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SUMMARY

The project sponsors design and manufacture skewed roller brake devices for use in
aircraft flight control actuation systems. Design tools have previously been developed to
predict the torque characteristics of these devices. A fundamental deficiency of these
tools is the use of empirical friction coefficient data gathered from a limited test sample.
A need was identified to develop a friction coefficient model based on the operational
parameters of the design, namely load, speed and lubricant viscosity. The development

and validation of this model formed the basis of the technical research objective.

A cost benefit analysis indicated that the sponsors could reasonably expect to gain a
significant technical competitive advantage over their competitors if the technical
research objective could be achieved. This advantage should provide opportunities for
premium pricing of the product and enhanced opportunities to enter new markets.
Additionally, the sponsors could expect lead time reductions and cost savings of

£69000 from the removal of the need to conduct prototype tests to assess the effective

friction coefficient.

A friction coefficient model and skewed roller torque equation design tool have been
successfully developed, satisfying the technical research objective. The friction
coefficient model is defined in terms of lubrication number. The lubrication number
parameter incorporates lubricant viscosity, roller speed, roller load and contact surface
roughness terms, fully describing the operational parameters of a design.
Experimental evidence has validated the model using two lubricants, a hydraulic fluid,

Brayco 795 and a mineral oil, Catenex 79. The tests cover a lubrication number range

from 2x 107 to 6x 10~ with a mean Hertzian stress from 0.27 to 0.61 Gpa.
The success of this project has ensured that the sponsors will reap the cost and design

lead time savings predicted in the cost benefit analysis and have the tools necessary to

develop new markets and premium pricing business opportunities.
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1. THE BUSINESS CASE FOR THE RESEARCH

Chapter Summary

This chapter introduces the background to the thesis and provides a reasoned analysis of
the financial and non-financial benefits of conducting the research. Within the chapter is a
review of available literature concerning the tribology of a rolling/sliding line contact.
Identified are three friction models that can potentially be used to predict traction, based on
the operational and geometrical parameters of the contact. The integration of these models
with the existing design equation at Dowty Aerospace Wolverhampton, and hence the
creation of an engineering design tool forms the essence of the technical objective of this
research. A cost benefit analysis of the research and the project management aspects of the

work are discussed in this chapter. The chapter is structured as follows:

1.1 Background

1.2 Literature Review

1.3 Project Motivation

1.4  Technical Research Objective

1.5  Commercial Objectives

1.6  Research Method

1.7 Cost Benefit Analysis of the Research
1.8  Project Management Topics

1.9  Business Case Summary

Fulfilment of the objectives of this research project should enable a competitive
advantage to be exploited by the sponsor. This should, in turn, provide enhanced
opportunities to open new markets and allow the skewed roller technical solutions
offered by the sponsor to be premium priced. The achievement of the technical research
objective will create a design tool that should remove the need for future design phase
prototype tests, generating savings of £69000 and important time savings at crucial

Stages of new projects.
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1.1

BACKGROUND

This project is essentially concerned with the development of an analytical tool

to aid the design of ‘skewed roller’ brake devices.

A skewed roller device employs cylindrical roller elements, as found in a
conventional roller element thrust bearing, but with the rollers arranged not in a

radial direction, as in a thrust bearing, but at a ‘skew’ angle, Figure 1.1-1.

SKEW ANGLE

ROLLER ELEMENT

RATCHET PLATE

M98Z0027.ppt

BEARING CAGE

Figure 1.1-1. Arrangement of skewed roller elements.

A bearing cage incorporating skewed rollers can be incorporated in to a machine
in exactly the same manner as a conventional thrust bearing, Figure 1.1-2.
Intuitively the rotation of a shaft supported on a skewed thrust bearing would

require a higher driving torque than if the shaft was supported by a conventional
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thrust bearing. This is apparent since rotation of the shaft requires the roller
elements to rotate. In a conventional thrust bearing the roller element rolls
perfectly at its mean radius, however at other points along its length there is
necessarily an acceptably small amount of sliding action. Conversely, in a
skewed roller device the roller motion is described both by rolling action and a

significant amount of sliding action.

THRUST BEARING

ROTATION
THRUST

M98Z0027.ppt

Figure 1.1-2. Typical Thrust Bearing Installation.

Generally, thrust bearing losses are required to be minimised and in some
instances the roller length will be divided in to two parts to achieve this.
However, if a torque opposing the shaft rotation is the design requirement, as in
a brake device, the skewed rollers can be used to perform this function. Again
intuitively the torque would be expected to be a function of the skew angle, pitch
circle diameter, (PCD), of the rollers and thrust loading. Additionally, multiple
stages of skewed rollers may be arranged so as to increase the braking torque

capacity.



A skewed roller brake unit which is supplied by Dowty Aerospace
Wolverhampton, (DAW), the sponsors of this research project, and used within
the trailing edge flap actuation system of a large civil aircraft is shown in Figure

1.1-3. This device employs six stages of rollers and generates a nominal torque
0f 42.9 Nm.

Ratchet Mechanism

Y Skewed Rollers Stator
(6 Stages)

Figure 1.1-3. Skewed Roller Brake Device.

In this specific example, when the flap system is retracting the ratchet
mechanism engages and locks the stators to the brake housing. Rotation of the
central shaft and rotors necessitates relative motion between the rotors and
stators. These are separated by the skewed roller elements and hence a brake
torque is generated. The same generic principal of operation can be applied to

other brake applications.

DAW are a manufacturer of aircraft flight control actuation systems. Figure 1.1-
4 shows the typical aircraft flight control surfaces. Skewed roller devices find
applications as brake units within leading edge slat and trailing edge flap

actuation systems and in trimmable horizontal stabiliser actuators, (THSA).



LIFT DUMPERS/OUTER

AIRBRAKES ROLL
DIGITAL/ANALOGUE : SPOILERS
ELECTRONIC
THRUST REVERSER RUDDER
CONTROLLERS ACTUATORS & ENGINE
ACTUATORS
GUST
DAMPERS

T DOOR SYSTEMS

INNER AIRBRAKES/
LIFT DUMPERS
TRIMMING
TAILPLANE
FLAPS
ELEVATORS

SLATS AILERONS

Figure 1.1-4. Typical Civil Aircraft Flight Control Surfaces.

Typical examples of flap and slat actuation systems are shown in Figures 1.1-5
and 1.1-6. Generally these systems comprise a central power drive unit
incorporating hydraulic or electrical motors which drive through a gearbox
arrangement to rotate some form of transmission shafting system. The
transmission shafts transmit power to actuators mounted on the flap or slat
panels. The actuators are generally high reduction ratio gearboxes known as
Geared Rotary Actuators, (GRA’s) as shown in Fig. 1.1-5, or ballscrew

actuators, Figures 1.1-6.



TORQUE LIMITER GEARBOX

POWER DRIVE UNIT

GEARED ROTARY ACTUATOR

Figure 1.1-5. Typical Geared Rotary Actuator Flap Transmission System.

Figure 1.1-6. Typical Ballscrew Actuator Actuation System.



The second major function of the transmission shaft system is to provide a
robust, effective and reliable method of synchronising the position of the slat or
flap panels across the whole wing. Asymmetry failure modes of panels are
defined in the certification rules as ‘flight safety critical’ hence the probability of
an asymmetrical situation must not exceed 10E-9 per flight hour. Since the
failure of a single component such as a shaft is more likely than this value, back-
up braking systems are required to hold the panels in a fixed position following a

failure and thus prevent an asymmetry.

During the riorfnal operation of flap and slat systems the panels must be held at
predetermined positions which are dictated by the flight phase of the aircraft,
such as take-off, approach, landing and the cruise. During these periods the
systems are stationary and the aecrodynamic loads on the flap and slat panels are

reacted by the brake devices within the actuation system.

Various brake devices are available and fall into two broad categories. Active
brakes which require computer monitoring of the actuation system and electrical
signalling and control of the brake, or passive mechanical brakes. Passive
devices provide a braking torque as a function of their mechanical design. The

skewed roller brake is such a passive device.

The architecture of individual actuation systems will determine the exact
function of the brake device within the system. For example, the device shown in
Figure 1.1-3 is a redundant brake which is only required to operate in the event
that the primary brakes within the system have failed. This redﬁndancy is
required in order to meet the probability requirement of 10E-9 per flight hour for
asymmetry and uncommanded movement of the panels. In the case of a
trimmable horizontal stabiliser actuator a skewed roller brake could be the
primary brake, possibly with a hydraulic pressure release clamp type brake as a
back-up. |
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Aircraft actuation system components are required to perform in accordance with
their design specification over the full life of the aircraft. This may be for 40 000
flights and 100 000 flight hours over a 25 year service life. A design requirement
is often that the equipment should not require any scheduled maintenance
through this time. Economics of flight demand that equipment is designed to be
minimum weight consistent with meeting the specification. Consequently the
designer must be able to accurately predict and maintain the performance of the

equipment throughout the full life.

With respect to a skewed roller brake unit, the design engineer must be able to
analyse the performance of the design based on the operational parameters of the
equipment. Such parameters would include skew angle, PCD, roller dimensions,
thrust loading and the frictional characteristic of the roller to race contact. At
DAW, an equation has been developed which predicts the torque generated by a
skewed roller brake, equation 1.1-1, Thomas and Harris (1993). |

T=F-,u-(-—§—-sin¢+§~l)-N 1.1-1

where, T = torque generated,
F = axial load on the rollers,
= friction coefficient,
D = pitch circle diameter of the rollers,
@¢=roller skew angle,
I =roller length,

N = number of roller stages.

Unfortunately, p in equation 1.1-1 is not the coefficient of friction between two
steel components taken from standard reference texts such as Williams (1996) or
Kempgs Engineers Year Book (1996). The p value is an ‘effective coefficient of

friction’ used to balance the equation and presently can only be determined by
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test if an accurate value is required. Consequently, the current design practice at
DAW is to use a p value range of 0.066 to 0.092 which has been established

from test work conducted on the design shown in Figure 1.1-3. This is sufficient
for initial design work, but a development test is also conducted using the actual

parameters of the design to establish the actual p value.

The development test work requires a prototype to be manufactured and often a
bespoke test rig to be constructed in order to complete the test. This approach is
both time consuming and costly. The ideal situation would be that a design tool
could be developed which accurately predicted the brake torque generated by a

design, based on the known geometrical parameters of the components, and

knowledge of the friction coefficient between the rollers and the race.

LITERATURE REVIEW

INTRODUCTION

A search of open literature has shown that there is no published data which deals
directly with the application of skewed roller technology. The author is aware
that these devices have been used by American actuation equipment
manufacturers, and suspects that data which does exist is proprietary and hence

has not been published.

A skewed roller device can be considered to be an inefficient thrust bearing and
the tribology which governs traction in line contact bearings can be expected to

also govern traction in a skewed roller brake device.

Rolling contact thrust bearings, are well covered by published works. Schroeder
(1994) prodﬁced a paper defining background terminology and bearing concepts
and Zhou and Hashimoto (1995) covered the ‘running-in’ characteristic of
bearings. They found that all bearings exhibit changes in measured friction
characteristics as changes to the metal surfaces occur through the initial loading

cycles.
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Others have considered the general design aspects of bearings from the
perspective of wear characteristics, Glaesner et al (1994), and lubrication, Sayles
and Webster (1985). The effect of contamination within lubricants for bearing

and geaf applications has also been researched, Sayles et al (1990).

FRICTION AND LUBRICATION MODES

With respect to friction, the classical Stribeck diagram, Williams (1996) is well
documented. The Stribeck diagram, Figure 1.2-1, shows the four modes of
lubrication found in contacts between surfaces. The diagram shows friction
coefficient, u, as a function of lubricant viscosity n, a speed parameter ®, and a
stress term p. In the case of hydrostatic and hydrodynamic bearings, satisfactory
operation of the bearing requires that the solid surfaces are completely separated
by a fluid film. As loads increase, the maintenance of a fluid film requires the
elastic deformation of the solid surfaces and the increase in viscosity due to
pressure to be taken into account, in order to maintain complete separation of the

surfaces. This is the classical elastohydrodynamic regime, (ehl).

As loads increase further, or speeds reduce, it is difficult to build up a
sufficiently thick film to entirely separate the bearing surfaces. No engineering
surface is perfectly flat but consists of a number of asperities and troughs. Some
contact of the opposing surface asperities is inevitable and this condition
describes the mixed regime. The frictional characteristics are determined by a

combination of fluid film effects and surface contact effects.

Eventually the surfaces may only be protected by films with thicknesses on a
molecular scale. The bulk properties of the lubricant are not important, the
frictional behaviour being determined by the physical and chemical properties of

the thin surface films. This state is known as boundary lubrication.
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Figure 1.2-1. The Stribeck Diagram for a Journal Bearing. (Based on Williams,

1996).
1.2.3 SURFACE ROUGHNESS

The Stribeck diagram was initially developed for the case of a journal bearing,
however, other researchers have applied the Stribeck diagram technique to the
analysis of friction between steel rollers and a flat plate. This is essentially the

geometry of a thrust bearing.

Lin et al (1993) and Horng et al (1994) studied the effect of surface irregularities
on the tribological behaviour of steel rollers. The aim of this research was to
analyse the lubrication and wear rates of the rollers. A range of surface finish
conditions with asperity heights from 0.2pum to 1.2um and various roughness
orientations were considered. The surface roughness orientations were related to
the direction of the machining marks relative to the rollers axis. The effect of an
extreme pressure additive to the lubricant, was also considered. The papers

concluded that both the asperity height and roughness orientation were important
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in determining the friction coefficient and that the asperity height was

particularly influential with respect to wear rate.

