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THE LUBRICATION OF ROLLERS
IV. MEASUREMENTS OF FRICTION AND EFFECTIVE VISCOSITY
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w0 5 Measurements of friction with disk machines are described. The measurements have been made
T O under conditions which fit them particularly for comparison with the theory of hydrodynamic
~ lubrication of rollers and with the theory of frictional heating which has been developed in

part III. The frictions due to rolling and sliding have been measured separately.
It is shown that the frictional tractions T, and 7, acting upon the surfaces of two disks can be

expressed by T, =T, T, ‘

where T is the traction due to rolling and T is that due to sliding. If the disk 1 runs freely in
frictionless bearings T must be zero and the disk runs in the condition

Tp= Tk
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282 A. W. CROOK

A four-disk machine is described in which the central disk, since it has no bearings, runs in the
above condition unless some external torque is imposed upon it. External torques were applied
by a band brake and from the curves of traction against sliding thereby obtained both T, and
the way in which T increases with sliding speed were deduced.

It is shown that in the elasto-hydrodynamic régime T, is independent of load and simply
proportional to the thickness of the hydrodynamic film. It is also shown that this behaviour follows
from the hydrodynamic theory and that the magnitudes of the rolling friction as predicted by
theory and as deduced from experiment are substantially in accord.

From experimental determinations of film thickness and from the linear increase of T'g with
sliding speed over the range of sliding speeds employed (~ 1 cm s71) values of the effective vis-
cosity (7,,) at the rolling point were deduced and are presented as a function of rolling speed
(@ = {(uy; +u,)). By effective viscosity is meant that constant viscosity throughout the conjunction
of the disks which would give rise to the observed friction. It is shown that the values of 7, so
obtained when extrapolated to zero rolling speed are consistent with published results of experi-
ments with dropping ball viscometers in high-pressure apparatus (Pressure Viscosity Report 1953)
both with respect to the effects of pressure and of temperature. But the more important feature
of the results from the disk experiments is that they show the effects of pressure and temperature
upon the apparent viscosity of the oil to diminish as the rolling speed is increased, i.e. as the time
for which the oil is under stress diminishes. This behaviour is interpreted in terms of a Maxwellian
fluid and the required values of the elastic modulus in shear are deduced. However, although the
visco-elastic hypothesis accounts for the observations it is stressed that it cannot yet be taken as
the definitive explanation. '

In a further series of experiments a two-disk machine adapted for the direct measurement of
friction independently of bearing frictions was used to explore sliding speeds up to 400cm s~1. In
contrast with the previous measurements, at such speeds of sliding frictional heating has a major
effect upon effective viscosity, for example, in a particular instance the introduction of 400cm s—!
sliding caused the effective viscosity to fall from ~ 3000P at the rolling point to ~20P. It is
shown that the frictions and effective viscosities predicted by the theory of frictional heating
(part III) and the measurements now reported are, in their larger aspects, substantially in
accord. For example, in a particular instance theory predicted a coefficient of friction of 0-05
whereas experiment gave a coefficient of 0-03 and both experiment and theory show that as the
sliding speed increases the friction rises to a maximum and then falls.

But the theory of part III when applied to the experimental results leads to a value of the
thermal conductivity of the oil of about half that to be expected from Bridgman’s work (1949). How-
ever, measurements in finer detail of friction up to a sliding speed of 30cm s~! indicate that an
intrinsic effect (i.e. an effect at constant temperature) of rate of strain upon viscosity exists. By
taking this into account the anomaly with respect to thermal conductivity can be resolved.

The experimental results show clearly that in a lubricating system of widespread type (e.g. ball-
races, gears) a mineral oil exhibits distinctive dynamic characteristics which are of significance
with respect both to friction and to the thickness of the hydrodynamic oil film. The comparison
of experiment and theory also emphasizes the importance of the thermal conductivity of the oil
in relation to friction and to the temperatures in the oil film.

1. INTRODUCTION

Many measurements of the friction between gear teeth (see, for example, Cameron &
Newman 1953) and of the friction between disks in a disk machine (see, for example,
Misharin 1958) have been reported. Generally the measurements have been made with the
purposes of knowing the friction and of finding empirically correlations with design para-
meters. But with the greater understanding of elasto-hydrodynamic lubrication now
available, conditions can be set for measurements of friction which fit them particularly
for comparison with physical theory. Measurements of friction made for such a comparison
are described in this paper and the results are discussed in relation to the theory of
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hydro-dynamic lubrication and to the theory of frictional heating developed in part III
(Crook 19615).

The friction comprises a component due to the rolling of the disks and, if their peripheral
speeds be unequal, a component due to their sliding. The rolling component arises from the
curvature forced upon the velocity profiles by the convergence of the entry (figure 1 (a))
while the sliding component arises from the tilt superimposed upon the velocity profiles
offigure 1 (a) by the sliding (figure 1 (8)). The rolling frictionis small. Even though approxi-
mate allowance be made for bearing losses the rolling friction is easily obscured by bearing
friction. Furthermore, the rolling friction may be exceeded by the friction due to small
amounts of sliding which pass unobserved in conditions which would normally be regarded
as pure rolling. However, with a disk machine of unconventional design it has been possible
to measure the rolling friction. The results are compared with theory.

Hllllllﬂfz

(@
}F(\\\\L\\\\T
recess (b) entry

Ficure 1. Velocity profiles. (a) Pure rolling, (5) with sliding.

The sliding friction, which arises predominantly from the parallel section of the con-
junction (figure 1), depends upon the thickness of the hydrodynamic film, sliding speed and
viscosity. From measurements of friction, thickness and sliding, an effective viscosity has
been deduced. The actual viscosity (5) varies from point to point throughout the conjunc-
tion; the effective viscosity (7,,) is that constant viscosity which would produce the observed
friction.

The effects of pressure and temperature upon oil viscosity as measured under sustained
stress are known from measurements in high-pressure apparatus (Pressure Viscosity Report
1953). However, the effects may not be the same under the transient stresses experienced
by the oil in its passage through the conjunction of the disks. The importance of the effective
viscosity is that it relates directly to that transient state.

Effective viscosities have been deduced from conditions near to pure rolling up to the
inclusion of 400cms~! sliding. Near the rolling point, because there is little frictional
heating, it has been possible to detect a specific influence of rolling speed upon the effective
viscosity. A tentative interpretation of the effect in terms of visco-elasticity is given. By
the introduction of increasing amounts of sliding the influence of frictional heating upon
effective viscosity has been followed. The results are compared with the theory of frictional
heating already developed in part IIT (Crook 1961 5).

36-2
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284 A. W. CROOK

2. GENERAL EXPRESSIONS FOR ROLLING AND SLIDING FRICTION

The obvious way of considering the frictional traction is to equate it with the viscous
drag at the surface of a disk. But close to and within the conjunction the normals to the
surface of a disk will not in general pass through the axis of rotation. Consequently a possi-
bility exists that a resultant moment due to the pressure contributes to the resistance to
motion. To avoid this complication the tractions will be derived from the energy equation.

The rate of energy dissipation throughout the oil film is given by the volume integral of
n(du/dy)?, where 7 is the local viscosity and u is the velocity of the oil (u will be taken positive
in the negative direction of x, figure 2). Integration with respect to y gives

Jarlag) e = gy [y rgg) 2] @

where /% is the gap separating the disks at x.

x

N
\[\

recess entry

Ficure 2. Co-ordinates.

