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SUMMARY

This project was commissioned as a result of a high
nunber of piston ring failures in reciprocating gas com-
pressors. Iwo sets of experimental apparatus were built.
The first was used to study the effect of oxygen and water
content on the unlubricated sliding of cast iron against
cast iron, as well as the behaviour of a lubricant in non-
oxidising environments. The second apparatus investigated
the effect of surface temperature on cast iron sliding
against cast iron in the preéence'of a lubricant in an
inert gas environment. Electron spectroscopy for chemical
analysis (E.S.C.A.) was also used to study the material
surfaces.

The experimental results showed that for unlubricated
sliding, the partiél pressure of water vapour was more
important than either the oxygen content or tﬁe water vapour
flowrate in preventing high friction and wear. For sliding
in the presence of a lubricant it was found important not
to exceed a certain transition temperature or scuffing
would occur.

Recommendations are made for the successful lubri-
cation of reciprocating gas compressors which include a
formula relating the discharge pressure to the minimum
partial pressure of water vapour required to prevent scuff.
It is also recommended that a gradual 'running in' process
is adopted and that cylinder wall temperatures are less
than 150°C for compressors operating with a discharge

pressure over 160 bar.
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CHAPTER 1

INTRODUGCTION

1.1 Background

Over a number of years I.C.I. plc have recorded
failures in their reciprocating gas compressors relating
to piston ring/liner scuffing. Typical examples of the
damage caused by such incidents are shown in Plates 1 and
2. An estimate of the repair costs of suéh-failures is in
the region of £10,000 to £50,000 (1980 prices). The
production losses, which depend upon the reserve capacity
available and the current demand for the product, may
range from zero to £100,000 for the required period of
down-time.

Estimates of the life of the piston rings for ten

reciprocating compressors are shown in Table 1.1

Table 1.1 Estimated Ring Life for Selected
Recciprocating Gas Compressors

Compressor | Delivery Pressure | Gas Handled | Ring Life

No ' (Months)
1 255 H, 4

2 361 CO2 4

3 273 Hy 6

4 600 C.He b

4 1000+ CaHy¢ 4

5 500 C.Hy 2

5 1000+ C.Hy 1

6 _4L5 C.He 3

7 72.5 C2Hu 3

8 290 H, 7

9 240 H, 7

10 7.6 N2 5

Source: I1.C.I. plc




Although the figures quoted are only rough estimates, it
can be seen that in all cases, the ring life is well under
one year.

On the basis of such figures as shown in Table 1.1
and the potential financial losses outlined above, the
company decided that it was necessary to increase piston
ring life and hence increase compressor reliablility.

This would lead to lower maintenance costs and production
losses. Also, greater reliability would give possible
savings in capital expenditure, by reducing.the need for

reserve capacity (eg. spare compressors).

1.2 Compressor Characteristics

A pictograph of the characteristics of sixty-five
I.C.I. compressors is shown in Figure 1.1. A wide range
of bore diameters and delivery pressures is shown. A
more detailed summary is contained in Appendix A. A
summary of the gases handled by these compressors is shown

in Table 1.2.

Table 1.2 Compressor Characteristics,
Summary of Gases Handled

Gas Type - No., off
Air 10
Nitrogen (over 95%) 9
Hydrogen (over 95%) 8
Ammonia 12
Hydrocarbon Gases 14
Others 14
Total 65

It must be noted that Table 1.2 and Figure 1.1




are by no means complete sets of data for the company. In
many cases where there are several of the same compressor
units (ie. make, model and service), only one set of data
is recorded. Also, Figure 1.1 represents only the final
atage characteristics and most of the compressors have
multiple stages. In a majority of the compressors, cast
iron is used for both the cylinder liners and the piston

rings, although some compressors may use other materials.

1.3 Problem Compressors

The compressors most likely to have a piston ring
failure were found to be those handling inert or reducing
gases, particularly nitrogen and hydrogen. (Hale and
Hodpge 1969 and Summers-Smith 1975).

A hypothesis was thus put forward that piston ring
failure was due to the non-oxidising nature of the gases
handled, since boundary lubrication (particularly relevant
at T.D.C. (see later)) depended upon the formation of
chemi-sorbed films on the contacting surfaces.

