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EEFECT OF STARVATION ON FILM THICKNESS AND TRACTION UNDER 
ELASTOHYDRODYNAMIC ROLLING AND SLIDING CONDITIONS . 

by Lavern D. Wedeven 
Lewis Research Center  

SUMMARY 

Traction and film thickness measurements under starved elastohydrodynamic rolling 
and sliding conditions have been made for a point-contact geometry. Fi lm thickness 
measurements were made optically by interferometry.  Under combined rolling and 
sliding conditions, film thickness var ies  with the location of the inlet lubricant boundary 
in the same way as it does under pure rolling conditions. 

centerline in the direction of rolling. 
which is essential for the establishment of a flooded condition. 
conditions do not adequately define the location of pressure  commencement o r  the onset 
of starvation. 

In all cases  tested, a starved film w a s  observed to possess  grea te r  traction than a 
flooded film for  the same slide-roll  ratio.  F o r  a given slide-roll  ratio,  starving the film 
simply increased the shear  ra te  in the Hertzian region. The shear  ra te  depends on the 
degree of starvation. 
40x10 

The inlet fluid velocity distribution w a s  estimated within an elemental s t r ip  along the 
Backflow occurs  over a portion of the inlet region, 

Certain fluid velocity 

Measured shear r a t e s  increased an order  of magnitude, from 
seconds-', when the film w a s  severely starved. 4 4 seconds-' to 400x10 

The relative increase in traction due to starvation for a given slide-roll  ratio de- 

The interaction of traction and starvation under the elastohydrodynamic (EHD) 
pends primarily on the thermal and fluid rheological conditions within the Hertzian re- 
gion. 
conditions tested appears  too complicated to normalize the traction under a starved con- 
dition with i t s  corresponding flooded value a t  the same slide-roll ratio. Thus, the t rac-  
tion measurements were considered in t e rms  of the shear  ra te  within the Hertzian region 
In th i s  way the flooded and starved traction measurements could be compared under con- 
ditions of s imilar  heat generation. 
tions under starved conditions were  found to be grea te r  than the traction values under 
flooded conditions for  the same shear  ra te .  This can be explained by the improved heat 
conduction when the film is thinner (o r  starved),  

When the shear  rates in the Hertzian region w e r e  low and the film w a s  severely 
starved, the measured tractions were much lower than expected. It is tentatively sug- 
gested that th i s  may be due to the la rge  shear  s t r e s ses  developed by the la rge  pressure  
gradients that a r e  generated in the inlet region when i t  is severely starved. Thus, the 
shear  history of the fluid in the inlet region may affect the the traction developed in the 
Hertzian region. 

Except for low ra tes  of shear, the measured t rac-  



INTRODUCTION 

In the lubrication of bearings and gears  the lubricant frequently functions as a cool- 
ant as wel l  as a lubricant. 
inherently a good lubricant may be required to provide less cooling. 
required for  cooling is usually very much grea te r  than that required for  lubrication. 
However, excess cooling fluid in confined spaces  between rotating par ts  generates heat 
through churning and contributes to power consumption. These churning losses  can be 
quite significant in high-speed bearings and gears .  

In order  to reduce churning losses ,  the design trend is to separate  the lubrication 
and cooling flows. F o r  example, advanced designs of high-speed turbine bearings use  
underrace cooling and provide small  amounts of fluid between split inner raceways for  
lubrication (ref .  1). Gears  are frequently cooled by supplying fluid to the demesh side 
of the gears  ( ref .  2). The heat generated in the conjunction zone between the gear  teeth 
is conducted into the oil ,  which is then flung off the gear  teeth before they mesh again. 
The residual oil remaining on the gear  teeth pr ior  to meshing should be small  enough to 
avoid significant churning losses  in the gear  mesh but large enough to provide adequate 
lubrication. 

These two functions are interrelated in that a fluid which is 
The amount of fluid 

F o r  high-speed applications, mist  lubrication of bearings and gears  is frequently 
used. 
and cooling is achieved from the gas phase of the mist .  

Clearly, there  is a definite trend in high-speed bearings and gears  to l imit  the sup- 
ply of fluid for  the purpose of lubrication s o  that power consumption and heat generation 
can be reduced. In addition, it has been standard practice in the field of gyroscope 
bearings to supply only minute quantities of fluid in o rde r  to achieve very low and con- 
stant torque for optimum performance. Fur thermore ,  the conjunction regions of many 
bearings and gears  may be fed with a limited lubricant supply, not by design but by acci-  
dent. 
supply is difficult to penetrate, and high rotative speed causes the lubricant to be ex- 
pelled from the system. 

supply and distribution on lubrication. 
has been shown theoretically for conditions of point contact ( ref .  3)  and line contact 
( refs .  4 to 6 ) .  
tions ( refs .  3 and 7). 
lubricant supply on traction, as well as on film thickness, for  various degrees  of rolling 
and sliding. There have been occasional references to the important effect of starvation 
on traction between surfaces  in  relative sliding (refs. 8 and 9). 
tigation has been performed under the conditions of elastohydrodynamic lubrication found 
in gears  and rolling- element bearings. 
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Here  lubrication is achieved by a very small  quantity of fluid in the form of a mist ,  

The cri t ical  areas of lubrication are usually in confined spaces  where lubricant 

Thus,  i t  i s  important to understand the influence of a restr ic ted o r  starved lubricant 
The influence of starvation on film thickness 

These solutions have been verified experimentally under rolling condi- 
The present study w a s  conducted to investigate the influence of 

But no thorough inves- 



In this investigation, traction between a ball and transparent disk was measured for 
various quantities of lubricant. Optical interferometry w a s  used to measure oil film 
thickness. The interference fringes were recorded by high-speed photography, which 
also serves as a means for  obtaining the quantity of lubricant. 

SYMBOLS 

Hertzian radius, m (in. ) 

modulus of elasticity of ball and transparent disk mater ia ls ,  N/m (psi)  2 

reduced elastic modulus, , N/m2 (psi)  
E' 2 

film thickness, p m  ( p i n . )  

film thickness at inlet lubricant boundary, pm (pin.  ) 

film thickness a t  center of the Hertzian region, p m  (p in .  ) 

central film thickness under flooded conditions, pm (pin.  ) 

dimensionless gap thickness 

dimensionless gap thickness at inlet lubricant boundary 

ratio of starved to flooded film thickness 

film thickness at rear constriction, pm (pin.  ) 

film thickness at side constrictions, p m  (pin.  ) 

thermal conductivity, W/( m)(k) (cal/( sec) (  cm)('C)) 

pressure ,  N/m (psi)  

reduced pressure ,  ( l / c r ) ( l  - e-"'), N/m2 (psi)  

heat generation, J / (m )(sec) (cal/(cm )(sec)) 

reduced radius of curvature, - = - + --, cm (in. ) 

2 

3 3 

1 1  1 

R1 R2 

radius of contacting bodies of ball and disk,  cm (in. ) 

inlet distance measured from inlet lubricant boundary to leading edge of 
Hertzian region, cm (in.) 

inlet distance necessary to obtain a flooded film thickness, cm (in. ) 
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S/Sf 

u1 

u2 
- 
U 

u1 - u2 

I-1 

' l o  

Sa 1/ 3 

3.52 p ( h 0 ) f 3  2/3 
starvation parameter ,  

t ime of t ransi t  through one-half of Hertzian region, a b ,  s e c  

surface vel0 ci ty 

surface velocity 

rolling velocity, 

sl ide-roll  ratio 

of ball,  cm/sec (in./sec) 

of disk,  cm/sec ( in . /sec)  

(ul + u2)/2, cm/sec (in. /set) 

coordinates, m (in. ) 
2 -1 pressure-viscosity coefficient, (N/m ) ((psi)-') 

Poisson's ratio of ball and disk mater ia ls  

ktO -~ 

h02 
2 2 local viscosity of lubricant, N-sec/m (lbf-sec/ft ) 

2 2 ambient viscosity of lubricant, N-sec/m (lbf-sec/ft ) 