In §2 of part ITI the hydrodynamic equation was considered for the circumstance that
7 1s a function not only of x but also of y. It was shown (equation (2-2) of part III) that

u  10P by | 1y, (uy—u) )
_m(*?_ﬁ)+7 A, (2-2)

dy  nox
where P is pressure, 7,, is the viscosity at y = h/m, u, , are the peripheral speeds and m is
defined by the place where du/dy = (u,—u,)/h. From equations (2-1) and (2-2) it may be

seen that
h iy ou apP (h
[orG) ar=Lmgy), () +e [ er]

The integral on the right (the coefficient of dP/dx) is simply the rate of flow of oil and must
be independent of x. Consequently, upon integrating with respect to x between limits

where the pressures are zero (from x = 00 to x = —25) no contribution will arise from the
term in dP/dx. It then follows that if I/ be the rate of dissipation of energy
° du
W= ), e L (), e 3
o \4ay) 45— o) o ¥ (2:3)

where 26 is the width of the parallel part of the conjunction (figure 2). Equation (2-3)
shows that the tractions per unit face width (77),

® du
1] :~f < @)y_ dvx and T7,= f-% (ﬂﬁy)yﬁ dx

which arise from viscous drag at the surfaces by themselves satisfy W.
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If the quantities
To=—; f S 0 = (t—w) | be’lhf-"dx (2+4)
be defined it may be shown from equation (2-2) that
Ty, =T FT; (2-5)

provided that m (equation (2-2)) has the value two as, by symmetry, it must have at the
rolling point. Clearly T} is the rolling friction and T is the friction due to sliding. (At
values of sliding such that m can no longer be regarded as having the value two the expres-
sion for T (equation (2-4)) still stands but not that for 7. Then the rolling frictions at the
two surfaces are unequal. However, they are then small compared with 75 and consequently
may be neglected.)

If the lower disk (figure 2) runs in frictionless bearings the traction 7; must be zero.
Contrary to common assumption, the disks will not roll but will run, so that

T, =Ty,

3. MEASUREMENTS NEAR THE ROLLING POINT
(a) The four-disk machine
To measure friction near to the rolling point a disk machine of the form shown in

figure 3 (a) was built. The central disk which is supported entirely by the three outer disks,
needs no bearings and consequently runs in the condition

T =T

unless some torque be intentionally imposed upon it.

The construction of the machine is illustrated by figure 3 (). The disks 4 and B run in
bearings in the machine frame (not shown) while disk C runs in self-alining races in the pair
of loading arms. Axial location of the central disk (D) is provided by the air thrust block
(E£) which comprises a slotted block with a circular plate running in the slot. The block is
drilled internally so that air can be pumped into both gaps (1 X 1072 cm clearance) formed
by the plate in the slot. The two air streams are both throttled by constrictions (1 mm bore,
9 mm long) which create a differential pressure tending to centre the plate should it move
from the central position in the slot. Air is supplied at 20 Lb. in.~2. An elementary calcula-
tion based upon laminar flow gave 2x10-2dyn per rev/min at 3in. diameter (nominal
diameter of disk D) for the frictional traction due to the viscous drag of the air in the thrust.
In the context of the experiments such a traction is imperceptible.

The outer disks (4, B and C) were lapped to be equal in diameter to within 2 x 10-5cm
and all are driven at equal speed by the gear train F. To obtain motions of the greatest
possible uniformity the gears are helical and their teeth were ground.

All the disks are of case-hardened steel (750 V.p.n.) nominally of 8in. diameter (7-6 cm)
and were lapped so that their generators were straight to within 5x 10~5cm. The outer
disks are of 1in. (2-54 cm) face width while the central disk was relieved to leave a central
track 0-751in. (1-9 cm) wide.
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The lapping technique was established with the central disk which as a result is of slightly
smaller diameter than the outer disks. This is of no consequence provided the difference
be known. The difference was measured with a comparator to within +5x 10~5cm. The
difference was also measured by running the machine slowly without lubricant until an
easily measurable difference in total rotation developed between the outer disks and the
central disk. The result confirmed the comparator readings.

Ficure 3. The four-disk machine. (a) Principle, () construction (diagrammatic).
A to D, disks; E, aerostatic thrust; , gear train; G, band brake.

So that small external torques can be applied to the central disk a band brake (G) is
fitted. It consists of two ribbons of woven glass fibre each looped once round a 1 in. diameter
steel cylinder and arranged so that they exert a pure torque. The combination of glass fibre
and steel was advantageous in that it gave a steady friction free from fade despite tem-
peratures which produced temper colours on the cylinder. The sliding of the disks was
measured with a stroboscope lamp triggered from the driving shaft.

The machine is arranged with insulation to permit the measurement of the electrical
capacitance between disks C and D. When measuring capacitance electrical connexion
has to be made to the shaft of the central disk. This involves an unknown torque so capacit-
ance measurements were made in separate experiments. For the measurement of surface
temperature thermocouples as decribed in § 2 of part IT (Crook 1961 a) are provided to bear
upon disks Band D. The disks and gears of the machine were lubricated with oil to Admiralty
specification OM 100. This oil has been described in part I (Crook 1958).

The machine is driven by a variable-speed motor with a maximum speed of 3000 rev/min.
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(b) Experimental

The machine was run at the desired speed and load. The difference in rotational speed
between the central disk and the outer disks was measured with- the stroboscope. In further
experiments the ribbons of the brake were fitted and the speed difference was measured
for various values of the braking torque. In addition the surface temperature of the disks
as given by the thermocouples was recorded.

In separate experiments the electrical capacitance between disks C and D was measured
by the a.c. bridge method which has been described in part I.

(¢) Results j
The torque applied by the band brake was expressed as the frictional traction per unit
face width (77) acting upon the central disk at each of its three conjunctions with the outer
disks. The difference in rotational speed between the central disk and the outer disks was

10
5 )
T \e a

g

(]

E\ 1 | —1
;U 0] 05 10 (u2 - ul) (Cm S )
S
Z
[\T

5 —
10~

Ficurk 4. Surface traction (77) as a function of sliding speed (77 is the rolling friction). (a) Load =
74 x 107dyncm™!, # = 260cms™!, 5, = 0:42P. () Load = 2x 108dyncm~!, # = 300cms™!,
7, = 0-4P. O and A differentiate directions of rotation.

expressed as a sliding speed (#,—u,) allowance being made for the smaller diameter of the
central disk. Typical plots of 7 against (u,—u,) are given in figure 4. These show T (equa-
tion (2-4)) to be proportional to (#,—u,). The intercepts of the lines with the vertical axis
give the values of 7. Although the loads for the two sets of results given in figure 4 were
very different, nevertheless, they both gave the same value for 7.

From the values of surface temperature as recorded by the thermocouples and the known
temperature dependence of the viscosity of the oil at atmospheric pressure (figure 8 of
part I) a value of the viscosity at the surface temperature of a disk (,) was deduced for
each of the disks B and D (figure 3). In general the two values differed slightly ; the mean was
used to evaluate @7, where % is the rolling speed of the disks (7 = }(u; +u,)).
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Ficure 5. Rolling friction in relation to @7, and film thickness (a) 77 as a function of #,. Load (107
dynlcm™1), & 25, 0 49, x 74, 0 100, A 146, v 19-7. (2x108dyncm! = 1120 Lb.in."1);
(b) Ty as a function of film thickness (same results as for (a)).

105~

10

| ]
0 600 1200
# (cms™)
Ficure 6. The ratio of the effective viscosity (7,,) to #, in pure rolling. Load (107dyncm™1):
O 25,0 49, x T4, 01100, A 14:6, v 197; —— 0-2P < 5, < 0-6P; ~———— 0-6P < 5, < 1-5P
(1000 cms~! = 1980 ft. min—1).

It was found that a strong correlation exists between 7, and uy, (figure 54). The figure
embraces loads from 2-5x107dyncm™! to 1-97 x 108dyncm™!, values of # from 37 to
1200 cms™! and values of 7, from 0-24 P to 1-69 P and shows that for the range of loads
explored no dependence of T upon load is discernible. (Because of this independence, in
the context of the hydrodynamic lubrication of rollers, the concept of a coefficient of
rolling friction is not useful ; curve (a) of figure 4 gives a coefficient of 1-4 x 10~3 while curve
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(b) gives a coefficient of 5 x 10~%) In addition figure 5 (a) shows that T} is proportional
to (un,)°.

It is shown in appendix A that the film thicknesses (4*) associated with the three con-
junctions of the four disk machine are the same as those associated with the single con-
junction of the two disk machine of parts I and IT; in particular itis shown that 2* oc (ug,)%5.
It follows therefore that the rolling friction is simply proportional to the film thickness
(figure 5 (8)).

The slopes of lines such as those of figure 4 were multiplied by their associated values of
h*[2b (equation (4-9) below) where 26 is the width of the Hertzian flat. The products are
the effective viscosities of the oil within the pressure zone (7,) and values of the ratio
(f.m[ns) are plotted against @ in figure 6. The effective viscosity increases with load but at
constant load it falls as @ increases.

