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D I S C U S S I O N 

A. Cameron1 

I have read with great interest and enjoyment Oscar Pinkus' 
history of hydrodynamic lubrication. There are one or two 
matters of fact which might be of relevance to the article. 

It is still not clear whether "Reynolds had developed his 
theory without knowledge of Tower's crucial experiments." 
Tower had reported his findings on September 28, 1883 
whereas the Montreal meeting was in August/September 
1884-nearly a year later. 

Also of interest is that it was not Grubin who did the 
famous EHD solution, but Ertel who defected to the West, 
and therefore became a "non-person." Subsequently, his sec
tion leader Grubin, published it under his own name. This is 
detailed in Tribology, 1985, Vol. 18, No. 2, p. 2. 

As far as parallel surfaces are concerned a paper by C. L. 
Robinson and myself describes the use of optical methods to 

'Cameron-Pint Tribology, Ltd., Berkshire, U.K. 

see how these bearings operate {Phil. Trans. Math & Physical 
Sciences R.S., 1975, Vol. 278, pp. 351-395). Being in Phil 
Trans it has been missed by many, but it seems to me it 
(almost) puts the subject to rest. 

J. Frene2 

The author is to be congratuated for the excellent presenta
tion on a historical aspect of hydrodynamic lubrication. As a 
Frenchman working in this field, I would like to present a little 
known study, even in France, on hydrodynamic lubrication 
dating from the middle of the nineteenth century. 

On the June 28th 1854, G. Him [Al] presented at "La 
Societe Industrielle de Mulhouse" a study entitled: 

Etudes sur les principaux phenomenes que presentent les 

z Professor, Laboratoire de Mecanique des Solides, U.A. C.N.R.S., Univer
sity de Poitiers, Poitiers, France 
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Fig. 12 Drawing of the apparatus design by Hirn 

frottements mediats et sur les diverses manieres de determin-
ner la valeur mecanique des matieres employees au graissage 
des machines." 

i.e., 
"Studies on the Principal Phenomena Presented by mediate 

Friction and on the Various Means to Determine the 
Mechanical Efficiency of the Materials Used to Lubricate the 
Machines." 

This work was submitted first to the "Academic des 
Sciences in Paris" in 1849 [A2] and then to the Royal Society 
in London but neither body felt moved to publish the paper. 

Hirn presented experimental results obtained on a half bear
ing made out of bronze loaded against a polished cylindrical 
cast iron drum. The drawing of the apparatus as it appeared in 
the original paper is shown in Fig. 12. The bearing 
characteristics were as follows: diameter 230 mm, length 220 
mm rotational speed between 45 rpm to 100 rpm. The bearing 
was loaded by the 50 Kg dead weights of the half bearing, 
which includes the torque arm and added masses M and M'. 
Friction was measured by adding weights to the lever. The 
friction balance is described as an extremely delicate and ac
curate brake. The cast-iron drum was water cooled to control 
temperature and the temperature rise of the cooling water was 
recorded. 

Hirn tested animal and vegetal oil like sperm, olive, and 
rape oils but also mineral oil, water, and air. He discovered 
the effect of running-in upon bearing friction and further 
pointed out that lubricated bearings must be run continuously 
for a certain time before an equilibrium friction torque, lower 
than the initial one, is reached. He found that two different 
regimes exist, the direct contact called "frottement immediat" 
in which friction follows Coulomb's law, and the lubricated 
contact called "frottement mediat" known today as 
hydrodynamic lubrication in which for a constant 
temperature, the friction torque is directly proportional to the 
rotational speed. He also noted that when the speed is too low 
or when the load is too heavy the friction is proportional to the 
rotational speed to a certain power, lower than 1. He showed 
that, under certain circumstances, air can be an excellent 
lubricant. 

