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Viscoelastic behavior of the MIL-L-7808-type lubricant is mod- rheological constants. Such an approach has been the basis 
eled by correlating experimental traction data to rheological models for the present investigation which considers the viscoelastic 

based on lubricant viscosity, shear modulus and a critical or limiting behavior of the commonly used MIL-L-7808-type lubricant. 
, . .2 

shear stress. The two types of traction models used respectively em- The current development effort is divided into three parts. 

ploy a hyperbolic sine and inverse hyperbolic tangent function be- In the first Part (119 the analytical formulations for the trac- 

tween the viscous shear strain rate and shear stress in the lubri- tion models are developed. Part 11, 'the present study, is 
devoted to the derivation of appropriate rheological con- 

cant. While the viscosity-pressure-temperature relation is deter- 
stants of the lubricant. Finally, the effect of the fundamental 

mined from viscosity measurements on a high-pressure viscometer, lubricant behavior on the performance of a high-speed ball 
estimates of shear modulus and critical or limiting shear stress are bearing shall be modeled in a future work, which will  form 
derived by curve-jilting the model predictions to actual traction data part 111 of this overall investigation (2) .  
obtained from a rolling-disk traction machine. 
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INTRODUCTION 

Lubricant behavior and the resulting traction or friction 
between mating surfaces of a rollinglsliding contact has been 
known to have a significant effect on the performance of 
mechanical components, such as bearings, gears, cams and 
cam followers, used in a wide range of rotating machinery 
systems. Under high speeds and heavy loads, the lubricant 
mechanics are too complex to be modeled by simple New- 
tonian behavior, and viscoelastic effects have been known 
to become more significant. Due to such complex mechanics 
of lubricant flow in a concentrated contact, it is generally 
very difficult to determine all the required fundamental 

- 
It must be emphasized that lubricant rheology and trac- 

tion have been a subject of considerable interest over the 
pat two decades. As already discussed in the first paper (I) ,  
the rather large amount of available literature considers a 
wide range of investigations dedicated to understanding the 
subtle mechanics of lubricant flow in a rollinglsliding con- 
tact. The present investigation implements the available 
models to the lubricant under consideration. It is expected 
that the correlations between model predictions and ex- 
perimental observations, reported herein, shall be of some 
practical significance in the design of mechanical components. 

Two sets of experiments are used to develop the consti- 
tutive constants of the lubricant. A high pressure viscorneter 
is used to measure the viscosity-pressure-temperature re- 
lation, and a rolling-disk type apparatus is then used to 
measure traction in a concentrated contact. A brief review 
of these experimental setups is presented below before dis- 
cussing the model correlations to the experimental data. 

properties of the lubricant by an independent bench test. HIGH-PRESSURE V~SCOMETER 
An acceptable approach has been to carefully instrument a 
single contact, measure the traction Ibrce under the pre- A schematic diagram of the high-pressure viscometer used 

scribed oDeratinn condition. and fit model Dredictions in the present investigation is shown in Fig. 1. The viscorn- " 
to the measured data to estimate values of the appropriate eter is based on the weight technique. The falling 

weight, or sinker, is a right circular cylinder with a coaxial 
hole for maximum fall velocity. The lubricant under test 

Present* at the 45th Meeting and the sinker are placed into the viscometer module, con- 
In Denver, Colorado 

,-lo. 1990 sisting of a nonmagnetic stainless steel tube around which . ~..- 

Final manuscript approved March 8,1991 four coils are wrapped, one at the top to lift the sinker and 
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Flg. 1-Schematlc dlagram of the hlgh-pressure vlscometer. 