Experimental data had been previously gathered by Jeng (1990). This paper
concluded that the orientation of the surface machining marks was more
important in determining the friction coefficient than was the asperity height.
The transverse orientation always produced the lowest friction, irrespective of
asperity height. The lower the asperity height, for a given orientation of

machining marks did, however, usually result in a lower coefficient of friction.

These papers confirmed that the Stribeck characteristic was reproducible for
those conditions applicable to the experiments reported. They did not however
make any attempt to predict the coefficient of friction in the various lubrication

regimes.
FILM THICKNESS TO ROUGHNESS RATIO

The transition from one lubrication regime to another has been linked to a

dimensionless film thickness ratio, Mech 5270, defined as:

A= effective film thickness
surface roughnness (RMS)

=£ 1.2-1
log

The effective film thickness for elastohydrodynamic films between smooth

surfaces can be calculated from formulas presented in most tribology text books,
Dowson and Higginson (1977) and Williams (1996) being examples. It is normal
to express the minimum film thickness as a function of a load parameter, F'/E'R_,

a speed parameter, #7,/E'R, , and a material parameter, o E’. The semi-

empirical power law fdnnula for minimum film thickness, from Mech 5270, is

then of the form
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where, R, = equivalent radius,
ap = pressure — viscosity index,
E' = equivalent modulus,
% = entrainment velocity,
1, = Vviscosity at ambient pressure,

F' =load per unit length.

The film thickness over the larger part of the contact is greater than this by about
30%, Williams (1996). These equations indicate a number of significant features
of elastohydrodynamic contacts. The relative lack of dependence of film
thickness on load, and the virtual independence on contact modulus. The
dominant parameters are the entrainment velocity and the viscosity
characteristics of the fluid, both in terms of viscosity at ambient pressure, 1, and

the pressure-viscosity index o.

Much research has been dedicated to refinement of the above analysis. Tichy
(1995) proposed a model which considered the surfaces to be porous, and
Houpert and Hamrock (1986) developed a numerical approach for the
calculation of film thickness and pressures in ehl contacts. These and other
researchers have attempted to model to higher orders of accuracy film thickness
and pressure distributions, often developing complex numerical analyses in the
process. The effects of surface irregularities in line contacts have also been
modelled and the influence of surface roughness on film collapse within thin
elastohydrodynamic films, Shieh and Hamrock, (1 991). This paper illustrated
that slide to roll ratios of up to two do not significantly influence the minimum
film thickness values. However, at ratios above two it can be expected that film
collapse will be more likely and a mixed or boundary contact would ensue.
Shieh and Hamrock also acknowledge that the lubricant viscosity model chosen

has a high influence on the results.
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A variety of rheology models have also been applied to film thickness analysis.
Jang and Tichy (1995) compared three different models, and Chang and Zhou
(1995) compared Newtonian versus non-Newtonian models. In both cases the

analysis was aimed at calculation of pressure distribution and film thickness.

Although much effort has been applied in the field of film thickness analysis,
few research papers appear to have been published which deal directly with

traction at the contact.

FRICTION MODELS

The prediction of lubrication regimes for line contacts with lubricants operating
in the liquid state was investigated by Schipper et al (1989). They summarised
the general assumption at that time that for A greater than 3, full film lubrication
will occur and for A less than 3 mixed lubrication can be expected. They also
draw on research by Bair and Winer (1982), who had identified three regimes of

behaviour depending on the variation in A.

For A above approximately five, the film is sufficiently thick for the surface
roughness effect to be negligible. The traction force will be a function of the
bulk rheological properties of the lubricant at the operating load, speed and

temperature.

When the film thickness and the surface roughness are of comparable magnitude,
1.0<A<10, according to Bair and Winer, the traction will be determined by the
bulk rheological properties of the fluid, but at the local asperity contact operating

conditions.

At lower values of A, <1.0, asperity interaction becomes more severe. Bair and
Winer referred to this regime as ‘boundary lubrication’. Here Bair and Winer
attributed the traction coefficient observed to the shear properties of the films

adsorbed into the solid surfaces.



Schipper et al (1989) were doubtful that A as a characteristic number in the
mixed regime is applicable. They argued that the calculation of film thickness is
based on smooth surface theory which is not valid in the mixed regime, and that
the actual surface roughness of the elastically deformed surfaces was not known.
Irrespective of these reservations, the analysis and results presented in their
paper are characterised by a lubrication number, (L), which is itself a
relationship between film thickness and centre-line-average (cla) surface
roughness, R,. The use of R, is somewhat at odds with other researchers who

tend more commonly to use the RMS surface roughness, .

The investigation used four different lubricants and defined the boundaries
between mixed-elastohydrodynamic and boundary-mixed in quantitative terms,

as shown on Figure 1.2-2.

\\\\\\\\\\\\\\fff
5
"E 104
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1 0_.6 ] Y [] ] 1
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Figure 1.2-2. Lubrication Mode Transitions. [from Schipper et al (1989)]

Schipper and de Gee (1995) extended the work above by the same authors and
studied the concept of the lubricant behaving in either a liquid or solid state. The
behaviour of fluids in tﬁe liquid state and solid state is a concept previously
researched. Evans and Johnson (1986a) detailed the rheological properties of

three fluids commonly used in elastohydrodynamic contacts. Alsaad et al (1978)
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had also conducted research on the transition between the liquid and solid state,

the so called ‘glass transition’.

Schipper and de Gee (1995) restated their earlier work (1989) on lubrication
mode prediction in the lubricant liquid state. Additionally, they presented
experimental data and developed an analysis of the frictional behaviour of these
contacts under conditions of full film lubrication taking into account the
lubricant solid state behaviour. A flow diagram, Figure 1.2-3, provides a
quantitative method of determining lubrication mode as well as frictional

behaviour as a function of operating conditions.

Further more, for the liquid state equation 1.2-3 was claimed to predict the

coefficient of friction in the mixed regime.

Hut = Hen + {ln(;;%;f% 0.5):|'(ln Lehl/ml —In L) 1.2-3

where,

U,y = friction coefficient in the mixed regime

M., = friction coefficient in the ehl regime

M, = friction coefficient in the boundary lubrication mode
L = lubrication number

D = mean Hertzian stress

R, = surface roughness

Stating that ., can be obtained from ¢ well known and established ehl theory’,
such as Evans and Johnson, (1986b). Coefficient of friction in the boundary
regime, L, is quoted as a bi value coefficient of magnitude 0.09 or 0.13 as the

contact moves form micro-ehl to boundary lubrication.
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Figure 1.2-3. Flow Diagram to Determine Frictional Behaviour and Lubrication

Mode. [Schipper and de Gee (1995)].
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Schipper and de Gee (1995) concluded by identifying the following crucial

unknowns in their analysis:

- actual temperature of the lubricant as it enters the contact zone and
therefore the inlet viscosity. The actual temperature in the inlet is higher
than the bulk temperature of the oil due to heat dissipation in the contact

and shear heating in the inlet.

- the micro geometry of the surface and hence the R, which determine the
transitions are not known as a function of wear rate. R, values as wear

continues are not available analytically.

The contribution of this paper lies in the attempt to provide a quantitative
assessment of the coefficient of friction in line concentrated contacts, from

operational parameters of load, speed and temperature.

Evans and Johnson (1986b) researched the traction characteristics of full film ehl
line contacts for the case of smooth surfaces. They concluded that the frictional
characteristic was only a function of the rheological properties of the lubricant.
These rheological properties in turn depend on the properties of the fluid and the
imposed conditions of load, speed and temperature. For the three lubricants
considered, Evans and Johnson created traction maps and associated equations
for the prediction of traction coefficient. The co-ordinates for these maps were
non-dimensional pressure and a parameter closely related to film thickness.
Evans and Johnson maintain that from the known values of load, speed and
temperature a point on the map can be identified. The maximum traction

coefficient can then be calculated from the constitutive equations.

The maximum traction coefficient calculated by this method links to the analysis
conducted by Schipper and de Gee (1995), equation 1.2-3, since this traction

coefficient provides a value for p,.



The maps produced by Evans and Johnson identified four regimes which
differentiated the rheological properties of the fluid. These regimes were

identified as Newtonian, Eyring, visco-elastic and elastic-plastic.

In the Newtonian regime where the shear stress is relatively low, the viscosity is
a linear relationship of shear stress and shear strain rate. This is the definition of
a Newtonian fluid. This condition, Evans and Johnson maintain, occurs at low

pressure, high temperature and with thick films.

As the viscosity in the contact increases, with increasing pressure or reduced
temperature the shear stress to shear strain rate is no longer a linear relationship.
Evans and Johnson adopt the ‘Eyring’ model to described the relationship of
shear rate to shear stress. The Eyring model had been proposed earlier by

Johnson and Tevaarwerk (1977).

Further increase in pressure moves the contact in to the area of the map where
traction force is determined by visco-elastic effects in the fluid and also by
elastic compliance of the surfaces. Beyond the visco-elastic boundary the contact
enters the so called elastic-plastic region. In this region, at small strain rates the
traction response is linear but at higher shear rates the fluid can sustain a limited
shear stress. The traction force reaches a maximum at a value defined by this

limiting shear stress which is a characteristic of the fluid.

The effect of surface roughness was investigated by Evans and Johnson (1987)
and related to their earlier work on traction maps (1986b) and the research
conducted by Bair and Winer (1982). They concluded that for A greater than
five, the traction between rolling and sliding surfaces is negligibly influenced by
surface roughness. The traction is predictable using the traction maps discussed
above. For A in the range 0.5 to 6, it was proposed that the effect of asperity
interaction was important but that the traction was still governed by the bulk
rheological properties of the lubricant. Asperity interaction has the effect of

| increasing pressure in the local area of the asperity. This has the effect of moving



the operating point to the right in the maps proposed by Evans and Johnson.
With very thin films so that A<0.5 conditions of asperity interaction and

boundary lubrication prevail.

Friction models for line contacts operating under unsteady loading conditions
were investigated by Hess and Soom (1990) and Polycarpou and Soom (1995).
Hess and Soom published equation 1.2-4 for friction coefficient, this provided a

good fit to the data generated in their laboratory.

Hy

<)

v
F

1.2-4

u= 7+C, -

where, 77= lubricant viscosity,
V = velocity in the contact,
E = Youngs Modulus,
Cj, Cy = constants.

It is claimed that the first term of the equation describes the coefficient of
friction within the mixed lubrication regime, with the second term added to
determine the friction coefficient in the hydrodynamic regime. The constants
which provided a good data fit for Hess and Soom are: C, = 1.43x10", C, =
8.19x10%and p, = 0.145.

Polycarpou and Soom (1995) extended the research in to friction models
applicable to conditions of unsteady sliding contacts operating in boundary and
mixed lubrication regimes. The introduction to this paper states that
‘theoretically based friction relationships are not available for contacts
operating in the mixed or boundary lubrication regimes’. The reference list
within the paper cites the work discussed earlier in this chapter by Bair and

Winer and Evans and Johnson. However, it does not acknowledge the work of
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Schipper et al (1989). Conversely the work by Schipper et al does not cite
previous work in the field by Polycarpou and Soom.

PROJECT MOTIVATION

The analysis methods available to DAW are not sufficiently advanced to allow a
skewed roller brake design to be prepared and hardware manufactured which
will meet the design specification, without the need for design phase prototype
testing. The results of the prototype test are used in an iterative loop until the
specification is met. The design phase applies to both the competitive bid
situation prior to contract award and after contact award when the design is
being developed in to detail component drawings. These prototype tests are
required to minimise technical risk, which cannot be mitigated by the presently

inadequate analysis techniques.

The preceding literature review has demonstrated that published data dealing
directly with skewed roller devices does not exist. The literature which is
available and which provides analytical methods of calculating traction
coefficients illustrates that analytical models for traction are complex. ‘Models do

not exist which can be readily utilised in engineering design calculations.

The traction maps presented by Evans and Johnson (1986b and 1987) appear to
be an accepted approach for the case of full film lubrication. However, for very
thin films, such that the contact operates in the mixed or boundary lubrication
regimes, the literature search did not uncover any widely accepted models.
Models have been proposed by Schipper and de Gee (1995) and Polycarpou and
Soom (1995). In both of these cases the models were based on experimental data

and the models no doubt reasonably reflect the respective data sets.
The above models can be used in combination with equation 1.1-1 to predict the

torque capacity of a skewed roller device. The accuracy of these predictions is

not established or validated against experimental data.
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The motivation for this project is to develop a design tool for use by design
engineers within DAW and to establish the boundaries within which that tool
may be used with confidence. This should obviate the need to conduct design

phase prototype tests.
TECHNICAL RESEARCH OBJECTIVE
The specific objective of this project can be defined as:

To develop an analytical design tool such that skewed roller brake performance
can be predicted from operational and geometrical design parameters, without

recourse to prototype testing during the design or proposal phase of the project.
COMMERCIAL OBJECTIVES

The Engineering Doctorate programme, (EngD), differs from traditional
technical PhD research. It requires research to be directed at a specific problem
of relevance to the sponsoring organisation, in this instance Dowty Aerospace
Wolverhampton. The EngD also fundamentally requires an inter-disciplinary
approach such that the researcher has a significant appreciation of the
commercial issues associated with the work, and develops core management

skills and competencies. (Ref. Appendix A).

Consequently, this research had commercial objectives in addition to the

technical objective defined above. The commercial objectives were:

i) To prepare a business case for the research defining the commercial

deliverables and justifying the resource allocation to the programme.

i1) To develop a deeper technical understanding of the frictional

characteristics of skewed roller devices so that DAW technical expertise
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may be used as a marketing tool when competing for new business. This
technical differentiation relative to competitors may enable premium

pricing of the DAW solution, or open up new markets.

To enable the project to meet these objectives, project management tools and
techniques must be employed to complete the project within the constraints of

the allocated budget and timescale.

