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NOMENCLATURE
a - Hertzian contact radius, m
C Specific heat J/(kg K)

a constart = 10—3 Ns/mz

B Characteristic fluid temperature, C

h - Film thickness, m

k Thermal conductivity, W/ (mK)

P Pressure, N/m2

Q Temperature-viscosity coefficient

T ' Temperature, ﬁ

TC Traction coefficient

£ ' Thermal diffusion time,.s

§2 ' Characteristic fluid resident time, s

U5yl Velocities in the X, Xy, X, directions, m/s

v _ Sliding velocity, m/s

W Normal Joad, N |

Xi’XZ’XB Cartesian coordinates, m

n Viscosity, Ns/m2

A Ratio of film thickness to composite surface roughness,‘h/g_
o o ﬁénsity, kg/m3 .. | |
¢ . .. Composite surface roughr__ie_sé = v’cﬁ + -st um

.T : | Shééﬁ stress, ﬁ/m2 | | |

£ Dummy integraticn variable



subscripts

1 Stationary surface

2 Moving surface

b Bail surface

c Contact center value

b Fluid

H Hertzian conditions

o Ambient conditions or minimum value
5

Sapphire surface

=2

e



I. SIMMARY
During the past year research in the areas listed below has progressed

and is reported herein:

Prediction of Traction in §liding EHD Contacts

The shear stress theory proposed in the previous repori when applied
to the sliding EHD point contact using a naphthenic 0il was found to yield
results consistent with experimental findings for the high end of the speed
range studied. The particular speed at which this theory yields reasonable
rasults depends on the normal load and film thickness. At lower 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. 2A weaker traﬁtibn increase resulted
from an increase in the pressu;e—viscosity dependence of the fluid. Varia-
tion in the therﬁal cbnductivity was found to have.very little effect on

the traction.

Experimental Investigations in sliding EHD Contacis

A complete mapping of the average fluid and ball surface temperature
has been obtained for the relatively high Hertz.pressuré level of 1.51 GN/mz.
“The previous report contained similar data for 1;05.Gme%'Hertz-preésure.
These data are compared to yield a qualitative dependénce of f£luid tempefa—
'ture*levelszon'Herté'pressﬁre;.fﬁﬁffhef étudiésrbf fhe'ball SUffaée'l'z

temperature only were made at pressure levels from 0.521 to 2.03 GN/m”.



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.

A detailed study of the effect of surface roughness on EHD contact
behavior has also béen undertaken. Balls of.théee roughnesé values
rangin§ from .011 +o .381 pm c¢.l.a. were studied using both a su:face
profilimeter and the EHD coﬁtact simulator. Ball sﬁrfacé profilés were
determined prior to running_in the BHD contact, and then through the
use of a rélocaﬁioﬁ technique, the surface.profiles were again measured
after an EHD experiment. It was found that changes in the profiles, as
a result of asperity interacﬁion, were closely related to the ratio of
the film thickness to composite surface roughness and the surface tempera-
ture level. o

Pinally, a techniqua.has been developed whigh altlows tha detexmination
of temperature f£luctuations arising from individual asperity interactions.

- All previous temperature data has been time-averaged by the inﬁrared-
detectof. The high frequency fluctuations are shown to exist only in
cases where aséerity—iﬁteraction occurs. It has also been found that the
range of these fluctuations increases with a decreasing ratio of film -

thickness to composite surface roughness.




II. THE PREDICTION OF 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
mechanisms. The traction is defined as the force generated in thé contact
which resists relative motion of the bearing surfaces. This is directly
related to the power loss in mechanical components such as gears, cams,
and rolling element bearings. Traction studies are alsc motivated by a
need to predict the onset of skidding in rolling element bearings.  How-
ever, due to the physical complexity of the problem, no simple modél
describing quantitatively the generation of traction in an EHD contact has
vet been generally accepted. Complications caused by the large role of
thermal effects and by difficulties in finding a rheological model which
is adequate at high pressures and shear stress have hindered simplified
theoretical analysis.