He wrote that: 
"Pour que l'eau et l'air pusse y agir comme lubrifiants, il 

fallait que le tambour tournat assez vite pour les entrainer sous 
le coussinet. Des que la vitesse diminuait jusqu'a un certain 
degre, les deux fluides, non visqueux, etaient expulses par la 
pression, les deux surfaces arrivaient en contact immediat, et 
le frottement devenait tout d'un coup enorme." 

i.e., [A3]: 
"For water and air to act as lubricants it is necessary for the 

drum to turn sufficiently rapidly to drag them into the bear
ing. When the speed reduces to a certain value the two non-
viscous fluids are expelled by the pressure and the surfaces 

come into direct contact, and the friction at once becomes 
enormous." 

Hirn who is known to be one of the founders of the applied 
thermodynamic science was very interested in the relationship 
between work and heat. He showed that friction produces heat 
and that equilibrium temperatures depend on friction and am
bient temperature. 

He showed that the heat is directly proportional to friction 
when the fluid is not altered and when the materials are not 
damaged "because wear needs power." Using the cooling 
system of the drum he maintained the bearing temperature 
within plus or minus 0.1 °C and he measured the heat carried 
out of the bearing by the cooling water. He evaluated also the 
heat carried out of the bearing by convection. He thus 
measured that 1 kilocalorie equals to 370 Kg.m (i.e., 1 calorie 
= 3.63 joules) but at the same time (1842) but independently 
Joule and Mayer found, respectively, that 1 kilocalorie equals 
417 and 365 kg.m. The error by Hirn could be due to an 
overevaluation of the heat carried out of the bearing by con
duction and convention. 

This work was noted by Petrov [A4] who analyzed the 
results obtained by Hirn and used the same words "mediate 
friction" to define hydrodynamic lubrication. 

Additional References 
Al Hirn, G. A., "Sur les principaux phenomenes que present les frottements 

mediats et sur les diverses manieres de determiner la valeur mecanique des 
matieres employees au graissage des machines," Bull. Soc. ind. de Mulhouse, 
1954, Vol. XXVI, pp. 188-277. 

A2 Compte-rendu de l'Academie des Sciences, 1849, Vol. 28, p. 290. 
A3 Dowson, D., History ofTribology, 1979, Longman, pp. 293-295. 
A4 Petrov, N., "Resultats les plus marquants de l'etude theorique et 

experimentale sur le frottement m&liat." Revue de Mecanique, 1900, no. 7, p. 
571-602. 

C. M. Mc C. Ettles3 

Part of Dr. Pinkus' review of hydrodynamic lubrication 
looks to the future and concerns problem areas where the 
development of the subject has been unsatisfactory. It is possi
ble that the incomplete and fragmented treatment of some of 
these subject areas is due to lack of interest and lack of com
mitment from the agencies that usually fund research in 
Tribology? Within the wider community of Tribology there 
appears to be an increasing view that hydrodynamic lubrica
tion is concerned with solving equations, that all the relevant 
configurations have been solved and there is little left to do ex
cept improve the algorithms within the solution. 

Dr. Pinkus has described four areas where hydrodynamic 
theory is either in "disarray" or has simply not been applied 
with sufficient effort and expertise. The most important of 
these areas (in the discussor's view) are mixed lubrication (and 
the effect of surface topography on partially lubricated 
sliding) and mechanical seals operating in the thin film regime. 
The "proper" application of hydrodynamics to these and 
other areas could uncover important effects that are not even 
suspected at this time. 

With the inclusion of Chemistry, Metallurgy, and Material 
science under the umbrella of Tribology, is insufficient atten
tion being directed at Hydrodynamics? 

Department of Mechanical Engineering, Aeronautical Engineering & 
Mechanics, Rensselaer Polytechnic Institute, Troy, NY 12180. 
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H. Heshmat4 

This presentation, given on the hundredth anniversary of 
Reynolds' 1886 paper, is a fine summary of the history of 
hydrodynamic lubrication to date. Particularly noteworthy 
are the author's reflections about the present state of affairs in 
hydrodynamic theory. To the several areas of stalled momen
tum mentioned by the author I would like to add two more 
where lack of success mars not only our theoretical under
standing but actually obstructs successful design and the ap
plication of theory to practical situations. 

