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Abstract: This paper commemorates Ramsey Gohar by acknowledging his contributions to the
fields of contact mechanics and elastohydrodynamic lubrication (EHL) within the context of the
developments of these subjects. A historical discourse is provided on elastohydrodynamics, from its
inception in the 1940s to present. We demonstrate that Ramsey Gohar was not only a pioneer in the
discoveries and fundamentals of the subject, but also led or contributed significantly to continual
advances in the understanding of EHL and its diverse applications.

Keywords: contact mechanics; elastohydrodynamic lubrication; ball and rolling element bearings;
Ramsey Gohar

1. Introduction

Dr. Ramsey Gohar was one of the pioneers in the field of elastohydrodynamic lubri-
cation (EHL). After obtaining his bachelor’s degree in Mechanical Engineering in 1951,
Ramsey spent time in the industry, working on an assortment of industrial lubrication
problems. From his time at D. Napier & Son, manufacturers of aircraft, automotive and
marine engines (Figure 1), he attained valuable practical experience in contact mechanics
and lubrication. In the late 1950s, Ramsey worked on gyroscopes in the research laborato-
ries of General Electric, which inspired his lifelong interest in rigid body dynamics. His
association with the Lubrication Laboratory at Imperial College led to his MSc dissertation
in 1959 on the lubricated contact of ellipsoidal solids of revolution [1]. This dissertation
was very timely, as research on elastohydrodynamic lubrication was still in its infancy.

Since the publication of Osborne Reynolds’ theory of hydrodynamic lubrication [2], the
absence of wear in contacts with hydrodynamic films of seemingly insufficient thickness [3]
had been puzzling. There were many suppositions for the apparent increased load carrying
capacity of the lubricant film separating the contiguous surfaces. These included the piezo-
viscous effect of the lubricant under increased pressures [4,5] and the localised deformation
of surfaces based on the Hertzian contact theory, proposed by Ertel and Grubin [6-8].
Ramsey’s MSc and subsequent research led to his seminal contributions to the fields of
contact mechanics and elastohydrodynamic lubrication.
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Figure 1. Ramsey Gohar in front of an engine test-rig in 1959 [1].

2. Fundamentals of Elastohydrodynamic Lubrication

Throughout his 60-year research career, Ramsey contributed to the understanding of
the fundamentals of fluid-film lubrication, by developing means of observation, precision
measurement techniques and numerical and analytical methods of prediction. He pub-
lished numerous outstanding contributions, only a sample of which are highlighted here
within the context of developments in elastohydrodynamic lubrication, and its application
to concentrated contacts, particularly in bearings.

2.1. Observation and Measurements of Elastohydrodynamic Conditions

A fundamental understanding of any phenomenon requires careful observations
and precise measurements. The development of EHL theory and predictive methods is
no exception. Ramsey provided some pioneering contributions in this regard. His PhD
research contributed significantly to both measurements and theoretical developments in
EHL [9].

Following early works on EHL [6-8], Petrusevich included both the effect of lubricant
piezoviscous behaviour, and localised elastic deformation of surfaces [10]. A first iterative
numerical solution was provided by Dowson and Higginson [11] for the case of EHL of
line contacts. The predictions obtained in [11] were confirmed using capacitive measure-
ment of the thin lubricant films by Crook [12], and by Sibley and Orcutt using an X-ray
technique [13]. Other early solutions include [14,15]. Brief historical accounts of these
solutions are provided in [16,17].

By the early 1960s, it had become clear that both iterative numerical solutions and
methods of observation and measurement were much more complicated for the general
case of a lubricated concentrated elliptical point contact than for a line contact. Thus,
Ramsey directed his research towards the numerical solution of point contact EHL and its
verification, through observation and precise measurements. This work culminated in his
PhD thesis [9].

Regarding observations and measurement of film thickness, Shultz [18] had already
reported an interferometric method for very thin evaporated films. This method was
improved by Tolansky [19] and used by Kirk [20] for hydrodynamic films between a
pair of crossed perspex cylinders. Kirk [20] noted the importance of direct observation
of lubricated contacts using transparent contacting bodies that form fringes to measure
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lubricant film thickness. Shortly afterwards, some of the interferometric results of EHL of
circular point contact for a rotating ball against a flat glass disc from Ramsey’s research
were published [21]. Detailed optical interferometric studies of EHL contacts was born
with this seminal contribution. In time, the interferometric and spectroscopic methods of
measurements of lubricant films improved the use of colour fringes, and led to the inclusion
of spacer layers in glass races to measure ultra-thin films. The literature describing various
conditions and applications includes [22-25]. An optical interferometric study for end-
closure films in finite line contact of roller-to-races was initially presented by Gohar and
Cameron [26], Bahadoran and Gohar [27], and Wymer and Cameron [28]. More recent
interferometric studies of various EHL contact conjunctions were reported in [29-32].