three additional coils at the bottom that comprise a linear 
variable differential transformer (LVDT). T h e  lubricant 
under test is separated from the pressure transmitting liquid 
by an O-ring seal in the top module, which is free to move 
up  o r  down with changes in the density of the lubricant. 
T h e  bottom of the module inclucles a socket with seven lug 
jacks which are plugged onto matching pins of closure at 
the bottom of the tapered cylinder. These electrical con- 
nections proviclc for the operation of the coil to lift the 
sinker, and for the operation of the LVDT to measure the 
position of the sinker. T h e  sinker is constructed in three 
sections; the top and bottom are made from a highly per- 
mcable soft iron, and the middle is a nonmagnetic stainless 
stcel. T h e  inner and outer diameters of the sinker are 
3.277 mm and 5.994 mln respectively, and the inner di- 
amcter of the tube is 6.350 nim. T h e  viscosity of the lubri- 
cant is calculated by thc method used by McLachlan (3): 

where p, ant1 pf are, respcctively, the densities of the sinker 
and the icsi I:luicl, g is the gravitational constant, V is the 
velocity of the sinker, and C is a constant at a particular 

temperature and pressure, determined experimentally by 
calibration. T h e  calibration constant is corrected for di- 
mensional changes due temperature and pressure by mul- 
tiplying the calibration constant obtained at ambient tem- 
perature and pressure by the a correction factor, +,, which 
is defined as: 

where Slp,T and $ a m b  are the values of a function + at any 
pressure p and temperature T, and at ambient conditions 
respectively. T h e  function $ is defined by Irving and 
Barlow (4) as: 

where rl is the radius of coaxial hole in the right cylinder 
of radius r2, and r3 is the radius of the tube in which the 
sinker, or the cylinder, falls with a constant velocity V. 

T h e  pressure-generating system consists of two 138 MPA 
air-operated pumps housed in a cabinet containing the valves 
and plumbing necessary to both advance and retract two 
hydraulic jacks, which are supported within an 0-frame. 
T h e  bottom 500-ton jack pushes the tapered cylinder into 
the support ring. T h e  top 125-ton jack pushes the high 
pressure piston into the cylinder to generate lubricant pres- 
suies, in the test chamber, as high as 30 kbar. 

Heat is provided by a set of band heaters clamped around 
the support cylinder and controlled by an iron-constantan 
thermocouple located between the band heaters and the 
support cylinder. T h e  temperature of the lubricant is mon- 
itored by a chromel-alumel thermocouple located inside the 
pressure chamber. 

TRACTION TESTER 

The  traction test machine consists of two rotating-disk 
specimens which are driven independently while a normal 
contact load is applied to establish a concentrated contact. 
T h e  apparatus is illustrated in Fig. 2. T h e  load is applied 
to the two rotating disk specimens through a pneumatic 
cylinder which supports the upper shaft assembly. Both 
rotating shafts are independently controlled by two 20- 
horsepower electric motors. Two magnetic speed pick-ups 
monitor the rotational speeds of the upper and lower shafts, 
and the traction force is measured by a rotating torque 
sensor mounted in line with the lower shaft. T h e  lubricant 
temperature is measured by a thermocouple placed in the 
spray of an oil jet in close proximity to the rotating disk 
surfaces. A more comprehensive discussion of the basic test 
rig is presented by Smith et al. (5). 

A desktop laboratory computer system is used to control 
the upper and lower shaft speeds, and is also used for data 
acquisition. The  shaft speeds are controlled such that the 
average speed of the two disks is held constant, while re- 
spectively increasing and decreasing the speeds of the upper 
and lower disks to create slip. Such an approach permits 
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Flg. 2-Schematic of the traction test machine. 

the generation of traction curves with variable slide-to-roll 
ratios while the rolling speed remains constant. The accu- 
racy of the data is improved by eliminal.ing a ramp function 
average rolling speed, which is an undesirable variable found 
in most traction test data. The  applied load, torque, shaft 
speeds and oil inlet temperature are sampled at each speed 
increment during the test. Approximately 150 samples of 
the test variables are saved on a floppy diskette to produce 
a traction curve. 

Table 1 summarizes the geometry of the test specimens 
used and the ellipticity ratio with each set of specimens. The 
ranges for rolling velocity, lubricant temperature and Her- 
tzian contact pressure, over which the experimental data 
was obtained, are 20 to 80 MIS, 290 to 370" K,  and 0.5 to 
1.65 GPa respectively. 

