
1

all assumed isot.ermal . beari:ng surfaces in their models. Based on tempera-

ture measurements by Turchina, Sanborn and Winer (4) this condition appears 	 R



i
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limits the practical application of this model for traction prediction

Y

	

	 over a wide range of physical situations. Trachman and Cheng (7) predicted

traction in line contacts in a numerical solution which included both

thermal effects, and non--Newtonian rheological models. Archard and Baglin

I

	

	 (S) assumed isothermal conditions, a Newtonian fluid, and an exponential

pressure-viscosity behavior. Because of these assumptions, their model is

limited to low sliding speeds where thermal effects are less important.

Archard and Baglin derived non-dimensional groups from physical considera-

tions and established a foundation on which solutions with thermal effects

and different rheological models may be built.

Jakobsen and Winer (9-11) have taken thermal effects into account,

while limiting to a few graphical steps the work required to find the shear
f°
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B. Application of the Theory

The assumptions which form the basis for this theory are summarized

here in the context of their application to a sliding EHD contact. The

flow geometry, with major assumptions, is shown in Figure 1. Surface 1 is

stationary, and surface 2 moves with constant velocity in the x  direction.

According to both theory and experiment, the change in film thickness over

most of an EHD contact is very small compared with the size of the contact.

The bearing surfaces are therefore assumed parallel in the vicinity of the

point at which the shear stress is being calculated, although the film

thickness is allowed to vary from Point to point. While temperature vari-

ations are recognized to exist in the x l and x2 directions, the gradients

of temperature in these directions are smaller than in the x3 direction by

about four orders of magnitude. Therefore, temperature is assumed to be

pointwise independent of x  and x2.

Because surface 2 is moving, the major portion of heat generated

in the contact is carried away by this surface which justifies the assumption

that the stationary surface is adiabatic. Over the major portion of the

contact, the component of shear stress due to the pressure gradient is

much smaller than that due: to sliding motion. Consequently, the pressure

is assumed pointwise constant. Detailed discussion of these assumptions
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SURFACE 2	 V

x3
T 2	

ul = V

x2	 x3 = h

x 

T1	ul = 0
x 3 = 0

SURFACE 1	 °-

Assumptions

J. u1 = u 1 (x3 ); u 1 (0) = 0, u 1 (h) = V

2. u2 = u3 = 0

3. T = T N 3 ) . T (0) = T1 ; T (h) = T2

4. constant pressure

S. constant density

6, constant thermal conductivity
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rL = c exp I (E%T). 9 1	 ..(1)

both E and Q are functions of pressure. Jakcbsen (9) has shown that this

equation gives a reasonable description of lubricant viscosity within the

range of temperature and shear stress normally found in an elastohydrodyn--

mint contact.

Through integrations of the energy equation and the equations of

motion, reduced by the above assumptions and the given rheological model,

the theory provides a means of calculating the shear stress T at any point

in a sliding EHD contact. The condition of an adiabatic stationary wall

yields the relation

1
rT2 n (

T ,Q) -ldT _ -- 2k	 (2)
1

which is used to determine the .temperature of the stationary surface, TI.

The shear stress at a point in the contact is then determined from the

equation

T	 T
n

T	 2h	 2k j	 Ire (g Q) lCIE] 
-1/2d
	 (3 )

The following parameters must be known: the temperature of the moving



C. Evaluation of the Theory

Measurements of traction for mineral oil Nl were made in a sliding

EHD point contact using the equipment described in Sanborn and Winer (14),

and the results compared to calculations using the methods described in

a

i
i
I{

I

in order to perform this calculation, therefore, some assumption about

the pressure distribution in the contact must be made. A Hertzian

pressure distribution was chosen because of its simplicity for practical

application, and its apparent applicability to a wide range of operating

conditions. The computer-generated solutions to the EHD problem of Cheng

and Sternlicht (5) show pressure distributions which converge to the

Hertzian as the speed decreases and the load increases.

The procedure for calculating the shear stress at a point in the

EHD contact is . represented in the form of dimensionless charts in Jakobsen
and Winer (11). The basic equations of the.present theory were solved

numerically. The traction in an EHD point contact was found by systemati-

cally calculating the shear stress throughout the Hertzian contact, and

numerically integrating it over the contact area to yield the traction.