A number of models for predicting traction have been proposed.
Crook (1), Kannel and Walowit (2), and Allen, Townsend and Zaretsky (3)
all assumed isot .ermal bearing surfaces in their models. Based ¢n tempera-
ture measurements by Turchina, Samborn and Winer (4) this condition appears
'tq'bé physically Violated, particulérly'When a gfeat deal df:slidiﬁg'is
present.  Cheng and Sternlicht {S) and Cheng (6) included thermal effects
in é'ﬁuﬁéﬁicéi'analYSis'deaiing primarily with line:cdntactéiin'fhe.pre;'

- diction of film thickﬁess; préssuré, aﬁd témperature.' While these inves-
' tigaﬁibﬁs give.é grééthdéai.of'inSight“ihtovfﬁé effects of tﬁethIZSéhéﬁioz:u

in the analysis, the éomplexity of the numerical iteration technigque
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limits the practical application of this model for traction prediction

over a wide range of physical situations. Trachman and Cheng (7) predicted
traction in line contacits in a numerical solution which included both
thermal effects, and non-Newtonian rheological models. Archard and Baglin
(8) 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 £rom physical consideraﬂ
tions and established a foundation on which solutions witﬁ thermal effects
and different rheological models may be built.

Jakobsen and Winer f9;11) have taken thermal effects into account,
while limiting to a few graphical steps the work reguired to £ind the shear
stress at a point in a sliding EHD contact. The method is thus suitable
for predicting tractions over a wide range of conditions while eliminating
the restrictions imposed by the azsumption of igothermal wails. In addi-
tion, Jakobsen and Winer {9,10,12) have proposed a Newtonian model for
lubricant behavior, employiné a power-exponential temperature-viscosity
function. _This model resulted from the correlation of measurements on a
capillary viscometer at shear stress levels only 3-5 times less than the
average shear:expected'in an elastohydrodynamic contact. .

This study attémpts to evaluate the shear stress theory and lubri-~
cant rheéological model of Jakobsen and Winer (9-12) hy applying them to -
traction calculation iﬁ a sliding elastohydrodynamic point contact, and
comparing the calculated values to'exﬁerimeﬁtél-méasuréments. Thé correlation -
is limited to a single naﬁhtheﬁic 0il N1 (15). The theory is also uéé&
to predict'tﬁé'efféct'bn'tféction of variations in the lubriéanf:ﬁatéfiélﬂ

properties.



B. BApplication of the Theory

The assumptions which forxrm the basis for this theory are summarized
here in the context of their application to a sliding BHD 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 xq direction.
According to both theory and experiment, the change in £ilm 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 £ilm
thickness is allowed to vary from point to point. While temperature vari-

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

1

of temperature in these directions are smaller than in the x,_, direction by

3
about four orders of magnitude. Therefore, temperature is asgumed to be
pointwise independent of % and xz.

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. Conseguently, the pressure
iz assumed polntwise constant. Detailed discussion of these assumptions
is found in Jakobsen (9). In addition, bo&y forcgs are neglected, and
density and thermal conductivity of the lubricant are assumed constant.

A Newtonian rheological model of thg lubriqant, employing a linear

relationship between shear stress and shear rate, is used. The viscosity-

femperafure dependehqe is expressed by the power-exponential relation
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Figure 1. The ¥Flow Geometry and Major Assumptions.
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both E and @ are functions of pressure. Jakobsen (9) has shown that this
equation givés'a reasonable description of lubricant viécosity within the
range of temperature and shear stresg normally found in an elastohydrodynHH
awic contact. |

Thrdugh integrations of the energy equation and the equations of
motion, reduced by the above assumptions énd-the given rheological ﬁodél,
the theory provides a means of calculating the shear stress T at any point
in a éliding ﬁHD contact.ﬁ The gonﬁition of anvédiabatic stafionary wall
yieids the relétion | |

T, 2
| J’Ti ner,g tar = - g o (2)

which is used to determine the temperature of the stationary surface, T

1
The shear stress at a point in the contact is then determined from the
equation
T, T
_ i 1 “l . =1/2 o
T= - fT -5 fT [n(&,Q) "dE] ar (3)

TherfOIlowing parameters must be known- the temperature of the mov1ng _
éurféce, T,i the fllm thlnkness, h, the thermal conductlvlty of the fluld

k- the sllﬂlng speed, V, and tha viec usmty parameters Q and E. Thesge

?1atter two are calculatea from the above eqpatlon and from v15§ometrlc::

data on the lubricant at the pressure of the point under consideration.



In order to perform thiszs calculation, therefore, some assumption about
the pressure distribution in the contact must be made. A Hertzian
pressure distribution was chosen because pf its simplicity for practical
application, and its apparent applicability to a wide range of opérating
conditions. The computer-generated solutions to the BUD 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 caléulating the.sheér stress at a point in the
EHD contact is represented in the form of dimenéionless charts in Jakobsen
and Winer (11). The basic equations of the present theory were solvea |
numerically. The traction in an EHD point contact was found by systemati-
cally calculating the shear stress throughout the Heftzian contact, énd
numerically integrating it over the contact area to yield the traction.
Details of the numerical methods used; aé well as a liétiné of the computer
program, are given in Kunz (13).