Additionally, it should be recognised that the author is in full time employment
within DAW, and must maintain his position within a competitive management
team. Hence, elements of the experimental work must be completed by
undergraduate student trainees. These are on industrial placements as part of
their sandwich courses. This approach is entirely consistent with the Engineering

Doctorate objectives, Sanderson (undated).
RESEARCH METHOD .
To achieve the technical objective the project was broken down in to four stages.

Stage one recognised that an established design tool already existed at ‘DAW and
that the apparent deficiency with this tool was the accurate prediction of the
coefficient of friction. Stage one therefore had the objective of completing a
literature review which would identify analytical models which would allow
traction coefficients to be predicted based on the operation parameters of the

contact.

Stage two involved gathering test data. Within the limitations of the test
equipment available at DAW, the largest range of contact pressure at the rollers,
rotational speed and ske}wvangle of the rollers would be tested. The baseline
lubricant would be Brayco 795, as used in the DAW production unit.

Comparative tests using Catenex 79 fluid would also be conducted since

| rheological data on this lubricant is widely available in the literature.
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Stage three would compare the analytical friction coefficient model predictions
to the measured test result data set. This process would possibly identify
deficiencies in the design tool currently available other than the prediction of

traction coefficients.

Stage four recognised the likely outcome from stage three and had the objective
of developing the design tool to meet the overall objective of accurate analysis
based on operational parameters. Additionally, the scope of applicability of the
tool would need to be defined. Clearly, stage four represents the conclusion of

the research with the delivery of a validated design tool.

The detail tasks required to follow this research method were identified and
planned across the four years using project management tools as discussed in the

section 1.8.

COST BENEFIT ANALYSIS OF THE RESEARCH

THE BUSINESS DECISION

Should DAW spend £38000 (Appendix B) on a project to develop a skewed

roller design tool ?
THE MARKET PLACE

DAW manufacture aircraft flight control actuation systems for military and civil
aircraft. These actuation systems can be divided into two principal product

technology groups:

i) Hydraulic actuators, mainly for primary flight control surfaces. Included
in this product technology are also hydraulic engine thrust reverser

systems.
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ii) Mechanical actuation systems and components mainly for flap and slat
actuation systems. DAW has ambitions to also manufacture trimmable
horizontal stabiliser actuators, since these comprise many of the

fundamental elements found in a typical flap actuation system.

The distribution of the companies turnover for 1998 between the hydraulic and

mechanical technologies is shown in Figure 1.7-1
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Figure 1.7-1. DAW Turnover Analysis for 1998. (DAW internal data)
Brake devices, where skewed roller technology finds applications are used
within the mechanical actuation systems. Thrust reversers and hydraulic

actuators will not be considered further in this thesis.

DAW sales of mechanical actuation equipment is shown in Figure 1.7-2 for

1998.
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Figure 1.7-2. Mechanical Actuation Sales for 1998. (DAW internal data)

The above sales picture clearly changes over time. Recent new business
success’s on Boeing 767-400 and major modifications programmes to the Airbus
A340-500/600 could also be included. Both programmes are in the designvphase
and hence have not entered production. Projecting this analysis forward to the
year 2005, Figure 1.7-3 illustrates the dominance of Boeing and Airbus products

within the business.
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Figure 1.7-3 Projected Mechanical Actuation Sales for 2005. (DAW data)
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DAW operate within a global market place. Many aircraft, manufactured by
many different airframe manufacturers require the type of actuation systems
designed and manufactured by DAW. Aerospace requirements for minimum
weight products which meet a specific aircraft specification demand that systems
are designed specifically for the aircraft concerned, off the shelf actuation
systems are not generally appropriate. Consequently, the overall market is
enormous, ranging from aircraft such as the Boeing 747 to small business jets in
the civil sector, and an equally broad range in the military sector. DAW does not
have the resources to compete in every new programme which is launched in the

above market.

The DAW strategy is to segment this global market and to concentrate on a
small number of customers, in either the civil or military sectors. With respect to
civil aircraft this strategy means focusing on Boeing and Airbus, who jointly
dominate the civil aircraft manufacturing market. The market for aircraft ébove
100 seats is dominated by Boeing and Airbus, with each taking 50% market
share, Flight International (July 1998). Of the remaining manufacturers, DAW
concentrate on Avro and in the wider context the parent company, British
Aerospace. Military programmes are notoriously politically biased, but

concentration on British Aerospace tends to cover this sector.

In summary, the market in which DAW operate could be summarised as:
Mechanical actuation systems and components for flap, slat and trimmable
horizontal stabiliser applications at Boeing Commercial Aircraft, Airbus and
British Aerospace.

Opportunities with other customers outside of the above definition are also

pursued when it is perceived that DAW has a competitive advantage and the

programme is considered to be robust.
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1.7.3 THE COMPETITORS

Actuation systems and components in the above market are designed to meet a

specification. When a new programme is launched by a manufacturer such as

Airbus for example, the specification for particular equipment or systems is

issued to potential suppliers. The suppliers are in a competitive situation and

must propose a design solution meeting the specification at a fixed price. The

aircraft manufacturer will then select one supplier who will be awarded the

contract to design and manufacture the proposed solution.

The competitors differ depending on which customer is considered. The main

competitors are defined in Table 1.7-1

A number of factors influence the selection of the supplier. Common criteria
such as past delivery performance, quality and price are all crucial in securing

new business. The engineering functions within organisations such as Boeing

and Airbus also have an influential impact. Hence developing a good

relationship with these engineering functions is important.

In practical terms this means that DAW must support and build relationships

with four different engineering teams:

i) Boeing Commercial Aircraft, high lift team.

ii) Airbus high lift team, in practice this responsibility lies with Daimler

Benz based in Bremen and Hamburg.

i)  Avro Infernational, based in Woodford, UK.
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European

Comments

Customer US Competitors Asian
’ Competitors | Competitors
Boeing Sunstrand Very strong. Established position with strong engineering capability.
Commercial
Aircraft Moog As per Sunstrand.
Western Gear In decline.
Curtis Wright Appear to be in decline, due to engineering deficiencies.
Liebherr No Boeing products hence high barriers to entry.
Shimadzu Strong in manufacturing, weaker in design. Tend to concentrate on make to
print*,
Airbus Sunstrand Weak. No position in flight controls at Airbus. Not European. High barriers
(Daimler to entry.
Benz) Curtis Wright As for Sunstrand.
Liebherr/Lucas Dominant position. Make complete flap and slat systems for
team. A300/310/319/320/321. Complete slat system on A330/340 and share flap
system with DAW on same aircraft.
British Liebherr/Lucas As above for BAe Airbus.
Aerospace
and Avro RJ146 flap system DAW supply.

Turboprop and business jets business sold to Raytheon. High Lucas content.

Table 1.7-1 Major Competitors. * Make to print is manufacture by the supplier to the drawings of the customer.




iv) British Aerospace - Airbus, based in Filton, Bristol.

General methods by which these relationships can be developed include
research into new technology and the sharing of data associated with such

research, and successfully completing those new projects which are won. -
1.7.4 SKEWED ROLLER DEVICES, ALTERNATIVES AND ADVANTAGES
1.7.4.1 Boeing Commercial Aircraft.

The asymmetry protection devices used by Boeing tend to be passive or self

energising mechanical components.

Boeing have used skewed roller devices for many years in low integrity, non-
flight control applications. Over recent years, certainly since 1993, skewed
roller brakes have also been introduced into flight control systems. Table 1.7-2

defines the known flight control applications.

Aircraft Application Introduction into Design Authority
service date '
Boeing 757 Flap Ballscrew not known Boeing
Actuator

Boeing 777 Flap System No-Back 1996 DAW

‘ Brake

Boeing 737- Trimmable Horizontal 1997 Boeing
600/700/800 Stabiliser Actuator

Table 1.7-2. Skew Roller Device Applications.

1.7.4.2 Airbus Industrie

Airbus engineering tend to take an alternative approach to asymmetry
protection. Active hydraulic brakes are used. These are signalled by control
computers which detect an asymmetrical situation and signal the brakes to lock

the system. This architecture requires a high integrity, high iteration rate
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computer in order to detect the fault and signal the brakes before the

asymmetry exceeds acceptable thresholds.

Passive brakes in general do not feature in the flap and slat actuation system

architecture described above.

THSA'’s at Airbus do incorporate passive friction plate brakes. These are an
ideal candidate for skewed roller technology. A trade study performed by
DAW (DAW, 1998) on a THSA application identified that an actuator
designed using a skewed roller brake would be 5.5 kg (3.3%) lighter and
require 68.2 litres per minute less hydraulic flow than the comparable friction
plate design. In this example, the brake had to fit over the THSA output
ballscrew shaft and hence the operating diameter of the brake was determined
by the diameter of this shaft. Combining this diameter with the friction
characteristics of conventional friction discs resulted in a brake torque
considerably higher than required. This became the sizing case for the
hydraulic driving motors. A skewed roller brake could be designed to more
equally match the required brake torque by selection of the skew angle and

hence allowed the hydraulic motors to be smaller.

Passive brakes using paper based, sintered bronze and more recently carbon
and graphite materials have been employed for many years. The main
disadvantage of these materials is susceptibility to wear and friction coefficient
stability over the life of the unit. Brakes designed to use these materials, in
flight control applications, usually incorporate wear detection devices and
require maintenance to replace brake surfaces. The best materials, carbon and
graphite, are more resistant to wear. However, they are also more costly than

the materials used in skewed roller devices.
Definite advantages, in terms of wear resistance, cost and reduced complexity

exist for skewed roller devices. The key issue to be overcome before they

would be readily accepted at Airbus is technical risk.
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1.7.4.3 AVRO and British Aerospace.

1.7.5

1.7.6

The AVRO RJ 146 aircraft uses active asymmetry brakes as per the
architecture described above. Future AVRO philosophy is unclear at the

present time.

Skewed rollers are being incorporated into the ballscrew actuators driving the
Nimrod 2000 Maritime Patrol Aircraft flap panels. These actuators are being
designed by DAW.

SKEWED ROLLER DEVICES, SUMMARY

The major market for these devices is at Boeing. They are compatible with the
Boeing philosophy with respect to asymmetry protection and arean
established technology with accepted low technical risk. Sundstrand and Lucas
Aerospace are probably the major competitors within this market segment.

Both companies capabilities in skewed roller technology is unknown.

At Airbus, the current flap and slat asymmetry protection philosophy does not
require passive brake technology and hence skewed roller devices are not
applicable. Applications do exist in THSA but the technology has not been
used before at Airbus and hence would be considered a technical risk. A
thorough understanding of the theoretical background of the devices would be

part of a strategy to convince Airbus that this technical risk was low.
NEW BUSINESS PROCESS

Most new business competitions follow essentially the same process. The
customer will write a spéciﬁcation for a system or component and issue it to
potential suppliers. Those suppliers typically have six to eight weeks in which

to prepare a proposal.
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The competing proposals are assessed by the customer based on a wide range
of factors, but certainly including technical acceptability of the solution and
price. The conclusion to the assessment phase is usually a contractual

negotiation leading to the signing of a contract.

The six to eight week proposal time is a short period of intense activity. From
an engineering point of view the objective is to design a solution which as a
minimum is technically acceptable and represents a minimum cost and weight
solution. If possible some form of technical differentiation should be
developed in the proposal. The aim is to promote the solution from the general
category of ‘technically acceptable’ to ‘wanted by the engineers’. It is often the
case that if a solution is differentiated in this way from the competing
proposals, it allows some element of premium pricing, generating a better

return for the business.

Skewed roller technology provides a direct method of differentiating DAW
from most of our competitors, particularly at Boeing. These devices can
generate real advantages, particularly in terms of weight, flow consumption
and wear over life. However, the need to design, construct and test a prototype
unit within the six to eight week proposal phase is both expensive and
challenging. An established design tool would achieve two objectives. Firstly,
remove the need to perform such testing and secondly, allow DAW to be
recognised as developing the technology whilst sharing the results with our
customers. This process helps to cement the relationships between DAW and

our customer engineering functions.

Post contract award, the normal product development process at DAW
involves a des’i'gn phase culminating in the production of detail drawings for
the manufacture of the initial batch of test units. When these units are available
a development test activity ensures that the equipment functions in accordance
with the specification and the design intent. This development testing precedes

the formal qualification tests, which demonstrate the equipment is fit for flight.

1-33



1.7.7

Equipment with a particular technical risk, which cannot be mitigated fully by
analysis, will require extra prototype testing during the design phase to

minimise the risk.

The removal of the need to conduct these design phase prototype tests is a key
benefit both from a financial point of view and by allowing the engineering
resource to concentrate on enhancing the benefits of the design, rather than
designing and building prototype units. This could improve the probability of
winning new business during a proposal phase, and reduce the time to market

in the post contract phase.

FINANCIAL ANALYSIS

Net Present Value, (NPV), techniques have been applied in order to construct a
financial model for the project. The details are defined in Appendix B.

The investment costs of £38000 relate to the cost of sponsorship on the EngD
programme at Cranfield and the cost of undergraduate support of the research
at DAW. The principal direct financial returns from the project, on
achievement of the technical research objective, will be the removal of the
need to conduct prototype testing in the future. It has been assumed that two
prototype tests will not be required as a result of this research programme.
These savings can be combined with the EPSERC grant and hence the total

returns from the project were estimated to be £69000.

This direct financial benefit is important, but the most significant business
benefit to DAW would be enhanced opportunities to win new contracts. The
returns in this case would far exceed the £69000 associated with test
reductions. However, leVerage of the research to potentially win new business

cannot be included in an NPV analysis.
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The financial analysis shows that the project yields a healthy NPV of £10358

and hence on financial grounds meets the assessment criteria.
1.7.8 ALTERNATIVE APPROACHES

1.7.8.1 Do Nothing

In this case the current ranges of effective friction coefficient would continue
to be adopted and each proposal would need to be backed by a development

test or at least the commitment to conduct such a test early in the design phase.