Details of the numerical methods used, as well as a listing of the computer

program, are given in Kunz (13).

y

9
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distribution of film thickness in the contact area was also known from

measurements made using the optical interference method of Sanborn and

Winer (15). The required pressure-viscosity data for the fluid NZ was

obtained from Novak (16) . Because viscosit y, data was only available at

pressures up to 1.38 x 10 8 N/m2 , it was necessary to extrapolate the

experimental curves up to the maximum Hertzian pressure of 1.0 x 10
9
 N/m2

for the 67N load, and 1.; x 109 N/m
2 for the 334N load. This extrapolation

was performed using Roelands' (17) pressure-viscosity correlation.

Figure 2 shows a plot of both calculated and measured tractions

against sliding speed for the 67 N load. The traction is represented in

the foam of a traction coefficient, defined as the ratio between the trac-

tion force and the normal load. Figure 3 is a similar plot for the 334 N

load. Figures 2 and.3 both indicate that the agreement between calculated

and measured traction becomes better as the sliding speed increases.

Because the film thickness .decreases as the sliding speed decreases,. there.

is a possibility that the divergence at lower speeds is related to asperity

interaction.. Such -interaction could. affect-the contact in basically two
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carrying a part of the Load. This would result in lower pressure on the

fluid, and therefore lower viscosity and a lower measured traction than
I

predicted, Asperity interaction could cause traction to increase with

some surfaces, but in the present case the surfaces were hard (52100

against sapphire) which minimized plowing and shearing effects..

In order to further investigate the possibility of asperity inter-

action surface,	 profiles of the steel ball and the sapphire were recorded
a

on a profilometer. A composite,rms surface roughness of about .046m

was found for the two surfaces. A study by Sibley (18) indicates that

some asperity interaction may be expected when the ratio A^of film thick-

ness to composite surface roughness is less than approximately 2.5. 'Recent
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n	 limiting value. The Johnson and Roberts limiting shear.: strew model

would result in tractions closer to the measured values than the present

` i	 model if the limiting shear stress of the fluid is less than the values

calculated with the present model.

For the 67 N load, the maximum shear stress calculated at 1.40 m/s

was in the neighborhood of 8.0 x 10 7 N/m2 . Similarly, for the 334 N Load at

2.54 m/s, the maximum shear stress in the contact was calculated to be

8.1 x 107 N/m2 . Each of these two cases corresponds to the transition

speed at which calculated and measured tractions began to deviate as the

speed decreased. At higher speeds, calculated shear stresses were lower

than these values -throughout the contact. At speeds lower than the

transition speeds, these shear stresses were exceeded by the calculated

value. The fact that these maximum shear stresses are essentially the

same.for the two loads lends credence to the possibility that the Newtonian

rheological model . of the lubricant used in the calculations fails to

adequately describe fluid behavior at extremely high shear stresses.

.D. The Effect: .of Material Parameters on Traction.

The effects on the traction of variations in the lubricant material

parameters- temperature-viscosity dependence,. pressure-viscosity depen--

r
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and inlet viscosity as Fluid Nl, but having an exponential temperature-

viscosity coefficient 
(n dT1 one-half that of N3. at inlet conditions

was used in the ,program. The viscosity--temperature behavior of this model

fluid is similar to that of a dimethyl siloxane, a lubricant with low

temperature-viscosity dependence but the pressure-viscosity characteristics

are quite different. The resulting calculated traction coefficient for a

67 N load and a speed of 2.54 m/s was three times greater than that cal-

culated for Fluid Nl for the same load and speed conditions. The trac-

tion is therefore increased by a decrease in the temperature viscosity

coefficient of the lubricant, and appears to be fairly sensitive to such

changes.

The pressure viscosity dependence was investigated by using a

different means of extrapolating Novak's (16) viscosity data for Fluid NI

to the high pressures near the center of the contact. The shape of the

pressure-viscosity curve was taken to be the same as that for a similar

naphthenic fluid, (Fluid 36-G of the ASIM Pressure-Viscosity Report (20)

for which data was available up to 6.9 x 10 $ N/m2 , 'the viscosity thus

obtained for the pressure at the center of the contact was three times

:.	 less than that previously used for Fluid Nl. The viscosity and temperature

i
dependence at inlet conditions were taken to be the same as those for

Fluid MI. The traction calculations usina these viscosities were about

The effect of the inlet viscosity on the traction was also studied..
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Another model fluid was used, having the same pressure and temperature

dependence as Fluid Nl, but having a viscosity at inlet conditions three

times that of Fluid N1. As before, all other system parameters were

held constant. The resulting traction coefficient was greater than that

for Fluid NI by a factor of 1.75. The traction therefore increases as

the inlet viscosity increases.