BASIC CONCEPTS AND EQUATIONS 

The influence of starvation on elastohydrodynamic lubrication deals with the supply 
and distribution of lubrication in the vicinity of the conjunction region and how this supply 
influences the hydrodynamic pressure  generation between the surfaces .  The hydrody- 
namic pressure  generation between sur faces  in motion is described by the Reynolds 
equation 

ax 

where the rolling velocity U is one-half the sum of the surface velocities in the 
x-direction and p is the pressure  generated in a fi lm of thickness h having a viscosity 
p. The assumptions involved in the Reynolds equation are given, for  example, by 
Cameron (ref. 10). 
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If the side-leakage t e rm is neglected, equation (1) can be integrated with respect to 
x to give 

where ho is the local f i lm thickness at maximum pressure  (where dp/dx = 0). 
If the variation of viscosity with pressure  is defined by the Barus equation (ref. 11) 

CrP I-1 = /+)e 

then 

h - h o  
e 

dx 

(3) 

(4) 

A s  explained by Dowson and Higginson (ref. 12), i f  the right s ide of equation (2) repre-  
sents  the pressure  gradient of a variable-viscosity fluid, then the right side of equation 
(4) represents  the pressure  gradient of a constant-viscosity fluid. If the pressure  gen- 
erated by a constant-viscosity fluid is called the reduced pressure  q,  then 

and 

Equation (5) is the integrated form of the Reynolds equation in t e r m s  of the reduced pres-  
su re ,  and equation (6) can be integrated to give the reduced pressure  in t e r m s  of the 
actual pressure  p and the pressure-viscosity coefficient cy: 

The influence of starvation can best be understood by considering certain predom- 
inant features  and regions of elastohydrodynamic lubrication. A characterist ic feature 
of elastohydrodynamic lubrication is that the elastic deformation and p res su re  distribu- 
tion are very s imi la r  to the Hertzian condition of static contact. The Hertzian condition 
of s ta t ic  contact is illustrated in figure 1, and a typical elastohydrodynamic pressure  and 
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shape are shown in figure 2. This near  Hertzian condition of contact allows the conjunc- 
tion region to be divided into three smal le r  regions, as shown in figure 2. Thus, a fluid 
particle that passes  through the conjunction region will first of all encounter a converging 
inlet region followed by a parallel Hertzian region and finally a diverging outlet region. 

Inlet Region 

The converging geometry of the inlet region plays an  important role in lubrication 
because the pressure  generated hydrodynamically in this  region determines the film 
thickness further downstream. The importance of the inlet region can be illustrated by 
considering the geometry te rm,  (h - h0)/h3, in the integrated form of the Reynolds equa- 
tion for  the reduced pressure  q ,  as given in equation (5). For a constant-viscosity fluid 
the reduced pressure  gradient is a direct  function of the value of the geometry t e rm.  
The value of this t e rm is plotted in figure 3 as a function of h/ho, which is the dimen- 
sionless gap thickness in the inlet region. The contact geometry is assumed to be 
Hertzian with a parallel  f i lm of thickness ho in the Hertzian region. Thus, the value of 
the geometry t e r m  is zero in the Hertzian region, and significant values are obtained 
only in the inlet region. 
diminishes in the upstream direction as h/ho increases ,  reaching a small  value at 
h/ho = 9. Since the geometry t e rm is related to the rate of pressure  generation (dq/dx), 
the curve of figure 3 represents  the contribution of the geometry of the surfaces  to the 
generation of hydrodynamic pressure .  

s u r e  a lso contributes to pressure  generation in the inlet region. This is illustrated by 
the typical pressure  and reduced-pressure curves shown in figure 4. The reduced pres-  
s u r e  var ies  with the actual pressure  according to equation (7). At low pressure ,  where 
h/ho is la rge ,  the actual pressure  and reduced pressure  are very s imilar .  A s  the 
leading edge of the Hertzian region is approached the enhancement of viscosity with pres-  
s u r e  becomes very pronounced. This causes the actual pressure  to r i s e  very rapidly 
while the reduced pressure ,  according to equation (7), approaches a limiting value of 

Inlet pressure,  as shown in figure 4, plays an  important role in lubrication. This 
hydrodynamic pressure  can be thought of as a pressure  which overcomes the Hertzian 
pressure  at the leading edge of the Hertzian region s o  that fluid can become wedged 
between the surfaces.  

The geometry t e rm reaches a maximum a t  h/ho = 1 . 5  and 

Under typical elastohydrodynamic conditions the enhancement of viscosity with pres-  

l/a. 
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Hertzian Region 

The Hertzian region is dominated by the Hertzian pressure .  This is the pressure  
that would exist i f  the surfaces  were  not separated by a lubricant film. The actual pres-  
s u r e  differs from the Hertzian pressure  only at the leading and trail ing edges of the 
Hertzian region. 
region, its viscosity increases  several  o rde r s  of magnitude. 
thin parallel film in the Hertzian region, is the major cause of friction o r  traction be- 
tween the bearing surfaces  when they are in relative sliding. 

Because the lubricant encounters very high pressures  in the Hertzian 
This,  along with the very 

Exit Region 

The exit region exposes the fluid to a rapidly diverging geometry, which produces a 
negative pressure gradient and eventually subambient pressures .  Since most fluids degas 
o r  cavitate under relatively low tensile s t r e s ses ,  this subambient hydrodynamic pressure  
is almost immediately terminated. 

In brief', each of these three regions performs a particular function. 
region "11uinps the film up, ' ?  the Hertzian region "rides i t ,  
charges i t .  " It is convenient to consider the influence of starvation on film thickness and 
traction in t e rms  of these regions. 

The inlet 
and the exit-region "dis- 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Ball and Disk Materials 

The optical elastohydrodynamic apparatus is shown in figure 5. It consisted basi- 
cally of a ball which rode against a flat transparent disk (fig. 6) .  The disk rotated freely 
in an air bearing. 
e ter .  
tain a range of maximum Hertzian pressure,  both steel  and tungsten carbide were used 
as ball materials and both quartz and sapphire were used as disk materials.  Their me- 
chanical properties are shown in table I, and their  reduced elastic modulus E', defined 
as 

The experimental balls were 2.063 centimeters (0.8125 in. ) in diam- 
In order  to ob- The transparent disks were  10. 2 centimeters (4 in. ) in diameter.  

2 
1 - 1  l - a l  

~ 

E' 2 (  El -!- 'E:') 
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is shown in figure 7. The various material  combinations gave a range of E' f rom 
1 .1~10"  N/m (15. 9X106 psi)  f o r  quartz/steel to 6 . 3 8 ~ 1 0 ~ ~  N/m (92. 5x106 psi)  for  
sapphire/tungsten carbide. 

2 2 

Lubricant Supply 

The ball was supported by three bearings, as shown in figure 6. The three bearings 
were  contained within a lubricant reservoir .  The spaces  around the bearings were  filled 
with the tes t  lubricant. When the reservoi r  w a s  completely filled, the ball w a s  partially 
submerged in  the test lubricant. The required lubricant supply for the starvation tes t s  
was achieved by limiting the lubricant supply in the reservoi r .  The motion of the support 
bearings within the reservoi r  very conveniently carr ied the tes t  lubricant to the test-ball 
surface adjacent to the t rack on the ball. This method resulted in a uniform and steady 
inlet meniscus. An air cylinder below the lubricant reservoi r  provided the required tes t  
load on the ball. 

Drive Mechanism and Speed Control 

The ball w a s  driven by a 0.15-kilowatt (1/5-hp) e lectr ic  motor through a gearbox 
which had the rat ios  1:1, l O : l ,  and 1 O O : l .  The motor w a s  a variable-speed motor- 
generator with a very stable transistorized closed-loop control system. Speed regulation 
was much better than 1 percent. 

imity to a 100-tooth gear  wheel attached to the motor shaft. 
played on a digital counter. 