"Such films only form as the result of

reactions between oxide films on the surface

and chemicals in the lubricant. Under

boundary conditions the boundary film and

the underlying oxide film can be worn off

by asperity contacts, but in normal situations

where there is free access of oxygen the

asperity contact is broken; this allows

the re-establishment of the boundary film

and a reasonably stable situation is maintained.
On the other hand, however, when

boundary lubrication occurs in an inert or

reducing atmosphere, a gradual loss of the

surface oxide film occurs and eventually

severe damage of the surfaces takes place

by a scuffing mechanism"

(Summers-Smith 1979).



The evidence to support this theory was the lower
incidence of ring failure in air compressors (no data
available). Also the apparent success of simple solutions
in preventing scuff eg. when the oil feservoir for a
nitrogen compressor was altered so that the gas above the
0oil was atmospheric air instead of nitrogen, scuffing was

reduced. (Summers-Smith 1968).

1.4 Experimental Work

Despite the concern about the incidence of scuffing,
it was not thought desirable to carry out experimental
work using process compressors. Thé main reasons for this
lay in the risk to expensive items of plant and the cost
of repairs. In fact, in order to assess the success or
failure of any solution, it would ne necessary to induce
artificial failures; a procedure which was not economically
feasible. Another problem lay in the fact that the
operation of the compressors varied from plant to plant.
In some cases compressors would operate continuously for
several months, whilst others would only operate for
several hours a week. Also the exact moment of ring
failure in a compressor is difficult to assess. Ring
faijlure is only deteeted when the brokeﬁ pieces of piston
ring cause a failure in the delivery valve (normally
indicated by high gas temperatures), which may occur
several seconds or even several days after the initial
onset of scuffing.

For the above reasons this project was commissioned
to investigate the behaviour of cast iron in inert and

reducing environments.



The main aims of the project were to design and
build an apparatus to investigate the behaviour of cast
iron rubbing against cast iron in inert and reducing
environments. It was decided that the investigation would
be restricted to operating conditions in a boundary
lubricated regime (see later) and only ambient pressures
would be used.

From the previous sections it was felt necessary
to assess the amount of oxygen required to prevent scuffing
and examine the possibility of using oxidising agents (in
lubricants) to produce oxide films. Another subject for
investigation was the influence of water vapour on the
prevention of scuffing.

The ultimate intention of the project was to propose
an acceptable solution to ring scuffing. The method had
to be safe to use, particularly in the presence of hydrogen,
an well as cost effeective.  Foremost however, there had to
be no contamination of the production gas which in some

cases is maintained at a very high level of purity.

1.6 Lubrication Types

As stated in the previous section, the investigation
would be restricted to a boundary lubricated regime. How-
ever, for a piston ring sliding over a piston liner, other
types of lubrication would be available.

If a lubricant were present there would be the
possibility of fluid film lubrication similar to one

of the types shown in Figure 1.2 (Unsworth 1976). This




Lype of Tubrication would depend upon the lubricant
propertics, the load and spced conditions applied, as well
as the size, shape and material of the sliding bodies.

The magnitude of the coefficient of friction (u) also
depends upon the load, speed and lubricant properties.
(see Figure 1.3 (Stribeck 1902)). As can be seen from
Figure 1.3, high friction can occur when a fluid film is
present if the viscosity (n) and/or speed (u) is very
high, or the load (W) is very low. On the other hand,
friction can be very high; under these conditions it

would be very difficult for a fluid film to be maintained,
and surface to surface contact (ie. boundary lubrication)
would take place (see Figure 1.2).

The most important difference between these two
high friction regimes is their likely affect on wear.
Whenever a fluid film is present, of a thickness greater
than that of the material's surface finish, surface to
sﬁrface contact will not take place, and hence the wear
will be gzero. If however, surface to surface contact does
take place, wear is inevitable. The amount of wear will
depend upon the nature of the rubbing surfaces and the
protection of surface films. The effect of surface films

on boundary lubrication will be examined in the next chapter.