4. DiscussioN

(@) The rolling component of the friction
From equation (2-4)
oh L)
Li=—5[ — —5| (P} (4P),. .
. axd (AP) = — (hP) fP det [ by |ds

If P be zero at x = 00, —2b and % be constant over the interval 0 = x > —2b (i.e. & = A¥) it
then follows that

| )
T, :QL P3dx. (41)
Grubin (1949) has shown that if the viscosity of the oil varies with pressure according to

L. np = fpexp (OP),
then the pressure (P) is given by

P——lln(1-dP), P - 120, f (’2 o ) ds. (4:2)

(A fuller discussion of equation (4-2) has already been given in part II.)

At the entry edge of the Hertzian flat (x = 0) P’ may be set at a fraction of 1/8 (§4 of
part IT). It will be set at x/d. It then follows from equation (4-2) that

e e e

=—3ln - (4:3)
J, () @
Approximately (equation (4-8) of part IT)
h—h* = h*yt,  y = 2b%x/(3RA*)3, (4-4)

where b is the half width of the Hertzian flat and R is the relative radius of curvature of the
disks. By use of equation (4-4) P can be expressed in terms of y, i.e.

. . (I—K)wadx+KJZQdX
P=3f) =—3n o

0

& (4-5)
Qdy ’ (1+xh3

37 VoL. 255. A.
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290 A. W. CROOK
Also, from equation (4-4), Oh 5,4 10X .
So, from equations (4-1), (4-5) and (4-6)
3 h* (=
=35 2 f(x) dy = ak*. (47)
0

This approximate theory shows that the rolling component of the friction should be
proportional to film thickness, independent of load and also, except in so far as they bear
upon film thickness, independent of the relative radius of curvature of the disks and of the
elastic constants of the materials from which the disks are made. Proportionality with film
thickness and independence of load have been demonstrated experimentally (figure 5 (5)).

The integral of equation (4-7) was evaluated numerically for values of « from 0-7 to 1-0.
(The numerical integration was carried up to y = 6. Over the interval 6 £ y < oo the in-
tegral was evaluated analytically from an approximate expression based upon % = x2/2R
and valid for values of x large compared with 4.) The corresponding values of « (equation
(4-7)) were calculated assuming ¢ to be 2 x 107°dyn~! cm? and the values thereby obtained
are given in table 1. In addition, in one instance, by assuming definite values for 2*; b
and R (respectively 1 x 10~*cm, 2x 10~2cm, 1-9 cm) 7, was evaluated from an expression
for (h—k*) given by a more exact expression for the Hertzian shape. It was evaluated from

h—h* = *é% [(149) /(#2+28) —In {1 +8+./(¢*+-29)}], ¢ = x/b. (48)

The value of « thereby obtained agrees closely with that obtained from equation (4-7)
(table 1).
TaABLE 1. VALUES oF o (Ty = oh*)

x=0 22
basis of evaluation of & K (10°dyncm~2) (dyncm=2)
by calculation from approximate Hertz shape 1-0 o9) 13-5
(equation (4-7)) 0-99 2:3 13-2
0-9 1-2 11-2
0-7 0-6 81
by calculation from exact Hertz shape 1-0 0 13-6

(equation (4-8))
experimental (figure 5(5)) — — ~9

The table shows that within 50 9, the calculated values of « agree with the value obtained
experimentally. Itis evident that by assuming a sufficiently small value of k exact agreement
may be obtained, but by so doing the pressure attributed to the entry edge is depressed to
too low a value. It would seem therefore that the calculated values are larger than the
experimental value. The difference could be due to the approximate nature of the calcula-
tions or due to a systematic error in the measurement of film thickness. Nevertheless, within
these limitations, the agreement is satisfactory. The agreement is particularly satisfactory
in that both theory and experiment show T} to be proportional to film thickness over arange
of un, from 20 to 600 dyn cm~!. This provides further confirmation that in pure rolling the

temperatures due to the friction are too small to affect the viscosity significantly (§4 of
part ITI).
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(b) The effective viscosity in pure rolling
The sliding component of the friction (7}) is given by equation (2-4),

0

Ty = (up—uy) Z’ﬂdx=(u——u)fw1’—”—dx+(u—u)f0 Tm g
2 1 _th 2 1 0 h 2 1 anh ¢

It may be shown that over the interval o > x > 0 the contribution to 7§ is at most 10 9%,
Consequently the first integral on the right will be dropped. Then if7,, is the average value
of 7,, and A* is the thickness of the parallel section of the film extending over the Hertzian
width 2b it follows that

T =~ 27, (uy—uy) b/I*. (49)

The experimental results (figure 4), in keeping with equation (4-9), show T to be
proportional to (z,—u,). Therefore over the range of speeds of sliding under consideration
(up to a few cms!) 7, is independent of (#,—u,). This implies that at such speeds of sliding
the increments of temperature associated with the frictions are too low to have an appreci-
able effect upon the viscosity of the oil. The effect upon viscosity is estimated in appendix B
and is found to be less than 1 9%,. Consequently the values of 77, deduced from the slopes of
the experimental curves (figure 4) and equation (4-9) are valid at the rolling point although
the experimental measurements themselves start at an appreciable speed of sliding.

(1) The effect of pressure

To remove the direct effect of variations in the viscosity of the oil at the surface tem-
perature of the disks (7,) the values of 7,, deduced from the experimental results are pre-
sented as the ratio of 7,,/7, in figure 6. The figure shows that7,,/y, rises with load (a thousand-
fold increase on raising the load from 2:5x 107 to 19-7 x 107 dyncm™!), falls with rolling
speed (a 10-fold drop on increasing % from some tens to 1200 cms~!) and, for constant load
and %, rises perceptibly when 7, is increased (cf. the chain and continuous lines for a load of
7-4 x 107 dyncm™1).

On passing through the conjunction the oil is compressed and becomes heated in con-
sequence. This will have influenced the values of 7,,/7, given above but the effect is so small
that it may be neglected (appendix C).

If viscosity increases exponentially with pressure in accordance with

np = 7o exp (0P)

and if the pressure distribution were Hertzian with a maximum pressure P, ,, then

Talt, = | XD (0P, (8278} dx; @10

from this 7,,/7, was calculated as a function of 6P, ,, (figure 7) and values of § corresponding
to the values of 7,,/9, given in figure 6 were deduced. A representative selection of the values
of § so obtained are presented as a function of % in figure 8.

The actual pressure distribution is, of course, not exactly Hertzian as assumed in the
derivation of equation (4:10). However, the departures occur mainly at entry where the
pressures are low. The regions of low pressure contribute little to the integral of equation
(4-10) in comparison with the region of high pressure. Consequently, although the actual

37-2
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Ficure 7. 7,/y, as a function of §P,,, for isothermal conditions. s Bl Mss ———— €XP (0Ppgax.)-
Ficure 8. The variation of ¢ with rolling speed. 0:35P < 9, < 0-45P; load (107dyncm~1): O 49,
x 7-4,0 10-0, A 14:6, v 197, 1-1P < 5, < 1-43P; load (107dyncm~1): & 7-4.

7

viscosity (P)

=

pressure (10°dyncm—2)
Ficure 9. Viscosity as a function of pressure. —O0—, # = 0, 50 °C; ——, & = 400cms~1, 50 °C;
—O—, i = 0, 27 °C. ————, Pressure Viscosity Report 1953 (0il 29F); x, 38°C, +, 99°C. (1 x10°
dyncm—% ~ 15000Lb. in.72.)

pressure distribution departs in detail from the Hertzian distribution, nevertheless, equation
(4-10) is adequate.