C. GEvaluation of the Theory

Measurements of traction for mineral oil N1 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

the previous section. The conta.t consisted of a rotating steel ball

whose surface was sliding with constant speed on a stationaxy flat surface

of synthetic sapphire. The-traction}was measured‘for normal ldédS'of'67.
and 334 N, and sliding_speeds.rangingvﬁrom .35_to_i2?7 m/s; |
The tempe;atﬁ:e dist;ibution on the surface of the ﬁoﬁing_ball
for each set of conditions was known fram.mgasurementsjmaae-uai@g”#ha,’

infrared technique'described[iﬁ Purchina, Sanborn and Winer' (4).  The




distribution of f£ilm 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 N1 was s
obtained From Novak (16). Because viscosity data was only availzble at a

B

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

experimental curves up to.the maximom Hertzlan pressure of 1.0 x 109 N/mz
for the 67N load, and 1.7 x lO9 N/m2 for the 334N load. This extxapoiation
was performed using Roelands' (17) pressure-viscqsity correlation.

‘Figure 2 showsva plot of both calculated and measure& tractions
against éliding speed fﬁr the 67 N load. The traction is represented in
the form of a traction_coefficient, defined as the ratio between the trac-
fion foree and the normal load.. Figure 3 is a similar plot for the 334 N
- load. Eigu;es 2 and 3 bqth indicate that the agreement between calculated :
and measured traction becomes better as the sliding speed increases.
Bgcau;e the film thickness decreases as the 'sliding speed decreases, there
is a possibiiity th#t the divergence at ;ower speeds is reléted to asperity
interactioﬁr._Such-intexaatiqn cquld,affectzthg contact in basically two -
ﬁays.which would tend to decrease the actual'tractioh below the calculated
- yalues, as ;s observed in the figures. Fixst, the CQntact_bEtween'aéperi~
ties qould‘gct-as an additional souﬁce of heat whicﬁ would raise the film

-+ temperature, and in turn lower the lubricant viscosity and therefore the

traction. The traction model used in the calculations aésumes that the

.. only source of heat in the EHD contact is that aue.tdfviSéoﬁs §heafiﬁg~gf ?
of the iubricant. Therefore, one could expect caloulated tractions té_
 exceed the measured values. In'adéiﬁibh,'as:thé.fiim'ﬁﬁickﬁé$§ deé£éa§eéi _-

' and asperities come into contact, the asperities themselves would be’
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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
predicted. Asperity interaction counld 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
on a profilometer. A composite rms surface roughness of about .046 um
was found for the two surfaces. .A‘study by Sibley (18)'indicates.thet
some asperity interaction ﬁay be expected when the ratio A of £ilm thick-
ness to composite surface roughness is less than apéroxiﬁately'ZiSJ"Receut
surface temperature measurements in this laboratory (see Section III)
"1nd1cate that asperlty 1nteractlon beglns to 1nf1uence surface temperatures
as A becomes one or less. Accordingly, the measured film thlckness at
each speed 1s shown in Flguree 2 and 3, along w1th the reglon croes hatched
which 1nd;cates afof from 1 to 2 5. If the lem thlckness 15 below the
‘cross hatched region, asperlty 1nteraetlon 15 certaln to occur.:”'

Ancther conslderatlon in explalnlng the dlsparlty hetween ealculated

and measured results lS £ behavmor of the fluld under ‘the extreme condl-

tlons 1mposed by a 1ow slldlng epeed. It may be upveasonahle to assume that»

a slngle rheologlcal model is. adequate to descrihe lubrlcant behav1or
A‘throughout euch a wmﬁe range of operatlng condltlons.‘ Johneon and Roberts
: (19) suggest that, above some - crltlcal shear stress,. the fluld fllm behaves
ln ‘the ‘manner of’a plastle solld rather than & vlseoue llquld The possmr
| blllty therefore exmsts that the rheologlcal model used in. thls work

A'breaks.down ‘when the;sheax,strees_in-the=film-reaehesieeme maximum
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limiting value. The Johnson and Roberts limiting shear stress model
would result in tractions closer to the measured values than the present
model if the limiting shear sﬁréss of the fluid is leéss than the values
calculated with the present model.