1.7 Piston Ring Lubrication

Piston ring lubrication has been investigated by
many people, particularly those working on internal com-

bustion engines. One aspect which has attracted a great



deal of research is the estimation of the o0il film thick-
nean between bhe pioton ring and the CyijinOI' liner. One
cuch eobimation is‘shown in Figure 1.4 (Lloyd 1969). As
can be seen from the diagram, the lowest film thickness
is encountered at T.D.C. on the compression stroke. This
solution is supported by experimental work by Moore et

al 1980, who also found that the film thickness at this
position was very small and possibly smaller than the
known surface finish would allow.

The speéd and pressure characteristiés of a
recipfocating gas compressor are shown in Figure 1.5
(Scheel 1961). It can be seen that at T.D.C. the compressor
is operating at its maximum pressure and lowest speed. It

can also be seen from equation 2.1 (Eilon 1957)

Pm = B [1 - 24 - u(d-hg)(D—d)] + Pe 2.1
D 2bD

that the higher the delivery pressure (P; ), the higher
the pressure:on the ring and wall (Pm).

With the low speeds and highly loaded conditions
at T.D.C. it is not surprising that the oil film thickness
may be very low; in fact it is a relatively safe assumption
that at T.D.C. boundary lubrication and therefore surface
to surface contact takes place. Thus the most likely
position for piston ring scuffing to take place in a
reciprocating gas compressor is at T.D.C. It is unlikely
that scuffing would be initiated at other parts of the
stroke when an adequate fluid film isvpresent° For this
reason the investigation was restricted to boundary

lubrication.
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CHAPTER 2

LITERATURE REVILW

2.1 The Nature of Surfaces

For most metals, even when in a clean, freshly
prepared state, their surfaces rarely consist of pure
metal. The surface profile of a typical polished metal
specimen is shown in Figure 2.1 (Samuels 1956), where
the surface layers are composed of oxide and polishing
powder. A depth profile for a carbon steel, Figure 2.2
(AMllen and Wild 1981), also shows little iron at the
surface., Indeed, the iron concentration is very small
until 0.8 um below the surface.

The type of surface iayer of film present on a
metal surface will depend upon the nature of the metal
itself and the nature of the contaminants which may come
into contact with it. The types of film which are likely
to be formed are physically adsorbed films, chemisorbed

films and chemical reaction films.

2.1.1 Physically Adsorbed Films

A diagrammatic representation of physical adsorption
is shéwn in Figure 2.3 (Godfrey 1975), showing argon
adsorbed on platinum. Physical adsorption is characterised
by short range Van der Waal forces of attraction giving a
low strength film. Films can be more than one molecule
thick because one molecule can adsorb on top of another.

If polar molecules (ie. a moleécule where there is
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an unbalance of its electrical charge) are physically
adsorbed,. then higher film strengths can be obtained.
Polar molecules such as alcohols occur in many lubricating

oils.

2.1.2 Chemisorbed Films

Chemisorption is limited to one molecule in thick-
ness, eg. a monomolecular layer of soap formed by a fatty
acid reacting with:a metal is chemisorbed. Chemisorption
shows higher energies of adsorption than physical ad-
sorption, and unlike physical adsorption, is in general,
not completely reversible. Frequently adsorption isic
physiéal at low temperatures, changing to chemisorption
at higher temperatures. Many gases are chemisorbed on
metals. In the oxidation of certain metals and graphite,
the chemisorption of oxygen is the first process to occur,

and it is very fast on clean surfaces.

2.1.3 Chemical Reaction Films

Chemical reaction means that a new compound is
formed.” The action is irreversible and heating increases
the rate of reaction. The type of films formed are in-
organic salts of unlimited thickness such as iron sulphide
(Figure 2.4). These films have much higher melting points
and higher film strengths than éither physically adsorbed

or chemisorbed films.
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2.2.1 Adhesive Wear

This is the most common form of wear which occurs
when two smooth bodies are slid over each other, and frag-
ments are pulled off one surface to adhere to the other.
Later, these fragments may come off the surface on which
they are formed and be transferred back to the original
surface, or else form loose wear particles.