The only other lubricant material parameter involved in the traction

calculation is the thermal conductivity. Variations in this property appear

to have very little effect on the traction. In addition, the thermal

conductivities for most hydrocarbon and dimethyl siloxane lubricants :all

within a very narrow range.

T°'action measurements would not be expected to be as sensitive to

material property differences as the above calculations indicate. This is

primarily because the surface temperatures for Fluid N1 were used in the

calculations. Using a more viscous fluid, for instance, would increase

the energy dissipation in the contact, thus increasing the temperature
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theory becomes applicable depends on such factors as normal load and film

thickness. At lower sliding speeds, the calculated tractions exceeded

the measured values. This was possibly due either to the onset of asperity

interaction as the film thickness decreased, or to the breakdown of the

Newtonian fluid model at high shear stress.

Calculations based on the theory indicated that the traction tends

to increase with an increase in base viscosity and a decrease in tempera-

ture viscosity dependence of the lubricant. A weaker traction increase

resulted from an increase in the pressure-viscosity dependence of the

fluid. Variation in the thermal conductivity was found to have very

little effect on the traction.
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A. Temperature Distributions at a 2 15N Normal Load

The distribution of the average fluid film temperature and ball

surface temperature, for a l.oal of 67 N (1.05 GN/m 2 maximum Hertz pressure)

^j	 have been obtained using the test apparatus shown in Figure 4 and the

results were reported previously I1o,21]. Similar measurements for the

case of a normal load of 215N (1.51 GN/m 2 maximum Hertz pressure) were

made and the most important results are given in Fable I. It can be seen

from Table I that the film thickness at the center of the.ERD conjunction,

at the side lobes and at the contact exit are all essentially the same.

This constant film thickness tends to give more symmetric temperature

distributions than previously.observed.

In addition, at the higher load (215N), the maximum ball surface and

fluid temperatures always occurred on or near the contact centerline at

a point downstream of the contact center. The reason for this is that

the.pressure, and thus viscosity, is greatest at the contact center ., and

consequently, for a uniform film thickness, viscous dissipation is a max-

imum at the center. However, since the fluid residence period increases

as it moves toward the exit, the position of the maximum temperature

could be between the contact center and exit dependi.ng . on the effective-



Table I. :Summary of Experimental Results for 215N Normal Load
. (1.51 GN/m2 = 219 kpsi peak Pressure)
For 0.012 um WAS p-in.) Cla. ball.

Temp.h	 h	 Teigp.	 Temp. Temp.
Speed h	 Sidelobe	 CenteerLine	 at Inlet-`'C 	 at Center-°C	 Centerline Max oC Sidelobe maxoC
m/s Jim	 min	 min

Jim	 um	 Ball	 Fluid	 Ball	 Fluid	 Ball Fluid Ball	 Fluid

0.70 0.065	 0.065	 0.065	 67	 155	 136	 212	 149 217 76	 166

^.	 1,39`.. 0.08B	 0.088	 0.088	 85	 163	 156	 224	 175 226 110	 1.86

2..54 0.088.	 0.088	 0.088	 91	 177	 187	 243	 197 246 No Sidelobe
max.

I.

(Fluid NI, Load 215N (peak Pressure	 = 1.51 GN/m2), Bath Temp. 40+ 1C).

w

I:



111 1111 VI Vtij`,.WV^. 4V1

	rotating ball
	 1--w sapphire

	counter -	 -sapphire support
	balance--	 assembly

---overflow pan

ble
motor

support,
balls
contact

feed reservc
normal force-
load cell

heating
coil

constant
temperature ba

t

s

pump
	 main reservoir

Figure 4. Sliding EHD Test Apparatus.

E

vr^^



20

that the fluid film temperatures are essentially fourth power averages

through the film, the observed shift in peak temperatures does not imply

a violation of physical principles since the fluid temperature gradients

at the ball surface may change considerably with position along the center-

line allowing a matching of ball and fluid temperature levels at the

interface.