The values of § given in figure 8 show that 0 falls as the load is increased, that ¢ rises
as 7, is increased (i.e. as the surface temperature of the disks falls) and that § falls as the
rolling speed increases. ’

The variation of viscosity with pressure implied by these values of 4 was calculated and
the results are presented in figure 9. (The curve for # = 0 was obtained by extrapolating
lines such as the two drawn in figure 8 to # = 0 and by calculating with the values of &
thereby found.) The figure also contains results from the Pressure Viscosity Report (1953) for
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the oil of greatest similarity to the O M 100 oil of the present work. The Pressure Viscosity
Report gives viscosity as a function of pressure as measured by a dropping ball type of visco-
meter in a high pressure apparatus following Bridgman (1949). The viscosities of the Report
for the relevant oil do not extend beyond 40 P but in so far as thatlimit permits a comparison
of the results of the Report with the viscosities as measured in the disk machine (z = 0)
shows the two sets of results to be in accord.

The fallin J as the load increases (figure 8) and the decreasing slopes of the lines of figure 9
as the pressure rises are both a reflexion of the same behaviour. Such a decrease is a general
feature of the curves of the Pressure Viscosity Report. In addition figure 8 shows that as the
initial viscosity is increased (7, increased) the rise of viscosity with pressure becomes more
steep. Again this is a general feature of the Pressure Viscosity Report.

However, the results from the disk machine reveal a behaviour which could not be found
with the sustained stress imposed by a dropping ball viscometer; they show that the varia-
tion of viscosity with pressure is also a function of rolling speed or, perhaps more generally,
a function of the time for which the oil is under stress. The increase in viscosity with pressure
becomes less as that time decreases.

(1) The effect of temperature

Near the rolling point the temperature of the oil throughout the conjunction is effectively
that of the disks themselves as the rise in temperature within the oil is small (appendices
B and C). Therefore a change in 7,,, due to a change in disk temperature, exhibits the tem-
perature dependence of the oil under the conditions of pressure and transit time pertaining
to the conjunction.

It was assumed that the temperature dependence is of the form

(ﬁm)az = (ﬁm)ﬁl €xp {— 7(62 - 01)}5

where 0, 0, were identified with the disk temperatures. In figure 10 values of y obtained

in that way from pairs of results in which 6, and 6, differed by approximately 15deg C
are plotted against rolling speed ().

15—
T
(@)
&0
o
B
i
=
>~
3 |
0 600 1200
# (cms™1)

Ficure 10. The variation of y with rolling speed. (Load = 7-4 x 10’ dyncm™1.)

The figure shows that, like 8, the temperature coefficient y also falls as % increases.

It may reasonably be supposed that at low rolling speeds the temperature dependence
so determined should approach that determined more conventionally in a high-pressure
apparatus.
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In figure 11 results taken from the Pressure Viscosity Report (1953) for the oil most similar
to the O M 100 of the disk experiments (oil 29 F of the Report) are given. To cover the
viscosities of interest an extrapolation on the basis of the A4.S.7.M. Standard Viscosity-
Temperature Chart (1939) was made.

10°—
10°-
107
D
z
E 10
o
2
& —~
!
1 §
g
>~
.
=
01 =
o
=
=
w2
s
.01 | I 0 2,
0 20 80 140 200
temperature (°C)
Ficure 11. Viscosity as a function of temperature. Oil 29F (Pressure Viscosity Report 1953). ——, Ex-
perimental; ————, extrapolated; x, OM 100 at atmospheric pressure; 0, OM 100 from disk

experiments, # = 100cms™L.

The disk experiments were conducted at a load of 7-4x10”dyncm~! which gives a
maximum pressure of 3-7x 10°dyncm~2 and a representative pressure (F,) of 3-3 x 109
dyn cm~2. (P, is defined by

xpO, = [ xp (Pouy, /(1247 B} dx)

The circular points in figure 11 give values of 7,, obtained at a low speed of rolling and,
in point of viscosity and rate of change of viscosity with temperature, agree with the
expected behaviour of 0il 29 F at a pressure equal to the representative pressure of the disk
experiments.

(¢) Effective viscosity and rolling speed

The explanation of the variation of viscosity with rolling speed must be also the explanation
of why the slopes of plots such as those of figure 4 vary when rolling speed alone is changed.
Rolling friction is the explanation of the varying intercepts; a viscosity varying with shear
rate is a possible explanation of any curvature but to explain the varying slopes an effect
dependent upon the time of transit has to be invoked. Visco-elasticity is such an effect.
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For a visco-elastic fluid
du 71 1ot
o G
y g Gox
where in the co-ordinates of figure 12 u is velocity taken positive in the negative direction
of x, 7 is shear stress and G is the elastic modulus of the fluid in shear.

# (Milne 1957; Crouch & Cameron 1960),

Y
)
B A
N— /
———— W -
~
2b -
recess entry

Ficurk 12. Co-ordinates for visco-elastic hypothesis.

It will be assumed that the fluid enters at 4 (figure 12) free from elastic strain and that
the pressure is constant from A4 to B. Constant pressure implies that 7 is independent of
(Milne 195%) when integration of the above expression gives

21 1-oe(-]] o

where 7, is the apparent viscosity defined by
0
m=1* [ [rf(w—w)]ds
where A is the relaxation time of the fluid defined by
A=m/G

and where £ is the mean time for which the fluid is subjected to stress and is defined by
t = 4b/(u;+u,).

/ ’

- X

£ 107 /

=

X
>.</
i L l I
10# 102 1 10*

i

Ficure 13. The ratio of the apparent viscosity (7,) to the actual viscosity (7,) as a function of ¢/A.
, Equation (4-11); x, Crouch & Cameron (1960).

In figure 13 5,/n, as deduced from the theory of Crouch & Cameron (1960) (in which
a parabolic distribution of pressure was assumed and a viscosity rising exponentially with
pressure) and also as calculated from equation (4-11) is plotted. The two sets are close so
the precise form of the pressure distribution is of little importance,
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For each curve of figure 6 the values of 7,, at rolling speeds of 600 and 1200 cms~! were
expressed as ratios of 7,, at zero rolling speed. These ratios were identified with 7,/7, of
equation (4:11) and from figure 13 values of 1/t and hence of G were deduced (figure 14).
(At 1200 cms~! the values of G were approximately 50 %, greater than those for 600 cms~1.
The means are plotted in the figure.) The points fall on a smooth curve. In addition the
variation of 7,/7, with rolling speed implied by the values of G were calculated. The
calculated curves together with the experimental points are given in figure 15.

10°—

10%—
Ch
g
()
g
T 10—
O

10° l I J ! |

10 10° 10* 10° 0 600 1200
(Monf75) #cms™!
FicUure 14 Ficure 15

Ficurk 14, Shear modulus (G) as a function of (7,,/7,) at zero rolling speed.

Ficure 15. The ratio of the effective viscosity (7,,) to 9, in pure rolling. ——, Calculated from the
visco-elastic hypothesis (a) G = 1-9x 108dyncm=2; A = 1-9x 1074s; (4) G = 7-4 x 106 dyncm~2,
A=11x10"%s; G=14x10°dyncm=2, A = 1-2x10~*s. Experimental points, load (107 dyn
cm™): & 25,0 49, A 14-6.

The variation of the temperature dependence of viscosity with respect to rolling speed
(figure 10) can also be described in terms of visco-elasticity. Experimental values of 7,
for a load of 7-4 x 107 dyn cm™! and for temperatures of approximately 30 and 45 °C were
adjusted to those temperatures assuming an exponential dependence (figure 16).

In column (i) of table 2 values of 77,, at % = 0 are entered and in column (iii) the ratios 7/,
for % = 0 are given. The values of G implied by these ratios were obtained from figure 14
and are given in column (iv) with the relaxation time (1) in column (v). The ratio ¢/ for
% = 400 cms~! is given in column (vi) where ¢ is the time of transit through the Hertzian
width 25. The values of 7,/7, (column (vii)) associated with the values of #/A were obtained
from figure 13 and by identifying 7, with the value of 7,, at @ = 0 values of 7, were calculated
(column (viii)). In that way the variation of the apparent viscosity (7,) with rolling speed


http://rsta.royalsocietypublishing.org/

=

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/|

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

LUBRICATION OF ROLLERS. IV 297

as predicted by the visco-elastic hypothesis was calculated (interrupted lines of figure 16).
Thereis a qualitative agreement in that the calculated curves also indicate that the apparent
viscosity becomes less sensitive to a change in temperature as the rolling speed increases.

Thus with appropriate values of G the visco-elastic hypothesis can be made to account
qualitatively for the observations; it does predict sensitivities of viscosity to changes in
both pressure and temperature which decrease with the transit time.