Measurement of ball speed w a s  achieved with a magnetic transducer in close prox- 
The motor speed w a s  dis-  

Torque Control and Disk Speed Measurement 

A controlled braking torque was applied to the rotating transparent disk with a dyna- 
mometer which uses  a hysteresis  brake. The unique feature of the hysteresis  brake is 
that it provides a constant torque independent of shaft speed. In order  to obtain accurate  
sl ip measurements between the ball and the disk,  it is important that the disk speed be 
measured accurately. This w a s  achieved by using an  optical transducer in conjunction 
with a 600-element encoder disk. Because of the la rge  number of elements on a disk of 
7.6 centimeters (3  in . )  in diameter ,  it w a s  necessary to pass  the light from the light 
source through a 0.0172-centimeter (0.007-in. ) slot  so that only one shadow from the 
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encoder disk would fall on the photoelectric cell at a time. The disk speed w a s  displayed 
on a digital counter and also recorded on a four-pen recorder .  

Traction Measurement 

The traction between the ball and disk w a s  obtained by measuring the reaction force 
on the ball. The motor, gearbox, and loading cylinder were suspended on an air bearing 
which w a s  pivoted on one end and restrained by beryllium springs on the other end. The 
reaction force on the ball was  directly proportional to the deflection of the beryllium 
springs.  The deflection of the springs,  which w a s  kept within 0 to 0.025 centimeter 
(0 to  0.010 in. ), w a s  measured with a capacitance transducer and displayed on a four-pen 
re  cord e r . 

Film Thickness Measurement 

The EHD film thickness w a s  measured by optical interferometry.  Fringes of very 
good visibility were obtained by using a 17-percent-reflecting layer  of chromium on the 
bearing surface of the transparent disks.  Interference measurements were  made with 
wavelengths of two colors ( red and green).  These were obtained by using a special f i l ter  
and a xenon flash lamp as a light source.  The details of this system and its calibration 
are described more fully in references 3 and 13. 

Fi lm thickness measurements under starved conditions were taken from high-speed 
photomicrographs by using high-speed, 35-millimeter color fi lm. The traction and disk 
speed corresponding to the photomicrograph were marked by one of four pens on the four- 
pen recorder  from a synchronized pulse of the xenon flash power supply. 
micrographs with varying degrees  of starvation a r e  shown in figure 8. 

Typical photo- 

Test Lubricant 

The traction and starvation tests were  performed with a synthetic paraffinic oil that 
w a s  designated by the manufacturer as XRM 109F4. It is synthesized by the polymeriza- 
tion of a relatively pure mono-olefin, s o  it can be considered a single chemical species 
composed of molecules of a chain-length distribution that depends on the degree of poly- 
merization. Some of its properties are listed in table 11. 
temperature,  p ressure ,  and shea r  stress is reported in reference 14. This fluid has  
a lso been examined in disk machines for  fi lm thickness (ref, 15) and traction (ref. 16); 

The variation of viscosity with 
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and it has been tested in various full-scale bearing t e s t s  (refs. 17 to 20). 

Test Conditions 

Starvation and traction measurements were performed under three nominal tes t  con- 
ditions each with a different set of material  combinations to obtain three different maxi- 
mum Hertzian pressures:  0 . 4 9 6 ~ 1 0  , 1. 21X109, and 1.9Ox10 N/m (72 000, 175 000, 
and 275 000 psi). The corresponding material  combinations were,  respectively, quartz/ 
steel (E'  = 1 . 1 ~ 1 0 "  N/m 2 ( 1 5 . 9 ~ 1 0  6 psi)), sapphire/steel (E' = 3 . 2 9 ~ 1 0 ~ ~  N/m2 

Although the maximum Hertzian pressures  for  each test varied a great  deal,  the material  
combinations provided s imilar  elastic deformations. The elastic deformation, as repre-  
sented by the Hertzian radius of contact a,  is shown in table 111 along with the flooded 
film thickness (ho) The Hertzian radius and flooded film 

thickness remained nearly constant for  each tes t  p ressure .  Thus, the departure f rom 
the Hertzian condition fo r  each tes t  p ressure  w a s  approximately the same.  

Each tes t  w a s  performed with the flooded film thickness corresponding to a partic- 
ular  interference fringe (third red fringe). The fi lm thickness valves given in table 111 
vary slightly for  each tes t  because the refractive index of the test fluid increases  with 
pressure.  There a r e  eight fringes below the third red fringe from which measurements 
could be made when the f i lm w a s  starved. The two-color interferometric system allows 
easy interpolation between fringes.  

9 9 2 

( 4 7 . 7 ~ 1 0  6 psi)), and sapphire/tungsten carbide (E' = 6 . 3 8 ~ 1 0 ~ ~  N/m 2 (92. 5x106 psi)) .  

and other tes t  parameters .  
f 

Test  Procedure 

P r io r  to each tes t  the bearing components shown in figure 6 were  cleaned with Freon. 
The par t s  were assembled and the lubricant reservoi r  w a s  filled with the test fluid. The 
ball w a s  loaded against the transparent disk and driven at the speed that would establish 
the third red fringe in the center of the Hertzian region. The rotational velocities of the 
ball and disk were  then recorded. In order  to maintain a constant rolling velocity 
(G = 1/2(ul + u )) during a traction run, a plot of ball velocity against disk velocity for  a 
constant rolling speed U w a s  then made. 

A constant brake force from the hysteresis  brake w a s  then applied to the disk,  and 
the ball velocity w a s  adjusted to maintain a constant U. A four-pen recorder  recorded 
the traction force,  disk speed, and temperature.  The temperature w a s  that of the tes t  
chamber, which w a s  measured with a Chromel- constantan thermocouple. All t es t s  were  
performed at room temperature.  

2 



The ball and disk velocities under fully flooded inlet conditions were recorded for  
each brake torque applied to  the disk. The brake torque was  increased incrementally 
until 100 percent sliding (zero disk velocity) w a s  achieved. 

the reservoi r  and on the transparent disk. Under starved inlet conditions a high-speed 
photomicrograph w a s  taken f o r  each brake force applied. The film thickness and the 
location of the inlet miniscus were determined from the photomicrographs. 

Starved inlet conditions were  obtained by gradually depleting the lubricant supply in 

EFFECT O F  STARVATION ON FILM THICKNESS FOR ROLLING AND SLIDING 

The influence of starvation on fi lm thickness for  rolling and sliding conditions is 
considered here .  Fi lm thickness measurements made under both rolling and sliding con- 
ditions allow a crit ical  examination of several  theoretical inlet boundary conditions. 

Inlet Boundary Condition 

Evaluation of pressure  f rom the Reynolds equation requires  knowledge of two bound- 
a r y  conditions when the side-leakage t e rm is neglected. These are usually taken at the 
beginning and end of the pressure  curve. F o r  convenience, the inlet boundary condition 
is usually taken as p = 0 at x = -03.  Lauder (ref. 21) has  questioned this boundary con- 
dition on the grounds that it does not conform to experimental facts.  Instead, he put for- 
ward the boundary condition that p = 0 where the fluid velocity and velocity gradient are 
zero (i. e . ,  u = au/az = 0) .  Furthermore,  it has been suggested (ref.  22) that this inlet 
condition could usefully be called the "oil starvation'' condition, where any grea te r  
quantity of oil would resul t  in an accumulation of oil at the inlet and any less would resul t  
in a decrease in film thickness. In addition, Capone, DeRosa, and Migliaccio (ref. 23) 
have used this inlet boundary condition to analyze the load capacity of rigid cylinders. 
Tipei (ref. 24) has analyzed inlet flow conditions by using potential flow theory and has  
proposed that the pressure  commences at the center of two bounded vortices that develop 
in the inlet region. 

the inlet region. F o r  example, u = au/az = 0 at h/hO = 3, and the Tipei boundary con- 
dition occurs  at h/hO = 9. However, it can also be shown that the introduction of sliding 
causes these inlet boundary conditions to move downstream. F o r  pure sliding, 
u = au/az = 0 at h/ho = 1 .5  and the Tipei boundary condition moves downstream to 
h/ho = 3. It is for  this reason that the theoretical load capacity of disks  has been found 
to depend not only on the sum of the surface speeds,  but a lso on their  ratio (ref. 23). If 

It can be shown that these boundary conditions occur at particular locations within 
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these fluid velocity conditions correctly descr ibe the commencement of pressure  genera- 
tion (and hence the onset of starvation), we would then expect the onset of starvation to 
occur further downstream as the degree of sliding increases .  