Figures 5 and 6 show temperature contours for a sliding speed of

1.39 m/s. The general shape of the ball surface temperature contours

(Figure 5) is similar to that found at lower loads [107. In the present

case, the ball surface enters the Hertzian contact at 65 C and reaches a

maximum of 180 C downstream of the contact center. The fluid temperature

contours shown in Figure 6 show that the difference between the primary

maximum (226 C) on the centerline and the secondary maximum (186 C) in

the side lobes has significantly increased compared to the lighter load

of 67N [101. In the lighter load case, the temperatures were 171 C and

173 C respectively. At 215N, the secondary maximum disappears as the

speed is increased.

Figures 7. and 8 show respectively the ball surface and fluid tempera-

tures along the centerline for a range of speeds. Results for the 67N
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X V = 5. 08 m/S

Q V = 2.54 m/s. ^.	
Fti - 1.51	 GN/m2

(215N) 0 v = 1.39	 m/s
_.....^ _	 = 1.05	 GN/m2 0 V = 0.70	 m/S

`: M

TT	
(67N) + V = 0.35	 m/s

200
I

1.80

160

140

i x'X~X 'c
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^^ d
	 4•
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O I

j T	 j~4-
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Inlet	 3	 .2	 .1	 0	 .l	 .2	 3 Exit

Position along Centerline (rim)

Figuxe 7. Rall Surface 'temperature Along Centerline as a
Function of Spee ,' and Load -- Naphthenic Base Oil, NJ,
400C math me^moerature, Smooth Ball (.011 jim.c.l.a.)..
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B. Ball Surface Temperature Measurements Linder Severe Conditions

j^	 Tn order to understand the failure of elastohydzodynamic films and the

,.	 behavior of the contact temperatures, it is necessary to examine the EHD
j
4	 contact under conditions which result in relatively thin films, i.e. films

of the same thickness as the composite roughness of the bounding surfaces.

Under such circumstances, the fluid film may be locally discontinuous, 	 t.

resulting in ambiguous fluid temperature readings.. Therefore, during 	 3. .

i	 this study, only the ball surface temperature was measured. In addition,

for convenience, measurements vere.taken only at the center of the Hertzian

contact. The temperature at the contact center is near the maximum
i

(see Figure 7) and is, therefore, representative.of the most severe condi-

j	
ti.ons in the EHD contact.

Figure 10 shows a plot of the ball temperature rise at the contact

center above the bath temperature., as a function . of sliding velocity for

peak HertzHertz ressures ranging from 0.52 to 2.03 GN m 2 . For ap	 p	 g g	 /	 given Hertz

pressure, the data plottedd on log-log coordinates falls on one.straight

line for velocities up to a certain valuer and then on another line, of

lower slope, for higher velocities. This decreasing dependence of .tem-

perature on velocity is slipported, by the arguments of .Archard 1223 and	 '

Jaeger [23]. Applying'Archiard's analysis to a.. point contact. results in::	 ^.

the temperature difference between the fluid mi,dplane temperature (assumedi

to be the maximum fluid temperature) and the ball 'surface .:temperature given.

by

Tf T
b
	---^ :2 - (TG • V' h)	 (4)

i 4 era

i
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i'

For a given load, the fluid temperature rise is proportional to the

product (TC-V-h). At Hertz pressures > 1.5 GNIM 2 , the film thickness and

traction coefficients were essentially constant, resulting in a fluid

midplane temperature rise which should be proportional to velocity. It

is apparent that the ball surface temperature rise is less dependent on

velocity (Figure 10) and that this dependence decreases with increasing
;c

velocity. Considering the fluid midplane as a heat source at temperature

Tf , the ball surface temperature is a function of this temperature level and
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i^

for the combined conditions of relatively high velocity and high Hertz

pressure, the data for a given speed follows a power law model with an

exponent on Hertz pressure of approximately 2. Equation (a) can be

rewritten in terms of Hertz pressure, resulting in

f

T  - T  w PHn (TC • h)
	

(5)

r
for a given fluid. The product (TC-h) depends on both P H and v, but the

dependence of the product on P H is small. Therefore, holding V constant,

(Tf-Tb) should be proportional to Hertz pressure to the first power.