10000,

5000

1000

0 |
30 0 200 400

# (cms™1)
Ficure 16. The effective viscosity (7,) as a function of rolling speed. (a) 30°C; (b) 45°C.

—O— deduced from experimental results; ————, calculated from visco-elastic hypothesis.
Load = 7-4 x 107 dyncm™!.

TABLE 2. VISCO-ELASTICITY AND THE TEMPERATURE DEPENDENCE OF VISCOSITY

Tm _ A=7,[G  t=2bla  tA  qply
(@=0) 7, Tl G (=0) (% =400cm s™) 72
0, P P (#=0) (dyncm™?) s s P
(°G) (i) (ii) (iif) (iv) ) (vi)  (vii) (viii)
45 2:0x10° 049 41x10° 33x107 6:0x10° 6:3x10-°5 105 038 76 x102
30 95x103 120 79x10° 56x107 1-7x10~* 6:3x10-° 037 016 1-52x 103

The only other experimental evidence for visco-elastic effects in lubricants has been pro-
vided by measurementsofshear waves generated in fluids by vibrating crystals (Mason, Baker,
McSkimin & Heiss 1949 ; Barlow & Lamb 1959). Such measurementsshow a distribution of
relaxation times and in particular times associated with ashear modulusof 1 x 107 dyn cm~2
termed ‘configurational’ elasticity and a modulus of the order 1 x 10! dyncm~2 termed
‘crystalline’ elasticity (Mason et al. 1949). The values of G postulated from the present
experiments lie within the configurational régime.

With polyisobutylene Mason et al. (1949) found that within the ‘configurational’ régime
G falls with viscosity when viscosity is varied by temperature or by the use of polymers of
different mean molecular weights. From the present work G also falls with viscosity
(figure 14). Against such similarities, however, must be set the fact that with lubricating
oils of mineral origin Barlow & Lamb (1959) found that the elasticities were confined to
theregion of 1 X 101 dyn cm~2. But the conditions of the two sets of experiments are different
both with respect to pressure (Barlow & Lamb worked chiefly at atmospheric pressure and
in a few instances at a pressure of 1 x 109dyncm~2) and with respect to the magnitude of
the shear strains (the strains of the disk experiments are many orders of magnitude greater
than those of the shear waves).

38 VoL. 255. A.
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(d) Effective viscosity and film thickness

With ¢ constant theory gives a film thickness proportional to (a@,) raised to a power of
approximately 0-7 (part IT). In figure 17 the depression of the exponent due to the variation
of § with % as found for a load of 7-4 x 107 dyn cm™! is illustrated (7, was taken constant at
0-5P); with the variation taken into account an exponent markedly closer to the experi-
mental value of 0-5 is given. Furthermore, as film thickness is determined in the entry zone
(part IT) where the representative pressures and transit times will be less than those associ-
ated with 7,,, a more severe depression of ¢ with rolling speed than that assumed in figure 17
might be appropriate with respect to film thickness.

4
- 2%
B
)i
=
~ I L
*
-~

051 | Nl J
50 100 200 500
i, (dyn cm™)
Ficure 17. Film thickness as a function of #y,. ————, From equation (4-9) of part II, ¢ constant;
——, d decreasing as ¥ increases; ——, experimental (figure 3 (@) of part II).

5. MEASUREMENTS AT SPEEDS OF SLIDING UP TO 400cMs™!
(a) Apparatus.

As the sliding speed increases the friction rises, reaches a maximum and then falls. To
explore the falling part of the curve of friction against sliding speed, controlled rotation of
all the disks becomes necessary as on the falling part of the curve a brake brings its associated
disk to rest (§ 10 of part III). Because of this and because of the large frictional forces to be
measured it was convenient to adapt the two-disk machine (part I) for the work.

A diagram showing the principle of the machine is given in figure 18. The disk 4 (3in.
diameter) runs in bearings in the machine frame (not shown) and is driven by a variable
speed motor. The disk B (31in. diameter) runs in self-alining bearings in the swinging arms
C and D which hang from the axle E. The rotation of the disk B is controlled through a
cardan shaft by a variable speed motor which, in most instances, acted regeneratively.
The disks are loaded together by equal tensions in the cables /' and G. The friction at the
conjunction of the disks is a vertical force. Vertical movement of the disk B and its associated
swinging arms is controlled by the spring beam H to which the axle E is connected. The
frictional force at the conjunction of the disks is transmitted to beam H and the change in
its deflexion is measured by the dial gauge 1. After calibration by dead loading the frictional
force was obtained from appropriate readings of the dial gauge. The advantage of this
system compared with conventional systems in which the friction is measured by dynamo-
meters whose readings relate to the driving torques, is that the system gives measurements
independent of friction in the bearings.
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The axle E must be constrained so that is can only move vertically; the vertical movement
of the axle with all its associated parts and dial gauge must be free from hysteresis and the
cardan shaft controlling the rotation of disk B must not exert a vertical force, particularly
a force which reverses upon change in the direction of rotation. Measures were taken to
satisfy these requirements.

Ficure 18. The two-disk machine arranged for the measurement of friction. 4 and B disks;
C and D swinging arms; E axle; F and G loading cables; H spring beam; I dial gauge.

If the directions of the pulls exerted by the cables F' and G are not parallel with the line
of centres of the disks, then the reaction at the conjunction of the disks will have a vertical
component. Unlike the friction this vertical component will not change direction on re-
versing the directions of rotation of the disks. The cables were carefully set to be parallel
with the line of centres, but to eliminate any remaining vertical component the friction
measurements were always taken in pairs; one measurement for each direction of rotation.
But however accurate the initial setting of the cables that setting is disturbed as soon as
the beam H deflects under the influence of the frictional force. With the vertical movement
of disk B known correction can readily be made, but in general a beam H was chosen which
was so stiff that no correction was necessary. However, with the beam so stiff the movement
to be registered by the dial gauge became inconveniently small so a mechanical magnifica-
tion of ten was interposed between the axle £ and the dial gauge. The magnified movement
was also employed to damp, by means of an oil-filled dash-pot, vibration of the axle E.

To measure the speeds of the disks triggers were arranged on both shafts to operate
electronic counters. Counts over known intervals of time were taken. The capacitance
bridge (part I) was used to measure the electrical capacitance between the two disks and

a trailing thermocouple (part IT) was used to measure surface temperature.
38-2
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Upon analysis of the results it was seen that measurements of friction in close detail should
be made from as near as possible to the rolling point up to sliding speeds of about 30 cms~1.
Near the rolling point the frictional forces were inconveniently small for measurement with
the two disk machine so the four disk machine was used. But above a few cms™! sliding
the frictional forces were beyond the capability of the band brake of the four-disk machine
(figure 3). The band brake of the four-disk machine was replaced by a dynamometer
consisting of a 9in. diameter disk brake. The dynamometer was floated in an aerostatic
bearing. Electronic counters were used to measure speeds of rotation.

(b) Experimental

The two-disk machine was run so that in any series of experiments at a fixed load the sum
of the speeds of the disks was held constant while the difference between the speeds of the two
disks was varied. Friction, capacitance and disk temperature were measured. An attempt
was also made to keep the temperature of the disks constant so as to minimize the variation
of 5, over a series of measurements. This was done by runnning the machine at a light load
until thermal equilibrium was reached before each measurement was made. The readings
were taken as quickly as possible once the load was imposed and before frictional heating
had raised the temperature of the disks seriously.

A similar procedure was used with the four-disk machine.

8__
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Ty 0-027 ;&
= B
o i
& g
c
L
0019 3
| l
0 200 400

(=) (cms)

Ficure 19. Frictional traction as a function of sliding speed; (rolling speed constant at
400 cms™). Load (10’ dyncm™1): (a) 20, (b) 15, (¢) 7-5.