For the 67 N loéd, the meximum shear stress calculated at 1.40 m/s
was in the neighborhood of 8.0 x 107 N/mz. Similarly, for the 334 N load at
2.54 m/s, the maximum shear stress in the contéct was calculated to be
8.1 x 10’ N/mz;_ Each of these two cases corresponds to the trangition
speed at which calculated and measured tractions begen 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_stfesses.

D.  The BEffect of Material Parameters on Traction.

The effects on the traction of variations in the lubricant material
parameters: -temperature-viscosity dependence,.pressure—viscqgity_depen—:
dence, base or inlet viscosity, and thermal.cgnductivity were studied. -
These-quantities were yvaried indgpen@ept;y ig_calculations using;the o
measured surface temperature and £ilm thickness found forrrluid.Nl (the
1.naphthenic.hasé‘dil.Clﬁllw: The reSu1ts:Were.then_compared_with the cal- -
culations for Fluid Nl. |

Iﬁ'érdér.fotéxamine the effect pfrtempérature&Viscosity dgp¢n6ence_*{

on the calculated traction; a model fluid having the same pressure dependence
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and inlet viscosity as Fluid N1, but having an exponential temperature-
viscosity coefficient —-——4 one-half that of N1 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 churacteristics
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 lubricanﬁ, 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 N1
to the high pressures near the center of the contact. The shape_of the
pressure—viscesiﬁy curve was taken to be the same as that for a similar
nagphthenic £luid, (Fluid 36~G of the ASME PressureHViscesity Report (20)
for which data was available up to 6.9 x lD8 N/mz. The viscosity thue
‘obtained for ﬁhe pressure at the center of the contact was three times
less.tﬁen thaﬁ-previouslf used for Fiuia Nl.. The v;sc051ty and temperature
dependence at inlet condltlpns were taken to be the same as those for
Fluid Nl. The tractlon calculatlons u51ng these VlSCOSltles were about
15% 1ower than those of Fluld N1 for the same load and speed condltlons._vwf_

ThlS indicates that an lncrease in the traction would result from increases

in_the_pressuxeaviscosity-dependence,,but.that“themtrection_is“xeletively SRR

insensitive to such changes.

The effect of the inlet visqoeity on the traction was also studied. -
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Another model fluid was used, having the same pressure and temperature
dependence as Fluid N1, but having a viscosity at inlet conditions three
times that of Fluid Nl1l. As before, all other system parameters were
held constant. The resulting traction coefficient was greater than that
for Fluid N1 by a factor of 1.75. The traction therefore increases as
the inlet: visdosity increases.

The only other lubricant material parameter involved in the traction
calculation is the thermal conductivity. Variations in this property‘appéax'
to have very littlé éffect oh the tractién. In addition, the thérmal
~conductivities for most hydrocarbon and dimethyl siloxane iubricants a1l
within a very Narrow range.

Traction measurements would not be expected to be as sensitive to
material property differences as the gbove caleulations indicate. This is
primarily because the surfage temperatures for Fluid N1 were used in the
calcﬁlations. Using a more viscous fiuid, foi instaﬁce, would increaée
the energy dissipation in the contaqﬁ, thus increasing the temperature
and decreasing the traction until a léWer sfeadf staﬁe value is reached
with hlgher surface temperatures. Temperatures and £ilm thicknesses for
Fluid N1 were used only so as to allow 1ndependent varlatlon of the
material»parameters._ Consegpently, the results of the calculatlons of thls
section should be v;ewed as relatiye VarLatmons only, rather than as
abgolute magnitudes to be expected in actual lqbrlpatxon 5;tuat;ons, )

E, COnélusions | | N
- The -shear stress. theory of Jakobsen and"Winex_(illr.Whﬁﬁ applied Lo
Ato a sliding EHD point contact, was found to yieLd realistic.values fp? :

| ‘the traction at high sliding speeds. The particular speed at which the. -
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theory becomes applicable depends on such factors as normal load and £ilm
thickness. At lower sliding speeds, the calculated tractions exceeded

the measured values. This was possibly due either to the onset of asperity
interactidn aé the £ilm thickness dedreased,'or to the break&own of the
Newtonian fluid model at high shear stress.