VISCOSITY DATA CORRELATIONS 

As discussed in the authors' companion paper (I) ,  the two 
most common types of viscosity-pressure-temperature re- 
lations are used to correlate the experimental viscosity data. 

The  viscosity, p (Pa.S), at pressure, P (Pa), and temper- 
ature, T (OK), for the two types of relations is written as: 

OIL JET 

L 
A-A 

where: 

AT = (To - T) for the Type I model, and 

AT = - - - for the Type I1 model. (k a 
Also, po is the reference viscosity at atmospheric pressure 
and reference temperature To, a; are the pressure-viscosity 
coefficients, pi are the temperature-viscosity-coefficients and 
yh are the pressure-ternperature-viscosity coefficients. 

A linear regression analysis of the experimental data is 
carried out to compute the various coefficients in the vis- 
cosity relations. After several trials, it is found that two terms 
(nl  = n2 = n3 = 2) in the generalized regression equation 
are adequate to describe the variation seen in the experi- 
mental data. The  various coefficients of the Type I and 
Type I1 relations are summarized in Table 2. 

A graphical representation of the data, indicated by data 
points, along with the regression fit, indicated by solid lines, 
is presented in Fig. 3 for the Type I1 model. Results for the 
Type I relation are similar. 

TRACTION DATA CORRELATIONS 

Once again, as discussed in the first part of this paper 
(I) ,  two types of constitutive equations are considered for 



modeling the traction behavior. The  general equation is 
written as: 

where the three fundamental properties, e.g., G, T,, and p, 

are the shear modulus, critical shear stress, and lubricant 
viscosity, respectively, and the functional relationship for 
the viscous ternis in the two types of models is written as: 

Type I: / (t) = 

sinlr (t) , the Johnson and Tevaarwerk (6) model 

Type 11: / (t) = 

tanh-I (t) . the Bair and Winer (7) model 

A generalized regression analysis for the above visco- 
elastic models is numerically very cumbersome. However, 
in view of the above viscosity relations, obtained indepen- 
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1 e 4  , I 
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Fig. 3-MIL-L-7808 vlscoslty data fit to the Type II vlscoslty relatlon. 

dently, the traction data correlations may be obtained by 
the following simplified procedure: 

1. Based on the viscosity-pressure-temperature relation, 
compute an effective average viscosity under the op- 
erating conditions for a given traction curve. 

2. From the experimental data, determine the values for 
traction slope at low slip rates, and the limiting traction 
coefficient at high slip rates. Use these values to esti- 
mate the shear modulus and the critical or limiting 
shear stress in the constitutive equation. 

3. With the above preliminary values of shear modulus 
and critical shear stress, perform a regression analysis 
to minimize the squared deviation between the corn- 
puted traction and corresponding experimental data. 
Such an analysis is carried out over the range of ex- 
perimental operating conditions, and the variation of 
shear modulus and critical shear stress with pressure 
and temperature is derived. 

The pressure and temperature dependence for the shear 
modulus, G, and critical shear modulus, T,, is assumed to 
be similar to the Type 11 viscosity relation: 

The  computed values for the various coefficients for the 
two types of traction models are summarized in Table 3. In 
terms of the physical interpretation of these correlations, it 
must be emphasized that use of the computed coefficients 
only provides a good overall correlation between the pre- 
dicted and measured traction. The  coefficients may not rep- 
resent the true rheological constants of the lubricant. 

Figures 4(a) and 4(b), show the correlation between pre- 
dicted and measured traction with the Type I model for 
two sets of experiments carried out with the two greatly 
different values of the contact ellipticity ratios. Using Eqs. 
[6] and [7], the coefficients summarized in Table 3, and the 
viscosity relation summarized in Table 2, appropriate ef- 
fective values of the rheological constants are calculated for 
the operating conditions corresponding to a given traction 
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TABLE 3-SHEAR MODULUS A N D  CRITICAL SHEAR STRESS COEFFICIENTS FOR THE 
MIL-L-7808 LUBRICANT 