(¢) Results

The frictional tractions were plotted against speed of sliding. Typical results for three
loads (2x 108, 1:5x 108 and 7-5x 10’ dyncm™!) and for a rolling speed (%) of 400 cms™!
are given in figure 19. Over the curve for the lowest load (curve ¢) 5, varied from 0-43 P at
low speeds of sliding down to 0-41 P at a sliding speed of 400 cms~!. At the highest load
(curve a) the variation was greater because of the greater frictional heating; from 0-43
to 0-35P.
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In figure 20 all the results refer to the same load (1:25 X 108dyn cm™!) but % and 7, vary.
Curves a, b, ¢ and ¢ all refer to an 5, nominally of 0-4P but to values of @ from 120
to 600 cms~!. Curve d is for an », nominally of 0-7 P and a % of 400 cm s~1.

A typical result of the measurement in detail of friction up to a sliding speed of
30cms~! is given in figure 21 (four-disk machine, disk brake). The curve is for a load of
1-2x 108dyncm™!, a % of 400 cms~! and an 7, of 1-4P.

it
<
Do
3

coeflicient of friction

1 |
0 200 400

(4~ 1) (cms)
Ficure 20. Frictional traction as a function of the speed of sliding. Load 1:25x 108 dyn cm—!;
(@) #=120cms™, 9, ~ 0-4P; (b) & =200cms™!, 5, ~ 04P; (¢c) & =400cms™, 9, ~ 0-4P;
(d) w = 400cms™, 9, ~ 0-7P; (¢) # = 600cms~1, 9, ~ 0-4P.

T (108dyncm™!)
T

Y

| l |
0 10 20 +30-
(uy—u;) (cms™)

Fieure 21. Frictional traction as a function of sliding speed (measurements in detail up to
uy—u; = 30cms™). Load = 1-2x 108dyncm™!, # = 400cms™!, 5, ~ 1-4P.

6. COMPARISON WITH THEORY
(a) Friction
Salient features of figure 19 are that the frictional tractions increase as the load is in-
creased, that at constant load the friction rises, reaches a maximum and then falls, that the
sliding speed at which the maximum traction occurs increases as the load is reduced and
that at asliding speed of 400 cm s~ the coefficient of friction increases as the load is increased.
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These features are also exhibited by the theoretical frictional traction—sliding speed
curves presented in part ITI (figure 12 of part ITI). Salient features of figure 20 are that at
constant load, sliding speed and 7, the frictional traction falls as the rolling speed (%) is
increased, and that when 7, is increased the friction rises more rapidly with sliding speed,
reaches it maximum at a smaller sliding speed and then falls more rapily so that ultimately
the higher value of 7, gives the lower friction (cf. curves ¢ and d). These features also are
exhibited by the theory of friction of part III.

There are, therefore, a number of qualitative similarities between the experimentally
determined values of friction and those calculated theoretically. Furthermore, the theory
predicts coeflicients of friction of the right order, e.g. a theoretical coefficient of 0-05 and
an experimental coefficient of 0-03.

In calculating the theoretical curves values for the pressure coefficient of the oil (4), its
temperature coeflicient (y) and its thermal conductivity (K,) were drawn from the avail-
able results of experiments in high-pressure apparatus following Bridgman. It is unlikely
that these values will be accurate for the very different conditions of the disk experiments
or, that in view of the variation of temperature which occurs within the film as the sliding
speed is changed, that the actual values will be constant.

(b) Effective viscosity
Values of film thickness (4*) were deduced from the measurements of the capacitance
between the disks. From the frictional tractions values of the effective viscosity (7,,) were
then obtained (equation (4-9)). Typical results are given in figure 22 in which 7,, is plotted
against the speed of sliding. Upon the introduction of 400 cms~! sliding the curves show a
fall in 7,, of about two decades; the fall increased with load, e.g. a factor of 48 at a load of
7-5x 107 dyncm™~! but a factor of 167 at a load of 2 x 108dyncm~!. The curves of figure
22 (b) show that 7, is insensitive both to rolling speed and, at high values of (z,—u,), to 7,;
the value of 7, associated with point A was 0-37 P and that associated with point B was
0-68 P which is a fractional increase of 0-8, whereas the associated fractional increase in
7., is only 0-25. These features are qualitatively in agreement with theory (part III)
which predicts that 7,, should be independent of rolling speed and that at high speeds of
sliding a fractional change in 7,, produced by a change in 7, should be small compared with

the fractional change in 7, (equation (9-6) of part III).
In §7 of part IIT a method of calculating 7,, based upon the heat balance within the oil
film has been described. In general the method requires numerical integration with respect

to x of

Nm = ”xf (%))
where 7, is defined by 1, = 5, exp (0P),
where ¢ is defined by ¥ =n,y(uy—u;)?/8K,,

and where f(¢) may be found from figure 9 of part III. However, it was also shown that at
large values of (u,—u,) the approximation

= by oz[ WP 200 (1) + 510 (F) | (61)
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where F is the load per unit face width, is adequate (figure 11 of part IIT). From equation

(6-1) it follows that
K, —ul) [ 27 ]
=0 6-2
b4 (uy—uy) 3 ”“ul) ~ (6:2)
in this ¢ does not appear.

Experimental values at a sliding speed of 350 cms~! were used to calculate K,/y from
equation (6-2) and then ¢ from equation (6-1). By numerical integration 7,, was calculated
as a function of (u,—u,). It was found that small adjustments of the values of K;/y and of §
as found above produced a better agreement between the calculated and experimental
curves (figure 22). The values of K,/y and of § which were adopted together with the values
of § at (uy—u,) = 0, % = 400 cms~! as drawn from figure 8 are given in table 3.

4000, 4000

1000 (5

lz 1000

100 100

Z(l)() 4(l)0 0 200 400 200 400
(uy—u,) cms™!

Ficure 22. Effective viscosity as a function of sliding speed. (a) Load = 7-5x 10’ dyncm™!,

#=400cms~!, 5 ~ 0-4P, —O— experimental; ———— calculated. (b) Load = 1-25 x 108dyn

cm~!. Experimental: O, # = 400cms™!, 9, ~ 0-4P; x, # = 600cms™!, 9, ~ 0-4P; O, & = 400

cms™, g ~ 0-7P. ————, Calculated for 9, = 0-4 P. (c) Load =2x108dyncm, # = 400 cms~,

7, ~ 0-4P, —0—, Expenmental ————, calculated.

TaBLE 3. VALUES oF K,/y AND OF 0

) )
load @ K,lv (uy—uy) =350 cms=!  (uy—u,) =0
(dyncm™?) (cm s71) (10°dyn s—1) (10°dyn-lcm?) (10— dyn—l cm?)
7-562 x 107 400 1-3 1-95 21
1-25 x 108 400 1-7 1-67 1-9
2:0 x108 400 1-8 1-43 1-8

(1) The temperature at the surfaces of the disks

The calculated curves of figure 22 were obtained without reference to the rise in tem-
perature of the disks (6,) due to the flow of heat into them. The rise in temperature can be
deduced from the frictional traction without reference to the properties of the oil (equation
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(9-5) of part IIT) and values of 4, for the conditions of curve (¢) of figure 22 at 400 cms~! are
given in figure 23.

It has been shown in part III that 6, has little influence upon 7,, so a change in 6, implies
new values of () (equation (7-4) of part ITI) and hence new values of K/y (equation (5-9)
of part ITI). In that way values of K/y corrected for the influence of f, were obtained ; for
instance, a value of 18 x 105dyns~! obtained previously upon-correction became 2-4 x 10°
dyns~!. The corrected values of 77,, and of the temperatures on the medium plane of the oil
film areshown together with the uncorrected valuesin figure 24. The differences are notlarge.

recess entry
Ficure 23. The rise in temperature at the surfaces of the disks. Load = 2x 108dyncm™!,
# =400 cms™!, (uy—u,) = 400cms~!. Upper curve for surface with u; = 200cms~!, lower for
surface with#, = 600 cms=L.

40

&~
8
=

—
(=3
=

0
recess entry

temperature rise
(deg C)
o
>

Ficurk 24. Conditions within the conjunction of the disks. Load = 2 x 108dyncm™!, # = 400 cms™1,
(uy—u,) = 400cms=. (a) 7,,; (b) the temperature rise on the median plane of the film referred
to the disk temperature at entry. ————, 6, = 0; ——, variation in surface temperature taken into
account.

(i1) The values of Ky and of y

Neglecting 0, gives a viscosity at the surfaces of the disks (7,) constant and equal to 7;.
If 6, had been regarded but y had been set to zero again 7, equal to 7, would be given.