1. Two Dimensional Turbulence and Turbulence at High 
Speeds. 
In advanced machinery fluids of very low viscosity and 
high density are often used (cryogenics) as well as 
hydrostatic or hybrid bearings at relatively high fluid 
pressures. Two problems arise. The first is that in addition 
to the high velocities in the direction of motion there are 
also high Poiseuille cross flows and a conceptual question 
arises of how turbulence is to be defined in view of the ex
istence of two high velocity streams at right angles to each 
other. The second uncertainty is with regard to the power 
losses resulting from these very high Reynolds numbers. 
Reference [HI] shows the results of a study of several 
cryogenic bearings under turbo-pump conditions. The 
calculated Reynolds numbers are of the order of 100,000. 
This is far in excess of the Reynolds numbers (less than 
10,000) for which bearing data have been obtained to date. 
The laws of parallel surface turbulent flow, such as that oc
curring in pipes, can be used to estimate the flow require
ment for pressure driven flows. However, the determina
tion of power losses is far more uncertain. Using existing 
turbulent bearing theory the predicted power requirements, 
as compared with laminar flow, are given in Fig. 13. It can 
be seen that power losses of the order of 20 to 50 times 
greater than for laminar flow are predicted. Are these 
numbers real? 

2. Dynamic Coefficients 
An impressive body of theory accompanied by elaborate 
algorithms exists for calculating the rotor dynamic 
characteristics of complex systems. A great deal of effort 
together with numerical exercises has gone into ascertain
ing the theoretical values of the stiffness and damping coef
ficients of journal bearings. Experimental corroboration, 
however, has been scarce. Moreover, whatever does exist is 
in striking disagreement with theoretical predictions. 
To demonstrate the severity of disagreement between 
analysis and test results, including disagreement among the 
test results themselves, let us consider the following typical 
application: a set of 229 mm (9 in.) journal bearings sup
port a 60 m (235 in.) long fan rotor, Fig. 14, at e = 0.6. A 
rotor/bearing computer program is used to solve the shaft 
response, with the bearing dynamic coefficients taken from 
two different sets of experimental data, one from Morton 
[H2], and one from Parkins [H3]. The results are plotted in 
Fig. 15. As seen the two experimental critical speeds fall 
one below and one above the theoretical value. The 
amplitudes of vibration at the critical speed vary by a fac
tor of 4. Thus the values of the spring and damping coeffi
cients have a profound effect on the dynamics and stability 
of rotor systems. Yet no serious attempts have been made 
to ascertain whether it is our methods of analysis or 
methods of testing that lie behind the repeated discrepancy 
between theoretical and experimental results. 

The above difficulties, as well as a number of others, can in 

part be traced to the point made by Pinkus in the paper, name-

Mechanical Technology Inc., Latham, NY. 
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Fig. 13 Effect of turbulence on bearing power loss 

Z3> 

Bearing £ } ; <r J £"0. Bearing 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Fig. 14 Typical single-mass fan rotor supported on hydrodynamic 
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Fig. 15 Unbalance response as affected by bearing coefficients 

ly that there is a striking decline in the number of experimental 
works, and in particular, of basic experiments that would con
tribute to our grasp of lubrication concepts. To support this 
view a survey was made of the number of analytical and ex
perimental works published during 1980-1986 in JOLT-JOT. 
The results are given in Fig. 16. Not only do the experimental 
papers trail, and by more than 50 percent, those of analysis, 
but the ratio is declining. Superimposed on this tabulation are 
two other surveys, one of publications in the USSR, the other 
in the United Kingdom. They are both significantly above the 
USA score. While certainly this is not the whole story behind 
the noted decline in the vigor of hydrodynamic theory, lack of 
fundamental experiments may be one of its major causes. 