TRAC COEFF v l e 2  ,,.--,, AC COEFF x l e 2  

CONSTANT PROPERTIES 
A 311N 30.48M/S 322K 
0 600N 30.48M/S 322K 

VISCO-ELASTIC MODEL TYPE 2 

MU (Pa.S) G (Pa) TAU (Pa) 
1.3360E+00 1.4617E+07 2.8767€*86 
3.4175€+00 2.0457€+07 3.6520€+06 
1 .2104€+01 3 . 3 6 1 4 E 5 7  

Fig. 4(a)-Typical correlatlons of the Type I tri~ctlon model to experl- Fig. 5(a)-Typlcal correlations of the Type I1 traction model to experl- 
mental data wlth an elllpticlty ratlo of 7.75. mental data with an ellipticity ratio of 7.75. 

TRAC COEFF x l 0  VISCO-ELASTIC MODEL TYPE 1 

CONSTANT PROPERTIES 
A 394N 76.20M/S 344K 839MPA 

364N 76.20M/S 344K 1800MPA 4.7910€+00 2.6730E+07 2.0275€+06 

- - 2 . 0  d 
-0.20 -0.15 -0 .18 -0.05 0 .00 0 .05 0 . 1 0  0 .15 0.20 

SLIDE/ROLL 

Flg. 4(b)-Typical correlations of the Type I traction model to experl- 
mental data wlth an elllptlclty ratlo of 2.59. 

curve. These values are then held constant within the con- 
tact ellipse to compute traction. Approp:riate effective values 
of the rheological constants, as derived from the basic coef- 
ficients listed in Table 3, are summarized in the legend in- 
cluded in Figs. 4(a) and 4(b). 

Correlations to the Type I1 model are shown in Figs. 5(a) 
and 5(b), for the two data sets used in. Figs. 4(a) and 4(b) 
for the Type I model correlation. A comparison of these 
figures reveals that both models fit the data equally well. 

While comparing the coefficients of the two models, it is 
seen that while the shear modulus values are identical, the 
critical shear stress parameter is somewhat higher for the 
Type I1 model in comparison to that of the Type I model. 
This difference is explained in terms of the physical defi- 
nition of T, in the two models. It may t)e recalled from the 

TRAC COEFF x l 0  VISCO-ELASTIC MODEL TYPE 2 
2 . 0  

CONSTANT PROPERTIES MU (Pa.S) G (Pa) TAU (Pa) 
394N 76.20M/S 344K 839MPA 2.142SE+00 1 .7372€+07 3.9202€+06 

1 . 5  3641 76.20M/S 344K l000MPA 4.7910E+00 2.6730Et07 5.3149€+06 

r a k 

" ' ~ " " ~ ' ~ ~ ' ~ " " I " ~ ' I ~ " ' I " " ~ ~ " '  
- 0 . 2 0  -0.15 -0 .10 -0.05 0 . 0 0  B.05 0 . 1 0  0 .15 0 . 2 0  

SLIDE/ROLL 

Fig. 5(b)-typical correlations of the Type 11 traction model to experl- 
mental data with an elllptlclty ratio of 2.59. 

earlier paper ( I ) ,  that T, in the Type I model is a critical 
shear stress beyond which the viscous behavior becomes 
significant, while in the Type I1 model, it is simply a limiting 
shear stress which the lubricant can withstand. Such a def- 
inition also explains a slight slope in traction at high slip 
velocities with the Type I model, while it is relatively con- 
stant with the Type I1 model. 

SUMMARY 

Viscoelastic effects in the behavior of the MIL-L-7808- 
type lubricant are investigated by establishing significant 
correlations between model predictions and experimental 
observations. The models consist of three fundamental 
properties: viscosity, shear modulus and a critical or a lim- 



iting shear stress. While the effective viscosity is calculated 
froni the viscosity-pressure-temperature relations devel- 
oped from independent viscosity measurements, the ex- 
perimental traction data is correlated to model predictions 
to estimate the average values of shear modulus and critical 
or limiting shear stress. T h e  results are correlated over a 
range of pressures and temperatures and are summarized 
in terms of simple rheological equations which can be used 
For traction predictions. 
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