The measurement of elastohydrodynamic conditions was promoted with the develop-
ment of deposited miniature micro-transducers in the tiny footprint areas of concentrated
contacts. Initially, these transducers were typically a few hundred micrometres in dimen-
sion with a thickness of the order of a few hundred Angstroms. Therefore, they did not
significantly affect the contact conditions. They were capacitive or pressure-sensitive in
nature, measuring lubricant film thickness of the order of a few tenths of a micrometre or
high pressures of a few giga-Pascals.

Whilst optical interferometry proved to be the most established and refined method
of obtaining interferograms of lubricated contacts and the lubricant film thickness, the
measurement of high contact pressures under EHL was a much tougher proposition.
The measurement of high pressures in minute contact conjunctions received an impetus
with the pioneering work of Bridgman [33], using pressure sensitive bulk manganin
with low temperature sensitivity. Later, bulk manganin powder was deposited using
a flash-evaporation technique to form ultra-thin pressure sensitive transducers in EHL
contacts [34,35]. The preliminary results were fitted rather crudely to calculate Hertzian
pressure profiles, as the centre of contact pressure distribution could not be precisely
ascertained in the measurements. Nevertheless, a new precise method of measurement of
high elastohydrodynamic pressures had now been established. At this stage the transducer
width was of the order of several hundred micrometres, so further refinements were
required to resolve the important EHL contact features, such as the exit pressure spike.
Kannel [36], Hamilton and Moore [37] fabricated micro-transducers that were capable
of monitoring EHL pressures in line-contact conditions when deposited on a disc in a
disc machine. Significantly improved manganin micro-transducers with active element
dimensions of 5 x 10 um? and thickness between 100-300 A were developed through
RF sputtering of bulk manganin powder, under high vacuum at Imperial College. They
were used for line contact conditions in roller bearings or in a disc machine [38-41]. More
importantly, they were employed for the circular-point contact of a ball on a flat glass
race in pure rolling [42,43], as well as for a sphere impacting and rebounding on an oily
plate [44]. The ultra-thin active element of the micro-transducer allowed for the precise
resolution of the EHL pressure spike, which had eluded all methods of measurement thus
far. These precise measurements later allowed for the verification of highly improved and
detailed numerical analyses, such as those presented by Gohar and his co-workers [45].

2.2. Numerical Predictions of Contact Mechanics and Elastohydrodynamic Lubrication
2.2.1. Elliptical Point Contacts

Another ground-breaking contribution from Ramsey was the development of an
iterative numerical method for the prediction of the point contact EHL problem [46], which
was part of his doctoral research [9]. This was the first general solution of 2D-point contact
EHL, and paved the way for the development of many other solutions. The most notable
include those of Hamrock and Dowson [47-50], who considered various inlet boundary
conditions; flooded or starved, as well as the contact footprint aspect ratio for elliptical
point contacts. Vakilzadeh and Gohar [51] presented predictions for circular point contact
EHL with inlet starvation. Thorp and Gohar [24] and Mostofi and Gohar [52] considered the
general case of elliptical point contacts with angled inlet flow into the contact, a condition
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which occurs in rolling and sliding contacts such as in hypoid gear teeth meshing. Other
solutions for angled inlet flow into the contact conjunction were provided by Chittenden
et al. [53,54], and Evans and Snidle [55], who also presented an inverse method to solve
EHL conditions at high loads [56]. Other early solutions include EHL of contacts of low
elastic modulus [57-59] as well as EHL of wavy or rough surfaces [60-64].

Since the proposal of the aforementioned numerical EHL solutions, there have been
improvements in the methods of discretisation of the computational domain and iterative
procedures, particularly under transient conditions. Ramsey contributed to the earlier
developments of these methods, including the use of low-relaxation effective influence
Newton-Raphson method [65-67] and multi-grid techniques [68-71]. Detailed analyses of
EHL contacts under steady state and transient conditions with various formulation and
solution methods were provided comprehensively by Ramsey [72,73]. He verified his vari-
ous solutions for the EHL of circular [9,21,69] and elliptical [24,66] point contacts with his
earlier optical interferometric studies. Other recent solutions have also used Ramsey’s opti-
cal interferometric studies for circular point contacts and for elliptical point contacts with
rolling and sliding pairs with angled inlet flow conditions [74]. Ramsey’s measurements of
the lubricated impact of a sphere [44] have also been used to validate predictive transient
EHL analyses [75]. Since then, many solutions have been proposed for the EHL of point
contacts across various applications, such as bearings and gears under transient, thermal
and non-Newtonian conditions. They include those described in [16,72-85]. Some re-
searchers have employed alternative methods of formulation and solution, including finite
elements, the complementarity approach or computational fluid dynamics (CFD) [86-89],
including an early contribution by Ramsey and his co-workers [90].