Calcﬁlatioﬁs based on the theory indicated that the.traction tends
vto increase with an increase in base viscosity and a decrease in tempera-
ture viscosity dependenée of the lubricant. A weaker tfaction increase.
resulted from an increase in the pressure~viscosity dependence of the
.flﬁid. Vafiaﬁicn in the therﬁal cbnducfivity was fbund to.have very

__little effect on the traction.
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IXT. EXPERIMENTAL INVESTIGATIONS IN SLIDING EHD CONTACTS

A. Temperature Distributions at a 215N Normal Toad

The distribution of the average £luid £ilm temperature and ball
surface temperature, for a load of &7 N {1.05 GN/m2 maximum Hertz pressure)
have been cbtained using the test apparatué shown in Figure 4 and the
results were reported previocusly [10,21]. Similar measuremenis for the
case of a normal load of 2158 (1.51 GN/m2 maximum,Hertz preséure).ﬁere
made and the most important results are given in Table I. It can be seen
from Table I that the f£ilm thickness-at the éenter of the EHD cohjunction,
at the side lobes and at the contact exit are all essentiallg the same.
This constant £film thickness tends to give more symmetric temperature
distributions than previouslyvobserved. .

In addition, at the higﬁer load (215N), the maximum bali surface and
fluid temperatures always occurred on or near the contact centerline at
_avpointvdownstream 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 uniforxm f£ilm thicknegs, viscous dissipation is a maﬁ—
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_exiﬁ depending -on the-eﬁfgctiveT'
ness of heat transfer:at the bearing surfaces. .At 1ower loads [10j, the
- maximum contact temperature may occur off the contact centex line, fox .
example, at the side lobe conétriction. This is attributable to the very
~ low- £ilm thicknesses at the side 1ohésiéqmpared-to othe;'lddationsrﬁ
Also, the position of ﬁhé~maximum Fluid £ilm temperaturg ié upstream

of the position of the maximum ball éﬁffacé'tEmperature._'Kbebingvihfmind'




'Table‘I-. $ Sununary_ of Exﬁefimental Results for 215N Normal Load
' L (1.51 _GI.\?/’rrL2 = 219 kpsi peak Pressure)
For 0.012 um (0.45 p-ix.} Cla. ball.

Temp.

' o h_ 5 o Temp. Temp. : Temp.
Speed h - sidefobe Cent8rLine at Inlet-°C  at Center-°C - Centerline Max °C  Sidelcbe max °C
m/s i min min _ : '
L ' um . um Ball : FPlnid Ball Fluid Ball Pluid Ball Fluid
0.70° 0.065  0.065 0.065 67 - 155 136 212 149 217 76 168
1. 39'j' 0.088 0.088 -0.088 85 163 156 224 175 226 110 186
2.54 0.088 o1 177 187 243 197 246 ' No Sidelobe

0.088

0.088

(_Efluid N1, Load 2151\1 (peak Pressure = 1.51 GN/mZ) » Bath Temp. 40+ 1C).

maxi.

8t
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Figure 4., Slidinhg EHD Test Apparatus.
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that the fluid £ilm temperatures are essentially fourth power averayes
through the film, the observed shift in peak temperatures does not imply

a violation of physical principles gince 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 [10]., In the present
case, the ball surface enters the ﬁertzian contact at 85 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 ) in
the side lobes has significantly increased compared to the lighter load
of 678 [10]. In the lighter load case, the temperatures were 171 C and
173 C respectively. At 215N, the secondary maximum_aisappears as the

- speed is increased.

Figures 7 and 8 show respectively the ball surface ané fluid tempera-
tures along the centerline for a range of speeds. Results for the 67N
load are also shown. The difference between the nature.qf the temperature
distribution along the centerline for the two loads is attributable to

- different shapes of the £ilm thickness profiles. The nearly constant film
thickness at the 215N load yields fluid temperatures, which like the ball
' temperatures'in both cases, change.smoothly along the centerline.

Figure 9 shows the inlet temperature increase as functions of speed

for the £luid and ball surface at the higher load condition. Temperatures .
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Inlet .30

.25

~

EHD Contact Location (mm}
Flow

EHD Contact Location fmm)

Figure 5. Ball sSurface Temperaturg (“C) - 1.05 GN,m2 Hertz Pressure,
Naphthenic Base 0il, 40 C Bath Temperatuxe, 1,39 m/s
Sliding Speed, Smooth Ball (0.01l um c.l.a.)
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Figure 6. Average Fluid Temperatuze (?C) - 1,05 GN/m” Hertz Pressure,
: naphthenic Base 0il, 40°C Bath Teéemperature, 1,39 m/s.
§liding Speed, Smooth Ball (0.011 ym c.l.a.).
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¥ VvV = 5.08 m/s
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Figure 7. Rall Surface Temperéture Along Centerline as a
Function of Spee? and Load - Naphthenic Base 0il. N1,
_ 40°C Bath Temperature, Smooth Ball (.01l ym c.l.a.).
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A V = 2,54 m/s
80 v=1.39 m/s
O = 0.70 m/s
240
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N
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Position Along Centerline (mm)
Figure 8. Average Fluid Temperature Along Centerline as a