Adhesive wear arises from the strong adhesive
forces set up whenever atoms come into intimate contact.
During sliding, a small patch on one of the surfaces comeé
into‘pontact with a similaf patch on the other surface, and
there is a probability, small but finite, that when this
contact is broken the break will occur, not at the original
interface, but within one of the materials. In consequence
a transferred fragment may be formed.

The amount of wear is generally proportional to the
applied load (L) and to the distance slid (s), and in-
versely proportional to the hardness (p,) of the surface
being worn away. From Rabinowicz (1966), who uses a model
of the sliding process derived by Archard (1953), the
volume of transferred fragments formed in sliding through
a distance s is:

V = gLs (2.1)
3pm

The value of the wear constant £, varies depending
upon the materials used in the sliding combination (see

Table 2.1).
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Table 2.1 Wear Constant £ of Various
Sliding Combinations

Combination Wear Constant £

x103

Zinc on Zinc 160

Mild Steel on Mild Steel 45

Copper on Copper 32

Stainless Steel on Stainless 21

Steel

Copper on Mild Steel 1.5

Bakelite on Bakelite 0.02

Source: Rabinowicz (1966) and Archard (1953)

In equation 2.2 Rabinowicz (1966) gives the

condition for loose particle formation:

Pm
It is dependent upon the energy of cohesion (Wap )
and the material hardness (p,). The energy of cohesion
(Wghb) is affected by the type of surface, which in turn,
io affected by the environment. The variation in loose
particie.size for different environments is shown in Table

2.2,

Table 2.2 VSize of Copper Wear Particles

in Various Environments

Environment Average Fragment Diameter

um)
Nitrogen 480
Helium 380
Carbon Dioxide 300
Dry Air 224
Oxygen 201
Wet Air 144
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1t can be seen thal inert environments, such as
nilrogen and helium, which would be expected to leave very
clecan surfaces, gave the largest ﬁear particles, whereas
reactive environments led to the production of much

smaller particles.

2.2.2 Abrasive Wear (Rabinwicz 1966)

This form of wear arises when a hard surface slides
against a softer surface, digs into it, and ploughs a
series of grooves. The material originally in the grooves
is normally removed in the form of loose fragments.

Abrasive wear can also arise in a somewhat
different situation, when hard abrasive particles are
introduced between sliding surfaces and abrade material
off each. The mechanism of this form of abrasive wear
seems to be that an abrasive grain adheres temporarily to
one of the sliding surfaces, or else is embedded in it,
and ploughs out a groove in the other. The two forms of
wear, one involving a hard rough surface and the other
hard, abrasive grains, are generally referred to as the
two-body and the three-body abrasive wear process
respectively.

Abrasive wear of the two-body kind does not take
place when the hard, sliding surface is smooth. Similarly,
three-body abrasive wear does not occur when the particles
in the system are small, or when they are softer than the
sliding materials.

Abrasive wear is widely used in material finishing

operations. The two-body type of abrasive wear is made use of

17



in files, abrasive paper, abrasive cloth.and abrasive
wheoln, wherens Lhe threo-body bype of wear is used in

Papping and polishing.

2.2.3 Corrosive Wear

This form of wear occurs when sliding takes place
in a corrosive environment. In the absence of sliding,
the products of corrosion would form a film on the surfaces,
which whould tend to slow down or even arrest the corrosion,
but the sliding action wears the film away, so that thei

corrogsive attack can continue.

2.2.4 Surface Fatigue Wear

This form of wear is observed during repeated
sliding or rolling over a track. The repeated loading
and unloading cycles to which the materials are exposed,
may induce the formation of surface or subsurface cracks,
which eventually will result in the break-up of the
surface'with the formation of large fragments, leaving

large pits in the surface.
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2.3 Kffect of Surface Films on Friction and Wear

As suggested in Section 1.6, when two metals come
into contact in boundary lubrication, it is the surface
films that meet and ultimately decide the frictional forces.
The amount of frictional force required will depend
upon the shear strengths of the surface film eg. the
shear strength of iron is 1300 MN/m compared with 2.4
MN/m for calcium stearate (Moore 1975).