be true.  
thickness h /(h ) 

ments. The starvation parameter  that w a s  developed in (ref. 3) is defined as 

The starvation measurements under rolling and sliding conditions do not show this  to 

is plotted aginst the starvation parameter  S/Sf for  all test measure- 
These measurements are shown in figure 9. Here  the dimensionless fi lm 

O O f  

s -  Sa 1/ 3 
_ -  

'f 3.52 [R(hO)flY3 
where S is the inlet distance defined in figure 10, a is the Hertzian radius of contact, 
R is the reduced radius of curvature, and (ho) 

flooded inlet conditions. The value of h d h o  corresponding to S/Sf is also given in 
figure 9. The experimental data given in figure 9 were obtained for  various amounts of 
sliding, ranging from 100 percent to within a few percent of pure rolling. The experi- 
mental data show that the onset of starvation occurs  approximately at an inlet location 
where hb/ho = 9 and where S/Sf = 1. There is no indication that the onset, as well as 
the form of starvation, is any different under sliding conditions than i t  is under the 
rolling conditions that were  described previously ( re f .  3) .  Thus, while the Tipei bound- 
a r y  condition appears to descr ibe the onset of starvation f o r  pure rolling, it is not unique 
for  both rolling and sliding conditions. 

is the central film thickness under 
f 

Inlet Flow Conditions 

In order  to investigate fur ther  the applicability of these fluid flow cr i te r ia  to the on- 
set of starvation, the inlet fluid flow w a s  calculated fo r  the experimental conditions given 
in figure 11. 

The fluid velocity distribution within the inlet region is governed by the motion of the 
bearing surfaces,  which attempt to transport  the fluid toward the Hertzian region, and by 
the hydrodynamic pressure  generation, which attempts to transport  the fluid away from 
the Hertzian region. The velocity and velocity gradient can be found from (e. g. ref.  10, 

P. 53) 

z u =-- a p  z(z  - h)  + (u2 - ul) + u2 2p ax 

12  



The assumptions 
equation. 

inherent in these equations are in common with those of the Reynolds 

In order  to avoid the complication of side leakage, the inlet flow was considered to 
be within an elemental s t r i p  dy along the centerline in the direction of the rolling veloc- 
ity. Calculation of the velocity distribution described in equations (10) and (11) requires  
that the pressure  gradient ap/ax be known at all points within the inlet region. The 
pressure  gradient was determined from the pressure  distribution, which was calculated 
f rom the measured film shape in the following way: The measured film thickness along 
the centerline in the direction of motion w a s  taken from figure 11. The measured film 
shape was corrected for  the variation of refractive index with pressure  f rom an esti- 
mated pressure  distribution. 

The general features  of the corresponding pressure  distribution were first deduced 
from the following considerations: 

(1) The film thickness is very nearly constant over the center of the Hertzian region. 
Therefore,  the pressure  over this region must be very s imi la r  to the Hertzian pressure  
for  s ta t ic  conditions. 

(2 )  The termination of the pressure  profile is clearly defined by the location of film 
rupture in the exit region, as shown in figure 11 (where it is assumed that p = dp/dx = 0). 

( 3 )  The location within the inlet region where pressure  commences w a s  determined 
from the experimental data on starvation. This is the location, under the given operating 
conditions, at which the film thickness becomes sensitive to the location of the inlet lu- 
bricant boundary. 

g rea te r  than the corresponding Hertzian deformation for  static conditions. 
ence is due to the hydrodynamic p res su re  generated in the inlet region. 
must blend in with the Hertzian pressure  to establish a parallel film in the Hertzian 
region . 

denly into a constriction. Furthermore,  
the relaxation of the surfaces  into a constriction must mean that the pressure  in this 
region is very low, much lower than the corresponding Hertzian pressure .  Despite the 
low p res su re  at the r e a r  constriction, the fi lm thickness remains nearly constant in the 
region just upstream of the constriction. 
slight increase in film thickness in this region. In o rde r  to maintain this nearly parallel 
film, the p re s su re  just  upstream of the r e a r  constriction must be grea te r  than its cor- 
responding Hertzian pressure .  It is this pressure  that comprises the characterist ic 

The resulting film shape is shown in figure 12. 

(4) It can be shown that the deformation at the leading edge of the Hertzian region is 
This differ- 

This pressure  

(5)  Near the trailing edge of the Hertzian region, the film thickness drops very sud- 
This implies a very large pressure  gradient. 

In fact, the interference fringes indicate a 

13 
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pressure  peak under elastohydrodynamic conditions. 

displacements were then computed for  a line load on a semi-infinite flat  solid by using 
the differences between the preceding pressure  distribution and the Hertzian pressure  
distribution. The computed elastic displacements were then added to the Hertzian shape, 
thus giving a theoretical shape that could be compared with the measured shape. The . 
computer program w a s  adapted from one used by Klemz (ref. 25) for  l ine contact. The 
method of calculating the surface displacements is described in (ref. 12). It was  as- 
sumed that the pressure  distribution in the center of the Hertzian region is Hertzian. 
Thus, the procedure consisted of modifying only the inlet and exit portions of the pres-  
su re  curve to make the theoretical and experimental film shapes match. The inlet film 
shape w a s  found to be far eas ie r  to match than the outlet film shape, where the pressure 
gradients are very large.  The resulting pressure  distribution near the exit region is, 
therefore, not expected to be very accurate.  However, this should not significantly af- 
fec t  the inlet pressure distribution, which is considered here .  

Having obtained a reasonable pressure  distribution and film shape, as shown in fig- 
u r e  12 ,  the velocity distribution at various locations within the inlet region w a s  computed 
from equation (10) for  pure rolling conditions (ul = u2). For  pure rolling the velocity 
gradient au/az according to equation (11) equals zero  at midfilm, where z = h/2. 

The local pressure  gradient and film thickness were obtained from figure 12, and 
the variation of viscosity with pressure  w a s  accounted for  by the exponential relation of 

4 4 equation (3). The velocity distribution at three locations x of -2.  54x10- , -2 .82~10-  ) 
and - 3 . 0 5 ~ 1 0 - ~  meter  (-l.0X10-4, -1. l12X10-4, and -1. 
At x = - 2 . 5 4 ~ 1 0 - ~  meter  (-1. OX10-4 in. ) the fluid velocity distribution is very nearly 
equal to the surface velocity. At x = - 2 . 8 2 ~ 1 0 - ~  meter  (-1. l12X10-4 in. ) the midfilm 
velocity is equal to zero.  
Lauder (ref. 21), where p = 0 at h/ho = 3 and u = au/az = 0 at midfilm. The pres-  

7 2 s u r e  at this location is not zero but about 3 . 2 ~ 1 0  N/m (4700 psi) .  Upstream of this 
p i n t  some of the fluid begins to flow backward relative to the Hertzian region, as shown 

4 by the velocity distribution at x = - 3 . 0 5 ~ 1 0 - ~  meter  ( - 1 . 2 ~ 1 0 -  in. ). The location of 
observable starvation occurs at x = -4.OlXlO meter  ( - 1 . 5 8 ~ 1 0 - ~  in. ) (or h/ho = 9). 
This point, which is considerably upstream of the location where u = au/az =0 ,  indicates 
that backflow occurs over a portion of the inlet p ressure  buildup. Backflow is essential 
f o r  the establishment of a flooded condition. Thus, the zero velocity boundary condition 
does not appear to provide a very good criterion for  starvation. There is no physical 
reason why the pressure  should be zero when the velocity and velocity gradient a r e  zero.  
The adverse pressure  gradient can cause the midfilm velocity to become negative as well 
as zero.  

An initial p ressure  distribution w a s  drawn in light of these considerations. Surface 

in. ) is shown in figure 13. 