This approach means that the build up of data is very slow, dictated by the
proposal frequency which include a skewed roller. Hence, the DAW
experience base remains low and our technical understanding of the device
remains low. In this case it is unlikely that DAW will overcome the technical

risk issues which will be raised by Airbus.

Similarly, DAW will not be seen as proactively developing the technology.
This is important, particularly at Boeing where a willingness to share
information and technology is integral with developing the engineering

relationship.

The cost of running development tests during proposals is in excess of the

costs of supporting the EngD research. The ‘do nothing’ option is untenable.
1.7.8.2 An Empirical Approach

The risk associated with the ‘do nothing’ option discussed above could be

reduced by conducting a series of development tests as part of a smaller scale

research programme than the EngD.
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The results of the development tests could form an empirical database of
information to be used in future designs. This approach would not move DAW
any closer to the objective of developing a design tool. The selection of the test
conditions would be very difficult. It is unlikely that the selected conditions
would be a match for the conditions required on a future design. Consequently,
without the theoretical background gain through the EngD approach,
extrapolation of the results would be difficult.

Finally, the cost of this approach would be approximately the same as
conducting the tests during a bid phase. Hence, no financial benefit accrues

from this approach whilst it does not meet the technical objectives.
1.7.8.3 Develop Alternative Brake Technologies

As an alternative to developing design capabilities with respect to skewed
roller devices, resources could be spent developing alternative brake

technologies.

The principal alternative is the conventional friction disc device. DAW have
experience with these devices and understand the disadvantages of them, as
discussed in section 1.7.4.2. Hence defining a research programme with the
objectives of finding solutions to these disadvantages would be relatively

simple.

Skewed roller devices have a recognised market at Boeing and a potential
market at Airbus. The suspension of development of skewed roller technology
will erode DAW’s ability to win contracts at Boeing and will prevent

penetration of the Airbus market.

Research and development of existing or novel brake technology is not an
alternative to developing skewed roller technology but should be considered in

addition to this work.
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1.7.9 COST BENEFIT ANALYSIS SUMMARY

1.8

1.8.1

Boeing and Airbus are the two key DAW customers. The relationship between
engineers at DAW and these customers has a significant impact on the ability
to win new contracts. At Boeing this research will help to develop these -
relationships further through the sharing of information. At Airbus it will help
to win the technical risk debate and open the Airbus market to DAW skewed
roller technology.

The advantages of skewed roller technology compared to conventional passive
brake technologies are clear in terms of resistance to wear, stability of torque
produced and cost. This research programme should increase the design
capability of DAW in skewed roller technology beyond both that of customers
and competitors. This technical differentiation will provide the opportunity to

premium price the DAW product.

The achievement of the technical research objective will provide a robust,
validated design tool and enhance the design and analysis techniques available
at DAW. This will remove the need in the future for design phase prototype

tests, generating savings in both time and money. The financial case is made.

PROJECT MANAGEMENT TOPICS
INTRODUCTION

The successful completion of any project requires the project deliverable to be
produced on time and within the defined project budget. Management tools
and techniques are widely adopted within industry to ensure that projects are
managed successfully. The tools applied to this project compris¢ a sub-set of

the tool kit used at DAW.
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1.8.2

Initially a large project is split in to smaller, more manageable work packages.

These are defined within a documented Work Breakdown Structure, WBS.
The project stages defined by the research methodology, plus the commercial
objectives discussed above, together with the taught modules within the EngD
are effectively the WBS for this project. These stages were broken down in to
detail tasks and scheduled across the four year timeframe of the EngD to create

the project plan.

The project budget was defined and agreed by the sponsors as part of
agreement of the business plan. A thorough risk analysis was also conducted
on the project to define those risks which would most likely occur and have
the most impact on the project. These were then singled out for specific risk

reduction actions.
PROJECT PLAN

A four yeaf summary plan and a more detailed year by year plan was used to
control the project work. The year by year plans were updated at the start of

each year and progress was reviewed against the plan at regular intervals.

Appendix C1 presents the initial four year plan which was created at the
beginning of the project. Also presented is a revised four year plan which more
accurately reflects the actual order and timescale of the events as they

occurred, together with a description of why events occurred as they did.
The four year plan was used to define the requirements for resource other than

the author. This resource was required to complete the test work defined under

stage two and any validation of a revised design tool under stage four.
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1.8.3

1.8.4

PROJECT BUDGET

The project budget is presented in Appendix C2. The budget defines the
explicit costs of the projeét to the sponsor. For the purposes of the budget, the
overhead cost associated with the authors employment and that of the
undergraduate trainee’s who assisted with the work have not been included.
The total budget was set at £8591, and was overspent by £427. This was
primarily due to the unbudgeted travel costs to attend the specialist

engineering courses at Leeds University.

PROJECT RISK ASSESSMENT

The risk assessment was conducted against the objective of developing the
design tool as described in section 1.4. The approach used at DAW was
adopted. This entails a quantitative judgement of the likelihood of the risk
occurring and a quantitative judgement of the impact of that risk on the

outcome of the project if the risk is realised.

Appendix C3 defines the 3x3 matrix used to rank the individual risks. Those
risks which are both highly likely to occur and have a major project impact
must have a risk mitigation action defined. Completion of this mitigation
action must make the risk either less likely to occur, or have a lower impact if

it does.

The author has used this particular method of risk analysis on a number of
occasions and found it to be an essential management tool. For the generic
project situation, the brainstorming session required to determine the risks
involves all ﬁfoject team members. Definition of the mitigation actions and
their subsequent complétion provides an effective method of forcing, often

unpleasant, measures to be taken.
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1.8.5 PROJECT MANAGEMENT SUMMARY

This project has been delivered on time and within budget. By definition, the

project management of this project has been acceptable.
1.9  BUSINESS CASE SUMMARY

Achievement of the technical research objective of this project will provide
DAW with a validated skewed roller design tool. This will potentially provide
a means to demonstrate, particularly at Airbus Industrie, that skewed roller
technology is low risk, and to Boeing that DAW have developed a competitive

advantage in the design of these devices.

Demonstration to Airbus of this design capability may enhance future
opportunities to open this new market for skewed roller devices. Also, in
established markets such as Boeing, the design tool may enable the DAW
solution to be premium priced due to DAW’s technical superiority relative to

their competitors.

In addition to these new business opportunities, the cost benefit analysis
clearly indicates a positive effect of the project over the next ten years. The
primary benefits are in terms of design and proposal phase time and cost
reductions through the elimination of design phase, prototype test

requirements.

A number of friction models have been identified in the literature survey
which provide starting points for the development of the required design tool.
No published data is available specifically relating to skewed roller devices.

The academic challenge of the project is sufficient.
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SKEWED ROLLER BRAKE TESTING

Chapter Summary

This chapter discusses the experimental work conducted to investigate the

frictional characteristics of skewed roller devices. Test equipment, analysis

methods and experimental results are all discussed.

2.1
2.2
23
24
2.5
2.6
2.7
2.8
2.9
2.10

Introduction

Test Rig Description
Descfiption of the Test Unit
Test Procedure

Inherent Test Unit Drag
Torque Characteristics
Stribeck Diagram

Film Thickness Considerations
Discussion of the Test Results

Results Conclusion and Business Case Implications

The essential conclusions drawn from the experimental work are that:

i) It has been confirmed that the brake torque is an approximately sinusoidal

function of skew angle and apparently linear function of axial load.

it) When plotted across a sufficiently wide range of lubrication number the

classical ‘Stribeck’ diagram is produced.

iii)  The currently embloyed method at DAW of taking a 0.092 maximum and

0.066 minimum value for friction coefficient irrespective of operational

conditions is inadequate.
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2.1

INTRODUCTION

In order to support proposals which were submitted during 1992 and 1993, DAW
conducted a number of ad-hoc tests on skewed roller devices. These were tests
designed to assess the torque characteristic of the specific design being developed
at that time. A structured series of experiments across a range of speeds, applied
loads and skew angle conditions have not previously been conducted by DAW,
although the company has had access to a limited dataset produced by another
organisation, with their permission. Hence the envelope of operational parameters
across which the DAW torque equation, Equation 1.1-1, is applicable has not been»

explored. |
Consequently, the objectives of conducting tests to support this thesis were:

a) Assess the torque characteristic of skewed roller devices across a range of

speed, applied loads and skew angles.

b) Assess the effect on the torque characteristic of different lubricants. The
aerospace hydraulic fluid used in the DAW produced unit for Boeing is
known as Brayco 795. Rheological data for this fluid is not generally
available in published literature, and hence linking performance with
published friction models was not easily achieved. As a comparitor, the
performance of the deviée when with a commercial lubricant, Shell
Catenex 79, was to be established. Rheological data for Catenex 79 is
widely available in published literature since this fluid has been widely
used in lubrication analysis in the past, albeit under the alternative trade

names of Vitrea 79 and HVI 650.



2.2

) To provide a data set for use in comparison with theoretically derived
friction coefficient values and their applicability to the existing DAW

formula for torque calculation.

An existing test rig at DAW was recommissioned in order to conduct the testing,

and is described in the following section.

The test specimen was an adaptation of an existing DAW qualification test unit.
This unit was adapted to house a double stage of skewed rollers. Roller cage test
pieces were manufactured with skew angles from 15 to 55 degrees in 10 degree

increments. The test unit is described in detail in section 2.3.

THE TEST RIG DESCRIPTION

The test rig was initially used in 1992 as an early development and production
acceptance test rig. It was replaced by an automated rig for the testing of

production units in 1993.

The rig is shown in Figure 2.2-1 and can be seen to comprise of:

A Lebow Torque Cell.
o A proprietary 3 kW motor and drive.
A holding fixture for the test unit.

A cooling fan (not relevant to this thesis).

The torque cell allows the torque to be constantly monitored during testing
through an output that can be connected directly to a plotter. The motor speed
control was via a Radio Energie tachometer to a variable potentiometer allowing

variations in speed to be made between up to a maximum of 650rpm. The speed
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could be recorded, but the control system was very stable and hence did not

warrant constant monitoring.

The test unit was mounted to a fixture that was bolted onto the bed of the test rig.
The input coupling of the test unit was connected to the output side of the drive
motor, through the torque cell. The motor speed and the torque cell signal were

both displayed on the control cabinet front panel.

A computer was used to monitor the temperature of the unit throughout each test
at one-second intervals. The thermocouple is a K-Type and is positioned in the

base drain plug. Due to its positioning it is constantly submerged in the lubricant.

Test Unit

Figure 2.2-1 —Test Rig Installation

Detailed Information on the test rig, including component specifications and

calibration certificates can be found in Appendix D.
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2.3  DESCRIPTION OF THE TEST UNIT

The skewed roller test unit is shown in Figure 2.3-1. The central shaft is supported
on roller bearings and locates the skewed roller brake components. These are
contained within the brake housing which rotates with the central shaft in one
direction and is held fixed to the casing by a ratchet in the opposite direction.
Hence these are known as the ‘freewheel’ and ‘braking’ directions. A single plain
brake disc is splined to the central shaft and is called the rotor. Two plain brake
discs are splined to the brake housing, and are designated stators since they do not
rotate in the braking direction. The rotor and stators are separated by the skewed

rollers, housed in the pockets of the skew plates or cages.

Brake

X Stator H
Pre-II,:atdmg Rotor Brake Brake Spacers Housing
uf
Needle Plates Plates
Roller
Ball Bearing Ratchet
: Ball
Beari
ng / Bearing
=58 Wi
A N
[E Z= { ,|
L
/ &
Central 7
Shaft

Seal =

Seal
Spring Thrust
Assembly Bearing Casing Needle

Roller
Skew Plates Bearing

and Rollers

Thrust
Bearing

Figure 2.3-1 — Skewed Roller Test Unit
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An exploded view of the test unit components are shown on Figures 2.3-2 and 2.3-

3.

When rotating in the freewheel direction there is no relative motion between
stators and rotors. However, in the braking direction the central shaft and rotor
rotate, the stators remain fixed, and the skew rollers act as inefficient thrust

bearings.

The axial load on the skewed rollers is applied by a number of helical springs,
reacted by the pre-loading nut. The preload was determined using a separate test
fixture which measures the installed spring load of the device. Seven evenly
distributed springs were used when the unit was pre-loaded with 890N and

fourteen springs were used for the 1780, 2670, 3560 and 4450N pre-load settings.

After the pre-load has been determined, the fully assembled brake housing was
lowered into the casing. The top half of the casing was then located in place and

the unit was filled with 1250ml of lubricant and positioned onto the test rig.

Figure 2.3-2 — Components Removed from the Skewed Roller Device.
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Figure 2.3-3 — A Skew Plate and Rollers

The material properties for the brake plates, rollers and skew plates are defined in
table 2.3-1: -

Component

Material

Cage ( 35° Skew)

Aluminium Nickel AMS 4640

Cage ( 0/15/25/45/55° Skew) Aluminium
Cylindrical Roller Tool Steel M50 AMS 6491
Stator Steel BSI S82
Rotor Steel BSI S82

Table 2.3-1 — Component Materials

Prior to and at the end of testing the surface finish of the stator and a rotor was

measured at four points as shown on Figure 2.3-4. The R, values measured are

defined in table 2.3-2 : -

R, Value measured at point
Comment Type 1 2 3 4 Average
Stator 0.108um 0.119um 0.117pm 0.098pum 0.111pum
Prior to any (Plate A)
testing Rotor 0.096pum 0.114pm 0.112pm 0.104pm 0.106pm
(Plate B)
Stator 0.103pm 0.098um 0.091pum 0.097um 0.097pm
After all (Plate A)
testing Rotor 0.088pum 0.112pm 0.114pm 0.110pm 0.106pum
(Plate B)

Table 2.3-2 — Surface Finish Measurements
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The surface roughness values were measured using a stylus type evaluation unit
supplied by Mahr Perther (Perthometer S5P). The measurements were taken
across the mid section, between the outside and inside diameter of the brake plates

with the evaluation length being 4.8mm and cut off 0.8mm.