Function of Speed. PH = 1.51 GN/mz, Naphthenic

Base 0il N1, 40°C Bath Temperature, Smooth Ball
(.011 ym c.1l.a.). Shaded area represen&s envelope
of similar data taken at PH = 1.05 GN/m  (ref. 10).
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have been measured at the point of entry to the Hertzian contact zone.

It is apparent that a significant amount of inlet heating has occurred.

Inlet shear heating is important because it has a significant effect on

. the viscosity of the oil entering the contact and therefore, is instru-

mental in determining the £ilm thickness. . The inlet surface and £luid.
temperatures increase steadily with speed because the f£ilm thickness does

not change appreciably with speed'and consequently results in higher

viscous dissipation at higher speeds.
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B. Ball Surface Temperature Measurements Under Severe Conditions

Tn order to understand the failure of eléstohydrédynamic films and the
behavior of the contact temperatures, it is necessary to examine the EHD
contact under conditions which result in relatively thin films, i.e. films
of the same thickness as the composite roughness of the bounding surface#.
Under such circumstances, the fluid film may be locally disccntiﬁuous,
resulting in ambiguous fluid temperature readings._ Therefore, duringr
this simdy, only the ball surface temperature was measured. In addition,
for convenience, measurements were_take; only at the center of the Hertzian
contact. The temperature at the contact center is near the ﬁaximum
(see Pigure 7) and is, therefore, representative of the most severe condi-
tions in the EHD contact.

Figure 10 shows & plot of the bali temperature rise at the contact
center above the bath temperature, as a function_of-sliding velocity ﬁo;
peak Hertz pressures ranging from 0.52 to 2.03 GN/mz. For a given Hertw
pressure,'the data plotted on log-log coordinates falls on one straight
line for wvelocities up to a certain value and then on another 1iﬁe, of.
lower slopé, for higher velecities: - This decreasing dependence bf_temF L
perature on velocity is supported, by the arguments of Afchard [22] and:
Jaegér~[23j;- Applyingfaichardfs'analysis to a. point contact resullts in
the temperature difference between the fluid.midplane temperature-(assuméd
o be the maximun Fluid temperature) ‘and the ball surface’temperature given . -
by | |

ro-r = =) @eyw o 4y

£ b

S 4kaa2_
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For a given load, the £luid temperature rise is proportional to the
product (TC-V-h}. At Hertz pressures > 1.5 GN/mz, the film thickness and
traction coefficients were essentially constant, resulting in a £luid
midplane temperature rise which ghould be proportional to velocity. It
- is apparent that the ball suxface temperature rise is less dependent on
velocity (Figure 10) and that this dependence decreases with increasing
velcCity. Considering the fluid midplane as a heat source at temperature
Ter the ball surface temperature is a function of this temperature level and
two characteristic times: the time conmstant for heat penetraﬁioa to a
depth of one contact radius below the ball surface tl is (azcbpb/zkb) and
the characteristic fluid resident time t2 is (a/Vj [22]. For a giﬁen-lcad
and constant h, which is essentially true for P > 1.5 GN/mZ, the ratio
tl/t2 is directly proportional to velocity. For a eivee load, in fact,

tl is essentially vonstant under these conditicns, which implies that the
diffusion rate inro.the ball is.fixed, while the fluid resident time
varies inversely with velocity. A point on the ball surface is then
expcsed,for tlme t2 to the fluid mid plane temperature level, whlch |
increases llnearly Wlth.VEIOCLty, but the exposure tlme decreases wmth
 ve1cc1ty. The net effect is a surface temperature with a decreas1ng slope
.as_ shown in Flgure 10. The temperature rise shown in Flgure 10 is the
dlfference between the ball surface and lubrmcant bath temperatures. |

Figure 10 also ccntalns ball surface temperature data as a functlcn

cf,lcad. The same data, at selected velccltles, ls replotted in Flgure ll;
.as_acfunctrcn'ef;ﬁertz-pressure. The”remperatgre rrse ;s rhe.d;fference
betﬁeen the 5ali temperature at the contact center and_rhe lubricart bath