This is the location of the inlet boundary condition proposed by 

-4  

The state of affairs in the inlet region becomes apparent i f  we consider the volume 
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of lubricant required in the inlet region to obtain a flooded condition, along with the vol- 
ume rate of flow. F o r  the preceding example the required volume in the inlet region 
along the elemental width dy on the centerline in the direction of rolling is 1 3 4 ~ 1 0 - ~  cly 
cubic centimeter ( 8 . 2 ~ l O - ~  dy in. ), and the volume rate of flow (q = Uho dy) is 8. 2x10- 
dy cubic centimeter pe r  ,second (0. ~ x I O - ~  dy in. /sec). The t ime required for  this vol- 
ume to pass  through the Hertzian region, neglecting side leakage, is 16.4 seconds. The 
t ransi t  t ime for  the fluid adjacent to the surfaces  to travel f rom the inlet boundary to the 
exit region is only 0.0091 second. Thus, while the fluid adjacent to the surfaces  is 
moving rapidly toward the Hertzian region, the central core  of the fluid in the inlet 
region must remain relatively fixed (Hartung (ref. 26)). According to Tipei (ref. 24) 
this core  forms a s w i r l ,  which appears just upstream of the point where negative veloc- 
ities occur.  Fo r  pure rolling, this s w i r l  develops into two bounded vortices, which may 
look like that found in figure 14. The flow distribution, which is not drawn to sca le ,  is 
actually very flat as the inlet distance S is typically grea te r  than 500 ho when flooded. 
Tipei suggests that the center of the two vortices is the upstream limit  of the fluid film 
where the Reynolds equation applies and that th i s  location defines the condition where 
p = 0. Using potential flow theory, Tipei der ives  the following expression for  the pres-  
s u r e  gradient at the location of the vortex centers  and under pure rolling conditions: 

3 5 
3 

Substituting in the Reynolds equation (eq. (2)) 

gives 

h - = g  

hO 

Although this boundary condition appears to predict the onset of starvation, it is not 
F o r  pure sliding, only one vortex, totally unique for both sliding and rolling conditions. 

which can be shown to occur at h/hO = 3,  develops in the inlet region. The experimental 
data of figure 9 ,  however, indicate that the onset of starvation occurs  near  h/h = 9 fo r  
both rolling and sliding conditions. 

ated for  sliding o r  rolling, provided the sum of the surface velocities a r e  the same.  And 
it has been established experimentally (refs. 27 and 28) that sliding has little effect on 

0 

The Reynolds equation implies that equivalent pressure  distributions will be gener- 
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film thickness. The starvation resul ts  presented in  figure 9 suggest that film thickness, 
whether starved o r  flooded, is associated with the pressure  generated in the inlet region. 
Therefore, if  sliding does not alter the pressure  distribution o r  film thickness, the loca- 
tion of the onset of starvation should be the s a m e  for  sliding and rolling. It appears ,  
therefore, that the inlet geometry (expressed as h/ho) is significant, in connection with 
starvation, because of the pressure  o r  pressure  gradient associated with it ra ther  than 
because of the particular fluid velocity distribution associated with it. The fluid velocity 
distribution may be more  important in connection with how the fluid is transported into 
the inlet region. It has  been observed experimentally that starvation tends to be much 
more severe  when the condition of 100 percent sliding is reached. 

EFFECT O F  STARVATION ON TRACTION 

The influence of starvation on traction is now considered, The traction force for  
each of the three tes t  conditions is plotted against the sl ide-roll  ra t io  in figures 15 to 17. 
The slide-roll ratio is defined as 

u1 - u2 Slide-roll ratio = - 

- (u1 1 + u 2 )  
2 

The denominator is the average velocity of the fluid passing through the Hertzian region 
and is by definition equal to the rolling velocity U. 
between the ball and the disk. A t  100 percent sliding (u2 = 0) the value of the sl ide-roll  
ratio as defined in equation (15) is 2. 

ratio under flooded conditions. There a r e  three general features of the traction curves 
under flooded conditions: 

The numerator is the sliding velocity 

The solid l ines in figures 15 to 17 show how the traction varies with the sl ide-roll  

(1) The traction force r i s e s  to a maximum as the slide-roll ratio increases .  No 
well-defined traction peaks were observed. 

(2) The traction force r i s e s  to a maximum more rapidly as the maximum Hertzian 
pressure  increases .  

( 3 )  The maximum traction coefficients increase with the Hertzian pressure .  Fo r  the 
9 9 three tes t  p ressures  ( 0 . 4 9 6 ~ 1 0  , 1. 21X109, and 1.9OX10 N/m2: 72 000, 175 000, and 

275 000 psi)  the maximum traction coefficients (defined as traction force divided by nor- 
mal load) a r e  respectively 0.038, 0.055, and 0.065. 

The open circles  in figures 15 to 17 a r e  the measured tractions observed under var- 
ious degrees of starvation. The significant feature  of the resul ts  is that in all cases  
tested a starved film w a s  observed to possess  grea te r  traction than a flooded film for  the 
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same  slide-roll  ratio.  Also, it w a s  observed that operation under 100-percent sliding 
(u2 = 0) always resulted in a grea te r  degree of starvation than when u 2  > 0. 
measured traction was found to be relatively higher for  100 percent sliding. 

In reference 3 the influence of starvation on film thickness has been successfully 
analyzed by normalizing fi lm thickness and the location of the inlet boundary by using 
their  corresponding values under flooded conditions. Hence, we obtained the dimension- 
less film thickness parameter  ho/(ho) and the dimensionless inlet boundary parameters  

S/Sf and hb/ho. These parameters  generalize the starved elastohydrodynamic problem 
for  other conditions of operation. The influence of starvation on traction is more diffi- 
cult to analyze in this way. The reasons are the same as those that make it more diffi- 
cult to predict traction than film thickness under flooded conditions. Except at very low 
sliding speeds the problem can no longer be considered isothermal,  and the rheological 
behavior of the fluid becomes complicated and ill defined. 

In order  to analyze the general  effect of starvation on traction, it w a s  assumed that 
the elastic deformation is Hertzian (i. e .  , a parallel film of thickness ho) and that the 
traction is dominated by the shear  conditions in the Hertzian region for  a Newtonian fluid. 

(ref. 29) 

Thus, the 

f 

F o r  isothermal conditions and a p  >>1, the traction force can be estimated by 

A starved film simply increases  the shear  ra te  (ul - u2)/h0 since ho decreases  when 
starved. If isothermal conditions prevailed, the traction would be inversely proportional 
to ho. 
dimension1 e s s  analysis of traction under starved conditions. 
the condition that the increase in traction due to starvation is the inverse of the decrease 
in film thickness due to starvation. 

This is the assumption made by Archard and Baglin ( re f .  30), who present a 
This assumption leads to 

Thus, w e  can write 

where the subscript  f r e f e r s  to a flooded condition. Because the film thickness reduc- 
tion is a known function of the starvation parameter  S/Sf, w e  then have 

-1 

;= [Sf] =f(:) 
(18) 
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Since the prevailing conditions a r e  not isothermal,  the effect of starvation on heat 
generation and heat conduction must be considered. In reference 31 the heat generation 
qv is given as 

where it is seen that the heat generation is proportional to the square of the shear  ra te  

(ul - u2)/h0. 
ation. 

F o r  a constant sliding velocity a starved film wi l l  increase the heat gener- 

The temperature of the oil film in the Hertzian region depends on the ability of the 
surfaces  to conduct the heat away. It is shown in reference 31 that the major factor af- 
fecting the thermal condition of the system is the rat io  of the t ime of t ransi t  through the 
Hertzian region to the t ime constant associated with the thermal conduction of the sur -  
faces.  This is represented by the dimensionless parameter  

where k is the thermal conductivity of the fluid and to is the t ime of t ransi t  through 
one-half of the Hertzian region (to = a/U). F o r  our experiments, to is constant since 
u w a s  kept constant for  all sliding conditions. A starved film increases  A by way of 
its smal le r  values of ho. 
t ransfer  to the bearing surfaces .  

rameter  S/Sf. The solid curve in figure 18 represents  the theory as proposed by 
Archard and Baglin (ref.  30) which assumes that the increase in traction due to s tarva-  
tion is the inverse of the decrease in film thickness due to starvation. Because of ther- 
mal and perhaps some rheological effects the theory provides a convenient upper bound 
to the data. 

ho play an important role in traction for a Newtonian fluid. 
resul ts  a r e  considered in t e rms  of shear  ra te .  Figure 19 shows the measured traction 
force as a function of shear  ra te  for all the tes t  conditions. The solid curves represent  
the traction under flooded conditions. The flooded curves have the same shape as those 
in figures 15 to 17. Under flooded conditions the shear  ra te  reaches a limiting value at 
100 percent sliding. There a r e  two general features of the starved resul ts  in figure 19: 

(1) A starved film can produce much higher shear  r a t e s  than a flooded one. F o r  
example, measured shear  rates were found to increase an order  of magnitude, from 

- 

The essence of a thinner film is that i t  improves the heat 

Figure 18 shows the increase in traction T/Tf as a function of the starvation pa- 

The preceding equations show that the shear  ra te  (ul - u2)/h0 and film thickness 
F o r  this reason the traction 
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4 4 40x10 seconds-' to 400x10 seconds-', when the film became severely starved. 

than traction under a flooded condition. This is expected i f  we consider the thermal con- 
ditions of equations (19) and (20). At a constant shear  rate the heat generation, accord- 
ing to equation (19), will be the same  for  all degrees  of starvation. The heat conduction, 
however, improves as the film becomes thinner by starvation. This should lower the 
fi lm temperature and, therefore,  increase the traction. 