Within the film it is K,/y which alone is of importance. So the correction of K,/y already
given can also be seen as arising from a change in y from zero to the value assumed in
calculating 7,; clearly K/y is insensitive to the value of y.

The value of y is influenced by pressure and temperature (slopes of curves of figure 11)
and by rolling speed (figure 16). By noting the temperature rise on the median plane given
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by figure 24 (b) and also the pressure and rolling speed pertaining to the particular con-
ditions, a value of y of 5 x 1072 deg C~! was chosen. This value gives 12 x 10¢dyns~! deg C~!
as the value of K (K,/y = 2-4 x 105dyns~1).

This value of K, is correct in order of magnitude (International Critical Tables 1927) but
when the increase in thermal conductivity of organic liquids with pressure as found by
Bridgman (1949) is taken into account, it is found to be approximately one-half of the value
to be expected from Bridgman’s results. At loads lower than 2x108dyncm™! the dis-
crepancy is greater.

(iii) The values of &
In figure 25 values of 7,, deduced from the friction measurements of figure 21 are plotted
against sliding speed. The figure also includes curves calculated for various values of K,/y.

10000~

5000

T (P)

1000

500
0

(uy—u;) (cms™)

Ficure 25. The variation of 7,, with sliding speed up to a sliding speed of 30cms~!. Load = 1-2
x 108 dyncm™!, # = 400cms™!, 5, ~1-4P. —0—, From experiment; ————, calculated.
(a) Koly = 1-5x105dyns™!; (b) K,/y = 7-56 x 10*dyns~!; (¢c) K,y/y = 3-75 x 10*dyns—1.

When the value of K[y is reduced the calculated curve falls more steeply as the sliding speed
increases, but even for the curve where the implausible low value of 3:75 x 10*dyns~!
was taken for K[y the calculated curve is less steep than the curve deduced from the
experimental results. The most probable cause of the difference is that § varies intrinsically
(i.e. at constant temperature) as the sliding speed increases. If § is a function of (u,—u,)
equation (6-2) should be replaced by

= e [ Mo s

06/0(u,—u,) is negative so the result of taking the variation of § into consideration will be
values of K,/y greater than would otherwise be obtained. For instance, at a load of 2 x 108
dyncm™! and a sliding speed of 350 cms~! a value of 36/d(u,—u,) of —6x 10"3dyn~!cms
would produce a value of K[y of 3-6 X 105dyns~! and for y = 5 x 10-3deg C~! a value of
K, of 1-8x10*dyns~'deg G-!. This value of K is consistent with Bridgman’s results

39 Vor. 255. A.
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(Bridgman 1949) and, as may be seen from table 3, the value of 36/ (u,—u,) assumed above
is not improbable.

Thus by taking the variation of § into account the need to consider anomalous values of
either K, or of y is lessened, but clearly further work and additional procedures are required
to determine K, y and § separately. Nevertheless, it is considered that the values of y and
of § which have risen from the interpretation of the results are substantially correct. (The
value of y which has been arrived at is larger than that assumed in the numerical illustrations
of part ITI. Itis considered that the temperature rise on the median plane shown in figure
24 (b) is more realistic than the larger temperature rise shown illustratively in figure 13 (c)
of part III.)

It may be seen from figure 25 that for the particular conditions of the figure the effect
of sliding upon viscosity is appreciable at a sliding speed of 4 cms~!. With the film thickness
at 2 u that speed gives a strain rate of 2 x 10*s71.

It may be shown that in pure rolling such and greater rates of strain occur within the
entry zone, and that the rates of strain increase as the rolling speed increases. Consequently
the intrinsic effect of shear upon viscosity will influence film thickness and is a secondary
effect, additional to that of transit time (§ 4 (d)), which will reduce the rate of rise of film
thickness with rolling speed.

(c) The temperatures on the median plane
It has been shown that the calculated temperatures on the median plane are similar
whether the rise in temperature at the surfaces of the disks is or is not taken into account
(figure 24 b). Consequently at high speeds of sliding (¢ 3> 1) the temperatures on the median
plane with reference to the temperature of the surfaces of the disks at entry is given by the

expression BP ]
g, [l ( )+21n (uy— ul)]

which was developed in § 5 of part III.
Also, at high speeds of sliding,
4K

= o[ 1P+ 20 (wy—w) +51n (%7) | (cquation (7-7) of part ITI).
) 2

m = by(uy—
It follows from these equations that 8,, the mean value of 0, averaged over the Hertzian
width 25, is given in terms of the frictional traction 7| by

5 o Tl (=)
S

With the thermal conductivity of the oil known it is therefore a simple matter to deduce
from measurements of friction and film thickness the mean temperature of the oil on the
median plane of the film. For example, at aload of 2x 108dyncm™! (b = 2 x 10~2cm) and
at (uy—u,) = 400cms™! 7T, was 6 x10°dyncm™! and £* was 0-9 u. With K, taken as
2 x10*dyns~'deg C-! equation (5-1) gives #, = 70 deg C. But even without the thermal
conductivity known equation (5-1) is still useful in that it indicates in a simple way the
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factors upon which oil temperature depends. Thus, if 7} is expressed as xF, and the pro-
portionalities b oc ,/F, h* oc (ug,)* are used then

#(uy—uy) (Fup,)?
0, K, ,

where g is the coefficient of friction and F'is the load per unit face width.

7. CONGCLUSION

The rolling friction has been measured and for loads within the elasto-hydrodynamic
régime it has been shown that the frictional traction is independent of load and proportional
to film thickness. The effective viscosity of the oil at the rolling point has been measured
and it has been shown that the variations of viscosity, both for changes in pressure and in
temperature, become less as the rolling speed is increased. This behaviour has been discussed
in relation to visco-elasticity and it has been shown that a visco-elastic hypothesis agrees
with the observed behaviour qualitatively in that it also predicts decreasing sensitivities to
pressure and temperature as the time of transit of the oil through the conjunction of the
disks becomes less. However, the values of elastic modulus required to account for the
behaviour are less than those which have been deduced from observations of the propagation
in a mineral oil of shear waves as generated by vibrating quartz crystals (Barlow & Lamb
1959). Consequently the explanation of the behaviour observed in disk experiments in
terms of visco-elasticity can only be tentative. Nevertheless, a distinctive dynamic behaviour
of the oil has been demonstrated and it has been shown that this contributes significantly
to the way in which the thickness of the hydrodynamic film varies with speed of rolling.

Measurements of frictional traction up to a sliding speed of 400cms~! have been
described and from these measurements values of effective viscosity have been deduced.
With relation to load, rolling speed, sliding speed and the viscosity of the oil at the surface
temperature of the disks a considerable agreement between the observed behaviour of the
oil and the behaviour predicted by the theory of friction developed in part IIT has been
demonstrated. However, a close comparison of experiment and theory has demonstrated
the viscous behaviour of the oil to be more complex than was assumed in the theory. So
that the theory should be mathematically tractable it was assumed that viscosity varies
exponentially both with temperature and pressure. Even under static conditions (times so
long that time does not matter) these exponential dependencies are only rough approxi-
mations. Butin addition to the dynamic effects already referred to the results obtained with
sliding show that viscosity varies intrinsically (i.e. at constant temperature) with rate of
strain. Nevertheless, despite the crudity of the theoretical framework it does give a useful
account of the larger phenomena and it is possible, even though inelegant, to describe the
actual behaviour of the oil in relation to temperature and pressure in terms of exponents
which vary with circumstance.

Examination of the experimental results in relation to theory has underlined the import-
ance of the thermal conductivity of the oil in relation to friction. The simplest of thermal
considerations indicate its importance, but the fact is that although much attention is
paid to the way in which the viscosities of oils vary with temperature little is paid to the
thermal conductivities of oils although, in elasto-hydrodynamic situations (e.g. ball-races,

39-2
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gears), the thermal conductivity appears in the expressions for friction along with the
temperature dependence of viscosity.