However, using the time ratio t1/t2 , described above, the larger dependence
I!

oa PH of the ball surface temperature rise shown in Figure 11 can be

quantitatively rationalized.	 Holding velocity constant, t
1 
/t

2 is propor--
1_ t	 l

tional to the Hertz radius a which is directly proportional to P H .	 The

PH axis in Figure 11 is also a tl/t2 axis for a given V.	 Since it has

been argued that the heat source has a temperature rise proportional to

PH (equation 5), the temperature rise of the surface, will also depend on =

the relative values of t1 and t2 .	 As PH increases, t1 increases as its

square.	 This means that the effective heat diffusion into the ball is

decreasing significantly and the surface temperature will remain relatively
z.

high.	 In addition, as PH increases, t1 increases proportionately.	 This

results.in a longer exposure time of the ball surface to the heat source.
1

i	
Therefore, although CT f-Tb ) rises 'linearly with Hertz pressure the ball

surface temperature will rise significantly faster, because of both ii

i	 increasing fluid residence time and decreasing thermal diffusion.

i

I
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C. Com arison of Results with the Blok-LIaeger-Archard Flash 'hemeratures

A useful summary of the original flash temperature formulation of

Blok [24] and the theoretical calculations of Jaeger 1231 has been given

by Archard 1221 along with a graphical procedure for determining this

temperature. In this section, a comparison of ball surface temperatures

calculated using this method and those obtained experimentally has been

made as shown in Figure 12. Agreement is good in most cases. The

calculated values are contact average temperatures predicted by

theoretical considerations. The measured values are either the

temperature at the contact center when only such temperatures were

recorded, or the mean of the highest and lowest temperatures in the

Hertzian contact area when a temperature map was obtained. A

regression analysis of measured temperatures on calculated temperatures

resulted in a coefficient of determination of 0.85. Table II shows

these temperatures as functions of Hertz pressure and sliding velocity.

It should be noted that the calculated temperatures were obtained by

adding the bath temperature, as measured with a thermocouple, to the cal-

culated temperature rise. The measured values, however, whether the

centerline or contact average temperatures, are the values which result a

directly from the experimental data reduction. The measured values should 	 y

be somewhat higher than the calculated values since both the lubricant

and surface temperatures just outside the EHD contact are significantly

higher than the bath oil temperature due to conduction and inlet heating.

The measured and calculated temperatures agree reasonably well both.

in magnitude and trend with. increasing speed and load. Because it con-
	 1	 a

siders conduction as the only heat transfer . mechanism, the flash tempera-

ture 	 should best agree with experimental results at high.pressures.
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Taile II. Summary of Comparison of Measured Temperatures
and Those Predicted by the Blok-Jaeger-Archard
Theory for the Smooth Ball (0.011 um c.l.a.).

EH Avg. MeasuredV Traction Avg. Calculated Measured Center

(GN/m2 ) (m/s) Coefficient Temperature (°C) Temperature {0C) Tem erature (0C)

2.03 1.0 0.07* 158.9 172 -

1.81: 1..0 0.07* 137.5 167 -

a 1.70 0.05 0.07* 40 60 -
1.0 0,07* 129 154 -
2.54 0.07* 198 202 -

1.51 . 0:70 0.07 98 124 109_6
1.0 0.07* ill 136 --
1..39 0.07 128 147 131
2.54 0.06 156 175 156.7

1.05 0.35 0.16 77.7 65 58.8
0.70 0.13 98.4 81 68.4
1.39 0.07 92.4 i00 81.5
2.54 A.06 101.2 118 90.8
5.08 . 0.04 104.1 120 93.7

*Assumed value based on similar conditions

to

^._	 _
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in these cases, the ratio of contact length to height is the greatest

thereby making conduction more significant. This trend is supported by

t:

	

	 t4a data for Ei = 1.5 1 GN/m2 and 1.05 GN/m2 , in which contact average

measured temperatures have been determined. The average deviation

^I	 between calculated and measured temperatures was 4.8% for the 1.51 GN/m2

y}..	 data and 17% for the 1.05 GN/m2 data using a Celsius temperature scale.

--J

	

	 Although the flash temperature concept offers a means of estimating

the contact surface temperature it is subject to substantial limitations.