The traction behavior w a s  quite different when the shear  rates were low. This  is 
shown in figures 20 to 22, where the region of low shear  rate for  each test condition has  
been expanded. The solid curves again represent  traction under flooded conditions. The 
dashed curves show traction under various degrees  of starvation. The unexpected fea- 
ture  of the resul ts  is that as the shear  rate became smal le r  and the oil film in the Hertz- 
ian region became more  starved, the measured traction force became very much lower 
than the flooded value. 

These resul ts  do not appear to be explainable in t e r m s  of a Newtonian fluid subjected 
to viscous heating. A tentative explanation may be arr ived at by considering the effect 
of starvation on the  shear  conditions in the inlet region and the recent evidence of Adams 
and Hirs t  ( ref .  32), who have associated the high shear  s t r e s s e s  in the inlet region with 
non-Newtonian behavior in this region. 

Figure 8 shows that as starvation becomes more severe  the fi lm shape tends toward 
the Hertzian shape. 
Hertzian pressure  distribution. Thus, as the inlet boundary approaches the leading edge 
of the Hertzian region, the inlet p ressure  gradient will become more severe.  This has 
been shown by the full computer solution of Castle and Dowson (ref.  6 )  for  the starved 
film thickness problem in line contact. Thus, very high shear  s t r e s s e s  must be associ-  
ated with the severe pressure  gradient developed in the inlet region under severely 
starved conditions. 

the shear  conditions in the Hertzian region. When the shear r a t e s  a r e  low in the Herzian 
region, the influence of the rheological behavior of the fluid in the inlet region begins to 
appear. This rheological behavior is associated with the severe  shear conditions devel- 
oped by the la rge  pressure  gradients generated in the inlet region under starved condi- 
tions. 

It can be argued that if traction under starved conditions is influenced by rheological 
behavior in the inlet region, film thickness must a lso be influenced by the same rheolog- 
ical  behavior. Although the film thickness data of figure 9 appear to be somewhat lower 
than theory would predict fo r  severely starved conditions, it must be noted that the mea- 
surement of the location of the inlet boundary S becomes very difficult under severely 
starved conditions, as shown in f igure 8(c). The experimental e r r o r  in the data of fig- 

(2 )  Except for  very low shear  ra tes ,  traction under a starved condition is grea te r  

The pressure  distribution, therefore,  must a lso tend toward the 

The resul ts  appear to suggest that a t  high shear  ra tes  the traction is dominated by 

19 



l1ll11ll Ill Ill I lllll1l1lll1 I1 I 1  I I  

u r e  9 is too great  to make any comment on the effect of rheological behavior on film 
thickness under severely starved conditions. 

EFFECT O F  PRESSURE ON FILM THICKNESS 

An additional experiment w a s  performed to determine the influence of pressure  on 
fi lm thickness since it is shown in reference 15 that the influence of pressure  on film 
thickness is much grea te r  than theory predicts. The effect of pressure  on film thickness 
is shown in figure 23. Here  the central film thickness ho and the film thickness a t  the 
rear hr and s ide hs constrictions a r e  plotted as a function of the maximum Hertzian 
pressure.  These measurements were  performed with the sapphire/steel material  com- 
bination and the s a m e  lubricant used in the traction measurements.  The absolute value 
of the central film thickness ho, as wel l  as its variation with pressure ,  agrees  with the 
fi lm thickness theory of reference 3. That theory is also plotted in figure 23. The sen- 
si t ive effect of pressure  on fi lm thickness was not observed here  as it w a s  in refer- 
ence 15  for  line contact under much higher rolling velocities. The film thickness at the 
s ide constrictions h, w a s  more  sensitive to pressure  than ho o r  hr. This effect has  
been observed elsewhere (ref. 33). 

SUMMARY OF RESULTS 

Traction and film thickness have been measured under starved elastohydrodynamic 
conditions for  a nominal point- contact geometry. Measurements were  obtained for  three 

9 9 2 maximum Hertzian pressures:  0 . 4 9 6 ~ 1 0  , 1. 21X109, and 1.9Ox10 N/m (72 000, 
175 000, and 275 000 psi). Optical interferometry was used to measure film thickness. 
The major resul ts  a r e  summarized as follows: 

1. The presence of sliding does not affect the manner in which the film thickness 
var ies  with the location of the inlet boundary under starved conditions. 

2. The location of certain fluid velocity conditions suggested in the l i terature,  such 
as zero velocity and velocity gradient and the centers  of vortices that develop in the inlet 
region, do not adequately define the commencement of pressure  generation and the onset 
of starvation. 
gap thickness of 9 in the inlet region adequately defines the onset of starvation for both 
rolling and sliding conditions. With this inlet boundary condition, it is shown by using a 
Reynolds lubrication analysis that backflow occurs  over a portion of the inlet region 
where hydrodynamic p res su re  is generated. 

a flooded film for  the same  slide-roll  ratio. 

The experimental measurements and theory show that a dimensionless 

3. In all cases  tested a starved film was  observed to possess  grea te r  traction than 
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4. F o r  a constant slide-roll ratio the maximum shear  ra te  in the Hertzian region 
increased with the degree of starvation. Measured shear  rates a r e  defined as 
(ul - u2)/ho, where u1 and u2 are the sur face  velocity of ball and disk, respectively, 
and ho is the f i lm thickness at the center of the Hertzian region. Measured shear  rates 
were found to increase an order  of magnitude from 40x10 seconds-' to 4 0 0 ~ 1 0 ~  
seconds-' when the film becomes severely starved. 

5. Because of the importance of thermal effects ,  the traction measurements were  
considered in t e r m s  of the shear  rate (ul - u2)/h0 within the Hertzian region, In this 
way the flooded and starved traction measurements could be compared under s imi la r  
conditions of heat generation. Except for  low rates of shear ,  the measured traction 
under starved conditions was found to be grea te r  than the traction under flooded condi- 
tions for  the same  shear  rate. This can be explained in t e rms  of improved heat conduc- 
tion when the film is starved. 

starved, the measured values of traction were found to be much lower than expected. It 
is tentatively suggested that this may be explained in t e r m s  of the high shear  s t r e s s e s  
developed by the la rge  pressure  gradient that occurs within the inlet region when it is 
severely starved. 
traction developed in the Hertzian region. 

Hertzian pressure  of 1 . 9 0 ~ 1 0  N/m 

4 

6.  When the shear  r a t e s  in the Hertzian region were low and the f i lm w a s  severely 

Thus, the shear  history of the fluid in the inlet region may affect the 

7. Measurement of central film thickness under flooded conditions to a maximum 
9 2 (275 000 psi) showed good agreement with theory. 