- temperature as measured with a’thermocouple. Figure 11 shows thet”egcept_a'
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for the combined conditions of relatively high velocity and high Hertiz
pressure, the data for a given speed follows a power law model with an
exponent on Hertz pressure of approximately 2. Equation (4) can be

rewritten in terms of Hertz pressure, resulting in

Tf - Tb & PHV(TC-h) (5)

for a given £luid. The product (TC*h) depends on hoth PH and v, but the
dependence of the product on PH is small. Therefore, holding V constant,
(Tf—Tb) should be proportional to Hertz pressure to the first power.
Bowever, using the time ratio tl/tz, described ghove, the laxger dependence
on PH of the ball surface temperature rise shown in Figure 1l can be
quantitatively rationalized. Holding velocity constant, tl/t2 is propor-
tional to the Hertz radius a which is directly proportional to PH. The

Py 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 wvalues of tl and tz. As PH increases, tl increases as its
sqpére. This means ﬁhat the effectiﬁe heat diffusion inte the bali is
decreasing significantly and the surface temperature will remain relatively
high. In gddition, as Pﬁ increases} t increase; proportiagatelf. ‘This‘
results in a longer exposure‘timé of tﬁe ball éurface to the heat source;
Therefore, although (T.-T, ) rises iinearlf Wiﬁh.Hertz pressure the pall

. surface temperature will rise significantij fastgr; becauserf koth

increasing fluid residence time and decreasing thermal diffusidn;_
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C. Comparison of Results with the Blok-Jaeger—Archard Flash Temperatures

A useful summary of the original flash temperature formulation of
Blok-[24] and the theoretical calculations of Jaeger [23] has been given
by Archard [22] 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 coﬁsiderations. 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 valges, however, whether the
centefline or contact average temperatures, are the values which result
directly from the experimental data reduction. The measured values should
bebsomeﬁhat higher than the calculated values since hoth the lubricént
and surface temperatures just outside the EHD contact are significantly
higher than the bath oil temperature due to conduction and inlet heating.

Thejmeasured_and calculated.temperatures agree reasonably well hoth
in magnitude and trend uith.increaéing speed and load. Becauée it con-
siders ccndqctign_as the only heat transfer_mechanism, the_flgsh tempera-

ture theory should best agree with experimental results at high pressures.



Measured Temperature, Tb(C)

200

175

'd
s

 ad
L]

=07

75

25

O Contact Average Values
A Contact Center Values
- A
e
Ve
y
Ve
~ A B 7
7
A pod
" A py
/
A e
B A ’
©8 7
Ve
o 7
7
- A V4
7
s
Vd
s OA
- re
f
s A O
_ Ve
A s 0
e
u e
Ve
’
.’
/7
d i L 1 ] i i
25 50 75 - 100 125 150 175 200
Calculated Temperature, T, )
' Pigure 12. Comparison of Average Contact Températures Calculated -

Using the Blok: Jaeger-Arxchard Theory and Measured.
Temperatures, Smooth Ball (0.C1ll ym c.li.a.).

33



Tabhle II. Summary of Comparison of Measured Temperatures
and Those Predicted by the Blok~Jaeger-Archard
Theory for the Smooth Ball (0.011 pym c.l.a.).

1?H . -V : Traétion Avg. Calculated Measured Center Avg. Measured
(GN/m_z} (m/s) ~ Coefficient Temperature (°c) Temperature Coy Temperature °c)
2,03~ L.o 0.07% 158.9 172 -
1,81]: 1.0 , 0.07* 137.5 167 -

1.70 0.05 0.07% 40 60 -

E 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* 111 136 -
1.39 0.07 128 147 131
2.54 0.06 156 175 156.7
S 105 0.35 0.16 77.7 65 58.8
0.70 0.13 _ 98.4 8l 68.4
1.39 .07 92.4 100 81.5
2.54 - 0.086 101.2 1ls 90.8

5.08. 0.04 104.1 120 93.7

" *Agsumed value based on similar conditions

e
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In these cases, the ratio of contact length to height ig the greatest
thereby making conduction more significant. This trend is supported by
the data ﬁor %{ = 1,51 GN/m2 and 1.05 GN/mz, in which contact average
measured temperatures have been determined. The average deviation
between calculated and measured temperatures was 4.8% for the 1.51 GN/m2
data and 17% for the 1.05 GN/m2 data using a Celsius temperature scale.
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 suxface temperature
at the contact center, AIST 52100 chrome steel balls of different surface
roughnesses were used in the BHD 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 cri the surface. This random orientation
is a result of different lapping and polishing technigues.