Stator Rotor

Figure 2.3-4 — Brake Plate Measurement Positions

The average surface roughness of each component appears to have improved
slightly for the stator but not changed for the rotor. The variations in point surface
roughness show a generally slight improvement in surface roughness for both

stator and rotor.

The surface roughness value used in the subsequent lubrication analysis took the

overall average to one decimal place of 0.1um.
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24

TEST PROCEDURE

The test work was conducted in accordance with a written test procedure,

which is included as Appendix D.

In summary, the general procedure followed was to assemble the unit with the
roller cage containing pockets machined at the required skew angle. The spring
preloading fixture was then used to establish the required axial force on the
roller stack, and the lock nut within the unit fixed in position. The fully
assembled unit was then fitted to the test rig and run-in for fifty revolutions at

a constant speed of 250 rpm.

The unit was then run for 320 revolutions at each of the selected input shaft
speeds defined in Table 2.4-1. This speed range was selected to cover as wide
a speed range as possible within the power and gearbox constraints of the rig
driving motor. During each test the driving torque and the bulk temperature of
the lubricant was continuously recorded using a Microlink Data-acquisition
unit. On completion of testing across the speed range, the test unit was
partially disassembled and the axial force reset to the next test point. The tests
were then repeated. Table 2.4-1 also defines the mean Hertzian contact stress

values associated with each axial load setting.

On completion of the above tests, the test unit was dismantled then

reassembled with the next skew angle and the procedure repeated.

Skew Angle 0° | 15° | 25° | 35° | 45° | 55°
Speed (rpm) 50 [ 75 100 | 250 | 350
Axial load (N) | 890 | 1780 | 2670 | 3560 | 4450

Mean Hertzian | 274 | 388 | 475 | 549 | 613
Stress (N/mm?)

Table 2.4-1. Test Conditions Summary. Each skew angle was tested across

the input shaft speed range, for each axial load value.



2.5

25.1

The zero degree tests were conducted in order to establish the inherent drag of

the test unit in each direction of rotation as discussed in section 2.5.
INHERENT TEST UNIT DRAG

Figure 2.3-1 illustrates that the inherent drag in the freewheel direction
includes three roller bearings, the two shaft seals and churning losses as the
internal components of the unit rotate in the lubricant. The design of the device
is such that when rotated in the opposite direction the brake is locked by a
simple ratchet mechanism. Hence the input drive must overcome the brake
torque of the unit. When roller cages with zero degree skew angles are fitted,
the inherent drag in the ‘braking’ direction increases relative to the freewheel
value due to the addition of four commercial thrust bearings and the zero

degree skew angle bearing.

The relevance of this is that torque measurements from the rig torque
transducer include inherent drags. To focus only on the torque produced by the
skewed roller components the inherent drag of the device must be subtracted
from the raw torque transducer measurements. The process described below

was followed in order to assess these inherent drag values.
BRAYCO 795

The inherent drag characteristic in the freewheeling direction, when the brake
pack produces no torque, is shown on Fig 2.5-1. It can be seen to increase with

speed from approximately 0.2 Nm at low speed to 0.70 Nm at 650 rpm.

In the freewheeling direction the three major contributory factors to this drag
are the shaft seals, three roller bearings and the churning losses as the internal
components rotate in the lubricant. Based on DAW knowledge of seal friction

values it is reasonable to use the woricing assumption that at low speed, 50 to
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100 rpm, the drag is dominated by the seals and the bearing losses. The
increase in drag with speed can be attributable to the increasing churning

losses.

The seal and roller bearing loss, from Figure 2.5-1 has been taken as 0.2 Nm.

The inherent drag in the braking direction but with zero degree skewed rollers
is shown on Figure 2.5-2. The data is somewhat scattered, especially at low
speed, but the trend is clearly increasing drag with axial load. These drag
values include the seal and roller bearing losses discussed above, plus the extra
four thrust bearings and the two zero degree skew stages which are operating

when the brake is working.

A straight line curve fit has been put through the data and used to calculate an
adjustment as a function of axial load. This was subtracted from the raw input

torque measurements. The magnitude of the adjustment was given by equation

2.5-1, where T is the value of the straight line curve fit from Figure 2.5-2 for

any given axial load.
adjustment = (T 0.2)x 4+ 0.2 2.5-1

In Equation 2.5-1, the 0.2 Nm relates to the seal and roller bearing drag. The

% represents the proportion of drag associated with the four commercial

thrust bearings, which is constant as skew angle varies. The remaining % is

contributed by the zero degree skew angle bearings and clearly this term will

vary with skew angle.
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2.52 CATENEXT79

The Catenex 79 lubricant is an order of magnitude more viscous than Brayco

795. The consequence of this can be seen on Figures 2.5-3 and 2.5-4.

In the freewheel direction the inherent drag values are significantly higher than
for Brayco. It is still however reasonable to assume that the seal friction is
approximately the same as for Brayco, at 0.2 Nm and that the extra drag at low

speed is caused by viscous churning losses.
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Figure 2.5-3. Inherent Drag in the Freewheel Direction, Catenex 79

Lubrication.

Figure 2.5-4 shows that the speed effects cannot be ignored. The drag values
are clearly a“ function of speed, with a generally steady increase in drag as
speed increases. The test speeds were selected at 50, 75 and 100 rpm and 250
through 650 rpm. The apparent grouping into two groups is due to the
relatively large step between 100 and 250 rpm. In order to allow for the

apparent difference in inherent drag as a function of speed, in addition to axial
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load, two straight line curve fits have been used for the data, depending on the
speed range. Based on the grouping of the data points this approach seems a
reasonable method of adjusting the raw torque values measured by the torque
transducer so as to derive the skewed roller frictional torque, without

excessively over or under compensating at the extremes of the speed range.
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Figure 2.5-4. Inherent Drag in the Braking Direction, Catenex 79 Lubrication.

Using the curve fits shown on Figure 2.5-4, the adjustment was calculated

using Equation 2.5-1 for the Catenex lubricant.
TORQUE CHARACTERISTICS

The torque characteristics of the test unit when lubricated by the two different

fluids are presented in Appendix E.

Figure 2.6-1 to 2.6-4 summarise the results and illustrate the general trends.
For clarity on the figures, only the extreme cases from the tested operational
parameters have been plotted. It can be seen that the torque increase is non-

linear with increasing skew angle; and appears linear with increasing load.
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2.6.1

2.6.2

BRAYCO 795

Figures 2.6-1 and 2.6-2 illustrate the characteristic of the device when
lubricated with Brayco 795. As speed increases for any load or skew angle, the
torque generated reduces. At 55° skew angle and 4450N axial load the speed
range from 50 rpm to 650 rpm results in a fall in the torque gerierated of 27%.
This torque reduction at a skew angle of 25° is 20%. For 55° and 890N axial
load the same speed range produces a 27% fall in generated torque. At 25°

skew angle the comparative fall is 30%

Also shown on Figure 2.6-1 are the predicted torque’s using Equation 1.1-1.
The value of coefficient of friction selected are 0.066 and 0.092, the range
currently used by DAW in design of skewed roller devices. It can be seen that
the equation produces the correct form. At low axial loads the equation gives
good accuracy. At higher loads, the lower friction coefficient limit of 0.066
overestimates the measured torque by approximately 2.5 Nm. At what would
be considered ‘normal’ skew angles of 30-55°, this approximately equates to

an error of 10 %.

CATENEX 79

The torque results for Catenex are somewhat more'scattered than for Brayco.
The reduction in torque generated with increasing speed is clear, and shows
the same general characteristics on the Brayco results, but with somewhat
higher percentage reduction in torque with speed. At 55° skew angle, 4450N
axial load the torque falls by approximately 40% a speed increase from 50 to

650rpm. Thé comparable Brayco result was 27%.
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2.7

The torque predictions using equation 1.1-1 however show significant
discrepancies compared to the measured data. The measured data indicates that
the effective friction coefficient when lubricated with Catenex is significantly
lower than when lubricated with Brayco. It should be borne in mind here that
the 0.066-0.092 values were derived from a Brayco lubricated, 35° Skew angle
device. These results demonstrate that the characteristics of the lubricant have

a significant effect on the torque produced by the device.

Figure 2.6-3 illustrates the torque characteristic with skew angle for the 4450N
and 890 N axial load cases at 50 rpm and 650 rpm.

STRIBECK DIAGRAM

Presentation of friction data using the Stribeck diagram is common in

tribology analysis. The Stribeck diagram, Williams (1996), can be used to
show the different modes of lubrication in a contact. Theoretically, the friction
coefficient should be a constant value in the boundary lubricated regime, with
a value perhaps between 0.1 and 0.15. The coefficient falls through the mixed
regime to 2 minimum value of approximately 0.03. The coefﬁcienf then
increases at a low rate through the elastohydrodynamic regime and into the

fully hydrodynamic region, the value being perhaps 0.03 to 0.04.

The abscissa is normally expressed as a term of the form nw/p, a function
comprising fluid viscosity, speed and load related terms. Occasionally, Hess
and Soom (1990), the abscissa is expressed in terms of the film thickness to
roughness ratio, A. With boundary lubrication occurring at A values less than
1 and mixed lubrication between 1 and 5. Elastohydrodynamic lubrication
occurs when A is in the range 5 to 10 and full hydrodynamic lubrication with
A greater than 10. These are approximate values with the transition from

between modes being progressive, rather than sharp edged.
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Schipper and de Gee (1995) introduced a refinement with their ‘lubrication
number’, 77% R which introduces the surface roughness, R,, of the contact

components in to the analysis.

Researchers such as those mentioned above, tend generally to be conducting
laboratory experiments concerning lubrication at point or line contacts.
Generally, a pin on disk or disk on plate type of test rig is used and friction
measurements are taken under various conditions relevant to the researcher. A
single point or line contact is used in these test machines, with measurements
of normal load and traction force being made from load transducers. These
measurements allow the coefficient of friction to be calculated directly, and
when plotted across a sufficiently wide range of lubrication number the

Stribeck type diagram is produced.

Presentation of the experimental torque data for the skewed roller tests
conducted during this project required a choice of abscissa and a method of

presenting friction coefficient to be developed.

The abscissa was selected as the lubrication number discussed above. This
selection was made because it is relatively conventional with only the addition
of the surface roughness term, and it relates directly to a friction coefficient
model whose applicability to the analysis of skewed roller devices was to be

tested.

The numerical values of the terms within the lubrication number parameter
require some interpretation, particularly the sum velocity term. In this analysis
of skewed rollers the sum velocity term has been related to entrainment
velocity and factored according to the sine of the skew angle. Hence, as skew
angle increases the entrainment velocity reduces somewhat for fixed input
shaft speeds. The derivation and interpretation of the terms within the

lubrication number are detailed in Appendix F. Fluid viscosity data is available
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in the published literature for Catenex 79, formerly known as HVI 650 and
Vitrea 79 and hence often referred to as such, but is not published for Brayco
795. The viscosity of the Brayco 795 fluid was measured at a commercial
rheology test facility specifically to support this project. The results are
presented in Appendix G, along with a summary of other rheological dajta for

both fluids.

Three options were considered for the presentation of friction coefficient. A
simple relationship between torque and the axial load applied to the rollers was
considered but rejected since the skew angle is not represented in the formula.
The existing DAW formula for the analysis of skewed roller devices can be
used to calculate p directly from torque measurements. Alternatively a slightly
modified version of the same equation, derived in Appendix H and shown

below, can be used.

T=F-,u-(%-sin¢+%) 2.7-1

The coefficient values calculated by these three methods are tabulated in
Appendix F, as part of the lubrication number analysis. For summary Figures
2.7-1 to 2.7-4 illustrate the experimental test data for the two fluids when
presented using the Stribeck diagram. The title ‘implied friction coefficient’ is
used to indicate that the coefficient has been calculated using the respective
formula and the measured torque values, adjusted for inherent drag as

discussed in the previous section.
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2.8

The maximum and minimum friction coefficient values, 0.092 and 0.066,

traditionally used by DAW have also been included in these Figures.
FILM THICKNESS CONSIDERATIONS

The methods for calculating elastohydrodynamic film thickness are well
established and were mentioned in section 1.2.5. When used to consider the
transition between lubrication modes it is often the non-dimensionalised film
thickness to roughness ratio parameter, A, which is used. This parameter has
been assessed for both Brayco and Catenex lubricants across the operating

range of the testing. The results are presented in the Tables of Appendix F.

The findings were that for Brayco, A ranges from 0.1 to 1.1. This would
suggest that all of the Brayco tests were conducted with the contact operating
in the boundary lubricated regime. The author believes this in practice to be

unlikely for reasons discussed in section 2.9.