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio: July 25, 1975, 
505-04. 
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Material 

Quartz 
Sapphire 
Steel 
Tungsten 

carbide 

Compressive Modulus of Poisson's Specific 
strength elasticity heat 

TABLE I. - MECHANICAL PROPERTIES OF TEST MATERIALS 

Thermal conductivity 
at  293 K (20' C) 

1 6 6 ~ 1 0 ~  
300 
200 
752 

N/m2 

1 . 1 4 ~ 1 0 ~  
2.07 
1.38 
5.18 

70.3~10'  
465.0 
207.0 
641.0 

0.17 
.47 
,30 
.25 

10. 2x106 
67.5 
30.0 
93.0 

840 0.20 
750 .18 
500 .12 
130 .03 

I I 

TABLE 11. - PROPERTIES O F  SYNTHETIC PARAFFINIC OIL 

[viscosity,  m 2 /sec  (cs): 

At 17.8' C (0' F) . . . . . . . . . . . . . . . . . . . . . . . . . . 0.037 (37 000) 
At 37.8' C (100' F ) .  . . . . . . . . . . . . . . . . . . . . . . . . 0.000447 (447) 
At 98.9' C (210' F) .  . . . . . . . . . . . . . . . . . . . . . . . 0.0000404 (40.4) 

At 149' C (300' F) . . . . . . . . . . . . . . . . . . . . . . . . . 0.000013 (13) 
At 204' C (400' F )  . . . . . . . . . . . . . . . . . . . . . . . . . . 0.000006 (6) 

Density, g/cm3: 
At 37.8' C (100' F).  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.8389 
At 93.3' C (200' F). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.8082 
At 149' C (300' F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7777 
At 204' C (400' F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7428 

Pressure-viscosity coefficient, a CY, ( N / m 2 ) - l  ((psi)-'): 
At 37.8' C (100' F ) .  . . . . . . . . . . . . . . . . . . . . 1 . 9 9 ~ 1 0 - ~  ( 1 . 3 7 ~ 1 0 -  4 ) 
At 99' C (210' F )  . . . . . . . . . . . . . . . . . . . . . . 1. 51X10-8 (1.04X10- 4 ) 
At 149' C (300' F) . . . . . . . . . . , . . . . . . . . . . 1 . 2 9 ~ 1 0 - ~  ( 0 . 8 9 ~ 1 0 - ~ )  

Refractive index at 26' C (78.8' F) . . . . . . . . . . . . . . . . . . . . . 1.4689 

Flash point, 'C ( O F )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271 (520) 

Fire point, OC (OF) . . . . . . . . . . . , . . . . . . . . . . . . . . . . . 313 (595) 

Pour point, 'C ( O F )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . , - 5 1  (-60) 

Specific heat, J/(kg)(K) (Btu/(lb)('F)) 
At  149' C (300' F) . . . . . . . . . . . . . . . . . . . . . . . . 2. 66X103 (0.635) 
At 204' C (400' F )  . . . . . . . . . . . . . . . . . . . . . . . . 2. 90x103 (0.692) 

Surface tension, N/cm (dyne/cm) . . . . . . . . . . . . . . . . . 30. ~ x I O - ~  (30.3) 

1.4 
38 
50 
17 

0.0033 
.092 
.12 
-041 

m 

aFrom ref. 14; defined as (a)-' = P o  dP/P(P). 
0 
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TABLE ID. - TEST CONDITIONS 

Maximum Hertzian p r e s  s u r  e! 
Pmax, N/m2 (psi) 

Load, N (lbf) 

Hertzian radius, a, m (in. ) 

Material combination 

Rolling velocity, 

u = -(ul + u2), m/sec I - :  
(in. /sec)  

Test  temperature,  OC ( O F )  

Inlet distance necessary to 
obtain flooded film 
thickness, Sf = 

I Flood: film thickness, 
(ho) , P L ~  (pin. 1 

____- 
- 

1 

0 . 4 9 6 ~ 1 0 ~  (72 000) 

- .  

22.3 (5) 

0 . 1 4 9 ~ 1 0 - ~  ( 5 . 8 7 ~ 1 0 - ~  

Quartz/steel 

0.1366 (5.38) 

23.5 (74.3) 

0 . 2 2 2 ~ l O - ~  ( 8 . 7 4 ~ 1 0 - ~  

0. 592 (23.3) 

-____ 

Test  condition 
_ _ _  ___. .- 

n 

1 . 2 1 ~ 1 0 ~  (175 000) 

37.8 (8.5) 

D. 1 2 1 ~ 1 0 - ~  ( 4 . m i o - 3 )  

Sapphire/steel 

0.1540 (6.06) 

24 (75,2) 

0 . 2 3 ~ 1 0 - ~  ( 9 . 0 6 ~ 1 0 - ~  

0.562 (22.1) 

~ ____ 

LOAD 

I 

1 . 9 0 ~ 1 0 ~  (275 000) 

36.7 (8.25) 

3 . 0 9 6 ~ 1 0 - ~  (3 .79~10-  

Sapphir e/tungst en 
carbide 

0.1554 (6.12) 

24 (75. 2) 

D . 2 4 1 ~ 1 0 - ~  ( 9 . 4 9 ~ 1 0  

0.538 (21.2) 

I .__- ~ 

Figure 1. - Hertzian condit ion of stat ic contact. 
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PRES 

F igure  2. - Three general regions of elastohydrodynamic c o n j u n c t i o n  

1 6 ~ 1 0 - ~  

14 c 
m 

& 6  

h 0  
1 

9 8 7 6  5 4 3 2 1 T 
DIMENSIONLESS GAP THICKNESS, h l  hg 

F igure  3. - Geometry t e r m  as f u n c t i o n  of d imensionless 
gap thickness. 
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DIMENSIONLESS GAP THICKNESS, h l  h g  

F igure4.  - Actual pressure and reduced pressure as func t i on  
of dimensionless gap thickness. 
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Figure 5. - Optical elastohydrodynamic apparatus. 
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Figure 6. - Test ball, t ransparent  disk, and lub r i can t  reservoir.  
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I I  I 1  1 I 2  
0 100 200 300 400 500 600 7 0 0 ~ 1 0 ~  

ELASTIC MODULUS, E; OR REDUCED ELASTIC 
MODULUS, E- .  N I M ~  

Figure 7. - Elastic modu lus  and reduced elast ic modulus for 
test materials. 
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(a) S = 25.9X10-3 cm (lO.2XlO-3 in.); ho = 0.50 (b) s = 9.1X10-3 cm (3.58XlO-3 in.); hg = 0.370 pm 
(14.6 ,,in.); U = 15.3 m/sec (6.02 in./sec); u l  - u2 = 

72.2X10-2 cm/sec (0.284 in./sec); traction force, 
1.84 N (0.188 Ibf). 

(20 &n,); U =  15.5 cm/sec (6.10 in./sec); u1 - up = 

15.6X10-2 cm/sec (0.0614 in./sec); traction force, 
1.0 N (0.10 Ibf). 

I 

I .  B 

'" i 

(c) S = 2.3X10-3 cm (0.91XlO-3 in.); ho = 0.08 pm 
(3.15 pin.); ii= 15.56 cm/sec (6.13 in./sec); u1 - u2 = 

31.12 cm/sec (12.3 in./sec) - pure sliding; traction 
force, 3.22 N (0.328 Ibf). 

Figure 8. - Typical photomicrographs showing effect of starvation on f i lm thickness (inlet distance measured from 
inlet lubricant b3undary to leading edge of Hertzian region, S; f i lm thickness at center of Hertzian region, ho; 
rol l ing velocity, U; difference in surface velocities of ball and disk, u l  - up; and traction force). Material combi- 
nation, sapphirehngsten carbide; load, 36.7 N (8.25 Ibf); maximum Hertzian pressure, Pmax, 1.90X109 N/m2 
(275 000 psi); central f i lm thickness under flooded conditions, (ho)f, 0.538 (21.2 pin.). 
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> > F A -  

M A X I M U M  HERTZIAN 
PRESSURE, 

Pmaxs 

0 . 4 9 6 ~ 1 0 ~  (72 000) 
1. 21 (175 0001 
1.90 ( 2 7 3  

. a  1.0 1.2 

N I M ~  (PSI) 

S ~a1 '3  
STARVATION PARAMETER, s- = -- 

f 3 . 5 2 p v  

I 
1 

DIMENSIONLESS GAP THICKNESS AT INLR 
LUBRICANT BOUNDARY, hb/ hg 

Figure 9. - V a r i a t i o n  of f i lm thickness w i t h  starvation for  ro l l i ng  
and s l id ing condit ions. 