Additional References 
HI Artiles, A., Walowit, J., and Shapiro, W., "Analysis of Hybrid Fluid-

Film Journal Bearings With Turbulence and Inertia Effects," Advances in 
Computer Aided Bearing Design, ASME, New York, 1982. 
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Fig. 16 Analysis and experiments in the field of hydrodynamic 
lubrication 

H2 Parkins, D. W., "Theoretical and Experimental Determination of the 
Dynamic Characteristics of a Hydrodynamic Journal Bearing," ASME JOUR
NAL OF LUBRICATION TECHNOLOGY, Vol. 101, Apr. 1979. 

H3 Morton, P . O . , "Measurement of the Dynamic Characteristics of a Large 
Sleeve Bearing," ASME Paper No. 70-Lub-14. 

Author's Closure 

The comments of the several discussers seem to fall into two 
categories, one dealing with historical particulars, the other 
with the technical status of specific areas of tribology. The 
closure will deal with them in that order. 

In addition to his technical contributions Professor 
Cameron is an assiduous detective in the reconstruction of the 
history of tribology and one reads him with care. However, 
this writer did not claim to have resolved the issue of whether 
Reynolds knew of Tower's experiment at the time he for
mulated his differential equation. The paper merely noted that 
since it is now clear that Reynolds had presented his equation 
as early as 1884 (and not 1886) this "lends support to the 
view" that Reynolds arrived at his formulation independently. 
The information that it was Ertel, a political outcast, and not 
Grubin, his supervisor, who had constructed the EHD solu
tion is indeed of interest, and not only on historical but also on 
ethical grounds. For, unfortunately, cases of usurped author
ship are not restricted to particular political regimes. In our 
own environment it often occurs when government officials 
have their names inserted as co-authors by grateful grant and 
contract recipients; or, similarly to the Ertel-Grubin case, 
employees who leave a corporation often see their work 
published by those left behind. It would not be a bad turn if 
such cases were discouraged. 

Professor Frene has raised the issue of whether Hirn, who 
had presented a paper on friction in bearings some 30 years 
before Petrov, is not to be considered the first apostle of 
hydrodynamic lubrication. But taking Professor Frene's sum
mary of Hirn's work at face value it would be difficult to do 
so. Hirn was a thermodynamicist and his experiments had the 
purpose of studying the relation between heat and work and of 
numerically determining the value of the mechanical 
equivalent of heat. There is no evidence that he was interested 
in the mechanism or nature of bearing lubrication. In other 
words the bearing was not the object but the instrument of his 
research. His distinction between "frottement immediat" and 
"frottement m^diat" was motivated not by any insight into 
the hydrodynamics of lubrication but by the different 

amounts of heat generated in the two regimes—in the first in
stance variable and high, and in the second at a uniform rate 
and low. The paper in which Hirn published his findings runs 
to some 90 pages, all text. Perhaps, when the full translation 
of the paper is available, a close reading of the material will 
reveal additional aspects of his experiments but for the mo
ment the dethronement of Petrov is not imminent. 

Professor Cameron seems to feel that contrary to the 
pessimistic assessment in the paper, the workings of parallel 
surfaces are now understood. The paper quoted by the 
discussor is a worthwhile contribution primarily because of 
the new way of measuring film thickness, a particularly 
challenging job in parallel plate operation. Otherwise the 
mechanism of operation is interpreted as due to crowning 
which is not new, and does not explain the load capacity of 
cold and thick pads. On the other hand Professor Ettles, 
Cameron's erstwhile coresearcher, thinks just the opposite, 
namely that this whole area of mixed lubrication is the least 
understood and most urgent. Moreover, at the very meeting at 
which the present paper was delivered Prof. Lebeck offered 
two review articles on the subject of mixed lubrication entitled 
"Parallel Sliding Load Support in the Mixed Friction 
Regime," Parts 1 and 2 (ASME Papers #86-Trib-l & 2). The 
two papers go over, topically and historically, the various 
theories and conjectures that have been advanced to explain 
the load carrying capacity of parallel surfaces and some of 
these approaches are checked against the more recent mixed 
regime models. But to no avail, and in the end Prof. Lebeck is 
forced to conclude that none of them can fully explain the 
workings of flat plates. In fact, the suggestion offered by 
Prof. Lebeck is that it is not the classical theory that can ac
count fully for the operation of parallel surfaces, but that it is 
the still unknown mechanism of flat land operation that is to 
some degree responsible for the hydrodynamic pressures even 
in wedge-shaped configurations. 