For Catenex, the influence of the higher viscosity of the fluid results in
significantly thicker films, with A ranging from 1.3 to 14.6. This would
suggest that the Catenex lubricated contact does not operate in the'boundary
regime, but spans mixed, elastohydrodynamic and full hydrodynamic regimes.
The exact mode depends on the particular conditions of load and speed. The
results which appear to be in the hydrodynamic regime are the 890N axial load
values at speeds over 350 rpm. The remaining results are fairly evenly divided

between mixed and elastohydrodynamic regimes.
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2.9  DISCUSSION OF THE TEST RESULTS

2.9.1 BRAYCO 795

Figures 2.7-1 and 2.7-2 show that the traditional Stribeck curve is not
produced in its entirety. The film thickness calculations discussed in section
2.8 would suggest that the contact is boundary lubricated. Here we should see
an approximately constant coefficient of friction value, in the range 0.1 to
0.15. In a boundary lubricated contact there is likely to be evidence of surface
distress on the roller and reaction plates due to asperity contact. The evidence
of the test work conducted to support this thesis and previously at DAW is
contrary to these expectations. Surface distress and wear are not features of the
skewed roller device and constant values of friction coefficient, in the range

0.1 to 0.15 are not produced.

The test results presented in Figures 2.7-1 and 2.7-2 clearly show a decreasing
friction coefficient with increasing lubrication number. The evidence is
suggestive of a mixed lubrication mode. Additionally, the friction coefficient
values, ranging from approximately 0.04 up to 0.09 are consistent with
published values, for example Schipper and de Gee (1995). The conclusion
that can be drawn from this data is that the contact is operating in the mixed

lubrication mode and not the boundary regime.

Comparison of Figures 2.7-1 and 2.7-2 shows that the modified equation,
Equation 2.7-1, has no impact on the data collapse. The general level of the
friction coefficient value is raised by approximately 0.01. The differences

between the two equations do not appear significant.

The data collapse well, except for the 890N axial load results which are
particularly scattered and do not show a particularly strong trend. Indeed, the
two values with friction coefficients at approximately 0.003 appear to be

rogues. If the 890N results are ignored, the remaining data show remarkably
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little scatter and follow the trend of decreasing friction coefficient with

increasing lubrication number.

The 890N results are arguably more sensitive to experimental error than the
others in a number of areas. For example, the initial axial load setting, the
effect of inherent drag adjustment on torque values and the fact that the raw
torque values are of the order of 1% of the torque cell measuring range. Hence,
considering these features it is perhaps not too surprising we see considerable

scatter on these particular results.

Figure 2.9-1 illustrates the effect of skew angle on friction coefficient. This
data shows that at higher skew angles, 35° and above, the results are very
consistent. At the lower skew angles the data tends to segregate as a function
of skew angle and imply lower friction coefficients. It should be remembered
that those values which appear to buck this trend, the high 25° skew angle and

the low 15° skew angle values are the 890N axial load points discussed above.

The experimental error in the measurement and calculation of the implied
friction coefficient was estimated to be 1% of reading and is a function of the
torque measurement accuracy. The potential error in calculating the lubrication
number is dominated by the effect of temperature measurement on viscosity.
Although the bulk temperature of the lubricant could be measured to an
accuracy of 1°C, or 1%, two larger errors exist. Firstly, shear heating in the
contact will ensure that a difference will exist between the bulk temperature
and the temperature of the fluid in the contact inlet. According to Schipper and
de Gee (1995) this is still an unsolved problem. Since the actual contact
temperature could not be measured in the research, the average bulk
temperature during each test was used as the reference temperature for
calculating viscosity values. The error associated with calculating the average
lubricant temperature and the consequential effect on viscosity and lubrication

number could range from 3% to 13%.
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The error bands associated with the 1% variation in implied friction coefficient
and 13% variation in lubrication number are shown on Figure 2.9-2 as
example error bands. The 13% potential temperature error has a relatively
weak effect on the result scatter. Hence, intuitively, the unquantified error
associated with the difference between bulk and contact temperature is
unlikely to explain the remaining scatter in the data. It is reasonable to
conclude that other, as yet unexplained, parameters must influence the results,

contributing to the scatter.

CATENEX 79

As in the case of the Brayco results, Figures 2.7-3 and 2.7-4 do not show the
full Stribeck curve. The film thickness to roughness ratio calculations for
Catenex gave A in the range 1.3 to 14.6, implying operation through the mixed
and elastohydrodynamic lubrication mode. This would also imply decreasing
friction coefficient with increasing lubrication number through the mixed
regime, to a minimum value of approximately 0.03 to 0.04 in the ehl regime.
Data provided by Evans and Johnson (1986b) and Schipper and de Gee (1995)

underpin this assumption.

The test data presented on Figures 2.7-3 and 2.7-4 could be interpreted as
confirming the film thickness to roughness ratio conclusions. The data is
somewhat more scattered than the Brayco lubricant results, and again the 890N
axial load values appear the least consistent. However, the general trend of the
data is to decrease with increasing lubrication number, and then level off at a
value between 0.02 and 0.04, consistent with elastohydrodynamic lubrication.,
As for Brayco, the alternative torque equation results, Figure 2.7-4, does not

provide any significant practical improvement in the data collapse.
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MAXIMUM AND MINIMUM FRICTION COEFFICIENTS

The deficiency of using simple maximum and minimum values for friction
coefficient is clearly illustrated by the results shown on Figures 2.7-1 to 2.7-4.
The approach is obviously unable to reflect the change in friction due to

changes in the operational parameters.

For Brayco lubrication, some of the data points fall within the 0.066 - 0.092
band. Notably the 35° skew angle 4450N values which are nearest those of the
unit currently in production at DAW and from which the values were
originally derived. However, as lubrication number increases the measured

friction coefficients fall below the minimum value.

The Catenex results, with lubrication number an order of magnitude higher

than Brayco are almost entirely below the minimum of 0.066.

This data underlines the reason why prototype tests have always been
considered necessary on new designs and reinforces the business case for the

research.

COMBINING THE DATA POINTS

The Brayco and Catenex data can be combined on a single diagram and the

results are shown on Figure 2.9-2.
Here a more complete version of the Stribeck diagram can be seen. This due to

the wider range of lubrication number across which the data is spread caused

by the difference in viscosity of the two lubricants.
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2.10 RESULTS CONCLUSION AND BUSINESS CASE IMPLICATIONS

The raw torque measurements taken from the rig torque transducer were
adjusted to remove the effect of inherent drag within the test unit caused by
seal friction, bearing and churning losses. The subsequent torque values, which
relate only to the skewed roller elements, were used to calculate an implied
friction coefficient. Presenting the friction coefficient data for each lubricant as
a function of lubrication number appears to reproduce the mixed and ehl
portions of the traditional Stribeck diagram.

The data is somewhat scattered, particularly for the. results associated with the
890N axial load tests. This is probably due to the experimental errors being a
more significant proportion of the measured parameter at these axial loads.
However, the trends seem clear, and appear to follow the Stribeck diagram

characteristic.

The traditional DAW method of selecting a maximum and minimum value for
friction coefficient and applying those values irrespective of operational
conditions does not map the characteristics of the device adequately.
Consequently, this means that the traditional DAW method is only applicable
to a specific design configuration operating about a set criteria. It is clear from
this why a prototype test has been necessary for each new design. On the other
hand, the lubrication number analysis tool offers a method of predicting
changes in friction coefficient as a function of changes in operational

parameters.

The demonstration that lubrication number parameter can be used to predict
quantitative changes in friction coefficient is, in itself, a significant step
forward in the understanding of the performance of skewed roller devices.
However, the business case for the research project was founded on the
establishment of a design tool to allow the prediction of friction coefficient

based on the operational parameters. The test results presented in this chapter
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indicate that the development of such a tool is feasible if a link between
friction coefficient and lubrication number is established. The work of
Schipper and deGee is explained in the subsequent chapters, in order to satisfy

the two objectives.
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FRICTION COEFFICIENT MODELLING

Chapter Summary

This chapter explores the theoretical friction coefficient models proposed by
Schipper and de Gee (1995) and Hess and Soom (1990). The chapter is

structured as follows:

3.1  Introduction

3.2 Lubricant - Liquid or Solid State
33 Friction Mode Diagram

3.4  Friction Coefficient

3.5  Hess and Soom Model

3.6  Conclusions and Implications for the Business Case

The model proposed by Hess and Soom was rejected from further study since
it was found to predict values in the range 0.145 to 0.127. These values are
significantly higher than experimental results of chapter 2 and do not show

sufficient variation with changes in load and speed.

The Schipper and de Gee model appears more promising and the theoretical
boundaries of the model are defined in this chapter. These boundaries were
compared to the experimental data and the necessary developments to the

design tool to ensure a good correlation are discussed in chapter 4.
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3.1

INTRODUCTION

The literature review of chapter one indicated that the lubrication of line
concentrated contacts in the full film condition has been studied extensively,
for example Evans and Johnson (1986b) and (1987). However, prediction of

friction behaviour in the mixed lubrication regime is still in its infancy.

Schipper and de Gee (1995) proposed a methodology for assessing the
frictional characteristics based on the contacts operational parameters. In fact,
a flow chart, Figure 1.2-3, was proposed which allows the lubrication mode
and the frictional behaviour of the contact to be analytically predicted as a

function of the operational parameters.

Use of the flow chart requires a knowledge and assessment of the following

issues:

1) Is the lubricant operating in the liquid or solid state?

it) If in the liquid state, a method of determining the lubrication mode is

proposed, along with an equation to describe the friction coefficient in
the mixed regime. Empirical values are provided for friction coefficient
in the boundary regime and it is stated that the friction coefficient in
the elastohydrodynamic region is available from established sources

such as Evans and Johnson (1986b).

iii)  Ifin the solid state, an assessment criteria is proposed which allows the

appropriate value of friction coefficient to be selected.

The flow chart and friction coefficient model proposed by Schipper and de

Gee is reviewed in this chapter and applied to the skewed roller brake problem,
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resulting in a theoretically based assessment of friction as a function of the

operating parameters of the contact.

Also mentioned in chapter 1 was the work of Hess and Soom (1990) who
conducted research into friction at a line contact operating under oscillating
conditions. They proposed Equation 1.2-3 to describe the coefficient of

friction. This model is also reviewed in this chapter.

LUBRICANT LIQUID OR SOLID STATE

Research work conducted by teams such as Alsaad et al (1978) has concluded
that the lubricant within a concentrated contact can behave as a viscous liquid
or as an elastic solid, under certain conditions of pressure and temperature. The

transition from liquid to solid behaviour is known as the ‘glass transition’.

In the solid state, the frictional behaviour of the contact is determined by the
solid state characteristics of the lubricant, and not the usual rheological
parameters such as viscosity, which are important in the liquid state. Indeed,
many researchers including Alsaad et al (1978) and Evans and Johnson
(1986b) show that in the solid state the maximum traction coefficient is

associated with the plastic shearing of the lubricant.

The parameters dominant in determining liquid or solid state behaviour are
pressure and temperature. At atmospheric pressure the glass transition
temperatures are well below 0°C, but at the high pressures experienced in
elastohydrodynamic contacts it has been shown that the transition temperatures

rise to ambient levels and hence fall within the operating range of the devices.
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Alsaad et al (1978) did not conduct any experiments using Catenex 79 or
Brayco 795. Schipper and de Gee, who have tested with Catenex 79 (HVI
650), provide only schematic phase diagrams without numerical reference
points to establish the lubricant state. Evans and Johnson (1986b) reproduced
the Alsaad data, and stated that although no data for HVI 650 was available, it
was thought to be similar to a fluid tested by Alsaad. Hence, the glass
transition temperature as a function of pressure can be gleaned from this data

for Catenex 79. To the authors knowledge no data is available for Brayco 795.

The experiments conducted to support this thesis were all completed with bulk
lubricant temperatures between approximately 18°C and 40°C and mean
pressures between 0.27 GPa and 0.61 GPa. The actual temperature in the
contact will exceed the bulk temperature of the lubricant. Consideration of the
glass transition temperature and pressures presented in Evans and Johnson
(1986b) would indicate that the majority of the tested region should be in the
liquid state. Solid state behaviour would only be expected for the 3560 N and
4450 N axial load tests for temperatures below 40°C. Considering that the
shear heating in the contact would raise the contact temperature above the bulk
lubricant temperature, it is likely that only a small proportion, if any, of the

tests conducted with Catenex 79 were in the solid state.

Since glass transition data is not available for Brayco 795, it is not possible to
be precise with regard to the lubricant state during the experiments. The design
tool developed in this thesis assumes that the fluid is in the liquid state. The

practical implications of this uncertainty are not too important in practice and

this point is discussed further in section 3.4.2.
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3.3  FRICTION MODE DIAGRAM

Schipper and de Gee proposed a mode transition diagram, which defines the

lubrication mode of the contact as a function of the lubrication number and

mean contact pressure.

The boundaries between the different modes are determined by the following

equations:

125x10*

Lml/bl =

31x10*-R*

Lehl/ml = —05
D

Figure 3.3-1 presents the mode transition diagram and indicates the range of
lubrication number covered by the tests described in chapter 2, for Brayco 795

and Catenex 79.
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34.1

3.4.2

The mode transition diagram would predict that for Brayco 795 the tests cover
both the elastohydrodynamic and the mixed lubrication regimes. For Catenex
79 the tests should be entirely in the elastohydrodynamic region due to the
viscosity being an order higher than Brayco 795. These assertions are directly

the result of the Schipper and de Gee work.

FRICTION COEFFICIENT

MIXED LUBRICATION MODE

Schipper and de Gee provide Equation 1.2-3, reproduced below for calculating

frictional behaviour in the mixed regime:

Hy — K,
Hut = Ko |:ln(2.5[ilp?°‘5 -;I{a‘)'s )}(ln Loy —1n L)

The formula essentially provides a linear interpolation as a function of

lubrication number, L, between the ‘constants’ p,;, and p,;.
BOUNDARY LUBRICATION MODE

The value of py, can take two principle values according to the operating
conditions. The first value is equal to approximately 0.13 and is a typical value

associated with boundary lubrication of metallic components.