The average value obtained can be significantly in error, but more

important, the method yields only an average. The peak temperature, which

may be more important in determining contact behavior, is Often much

higher than the average.
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D. Surface Roughness Effects

To study the effect of surface roughness on ball surface temperature

at the contact center, AISI 52100 chrome steel balls of different surface

roughnesses were used in the MD contact simulator. Up to this point,

the center line average surface roughness of the steel balls has been

.011 pm. The roughness characteristics of the balls used in all studies

were independent of direction on the surface. This random orientation

is a result of different lapping and polishing techniques.

Profiles of the sapphire surface and ball surfaces were measured

using a Bendix Group XV System with a modified specimen holder to accom-

modate the curvature of the ball surfaces. The surface profiles are

shown in Figure 13 for the sapphire surface and the three ball surfaces

investigated. In addition to the .011 pm surface roughness ball, balls

of .076 pm and .381 Um surface roughness are shown. The plots in Figure

13 do not all have the same vertical magnification, as noted. The

curvature of the ball surface can also be seen at high magnification

levels. in the following discussions, the .011, .076 and .381 pm surface

roughness balls will be referred to as the smooth, medium rough and rough

surface balls respectively.

Figures 10, 14 and 15 shoat ball surface temperatures at the center

of the EHD contact as a function of speed and load for the smooth, medium.

rough and rough balls respectively. In addition, Figure 16 shows the

3
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at the contact center. It was necessary to make this procedural change

because the contact center could not be located when the rough ball was

used. This is due to the disappearance of the interference fringe pattern

because of light scattering at the relatively large surface asperities.

Therefore, the contact was scanned for the maximum surface temperature in

each case.

The temperatures for the smooth and medium rough balls are only

slightly different throughout the range of operating conditions. The

surface temperatures for the rough ball appear to be significantly higher

than -those of the smoother balls. To put all temperatures on an equivalent

basis the rough ball data in Figures 15 and 16 should be reduced by

approximately 100C. This is the difference between the maximum and center

surface temperatures for the smooth ball (see Figure 3) .

The parameter A,which is the ratio of ERD film thickness h to the

composite surface roughness o, is a recognized parameter for predicting EHA

contact performance [251. For values greater than 2, no asperity inter-

actions are expected. At A less than 1, severe asperity interaction is

anticipated. The range l 4 A S 2 is a transition region. Surface rough-

ness measurements made on the sapphire and ball surfaces in this labora-

tory are c.l.a. values. The values of A obtained using c.l.a. rather

'	 #	 than r.m.s. roughnesses are not sufficiently different that the transition.

-'

	

	 values noted above are significantly altered 1251. Also, in computing

the parameter A, the film thicluiess value used ..i,s that measured for the

smooth ball. This is necessitated for two reasons. First of all the

interference fringe pattern used to determine filet thickness disappears 	 yr<

as the roughness is increased. Secondly, the meaning of film thickness

f	 `
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is ambiguous at significant roughness levels, since the local

i

thickness changes greatly from point to point. 	 The appropriate

A 'values are shown in Figures 10, 14--16.

f.
in the case of the smooth ball, A is greater than 2 for Hertz

i

pressures up to 1.810 GN/m2 , suggesting no asperity interaction. 	 At
.	 t	 •

PH = 2.83	 GH/m2 A is in the range 1 to 2.	 However, a subsequent measure-

meet of the surface profile (the method is discussed in the next section)

v
did not reveal any surface alteration.

'^ I Experiments using the medium rough ball resulted in A 4. 1 for

PH > 1. 51 GN/m 2 and 1 < A S 2 at lower pressures. 	 Moderate to severe

asperity interaction is therefore expected at all speeds and loads

investigated.	 A relocation surface profile measurement was obtained and

is shown in Figure 17. 	 At a Hertz pressure of 1 ..70 GN/m2 it .can be

seen that peaks have been removed in the wear track.

For the rough ball, 	 is less than one for all operating conditions.

A profile measurement for P H = 1.2	 GN/m2 and V = 5 m/s is shown in

Figure 18.	 The removal of asperities is clearly visible on the trace.

In addition, the alteration of the surface in the wear track could be

visually detected.