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 Pigure 13 for the sapphire surface and the three ball surfaces
investigated. In addition to the .01l um surface roughness ball, balls

‘of .076 ym and .38l 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 gurface can also be seen at high magnificationr
levels. In the folleowing discussions, the .011, .076 and .381 Hm surfade
roughness balls will be referred to as the smooth, medium rough and rough
surface balls reépectiveiy. | | |

Figures 10, 14.and 15 shpw ball surface témperatures at the center
' of the EHD contact as a function'éf.speed.and icad for the smooth, medium.
rough and rough balls respectxvely In addltlon, Flgure 16 shows the
temperature data replotted as temperature rise (dlffnrence between ball
surface and bulk 011 temperature) as a functlon of neak Hertz prESsure
',and sliding spegd,_ In the experlments with the rough ball, the tempera~

Cture reported_is_the maximum in the contact,4whethgr‘or not lt.ocqurs__ L
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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 aséeritiés.
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 6f the émoother balls. o put all temperatures on an egquivalent
basis the rough ball data in Figures 15 and 16 should be reduced by
approximately 10°c. 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 EHD film thickness h to the
composite surface roughness 0, is a recognized parameter for predicting EHD
contact performance [25]. For values greater than 2, no asperity inter-
actions are expected. At A less than 1, severe asperity interaction is
‘anticipated. The range 1 < A < 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 tramnsition -

values noted above are significantly altered [25]. Also, in computing
the parameter A, the film thickness value used is that measured for the
smooth ball. This is necessitated for two reasons. First of all the
interference Eringe pattern used to determine £ilm thickness disappears

" as the roughness is increased. Secondly, the meaning of £ilm thickness
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is ambiguous.at significant roughness levels, since the local
thickness changes greatly from point to point. The appropriate
A values are shown in Figures 10, 14-16.

In the case of the smooth ball, A is greater than 2 for Hert=z
pressures up to 1.810 GN/mz, suggesting no asperity intmraction. At
PH = 2.03 GN/m2 A is in the range 1 to 2. However, a subsequent measure-
ment of the surface profile (the method is discussed in the next section)
did not reveal any surface alteratiom.

Experiments using the wedium rough ball resulted in A < 1 for
PH > 1.51GN/m2 and 1 < A < 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 heen removed in the wear track.

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

A profile measurement for P_ = 1.24 GN/m2 and V = 5 m/s is shown in

H
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.

The above obgervations reinforce the importance of the parameter A
‘in describing the extent of asperity interaction. In addition, it is now

apparent that significant asperity interaction will result in increased

surface temperatures.
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.~

E. Relocation Profilimetry

Figure 19 shows two photographs of the specimen rotation
attachment with a relocation stage fitted to a Bendix Group XV surface
measuring system. Because of the curvature of the ball surface, it was
necessary to modify the standard Rendix 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 E£ixed 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 EHD 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 nearly
coincident 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 cente;line._ The other two_degrees of freedom
are removed by providiné stecps to iimit motion.éiong the axis of roéation
and the amount of rotation about this axis.

As can be seen fxom Figﬁie if, the mefhod has been success—
ful in telocaﬁing the séme area on the ball surface fox re-examination.
However, since it is noﬁ practiﬁalvfo obtaihbpr§filesAof theAentireAwearA
track region before and after running in the EHD contact, an indicaﬁiqp _
of no asperity interaétion is ineonclﬁsive,ﬁ.Aséeﬁity inferactionrmay

have taken place at locations other than those measured. -
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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 detzctor 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 gliding velocity, the residence time is
only 36 uysg. 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 tempsetature transients. The liquid nitro-
gen cooled detector has a response time of 8 us. The differences in the
AC and DC modes of operation are shown in Figure 20.

An important conseguence of operating in the AC mode is that the
reference signal is absent. Instead the instrument will produce a voltage
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
time~ayeraged surface temperature along with the maximum and minimum values
can be obtained.

Electrical hoise problemé were enCOUnfered when using the AC mode.

A satisfactory solution was obtained, however, by using a variable
électrical band pass filtér. Although the nbise 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 Hertz pressure. The .076 um e.l.a. surface
roughness ball was used at & 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 1s shown in Figure 21, the AC data shows no fluctuation about the DC
level at PH = 1.05 GH/mz, 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. Pigure 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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