Another impbrtant factor in the value of the
frictional forces is the thickness of the boundary film,

In general, as the thickness of a boundary film increases,
the cosfficient of friction decreases, as shown in Figure
2.5a (Campbell and Summit 1936). However, continued
increase in thickness may result in an increase in friction
(Figure 2.5Db).

For physically adsorbed or chemisorbed films (see
Section 2.1), surface protection is usually enhanced by
increasing film thickness (Bowden and Tabor 1971). For
thick chemically reacted films there is an optimum thick-
ness for minimum wear, which depends upon the material
and the lubricant reactivity. If the material is Véry
reactive, thick films are formed and corrosive wear
ensues (see Section 2.2). On the other hand, if reactivity
is too low to produce a thick enough film adhesive wear
occurs (Jones 1982). '

Several experiments have been conducted to examine
the effects of surface films on friction and wear, some of

which are outlined below.
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2.3.1 Friction of Clean Metals

The surface film of a nickel specimen was removed
by heating the surface of the metal in a vacuum (Bowden
and Rowe 1955). In this way chemical reaction films could
also be destroyed and adsorbed gases removed. A friction
experiment was then carried out after allowing the surface
to cool down to room temperature. (see Figure 2.6).

The results showed that the more efficient the film
removal (ie. the higher the temperature), the higher the
coefficient of friction., A similar result was founa for
iron sliding on iron (Bowden and Young 1951). The co-
efficient at ambient temperatures and pressures was 0.4
but rose to 3.5 after degassing at 1000°C in vacuum.

Bowden and Young (1951) also found that when small
amounts of.oxygen were introduced into a high vacuum
system the coefficiént af friction of iron could be re-
duced (see Figure 2.7a). In the case of water vapour, the
effect was reversible, in that if the vapour was frozen
out, the friction increased but decreased at its reintro-

duction (Figure 2.7Db).

2.3.2 The Mechanical Removal of Surface Films

In machinery the most likely form of film removal
is by wear, either adhesive of abrasive, caused by the
rubbing together of two surfaces. Davies (1951) carried
out experiments at various pfessures below atmospheric
using a tungsten carbide pin on a mild steel ring at
ambient temperatures (see Figure 2.8). The results showed

that at a certain pressure (0.16 bar in Air and 0.26 bar
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in Nitrogen) there is an increase in the diameter of the
wear scar.

Similar results were found by Barnes et al (1977),
who found that the coefficient of friction for Fe - 5% Cr
was about 0.6 for pressures down to lO_bbar (10-‘Pa) bﬁt
rose to 1.6 or higher at 10 "' bar (10™°P,). The low
friction values also corresponded to the formation of
smooth raised islands of compacted debris, which was either
oxide, oxide covered in metal or a mixture of the two.

From the above two papers it appears that aévthe
amount of gas available is reduced (ie. by lowering the
pressure) the friction and wear increases. The amount of
gas available must affect the rate at which the protective
film can be reformed, and thus ultimately, decide the
point at which high friction or wear takes place. A
further point worth noting from Figure 2.8 is the effect
of nitrogen on wear, although not as good as air, it gives
good results for what is normally considered an inert

gas.
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2.4 Frictional Behaviour of Cagt Iron

Cast iron can be classed as a self=lubricating
metal-base composite material (Sugishita and Fujiyoshi
1980). The presence of graphite in cast iron plays a
major part in reducing its friction and wear. After

Yrunning in' cast iron is covered with a coating of graphite
and metal oxide (Fez()@)° Montgomery (1969) found that this
coating could be up to 1 mm thick, although its exact
composition varied from point to point along the surface
from 30% to 100% carbon. The coating or 'glaze' gives a
resistance to scuffing during momentary contacts between

the mating surfaces, but possibly of more importance, is
that by covering surface irregularities it produces a smooth
surface.

Sugishita and Fujiyoshi (1980) investigated the
influence of a number of variables on the formation of
graphite films and their subsequent effect on friction for
cast iron rubbing against a carbide pin (unlubricated).