With regard to the two areas brought up by H. 
Heshmat—turbulence is at least something that tribologists 
are not fully to be blamed for. The concept of turbulence is 
something that is handed down to us by the fluid dynamicist 
or physicist, and, as with rheology, the models they have given 
us are deficient. However, there is no excuse for not having 
any experimental data on the power losses at extremely high 
Reynolds numbers. The lack of such tests is merely part of the 
general decline of experimental papers illustrated by 
Heshmat's Fig. 16. 

The problem with the dynamic coefficients, however, lies 
entirely in our court. One reason for the glaring discrepancy 
between theory and experiment certainly has to do with the 
way the experiments are conducted. But another reason, one 
that affects both the theoretical and experimental results harks 
back to the main specter of hydrodynamic theory—the ther
mal problem. The dimensionless dynamic coefficient in the 
form most commonly used are given by 

K wB 
K-- B-

2^ND(-W)(4-Y W i - X - f ) ' 
and immediately the question arises: what is ̂ ?_The uncertain
ty about ix affects not only the K's and the JB'S but also the 
value of e or of the Sommerfeld Number against which the 
coefficients are plotted. Thus, significant and cumulative er
rors as a result of variable viscosity effects are almost 
unavoidable. 

Nor is this all, for there are also unresolved conceptual 
problems in the theoretical evaluation of the K's and B's. To 
illustrate some of these ramifications Table CI shows the 
results of several thermal approaches used in the evaluation of 
the dynamic coefficients, namely 
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Table CI Effects of method of solution in starved journal bearings L/D = 1, W •• 
120°F, SAE 20 

10, Qs = 0.1, J0 = 

e 
0 
V, 
T 
T 
-max Kxx 

Kxy 
^J>X 

-yy 
Bxx 
Bxy 
Byx 
Byy 

Full 

(dp/de) 
Included* 

0.924 
9.9° 
0.0106 
0.2623 
0.8182 
7.3 

77.4 
-220 
1280 
2.4 
8.5 

- 4 . 4 
369 

energy equation 

(flii/de)--

Value 

13.4 
- 1 . 5 

-176 
530 
1.7 

- 9 . 5 
- 9 . 5 
181 

= 0 

Error, % 

83 
- 1 0 2 

- 2 0 
- 5 9 
- 3 1 
- 2 1 
115 

- 5 1 

Isothermal solution 

Value 

0.914 
7.7° 
0.0067 
0 
0 
6.5 

94.9 
-315 
2405 
2.1 
12.7 

- 3 . 7 
619 

Error, % 

- 1 . 1 
- 2 2 
- 3 7 

— 
- 1 1 

23 
43 
88 

- 1 3 
49 

- 1 6 
68 

Isoviscc 

(Mav = 

Value 

0.916 
8.3° 
0.0077 
1.390 
2.411 

15.3 
98.8 
-432 

2473 
- 2 . 9 

3.4 
-10.1 

7673 

jus solution 

= 0.87 Mo) 

Error, % 

- 0 . 9 
- 1 6 
- 2 7 
430 
195 
110 
28 
96 
93 
21 

- 6 0 
130 
109 

'Reference Solution 

Full Energy Equation. This represents more or less an ac
curate solution of the adiabatic problem and it con
stitutes the reference set of performance data to which 
the other solutions are compared in the table. 
Isothermal Solution. Here the inlet viscosity fi0 has been 
kept constant throughout the bearing. 
Isoviscous Solution. Since the accurate solution yields an 
average viscositiy which is 87 percent that of the inlet 
viscosity n0, this solution was based on a constant 
viscosity field with /j. = 0.87 y.0. 
Effect of (dfi/de). Table CI contains also another com
parison, and that is the importance of a proper method 
of solution of the Reynolds and energy equations when it 
comes to the evaluation of the stability coefficients. The 
value of K, for example, is evaluated from the 
relationship 

AW 
K- - lim • 

Ac-0 Ae 

Now since Ae is very small, one might think it would be 
permissible to ignore the variation of viscosity with Ae 
when a small perturbation is used. However, since W = 
W(e, n), we have 

dW_/dW\ / dW\ / dn \ 
~de~ V a i / + \ dp ) Vd77 

and, since Ae is small, the last term cannot be neglected 
when the viscosity varies within the bearing. 