The work which has been described demonstrates that in a lubrication system of a wide-
spread type a mineral oil possesses significant dynamic characteristics in addition to those
static characteristics which are matters of routine test. The measurements which have been
made could, undoubtedly, with profit be further refined and should, perhaps more im-
portantly, be extended to other oils, synthetics and composite materials. It is to be hoped
that from such work more coherent interpretations will arise and different significances
will be seen.

The author records his deep appreciation of the careful patient work of Mr B. Jones and
Mr R. B. Hieatt with the apparatus and in making measurements. He also thanks Dr
W. Hirst and his other colleagues for their continued interest, and Dr T. E. Allibone,
C.B.E., F.R.S., Director of the Laboratory, for permission to publish this paper.

APPENDIX A. MEASUREMENTS OF FILM THICKNESS WITH THE FOUR-DISK MACHINE

The thicknesses of the films in the four-disk machine were derived both from measure-
ments of the total electrical capacitance between disks C and D (figure 3) and, with a central
disk of glass which carried an evaporated chromium electrode (Crook 1961¢), from the
rate of change of capacitance between the electrode and one of the outer steel disks.

(@ ’f‘
Sl
recess entry

g
wO
S
x
-~
04L0 | | ]
40 100 200 400

(i, dyncm™)

Ficure 26. Measurements of film thickness (A*) with the four-disk machine. (a) Oil filling between
disks; (b) —o— from capacitance between steel disks, —J— from rate of change of capacitance
between a steel disk and an electrode of evaporated chromium on a disk of glass, ———~ from
pad measurements with two-disk machine (figure 3 (@) of part II).

The measurements of total capacitance between disks C and D were interpreted by cal-
culating capacitance as a function of film thickness on the basis that the shape of the disks
is Hertzian, that the entry zone is completely filled with oil and that at recess the oil divides
as shown in figure 26 (2). The film thicknesses thereby deduced are plotted (circular points)
as a function of @z, in figure 26 (b); the thicknesses deduced from the experiments with a
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central disk of glass are also shown (square points). The two sets of results are in close
agreement.

The interrupted line in figure 26 (b) is from previous results (figure 34 of part IT) derived
from measurements by the pad method (part I) on disks nominally rolling in a two-disk
machine. The present values lie beneath the line ( ~ 20 9,) as did those deduced from
measurements of disk-disk capacitance in a two-disk machine (figure 8, part II) but the
more important feature is that again film thickness is proportional to the half power of uy,.
(Itis to be expected that the pad method should give values greater than those based upon
measurements pertaining to the conjunction itself because of the effects arising from the
compressibility of the oil. The thickness given by the pad method should be reduced by the
compression of the oil within the conjunction (~ 10 %,) while those derived from measure-
ments pertaining to the conjunction should be increased proportionately with the increased
dielectric constant of the compressed oil (~ 5 9,).)

17—

. | J
0 3 6
recess (10~2cm) entry

Ficure 27. The shape of a conjunction. Load = 8-8 x 10’dyncm™!, # = 280cms—.

By use of the glass disk with its electrode the shape of the oil film in cross-section may be
deduced approximately and a typical result is given in figure 27. This provides direct
confirmation that in the elasto-hydrodynamic régime the film thickness is constant to
within approximately 10 9%, over the Hertzian band. It also shows directly the presence at
recess of a constriction (~ 109%,) in the oil film. Such a constriction is demanded by
equation (4-2) for if P’ is to fall to zero at the extreme recess somewhere beyond the point
of maximum pressure (£—A*)must become negative.

AprrENDIX B. THE EFFECT UPON VISCOSITY OF THE TEMPERATURES
DUE TO SMALL SPEEDS OF SLIDING

(a) Viscosity at the surfaces of the disks
The maximum rise in temperature at the surfaces of the disks (0, .., ) due to the frictional
heat flowing into them is given by (equation (9-5) of part III)
0-27(uy—u,)
0xmax. = Y ! [f(ﬂ)]m [f(ﬂ)]m = 15,
(nKpppep)? (buy, o) o =
where K, p;, and ¢;, are the thermal conductivity, density and specific heat of the material

of the disks. With reference to curve & of figure 4 the extreme value of (u,—u,) is ~ 0-3
cms™!, and for curve a it is ~ 1-2cms~!, while the values of 7, are respectively ~ 1 x 10°
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and ~ 7 x10*dyncm~!. In both instances u, ~ u, ~ 300cms~!. The values of 0,,,,, are
2x10~*deg C for curve b and 5 x 10~*deg C for curve a (nK,ppc, taken as 5 x 10 c.g.s.
units).

The variation of viscosity with temperature will be taken as

g = npexp (—79),

where y will be taken as 5x 10~2°C-1. Consequently the effect of the temperature rise
at the surfaces of the disks upon the viscosity at the surfaces (7,) is negligible (< 1 %,).

(b) Viscosity within the oil film
The effect of frictional heating can be assessed from the ratio of 7./, as given by equation
(7-4) of part ITI. That equation reduces to

for small values of § where ¢ is given by

_ 2 ‘
v = _Ji’;_ZK__uL); (equation (5+9) of part III)
0

K, is the thermal conductivity of the oil.
With reference to curve b of figure 4 the maximum value of 7, is approximately 1 x 103 P
while (z,—u,) < 0-3 cms~!. These values give

Dl € 0:994

when y/8K, is taken as 1 x 10-6dyn~1s.
A similar calculation for curve a gives

ﬂm/ﬂx < 0‘997'

Therefore in these instances frictional heating depresses 7,, by less than 1 9%,.

AprPENDIX C. THE HEATING DUE TO COMPRESSION

If the compression is thermodynamically reversible it follows from conservation of

where S is entropy and Vis volume that when the oil is subjected to an increment of pressure
(AP) then an element of oil must transfer to its surroundings a quantity of heat per unit
volume (AQ) where
AQ = OvAP—p,c, A0,

0 is temperature but now in °K, v is the coefficient of expansion of the oil (v will be taken as
6 x 10~4°C~1), p, is the density of the oil and ¢, is its specific heat at constant pressure.

The compression will not be exactly reversible but the above relationship will be an
adequate approximation.
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If ¢ is the rate of transfer of heat per unit volume |
_oP _00
q=~ﬂvu9—§+pocou%. (C1)

If there is no transfer (i.e. the heat flow is purely convective)

¢ (zg—ﬁv(zl—)
Polod = WV

the solution is , 0 = 0 ,exp (vPlp,c,), (G2)
where 0, is the absolute temperature of the oil at entry.

If the transfer of heat is solely by conduction

5 ,
Koa b_ —¢q (equation (3-2) of part III). (C3)

%

temperature rise (degC)

40
recess entry
Ficure 28. Heating due to compression; temperature rise to dissipate heat; ——, by convexion;
————, by conduction; (a) # = 1000cms™!; (b)# = 100cms~!, —.— diagrammatic curve of

actual temperature rise (temperature origin shifted).

To assess the temperatures arising with conduction alone the second term on the left of
equation (C 1) will be dropped. The solution of equation (C 3) is then

0,16, — cos [Igi J (—%@ gi—))] | (C4)

where 6§, is the absolute temperature on the median plane of the film.

In’figure 28 the temperature rise in the oil film for the greatest load employed (2 x 108
dyncm™!) and a Hertzian distribution has been calculated both from equations (C 2)
and (G4).

If, over the central region of the Hertzian band the temperatures of convexion existed
then it is clear from the figure that amounts of heat much greater than 6vdP/dx would be
conducted away. Therefore over the central region the temperatures of conduction prevail
and, in particular, equation (G 4) gives no rise in temperature at the mid point. (Withrespect
to the curve for conduction p,c,(30/0x) is in general small compared with 6v(dP/dx).
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Whatever temperatures exist away from the mid-point they are of lesser importance in
their effect upon the value of 7,, as they influence values of 5,, which are falling to zero at
entry and recess. Furthermore, downstream of the mid-point the temperature rise which
occurs ahead of the mid-point is balanced by a fall. The associated increases and reductions
in 75, will tend to leave 7,, unchanged.

But the balance is slightly imperfect as at entry the pressure builds up gradually to
merge with the Hertzian distribution whereas at recess it falls more in accord with that
distribution. The effect of this asymmetry is illustrated in the lower curve of figure 28;
the oil leaves the conjunction at a temperature lower than that at which it enters.
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