2.2.2. Finite Line Contacts

Original solutions of EHL problems proposed the lubrication of rollers and involute
spur gears at high loads. The contact footprint for these conditions is a thin rectangular
strip with very large length-to-width ratio. Therefore, an infinite line contact was initially
considered for contact mechanics analyses by Hertz [91], with an elliptical pressure distri-
bution along the width of the contact and a uniform pressure along its length. However,
it became immediately clear that, because the actual length of the contact is finite and,
because there are abrupt changes at the edges of a roller profile, edge stress discontinuities
occur. This leads to the generation of high pressures in these regions, reducing the fatigue
life of such contacts, not initially considered in bearing-design analysis, based on Hertzian
predictions [92]. Clearly, the axial profile of finite length bodies in contact, such as rollers
in bearings, affects the generated pressures as does any misalignment. This was already
noted by Palmgren [93]. Lundberg [94] discussed the effect of axial profile of rollers on
generated pressures in finite line contact, pointing to pressure spikes at the edge of the
contact, which may be reduced by form-relieving. The ideal axial profile is composed of a
series of intersecting logarithmic curves. Earlier numerical analyses of finite line contacts
provided solutions of a boundary integral equation, relating the generated pressures to
the localised deformation of contacting surfaces under load, by assembling a matrix of
influence coefficients [95,96]. Ramsey engaged in sustained research regarding contact
mechanics of cylindrical rollers with different axial profiles, using finite difference discreti-
sation techniques, including arithmetic, geometric and singularity elements to accurately
predict edge stress discontinuities [97-100]. He also dealt with complex direct and moment
loading conditions [101,102]. In addition, Ramsey extended his contact mechanics studies
to the case of tapered roller bearings under complex loading [103,104]. A brief review of
contact mechanics analysis, under elastostatic conditions, from semi-infinite to the case of
bonded, layered solids (such as coatings) is provided in [105].

With his extensive contribution to contact mechanics during 1959-1977, Ramsey was
regarded as the leading analyst in ball and rolling element bearing analysis, culminating
in the presentation of optimal design criteria for rolling elements in a seminal paper in
the New Scientist [106]. Incidentally, this contribution makes Ramsey Gohar the rara avis



Lubricants 2021, 9, 120

50f11

of his generation of tribologists, having published not only in Nature, but in Proceedings
of the Royal Society as well as in the New Scientist; such was the quality of his seminal
contributions.

Ramsey continued his research into the mechanics of finite line contacts by studying
their EHL. His work included optical interferometric studies of rollers [27], and the first
ever measurement of pressure between a roller and a plate in relative motion, using a
pressure transducer mounted in a hole filled by lubricant [107]. These were conducted prior
to the measurement of pressure in a disc machine, using a micro-miniature transducer [41].
His initial numerical prediction of the EHL of finite line contact was included in a research
note, in collaboration with Bahadoran [108], describing an approximate theory to determine
the shape of the surfaces at the end-closure of contact of profiled rollers. His research in
finite line EHL concentrated on the effect of the roller axial profile on the generated high
pressures at the contact extremities, as well as the absolute minimum film thickness at
these extremities, termed as the side exit lubricant film thickness, which agreed well with
experimental observations [109]. It was shown that under EHL conditions, the pressure
spikes at the edges of the contact exceed even those under elastostatic conditions. Some
explanations for this phenomenon were provided. Later, finite line elastohydrodynamics
of profiled rollers under aligned and misaligned conditions were studied in detail and
were in good agreement with experimental optical interferometric studies [110]. This work
was extended to cam-tappet contact [111] and rollers-to-races contacts in bearings, with
the rollers subjected to combined rolling, tilting and squeeze-film motions under transient
conditions [112].

Since the earlier contributions by Ramsey and his co-workers, the EHL of finite line
contacts occurring in many applications under various operating conditions has been
studied extensively. A representative sample can be found in [113-117].

2.2.3. Sub-Surface Stresses and Contact Fatigue

Ramsey discussed the importance of the effect of generated pressures upon the sub-
surface-stress field in concentrated contacts [72,73]. These are often responsible for contact
fatigue through inelastic deformation [73]. There has been a significant volume of research
on sub-surface contact stresses, particularly for the case of concentrated non-conforming
contacts of semi-infinite elastic solids. The first solution was provided by Huber and
Fuchs [118]. For bearings and gears, loannides and Harris [119] pointed out that cyclic
reversing orthogonal stresses often represent the limiting factor for failure. Lyman [120] was
the first to study reversing orthogonal shear stresses in rolling contacts, while Poritsky [121]
investigated their effect in gears and locomotive wheels. Ramsey and his co-worker, Johns-
Rahnejat [42,122], developed detailed models for the evaluation of three-dimensional sub-
surface stress fields under elastohydrodynamic point contacts. They favoured orthogonal
shear stress criterion for the failure of ductile materials and the Tresca criterion for the case
of hard and brittle contacting surfaces. Johnson [123,124] provided a detailed review as
well as the fundamentals of contact mechanics of non-conforming concentrated contacts.
A more up-to-date review of predictive methods and recent contributions is provided by
Sadeghi [16]. A generic semi-analytical method for all contacts of varying conformity is
provided in [125], based on the general approach of Muskhelishvili [126]. The predictive
contact mechanics analysis of sub-surface stress fields has received much attention. This
includes cases of thin bonded or unbonded elastic or viscoelastic layers [127-129].