They founé that when the air pressure was reduced, the
coefficient of friction increased (see Figure 2.9). Unlike
Davies (1951), who found that wear increased dramatically
after a certain pressure (see Figure 2.8), the increase

in friction was gradual. Humidity was also found to affect
the coefficient of friction (see Figure 2.10). At first

the coefficient of friction decreased with increasing

vapour pressure, but after 8 mbar it increased as the vapour
pressure increased. Sugishita suggested from these results
that a constant vapour pressure of 8 mbar would seem to

be desirable. The effect of surface temperature on the
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coefficient of friction depended upon whether the graphite
film had been preformed or not (see Figure 2.11). When
the graphite film was preformed (by etching in 5% nital),
friction rose steadily with temperature, but seizure did
nolk occur. However without a preformed film, seizure
occurrcd at temperatures above 120°C (Sugishita and Fuji-
yoshi 1980), although Figure 2.11 (from Sugishita and
Fujiyoshi 1980) indicates possible seizure below 100°C.
The major reason suggested by Sugishita for the
increase in friction with humidity and temperature was a
hardening of the graphite layers. Figure 2.12 shows the
effect of water vapour on hardness and Table 2.3 shows

the variation of hardness with temperature.

Table 2,3 Hardness of the Cast Iron Graphite Film
at Various Temperatures

Temperature " Hardness
°() (HVD . 05N))
25 30,5
50 41.0
75 56,0
100 62.5
120 75.6

bAlthough the effects of pressure, humidity and
temperatures are investigated by Sugishita and Fujiyoshi,
whilst carrying out experiments with one variable, they
give no information on the other two. Whilst it is
possible to keep a constant surface temperature for the
pressure and humidity tests it is not as easy to keep a

constant vapour pressure whilst reducing the air pressure.
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Tn ract; as one might expect, the vapour pressure to be
reduced nas the air pressure is reduced, Figure 2.9 (u -
pressqré) could simply be an extrapolation of Figure 2.10
(u - vapour pressure) for vapour pressures below 6 mbar.
It is perhaps worth noting that despite the

common occurrence of cast iron rubbing against cast iron
Sugishita and Fujiyoshi used a cemented carbide pin onto
cast iron. In fact there seems to be a scarcity of infor-
mation regarding the rubbing of cast iron against cast

iron despite its wide use in industry.
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2.5 Graphite Lubrication

As seen in the previous section, graphite films
play an important role in the lubrication of cast iron,
In this secfion we shall look at graphite lubrication and
in particular the vapour lubrication of graphite.

Graphite can show high friction and rapid wear
('dusting') in certain environmental conditions. In dry
air, hydrogen, nitrogen and inert gases dusting can take
place even at atmospheric pressures (Lancaster and Pritch-
ard 1981). Dusting can be prevented by oxygen and carbon
dioxide, but only at partial pressures above those at
which these gases are normally present in air. By far
the most effective way in which dusting can be prevented
is by the presence of organic vapours in the environment.
Water vapour can also be used but is less effective than
organic vapours.

~ Savage (1955) found that there was a transition

from low to high (dusting) wear rates as the vapour
pressure decreased (see Figure 2.13), with a hysterisis
effect when passing from low pressure (high wear rate) to
high pressure (low wear rate). The pressure at which the
curve approached zero wear rate was taken as the minimum
lubricating pressure (P_) for that particular vapour '(see
Figure 2.13). The ratio of this lubricating pressure to
the saturation pressure for the vapour over its liquid at
the experimental temperature, (P_/Py) was defined as

the minimum relative humidity for effective lubrication.
The values of minimum relative humidity for some vapours

are shown in Table 2.4. Savage also showed that there
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Table 2.4 Minimur Relative Humidities for Various Vapours

Vapour P Po P. /P Lm (A°)
Minimum Lubricating Saturation Relative EZumidity | Effective Moleculzr
Pressure (mbar) Pressure (mbar) x10°% Chain Length

Water 4,00 42.3 10000 4.64

‘Methanol 0.86 212.8 406 6.14
Carbon Tetra-

Chloride 0.069 166.3 41.6 7.12

| Propane 3.86 13300 29.0 7.72

1-Propanol 0.006 372.4 15.7 9.22

n-Pentane 0.024 904.4 2.6 10.80

1 Bromo-Pentane 0.0004 17.3 2.1 12.35

| n-Heptane 0.001 74.5 1.4 13.88




was some correlation between P, /P, and the effective
molecular size or chain length of the vapour (see Figure
2.14) .