(a) P lan  view. 

t *  

(b l  Cross-sectional view along center l ine .  

F igure  10. - C o n t a d  geometry showing 
required measurements for starvation. 
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Figure  11. - Photomicrograph of optical in te r fe rence f r inges  formed between a steel ba l l  and a glass 
surface. Reduced rad ius  of contact, R, 1.27 cm (0.5 in. ); load 5 3  N (5.4 Ibfl; max imum Her tz ian  
pressure ,  pmax, 0. 6x109 N lm2 (87 000 psi); reduced elast ic modu lus ,  E’, 1 . 1 7 ~ 1 0 ~ ~  N/m2 ( 1 7 ~ 1 0 ~  
psi); r o l l i n g  velocity, c, 6.96cmlsec (2.74 in. lsec); ambient viscosity of lubr icant ,  p 2.63x10-5 
N-seclm2 (54. lbf-seclft2); pressure-viscosity coeff icient, a, 3 . 6 7 ~ 1 0 - ~  (Nlm2)Tq ( 2 . 5 x N 4  
(psi)-’ 1. 

6x108 r 
2 . 5 ~ 1 0 . ~  r 

DIPAENSION. x, M 

Figure 12. - Measured f i lm shape and estimated pressure  d is t r ibut ion along center l ine  in direct ion 
of ro l l ing.  

32 



7xJ 

6 -  

5-  

4 -  

3- 

2- 

1- 

0- 

s8 5 ~ 1 0 - ~  r 

\ \ \ \ \ \ . \ \  \ \ \ . . \ \ . .  , \ . . . \ \ \  ",7 
- u 2  

d ~ S -_ A - a -4 

I 
c- 

- u 2  

d ~ S -_ A - a -4 

3 
ii 

- 4 ~ 1 O - ~  -3  -2  -1 
DIMENSION, x, M 

0 - Sf  =-+ ~ a- 

F igure  13. - Fluid velocity d is t r ibut ions at d i f ferent  locations w i t h i n  in le t  region. 
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FLOODED 
z l.6 
g 1.2 a3 STARVED 
e 
z - 8  
0 

Y 0 

5 . 4  
= k 

0 . 4  . 8  1.2 1.6 2.0 
u 1 -  u2 

SLIDE-ROLL RATIO, 7 
-j ( u 1 +  u2) 

Figure  15. - V a r i a t i o n  o f  t r a c t i o n  w i t h  s l ide-ro l l  ra t io  
u n d e r  starved a n d  flooded cond i t ions  f o r  test con-  
d i t ion 1: maximum Her tz ian  pressure ,  pmax, 
0 . 4 9 6 ~ 1 0 ~  Nlm2 (72 000 psi);  material combinat ion,  
quartzlsteel;  Her tz ian  radius, a, 0.149~10-3 m 
(5.87~10-3 in. ); load, 22.3 N (5 Ibf). 

2.4 2 - 8 F  w o 
z 

2.0 

1.6 

1.2 FLOODED 
o STARVED 

.8 

C I  I 1 I I 
0 . 4  .8 1.2 1. 6 2.0 

u 1 -  u2 
SLIDE-ROLL RATIO, ___ 

Figure  16. - Var ia t ion  o f  t ract ion w i t h  s l ide-ro l l  ra t io  
u n d e r  starved and flooded condit ions for  test con-  
d i t ion 2: maximum Hertzian pressure, Pmax, 
1.21~109 N l m 2  (175 OOO psi); material combinat ion,  
sapphirelsteel;  Her tz ian  radius, a, 0. lZlxlO-3 m 
( 4 . 7 7 ~ 1 0 - ~  in. 1; load, 37.8 N (8.5 Ibf). 
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FLOODED 
0 STARVED 

I I I J 
0 . 4  .a 1.2 1.6 2.0 

“1 - u2 
SLIDE-ROLL RATIO, ___ ; (ul .t u2) 

Figure 17. - V a r i a t i o n  of t r ac t i on  w i th  s l ide-ro l l  ra t io  
under  starved and flooded condit ions for  test con-  
d i t i on  3: maximum Hertz ian pressure,  Pmax, 
1 .90~109  N l m 2  (275 000 psi);  mater ia l  combination, 
sapphi re l tungsten carbide; Her tz ian rad ius,  a, 
0.096~10-3 m ( 3 . 7 9 ~ 1 0 - ~  in. 1; load, 36.7 N (8.25 Ibf). 

::“E 
2.4 

MAXIMUM HERTZIAN 
PRESSURE, 

!”ax# 
N I M ~  (ps i i  

0 0 . 4 9 6 ~ 1 0 ~  (720001 
2.0 2 t \  0 1 . 2 1  (175 0001 

A 1.90 (27 5 0001 

1.6 

1.4 

1. 2 

1. 0 
0 . 2  . 4  .6 . 8  1. 0 

STARVATION PARAMETER, 51 Sf 

F igure 18. - In f l uence  of s tarvat ion o n  t ract ion.  
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FIUV\ THICKNESS 
AT CENTER OF 

HERTZIAN REGION, 

C M  (IN. ) 
ho 

o 4 8 ~ 1 0 - ~  ( 1 9 ~ 1 0 - ~ )  
MAXIMUM HERTZIAN A (15) 

PRESSURE, v 28 (11) 
0 15 (5.9) 
0 10 (3.9) Pmax, 

N / M ~  (PSI) 0 5  (2.01 
1. 9Ox1O9 (275 000) *-- -o- -o---e 

1.21~109 (175 000) 

- _ _  - - ---o- - - -- --+------o -___ - - - -  

__ FLOODED 
STARVE0 0 . 4 9 6 ~ 1 0 ~  - - - - - - - - - D  (72 0001 _ _ _ _ _  

I I / I I / I I , /  

0 40 80 120 160 200 240 280 320 360 400x104 
u1- u 2  

0 
SHEAR RATE, h, SEC-' 

F igure  19. - V a r i a t i o n  of t r a c t i o n  w i t h  shear  rate and max imum 
Her tz ian  pressure  u n d e r  starved and flood condit ions. 

F l l M  THICKNESS AT CENTER 
OF HERTZIAN REGION, 

0 4 8 12 16 20 24 28x104 

, S E C '  SHEAR RATE, - u1- u 2  
h 0  

Figure 20. - Var ia t ion  of t ract ion w i t h  shear  rate u n d e r  starved and flooded 
condit ions for  test condit ion 1: max imum Her tz ian  pressure ,  pmax, 
0.496~109 N l m 2  (72 000 psi); material combination, quar tz ls tee l ;  Her tz ian  
radius, a, 0 . 1 4 9 ~ 1 0 - ~  m ( 5 . 8 7 ~ 1 0 - ~  in. 1; load, 22.3 N (5 Ibf). 
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F igure  21. - V a r i a t i o n  of t ract ion w i t h  shear  rate u n d e r  starved and flooded 
condit ions f o r  test cond i t ion  2: maximum Her tz ian  pressure, pmax, 
1. 21x109 N / m 2  1175 000 psi); material combinat ion,  sapphire/ steel; 
Her tz ian  radius, a, 0. 121x10-3 m (4.77~10-3 in. ); load, 37.8 N (8.5 Ibf). 
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Figure 22. - Var ia t ion  of t ract ion w i th  shear  rate u n d e r  starved 
a n d  flooded condit ions f o r  test  cond i t ion  3: max imum Her tz ian  
pressure ,  Pmax, 1 . 9 0 ~ 1 0 ~  N l m 2  1275 000 psi); material com- 
bination, sapph i re l tungs ten  carbide; Her tz ian  rad ius,  a, 
0.096x10-3m (3.79~10-3 in. ); load, 36.7 N (8.25 Ibf). 
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THEORETICAL FILM THICKNESS 

AT CENTER OF HERTZIAN 
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1 .. ~~ 
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F igure 23. - V a r i a t i o n  of f i lm  th ickness w i th  maximum Hertz ian pressure.  
Mater ia l  combination, sapphirelsteel;  ro l l i ng  velocity, u, 17.05 cmlsec 
(6.71 in . /sec) .  
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