The above considerations are reflected in the values 
tabulated in Table CI. The striking errors, often as much as 
100 percent, that can result from neglecting the perturbed 
change in A/t attest to the extreme care that has to be taken not 
only in the use of approximate equations, but also in the 
method of solution of the full energy equation. While dif
ferences in the values of K^ and Kyy are merely quantitative, 
errors in the cross coupling coefficients Kxy, Kyx, Bxy and Byx 

can lead to more serious consequences, because they, to a 
large extent, determine the stability regimes of a bearing. 

Finally, Professor Ettles asks whether hydrodynamic 
lubrication has somehow fallen by the wayside. Yes, indeed! 
This, in fact, has been the thrust of the closing paragraph of 
the paper. While in general the subject of tribology has grown 
in breath and scope, the discipline of hydrodynamic lubrica
tion has become a victim of its parental success. As an illustra
tion of this ongoing process, Table C2 gives a listing of recent 
government supported tribological research; 6,632 programs 
on surface properties versus 83 on bearings. When a rough 
grouping is made in percentages of all hydrodynamic items 
vis-a-vis the other branches of tribology—we have Table C3 

Table C2 Listing of government supported tribology pro
grams* 

1978-1982 
Lubricity, Lubrication 
Friction 
Wear 
Lubricants 
Bearings 
Seals 
Gearing, Power Transmission 
Brakes 
Clutches 
Valves 
Fretting 
Wear Reduction 
Erosive Wear 
Hydraulic Fluids 
Greases 
Solid Lubricants 
Failure 
Surface Properties 

11 
316 
431 
239 
83 

184 

34 
1 

119 
15 
11 

175 
33 
24 
20 

922 
6,633 

*Source: 
"ASSESSMENT OF GOVERNMENT TRIBOLOGY PRO

GRAMS," DOE/ECUT, PNL-5539 UC 95 by M. B. Peterson and T. 
M. Levinson 

Table C3 Survey of tribological research 
(Smithsonian Science Information Exchange) 

(Source: Table C2) 
AREA PERCENTAGE 

OF TOTAL 
Friction and wear 
Surface morphology 
Lubricants 
Fluid film bearings 

Rolling element bearing 
Seals 
Other devices 

15 
68 

Total 100% 

with 68 percent for surface morphology facing 1-2 percent for 
hydrodynamic bearings and 3 percent for seals. By contrast, at 
a recent large gathering of tribologists in the USSR which this 
writer attended the ratio of papers on hydrodynamic lubrica
tion was, as shown in Fig. CI, in the vicinity of 15 percent. 
There is no intention to suggest that the interest in surface 
morphology, lubricants, etc. is misplaced, but merely to say 
that the imbalance between the chemical-material and 
hydrodynamic aspects of tribology has serously distorted the 
body of tribological research. 
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Fig. C1 Categories of papers presented at International Tribology Con
ference in Tashkent, USSR, May 1985 

After the paper has gone to print it has come to the author's 
attention that a collection of papers dealing with the profes
sional career of Osborne Reynolds has been published in 1968 
by the University of Manchester on the 100th anniversary of 
Reynold's accession to professorship at that University (then 
Owens College). Also, parallel to the ASME Centennial, the 
13th Tribology Symposium in Leeds celebrated the Reynolds 
anniversary at which Professor Cameron presented a paper 
with additional details on Reynolds' personality and scholar
ship. These works complement the "Historical Reviews" 
given in the author's paper and they are offered here as a sup
plement to that listing. 
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