42

The above observations reinforce the importance of the parameter A

z	 in describing the extent of asperity interaction. In addition, it is now	 3

apparent that significant asperity interaction will result in increased

surface temperatures.
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E. Relocation Profilimetxy

Figure 19 shows two photographs of the specimen rotation

attachment with a relocation stage fitted to a 13endix Group XV surface i

measuring system. Because of the curvature of the ball surface, it was

,rt

ii
E

IE

i

j^

i

i;

necessary to modify the standard Bendix system to allow measurements over

an adequate arc length at high vertical magnification. This has been

accomplished by rotating the ball about its axis under a fixed stylus.

A relocation mechanism is incorporated in the rotation attachment.

In order to detect any change in the surface profile, it is necessary to

measure the profile at precisely the same point on the ball surface before

and after being used in the EKD contact. Four of the possible six degrees

of freedom are removed by using a pair of V -blocks to support the ball by

two cylindrical collars cemented to the ball surface on opposite sides of

the ball. The centerlines of the collars and ball are made as nei-Xly

c,Ancident as possible. since one of the collars is used to rotate the

ball in the EHD contact simulator, the plane containing the wear track

will be normal to this centerline. The other two degrees of freedom
i

are removed by providing stops to limit motion along the axis of rotation

and the amount of rotation about this axis.

As can be seen from Figure 17, the method has been success-

ful in relocating the same area on the ball surface for re-examination.

However, since it is not practical to obtain profiles of the entire wear

track region before and after running in the 	 :.ontact,..an indication

of no asperity interaction is inconclusive. Asperity interaction may

have taken place at locations other than those measured.

is
l
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i
F. High Frequency Temperature Fluctuations

It has been demonstrated in the previous sections that asperity

interaction can significantly alter the ball surface temperature level.

The results given thus far, however, are time-averaged temperatures

obtained with the infrared detector in the DC mode. In this mode of

operation, the frequency response is 400 Hertz. From the surface profile

measurements (Figures 17 and 18) it has been determined that only a single

asperity can occupy the detector's field of view (.036 mm diameter) at

any one time. However, at 1.0 m/s sliding velocity, the residence time is

only 36 us. The DC mode, therefore, cannot respond to a temperature rise

caused by a single asperity interaction. The available AC mode of opera-

tion, however, can detect such tenps;Yiature transients. The liquid nitro-

gen cooled detector has a response time of S vs. The differences in the

AC and DC modes of operation are shown in Figure 20.

An important consequence of operating in the AC mode is that the

i reference signal is absent. Instead the instrument will produce a voltage
is

difference proportional to the variation in target radiation emitted.

Through an independent experiment, using an external chopper, it has

been determined that the variation indicated in the AC mode is centered

on the signal received in the DC mode. From this information a plot of

4-	 d	 t	 t	 al	 4_1"
4. 	 d	 albite-average surface empera ure Ong VV 	 a maximum an	 um v ues

t; can be obtained.

;I	 Electrical noise problems were encountered when using the AC mode.r;
E

A satisfactory solution was obtained, however, by using a var.-table

a	 electrical band pass filter. Although the noise and signal could not be

entirely separated due to the closeness of their frequencies, a pass
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band of 1.0 to 20 KHz proved effective, since the high peaks in the

signal are within 20 KHz for most of the sliding speeds.

Figure 21 shows a plot of the ball surface temperature at the con-

tact center as a function of Mertz pressure. The .076 pm. c:l:a. surface

roughness ball was used at a sliding speed of 1.0 m/s. The plot shown

was constructed using the DC mode data at five different Hertz pressures.

In addition, the AC mode was used at the four highest Hertz pressure levels.

As is shown in Figure 21, the AC data shows no fluctuation about the DC

level at PH = 1.05 GN/m2 , but shows an increasing amount of fluctuation

as the pressure is increased. The upper and lower curves represent the

range of temperatures detected. it is believed that the peak values

represent individual asperity interactions. Figure 21 also shows the sig-

nificance of the parameter A in predicting the onset of asperity inter-

action. Figure 22 is a graph of the same data, along with data from

higher sliding speeds. In all cases, the center value represents the DC

(time averaged value). From this data it appears that the range of tem-

peratures detected in the AC mode of operation increases significantly

as more of the normal load is supported by individual. asperities. This

corresponds to a condition of decreasing A values.
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