A novel approach was developed by Ramsey and his co-workers in representing
generated contact pressures as a series of Fourier waves, applied over the contact foot-
print, penetrating the contacting layered bonded solids, such as coatings on an elastic
substrate [130]. The resulting sub-surface stress field indicated that soft layers transmit
the generated stresses into lower layers, whilst harder layers retain their effects. This
approach allows for the design and fabrication of coated contacting surfaces. Clearly, thin
hard bonded layers/coatings generate much higher pressures than those generated for
semi-infinite solids [73,131].
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2.3. Tribo-Dynamics of Shaft and Bearing Systems

Most tribologists” concerns with dynamics phenomena relate to transient conditions,
as represented by the normal approach and separation of contacting surfaces (the squeeze
film effect in Reynolds” equation). All other dynamics’ phenomena, such as changes in
applied loads in, for example, rolling elements-to-races contacts and their orbital motion
into and out of the loaded zone of a bearing, are usually determined through dry contact
dynamics. Then, their effect upon lubricant film thickness is measured through a subse-
quent lubrication analysis. This serial and non-iterative linkage between tribology and
dynamics” analyses can be regarded as quasistatic in nature [73]. In reality, a combined
integrated tribo-dynamic analysis is required. Ramsey was very interested in such an
approach for his favoured topic of ball and rolling element bearing dynamics. He and his
co-workers used extrapolated oil film thickness formulae, obtained through a regression
of numerical results [7,11,14,49,53]. However, these formulae rarely included the effect of
squeeze-film motion, and were thus not suitable for inclusion in a tribo-dynamics” analysis.
This addition was provided by Mostofi and Gohar [52,132], for the case of elliptical point
contacts, also including the effect of angled-flow entrainment into the contact, similar
to [53]. The oil-film thickness equations for line contact geometry [7,11] were extended for
the realistic case of finite-line contact [73,133].

Rahnejat and Gohar [73,134] re-arranged the lubricant film thickness equations to
identify the relationship between the applied contact load, film thickness (gap, localised
deformation and any waviness) and contact kinematics. This relationship was linked to
dynamics of the system such as shaft and bearings, through applied external loading or
movement of the centres of retaining shafts [134]. A step-by-step integration algorithm,
such as Newmark’s integration algorithm [135], was adopted to solve the tribo-dynamic
equations of motion, thereby determining the transient state of contact dynamics [136].
This approach yielded the first ever solution of lubricated contact dynamics of balls-
to-races contacts in orbital paths undergoing iso-viscous, piezo-viscous and EHL time
histories [134]. Most contributions in shaft and bearing dynamics” problems assume dry
contact conditions such as Hertzian or neo-Hertzian conditions, as evidenced in [137-141].
Such an assumption can be a good approximation for EHL contact conditions with no
emerging clearances in the bearing. This approach was also used by Ramsey and his
co-workers [142-146]. Although the methods of dynamics analysis and further features
such as flexible multi-body analysis have emerged, remarkably, only a limited number of
solutions have incorporated lubricated contacts subjected to rolling, sliding and normal
approach and the separation of surfaces, with most solutions being provided by Ramsey
and his co-workers [147-152].

3. Concluding Remarks

Ramsey Gohar provided sustained contributions to the fundamental understanding
and applications of EHL, throughout a research career spanning nearly 60 years. Here, only
a sample of his work is cited within the context of developments in tribology during his
career. His pioneering research included the development of precise methods of observation
and measurement, as well as the establishment of fundamental theories and methods of
solution. He studied many applications of contact mechanics and elastohydrodynamics to
bearings, gears and other highly loaded concentrated contacts. The breadth of his research
extends to the integration of dynamics and tribology, as highlighted in his books [72,73],
aimed at the broad audience of undergraduates, practicing engineers, and both budding
and established researchers. He will be remembered for his outstanding contributions to
the field of tribology as well as for his abilities as a caring educator.

Author Contributions: Conceptualization, PM.J.-R., G K., R.A. and H.R,; Investigation, PM.].-R.,
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agreed to the published version of the manuscript.
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