The alternative to classical boundary lubrication is that micro-ehl takes place
which yields a coefficient equal to the ratio of the lubricants limiting shear
stress with pressuref This is the approximate value that could be achieved if
the lubricant was ope;rating in the solid state. Data presented by Schipper and
de Gee indicateé that this value is relatively independent of the lubricant type

and equals 0.09£0.02.
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The flow chart and model proposed by Schipper and de Gee shows that for a
contact operating with the lubricant in the solid state, the friction coefficient
will take up one of three values. For certain conditions the contact operates as
if it were in the ehl mode and hence a low coefficient would be observed with
a value of approximately 0.03, as discussed in section 3.4.3. Alternatively the
friction coefficient is governed by the limiting shear stress of the solid
lubricant or the classical boundary lubrication value is achieved. In these cases
the value will be approximately 0.13 or 0.09. The practical manifestation of
this is that a detail knowledge of the phase of the lubricant is not necessary
since the results of equation 1.2-3 reach the same values at high and low

lubrication number.
ELASTOHYDRODYNAMIC REGIME

Schipper and de Gee refer to sources such as Evans and Johnson (1986b) and
Johnson and Tevaarwerk (1977) for values describing p, stating that the

value can be established from well known ehl theory.

Application of the theory requires detailed knowledge of the lubricant
properties since friction in the ehl regime is determined by the bulk rheological
properties of the lubricant. For example, detail knowledge of the pressure-
viscosity index, temperature-viscosity index and the Eyring stress parameter is

required in order to use the analytical tools.

For Catenex 79 this data is available and in fact maximum traction coefficients
are presented in Evans and Johnson (1986b) for this fluid. From this data, the
expected value for i, would be approximately 0.04 to 0.05 for the

temperature and pressure range tested to support this thesis.

Unfortunately for Brayco 795 very little data other than dynamic viscosity and

a calculated value for pressure-viscosity index is available. Therefore it is
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necessary to make some assumptions in order to move forward with the

Brayco analysis.

Evans and Johnson (1986b) present traction maps in which four traction zones
are defined, depending on the behaviour of the contact. A schematic diagram
of the mineral oil map indicating the co-ordinates of the map is shown in

Figure 3.4-1.

- r1r .1 1T T 1T 1T 7T

I v

5 Newtonian Elastic-  amud
- plastic
m

Viscoelastic —_

5 10 15 20 25 30 35 40 45

Figure 3.4-1 — Illustrative Elastohydrodynamic Friction Mode Map

Based on the rheological data presented in Appendix G, the tests conducted
were predominantly the Eyring region for both Catenex 79 and Brayco 795. In
this region the maximum traction coefficient is given by equation 3.4-1 (Evans

and Johnson (1986b)), below.

0.5
In v 087a7, +1.7470 10| 12 2K 3.4-1
F 7 |78\ B1+9.60)

where, 7, = maximum traction force,
@ = mean pressure-viscosity index,

7, = Eyring stress,
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K = thermal conductivity of the lubricant,
[ = temperature viscosity index,

¢ = non-dimensional parameter.

The assumption has been made that the map presented for Catenex 79 is
applicable to other mineral oils such as Brayco 795. This is supported by

Evans and Johnson since they refer to the map as a ‘mineral oil map’.

The dominant influence of the @z, term can be seen from equation 3.4-1 since

the (In) term reduces the power of the terms in parenthesis and the T% term

is generally a ratio in which the pressure term is two orders of magnitude

larger than the Eyring stress term.

Unfortunately the @ term is the mean value of the pressure-viscosity index

over the pressure range concerned. Appendix G shows that at atmospheric
pressure and 30°C, the o, values for Brayco and Catenex differ by a factor of
2, and hence would suggest that the maximum traction coefficients should

differ by a similar amount. However, Johnson and Greenwood (1980) made
the point that a low viscosity index oil can have an & value equal to that of a
higher viscosity index oil, since the mean value over the pressure range is the

critical characteristic.

Based on the experimental results reported in chapter 2, friction coefficients as

low as 0.02 to 0.025 are not supported by the experimental evidence and such

values would seem to be too low compared to typical ‘book’ values of 0.03 for

uehl 4

The incomplete rheological data for Brayco 795 is a specific example of a
generic engineefing problem where conclusions need to be drawn on

incomplete data, otherwise progress cannot be made.
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Clearly, in this instance progress can only be made in developing an
engineering design tool if some assumptions are made with respect to p,
values. It is acknowledged that this approach leaves some holes in the
academic theory, but the approach is acceptable in the development of an

engineering tool.

In these circumstances the logical approach, is to assume that the Brayco and
Catenex p,,, values are equal at 0.04 to 0.05. These will later be tested by

fitting experimental data to the theoretical predictions.

ANALYTICAL VALUES

Equation 1.2-3 can be applied using the following values for p, and pg,:

4, =0.09+0.02
f,,; = 0.045+0.005

These values, in conjunction with the mode transition points defined on Figure
3.3-1, at the maximum and minimum values of mean Hertzian stress of
0.27GPa and 0.61GPa, can be used to determine the boundaries of a friction

coefficient model which is presented on Figure 3.4-2.

0.12

e i —_ LOW ér Limit

Upber Limit el 04

1 0.08

0.06

L oo4

Coefficient of friction ( z)

-1 0.02

e ‘ L |
1.00E-05 A 1.00E-04 1.00E-03 1.00E-02

Lubrication Number ((nV,)/(pR,))

Figure 3.4-2 — Theoretical Friction Coefficient Value Boundaries
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THE HESS AND SOOM MODEL

Although Hess and Soom were principally interested in friction in unsteady,
oscillatory conditions, they proposed a model for friction coefficient, Equation
1.2-4, reproduced below. To generate their data a variety of lubricants were
used covering the same viscosity range as Brayco 795 and Catenex 79. The
test apparatus used a rotating disc against a steel button to create a line contact.
For their apparatus and range of load and speed conditions the following

formula was found to be a good model for friction coefficient.

Hy

e

Ui
F

H= ++C,

with 4, = 0145, C, =143x10" and C, =819 x107.

Application of this equation to the skewed roller unit, predicts very high
friction coefficients with an approximate value determined by the value of
at 0.14. Also the effect of speed and load does not appear to be sufficiently
strong. The calculated value varied from 0.145 to 0.127, whereas the measured

values shown in chapter 2 vary from apprdximately 0.09 to 0.03.
The conclusion drawn from comparing the model predictions with

experimental data was that the model did not predict the torque characteristics

particularly well and hence was not pursued further.
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3.6

CONCLUSIONS AND IMPLICATIONS FOR BUISINESS CASE

The work of Schipper and de Gee (1995) has been applied to create a
theoretical model for the friction coefficient across the mean hertzian pressures
tested. This model predicts the maximum and minimum values of friction
coefficient as a function of lubrication number. The model uses a linear
interpolation technique in the mixed lubrication regime. This regime is
defined, as a function of lubrication number, by the theoretical transitions from

boundary to mixed lubrication and mixed to elastohydrodynamic lubrication.

Due to the lack of rheological data for Brayco 795 the analytical tools of
Evans and Johnson (1986b) cannot be applied to calculate maximum traction
coefficients in the elastohydrodynamic regime. To overcome this, the
engineering assumption has been made that the Catenex and Brayco
values are equal at 0.04 to 0.05. This assumption will be validated by

comparing measured data with the theory in chapter 4.
If this comparison can be shown to have a good correlation between theory

and experimental data, the technical research objective, which is central to the

project business case will have been satisfied.
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DESIGN TOOL DEVELOPMENT

Chapter Summary

This chapter draws together the predictions of the theoretical friction

coefficient model discussed in chapter three and the experimental evidence of

chapter two.

The comparison has demonstrated that a very good correlation between the

model and experimental results could be achieved. This has required

adjustments to the tolerance range for p.,, and the transition point between

mixed and elastohydrodynamic lubrication regimes.

Consequently, the ability to predict friction coefficient and subsequently the

torque produced by skewed roller devices as a function of operational

parameters has been demonstrated. This chapter concludes that the technical

research objective has been successfully achieved.

The chapter is structured as follows:

4.1
4.2
43
4.4

Introduction
Comparison of Predicted and Measured Friction Coefficients
Friction Coefficient Model Development

Achievement of the Technical Research Objective
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4.1

4.2

INTRODUCTION

This chapter brings the theoretical predictions and experimental evidence from
chapters 2 and 3 together and compares both. Hence, the viability of a design
tool that predicts the torque characteristic of skewed roller brakes is assessed

and proven.

The friction coefficient prediction model proposed by Schipper and de Gee
(1996) is developed so as to provide an optimised correlation between the test

evidence and the predicted values.

COMPARISON OF PREDICTED AND MEASURED FRICTION
COEFFICIENTS

The experimental data and the friction coefficient model predictions are

combined in Figure 4.2-1.
The following observations may be made:

i) At low lubrication number the contact should be moving through the
mixed lubrication regime, towards the boundary lubricétion mode.
Hence the friction coefficient should be increasing towards values
typically in the range 0.07 to 0.11 indicated by the solid lines in the
figure. The test result data does not support coefficients as high as 0.11,
but provides a good fit to the bottom limit of 0.07.
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Brayco 795 and Catenex 79 Lubrication
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iii)

vi)

At high lubrication number, with the contact in the elastohydrodynamic
regime the measured friction coefficient values are lower than the
theoretically predicted minimum of 0.04. A better fit to the data would

suggest a minimum value of approximately 0.024. The upper limit of

0.05 appears to give a good fit to the measured data.

As a consequence of ii) the theoretical friction coefficient range in the
elastohydrodynamic regime of 0.04 to 0.05 is too narrow, the measured

data does not collapse to such a tight band.

The test results at the upper limit of lubrication number for Brayco and
those at the lower limit for Catenex, at approximately L=2x10? , merge
together and overlap slightly without signs of a significant

discontinuity.

The transition between mixed and elastohydrodynamic modes
predicted by the Schipper and de Gee mode transition diagram appears
to occur at too low a lubrication number, at approximately L=5x10,
when compared to the test data. The experimental results would
suggest that the transition point is perhaps an order of ‘magnitude

higher.

A consequence of v) is that the Brayco results would all lie within the
mixed lubrication regime and the Catenex results would straddle the
transition between mixed and elastohydrodynamic modes. For Catenex

this would be consistent with the conclusions of film thickness to

roughness ratio calculations discussed in section 2.8.
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4.3

FRICTION COEFFICIENT MODEL DEVELOPMENT

Refinement of the model, based on the experimental data requires alterations

in the following areas:

iii)

Maximum friction coefficient in the boundary lubricated mode should
be lower than 0.11, or alternatively the lubrication number at the
transition point predicted by the Schipper and de Gee theory should be
reduced. The lowest lubrication number test results are associated with
the highest stress loading with Brayco lubricant. Here, the film
thickness to roughness ratio is approximately 0.1. This is sufficiently
thin to be traditionally considered as micro ehl and tending towards
boundary mode, suggesting that the transition point should be
approximately correct. The established maximum value for friction
coefficient in use at DAW is 0.092, values higher than this have
generally not been experienced. No evidence is available to justify
moving the transition point, but evidence does suggest a maximum
coefficient below 0.11, the alteration to the model should be to set the

boundary lubrication friction coefficient range to 0.07 to 0.092.

The friction coefficient range in the elastohydrodynamic regime
appears wider than 0.04 to 0.05. A more representative range based on

the test evidence would be 0.024 to 0.05.
The transition point between mixed and elastohydrodynamic

lubrication regimes should be at a higher value of lubrication number

than predicted by the equation:

31x10*-R,%

Lehl/ml = —05
: p
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Experimental error is possible for both the measurement of R, values
and the setting of the axial loads, which determine stress levels.
However, the square root term associated with both of these parameters
means that gross errors would be needed to result in a change of
lubrication number by an order of magnitude. The coefficient, 3.1x10*
is an empirical number selected by Schipper and de Gee (1995) to fit
their own experimental data. Consideration of the data produced to

support this thesis would imply a value an order higher.

Summarising these alterations to the friction coefficient model yields:

1y =007 —0.092

fy = 0024 —0.05

31x10°- R,

Lehl/ml = —0.5
p

Recalculating the friction coefficient boundaries and overlaying the
experimental data results can be seen to give a good correlation between

theoretically predicted values and measured results, Figure 4.3-1.
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44.1

The test results nearly all fall within this boundary. Those results which are
outside of the boundary are predominantly the 890N axial load results, which
are probably more significantly affected by experimental error, as discussed in

section 2.9.1.

The Brayco results which are close to the lower limit at approximately L = 10
cover various axial loads but are all 15° skew angle results. The lower limit
was not reduced to include these values because they were deemed to be
sufficiently close to the boundary. For an engineering design too! the number

of points outside of the boundaries was deemed acceptable.

ACHIEVEMENT OF THE TECHNICAL RESEARCH OBJECTIVES

FRICTION COEFFICIENT MODEL

The comparison of experimental data with the theoretical predicted friction

coefficient values presented in this chapter demonstrate that:

The friction coefficient can be predicted as a function of the operational
parameters when the contact operates in the mixed or
elastohydrodynamic lubrication modes. The value of the friction
coefficient is given by the Schipper and de Gee theory expressed as

Equation 1.2-2, reproduced below.



My = H, -
Kot = Hen +|:ln(2 Slill_)o's .h;z 0.5 ):I(ln Lehl/ml ~In L) Wlth,

4, =0.024-0.05

py =0.07-0.092 and

L _{3.1-105.1{‘,”}
ehd/ml ~ | —o0s5
p

442 TORQUE CHARACTERISTIC

For skewed roller analysis the established DAW equation for the torque

generated, Equation 1.1-1 below, can be used.

D 2
T=F-y—sing+=I|-N
,u[zsln¢ 3]

This equation is adequate. The modified version derived in this thesis replaces

the %l term with %l and is analytically correct. In practice, however, the

power of this term within the equation is low relative to the % sing term

since the brake diameter is always significantly larger than the roller length
and skew angles are unlikely to be less than approximately 25°. Hence, the
roller length term will probably range from approximately 15% to 40% of the
value of the skew angle term. Consequently, within the accuracy of the
equation as a whole, the difference in the factor of 2/3 or 1/2 applied to the

roller length is insignificant.
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443 TECHNICAL RESEARCH OBJECTIVE

The technical objective of this research was to establish a design tool which
allows the torque characteristics of skewed roller devices to be predicted,

based on a knowledge of the operational parameters of the device.

An equation for predicting torque was already in use at DAW and this research
has confirmed that the equation is basically sound. However, the central

weakness of the analysis tool has been the prediction of friction coefficient.

The comparison of experimental data with the friction coefficient model
proposed by Schipper and de Gee has demonstrated a good correlation. By
using the model, with constants as proposed in this thesis, friction coefficients
can be predicted with a high degree of accuracy. Certainly, the accuracy is
significantly higher than the all-encompassing maximum and minimum values
currently in use at DAW. The data presented in this chapter demonstrates that

the technical research objective has been met.
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USE AND LIMITATIONS OF THE SKEWED
ROLLER DESIGN TOOL

Chapter Summary

This chapter discusses the issues that must be considered in the design of
aerospace actuation components and particularly those which are used in high
lift actuation systems. Issues such as tolerance of the design to temperature
variations and wear over large numbers of flight cycles are considered with
direct reference to skewed roller devices. The conclusion is that the device
should ideally operate in the mixed lubrication mode since this offers the best

compromise between high friction coefficient and good wear characteristics.

The equations used in the design of skewed rollers are described, with
particular emphasis on interpretation of the lubrication number parameter.
Additionally, the author’s recommendations for selecting stress levels, surface
roughness values and skew angles are detailed. This discussion of the
validated design tool forms the basis of an engineering design guide for use

within DAW.

The principal limitation of the design tool at present is that it has not been

validated for mean Hertzian stress values above 0.61 GPa.
The chapter is structured as follows:

5.1 Introduction

5.2 General Design Considerations

5.3  Design Equations

5.4 _ Limitations
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INTRODUCTION

As with all formulae, the origin of the mathematical tools should be
understood by the user, otherwise errors in application will occur. This chapter
discusses the mathematical tools and provides a summarised background

specifically for use by design engineers at DAW.

The context of design of aerospace actuation components is briefly discussed
in this chapter and the general design considerations are related specifically to

the design of skewed roller brake devices.

The equations for predicting torque, friction coefficient and probably, most
crucially, lubrication numbers are described in this chapter. Advice is also

given on quantitative values for parameters.

GENERAL DESIGN CONSIDERATIONS

When designing equipment for use on aircraft during a competitive tender
process, many factors must be considered in the design. The following aspects

are always critical:-

- cost

- meeting the performance specification
- reliability and maintainability

- weight

- space envelope

The company offering a solution with the best combination of engineering
features, combined with a competitive commercial proposal should win the

contract.



Aerospace actuation systems are required to function within performance
specifications across a wide range of environmental temperatures and vibration
conditions. Other environmental conditions such as humidity, resistance to
chemical contaminants and electromagnetic effects may also be significant.
The typical operating temperature range is -54°C to +90°C. High lift systems
are generally not operational during cruise and therefore are exposed for long
durations to temperatures of -54°C. On other occasions, for example a take-off
from a Middle Eastern location, the equipment may be exposed to very high
temperatures. The performance of the equipment must be considered across
the temperature range. Clearly, temperature variation will yield variation in
viscosity of lubricants and a commensurate variation in lubrication number

and friction coefficient.

With respect to skewed roller brake design this thesis has shown that the
friction coefficient and hence brake torque can vary widely with changes in

operating conditions.

Actuation equipment must also perform throughout the aircraft life, possibly
up to 30 years and 60,000 flights. Consequently, the design must either be

resistant to wear or the performance of the device must be tolerant of it.

With respect to speed, this will generally flow down from system level
requirements and once selected, will remain constant. In certain instances, a
system may have a primary, high speed, mode and a secondary, much lower,
speed mode for emergency back up. These wide speed ranges have an impact

on friction coefficient.

Stress levels and surface finish values are variables the designers may
determine. High stress levels imply efficient use of materials and hence they
should be maintained relatively high. Surface roughness values should also be
maintained as small as possible. A lapping process should achieve surface

roughness’ of 0.4pm. A running-in process is bound to occur during the first
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few thousand cycles of operation. During this process the surface finish
changes as the components rub together. This was demonstrated during
development and qualification of the skewed roller brake unit in production at
DAW. The majority of the running-in takes place over the first 2000 cycles of
operation of the unit. The torque tends to have reduced to within
approximately 15% of its asymptotic value over these cycles. The surface
finish of the brake plates after a 50 000 flight cycle endurance test was found
to be 0.1um. The plates initially had lapped surfaces of 0.4um.

As shown in Figure 4.3-1, the friction coefficient decreases with increasing
lubrication number, through the mixed lubrication mode from values of

approximately 0.09 to a low of 0.03 in the ehl regime.

Bearing these general design considerations in mind leads to the question, ‘in

which lubrication mode should skewed roller devices be designed to operate?’

In the pursuit of a stable and high friction coefficient one could conclude that
it would be advantageous to operate in boundary lubrication. However, this is
likely to lead to wear problems as asperity contact would lead to scuffing and

excess wear over the life of the unit.

Considering the tolerance of the device to surface roughness variation and
maximising the tolerance to wear suggests that elastohydrodynamic would be
the best lubrication mode. The disadvantage of this is that the coefficient is, by
definition low, and hence the design would possibly need extra stages to
generate the required torque. This increases weight and space envelope

requirements and is not preferable.

To achieve a design with an optimised compromise between good wear
characteristics, low weight and high friction coefficient values, the device
should be designed to operate in the mixed lubrication mode. The
disadvantage of this is that changes in the operational parameters, such as,

surface roughness, speed and viscosity imply significant changes in friction



5.3

5.3.1

coefficient and consequent torque values. The designer must take care to
analyse the range of conditions over which the device will operate to ensure

the design meets the specification.

DESIGN EQUATIONS
TORQUE EQUATION

The established torque equation at DAW is:
D 2
T=F-y —sing+=I|'N
g [ PR ]

In the test unit, the axial load was determined by the applied spring load. This
type of design is typical of a brake device used in the transmission of a flap or
slat system. The axial load is a variable entirely at the discretion of the
designer. In other applications the axial load is provided directly by the
aerodynamic force on the actuator and is not variable by the designer. In this

case the Hertzian stresses must be controlled by sizing of the roller.

This research has conducted tests to mean Hertzian stress 1evéls of 0.61GPa.
The unit which currently is in production at DAW has demonstrated its
endurance life at approximately 0.57GPa. Future designs will probably require
higher stress values than 0.61 GPa. Since this thesis has not provided any
evidence to support higher stress levels it is suggested that designs which

require stresses above 0.61 GPa are supported by test evidence .

The 890 N axial load case results show more inconsistency than the more
highly loaded tests. The corresponding mean Hertzian stress is 0.27 GPa. Low

stress values imply inefficient use of material and are not recommended.



As a design starting point the author recommends that mean Hertzian stresses

should be approximately 0.5 to 0.6 GPa.

The skew angle is an open variable which can be defined by the designer.
Generally the skew angle should be in the range 30 to 50 degrees. Low skew
angles imply a requirement for low torques which may be more efficiently
achieved with fewer stages or a smaller PCD. Design constraints may lead to a
situation where skew angle is in conflict with stress levels. In such a case the
author suggests that stresses are maintained high and that smaller skew angles

used.

Previous DAW experience indicated that skew angles above 55 degrees are not
recommended. As the skew angle increases, the forces imparted on the roller
by the cage increase and the rolling action is reduced. DAW are aware that a

tendency to jam can occur at such high skew angles.

The brake pitch circle diameter is not normally an entirely free choice. The

geometry of the components normally dictates the PCD to a large degree. -
Roller lengths are again not entirely free. They should be kept in proportion to
the PCD and maintain a suitable length to diameter ratio of up to 2. The roller

length can be used to trim the contact stress levels.

The number of brake stages should be chosen to generate a required torque.
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5.3.2 LUBRICATION NUMBER

The lubrication number is given by the equation:

L =[’7'V*] 53-1

where, 7 = lubricant viscosity,
V+ = the sum velocity,
P =mean Hertzian stress,

R = surface roughness.

Dynamic viscosity is clearly a function of the lubricant selected. If data is not
available in literature, then this parameter should be measured at a rheological

test facility.

In practice, one of two lubricants are likely to be selected, depending on the
end customer. These are Brayco 795, which is a hydraulic fluid, or semifluid.
The author suggests that hydraulic fluids produce a lowér dynamic viscosity,
which is consistent with operation in the mixed regime. Higher dynamic
viscosity lubricants tend to move the contact towards the elastohydrodynamic
lubrication mode and hence generate lower coefficient of friction values. The

brake torque must then be generated by higher skew angles and axial loads.

Brayco 795 is likely to have a lower dynamic viscosity than semifluid. The
experimental work of this thesis has shown that the contact can be operated in

the mixed lubrication regime when lubricated with Brayco 795.

Semifluid is likely to move the contact towards the elastohydrodynamic

regime, and thus generate comparatively lower coefficient of friction values.
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Consequently higher skew angles and perhaps higher stresses and PCD may be
needed with a semifluid lubricated device. The limitations of the friction

coefficient model with respect to semifluid are discussed in section 5.4.2.

The sum velocity term within the lubrication number parameter requires some
interpretation. This is fully discussed in Appendix F. In terms of the PCD of
the brake, the input shaft speed and skew angle, the sum velocity is given by
equation 5.3-2.

V. =§-(mﬁ-26'0”) -(2- Sing) 5.3-2.

Standard text books such as Roark and Young can be used to find formulae

for Hertzian contact stresses.

The surface roughness term, R,, should be a measured or specified parameter.
R, is defined as the combined centre line surface roughness. The plates used in
the tests were manufactured to 0.4pum. They were also used on a 50 000 cycle
endurance test which resulted in a 0.1pum surface finish at the end of the test.
These values where taken as a standard and used for comparing the surface

finishes of the plates as the testing progressed.
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5.3.3 FRICTION COEFFICIENT

The coefficient of friction is calculated by the Schipper and de Gee formula :

,U —:ue 7
Mot = Hem + |: ln(2 5[71_)0,5 _h;e 05 ):|(ln Ly —In L) with,

f,y =0.024—0.05

Uy, =0.07-0.092 and

For design purposes it is probably more expedient to use the data from the
values presented in Figure 4.3-1, based on the lubrication number calculated

from Equation 5.3-1.

54  LIMITATIONS

5.4.1 CONTACT STRESS
Section 5.3.1 discussed the issue of contact stress, emphasising that the
evidence for skewed roller device is limited to a maximum, mean Hertzian
stress of 0.61Gpa.
This stress is low compared to the maximum allowable stress levels for the

tool steel and S82 materials used for the roller and brake plates. It was also

noted that in the situation where the axial loads are determined by
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aerodynamic loads, it may be necessary to operate at higher stress levels than

the test envelope available.

Two key questions arise when a stress increases, and consequently the

lubrication number decreases. These are:

i) Does the contact enter the boundary lubrication mode and is the
maximum friction coefficient of 0.092 valid or are higher values
obtained. As indicated earlier in this thesis, values up to 0.15

could be expected ?

ii) What is the endurance performance of the device like when
operated at high stress levels, possibly in the boundary

lubrication mode ?

Ideally, the device should be tested at much higher stress levels, up to
approximately 3Gpa in order to validate the model at these higher stresses. The
designer should also be aware of a potential problem when operating skewed
rollers, or any bearing, at very high stresses. The phenonomen of ‘false
brinelling’ is characterised by damage to rollers and raceways, often in the
form of flats and indentations. It is caused by high frequency static loads and is
most likely to occur when loads are generated by aerodynamic forces rather
than a spring. Expansion of the model to 3 GPa is necessary, but the designer
should take care when the applied loads are expected to be oscillatory and the

skewed roller device is not rotating.
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5.4.2 SEMIFLUID LUBRICATION

Semifluid is a blend of grease and low viscosity base oil. In various forms it
has been used as a lubricant in aerospace gearboxes for a number of years. If

left to stand, this base oil tends to separate from the grease.

Semifluids are not widely available and very little rheological data is
published. This lack of rheological data means that the lubrication numbers
can not at present be calculated, inhibiting the use of this design tool. Also, the
behaviour of semifluid under extreme pressures in skewed roller devices is not

known.

Analytical work with semifluid is restricted at present by the lack of data.

Basic research work is still required with this particular lubricant.
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TECHNICAL REVIEW AND
RECOMMENDATIONS FOR FURTHER WORK

Chapter Summary

This chapter summarises the main technical aspects of the research work and
proposes what future work should be conducted to extend the envelope of the
design tool and maximise its potential for marketing. The chapter structure is

as follows:

6.1 Introduction
6.2 Technical Discussion

6.3 Direction of further work

A validated skewed roller design tool has been developed which meets the

technical research objectives of this project.

The sponsoring organisation, as a direct result of this project, now has an
analysis technique to predict friction coefficient, to a good degree of accuracy,
depending on the operational parameters of the design. The theoretical
calculation of friction coefficient allows the established torque equation to be

used to calculate brake drag torque.

Further work should be directed at extending the validated envelope of the
design tool to mean Hertzian stress levels in the range 1GPa to 3GPa. Also, the