Lancaster and Pritchard (1981) suggested that the
vapour lubrication of graphite depended upon a mechanism
of physical adsorption of the vapour on the basal planes
of the graphite. The adsorbed vapour on the basal planes
functioned as a reservoir from which molecules could mi-
prate to neutralise freshly exposed edge sites during a
normal low wear regime. The transition to dusting‘occurred
when the basal plane coverage fell below some critical

value.
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2.0 FPriction and Wear in Inert and Reducinpg Environments

Achieving effective lubrication of moving com-
ponents in environments other thén atmospheric air concerns
several industries, such as nuclear power, space explor-
ation, aircraft (reduced pressures) and those industries
in which gases are processed (eg. chemicals).

Irving et al (1963), working in conjunction with
the nuclear power industry, showed that the bearing life
of grease lubricated steel ball bearings was greatly
reduced in a hydrogen or helium environment compared with
carbon dioxide or air. In addition, he found that
hydrogen embrittlement of the steel ball bearings could
cause severe damage in a hydrogen environment. Later |
work by Jones et al found that by adding 5% (wt) sodiﬁm
stearate and 5% (wt) sodium nitrite to the grease, the
bearing life could be increased considerably. The main
purpose of these compounds was to provide an oxidising
agent that would react with the bearing surface and form
a protective oxide layer. Increasing the oxygen and
water content of the environment also increased bearing
life but not to the extent that sodium stearate and
sodium nitrite did.

The test conditions used by the above authors were
loads of.2°5 N (radial) and/or 136 N (axial), a speed of
1450 rpm and a temperature range of 150°C to 200°C. Jones
et al, when carrying out experiments in which the oxygen
and/or moisture conteﬁt of the helium is increased, did
not pay any attention to the gas flowrate and the possible

effect of increasing the oxygen or moisture flowrate, as

28




opposed to increasing their content as a means of pro-
ducing oxide films.

Jones and Hady (1970) carried out pin-on-disk
experiments to study the effect of humidity and a wett-
ability additive (not identified) on boundary lubrication
of steel in air and nitrogen. For unlubricated tests
they found that nitrogen gave lower wear rates than air,
wet nitropgen bheing better than ary nitrogen. When lubri-
cated (base lubricant only), dry nitrogen gave high wear
at 150°C compared with dry air, but gave lower wear than
air at 350°C. The wettability additive reduced wear for
wet air, dry air and dry nitrogen but made little difference
with wet nitrogen.

One significant effect that appears to have been
overlooked by the authors is that under all conditions
(ie. unlubricated, lubricated with or without additive)
wot nitrogen gave the lowest wear rates. In fact, wet
nitrogen (50% R.H.) with base lubricant gave a lower
wear rate than any other environment, even when the wett-
ability additive was present in the lubricant. Another
point about these experiments is that in common with Jones
et al (1969) the effect of moisture flowrate was not
asseséed'and only two humidities were considered, dry
(100 vpm water) and wet (50% R.H.).

 A research programme, for a group of companies
consisting of compressor manufacturers and users, was
carried out at the National Centre of Tribology at Risley
(NCT 1970-73), to investigate the mechanism of lubriecation

breakdown in non-oxidising gases and to find suitable
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additives that would restore the lubricating properties.
An experimental rig was built in which two opposed test
shoes were loaded against a reciprocating rod fitted with
50 mm diameter test sleeves. The materials used for the
shoes and sleeves could be varied. Lubricant was sprayed
into ihe test contact area at a controlled rate and the
whole rig was enclosed in a gas tight box that could be
filled.with the desired gas at atmospheric pressure.

At high flowrates (=& 250 ml/min) there was no
“difference in frietion or load carrying capacity be-
tween atmospheric air and dry nitrogen. However, when
the oil flow was lowered (A~ 1ml/min) there was a variation
in the critical loads for air and nitrogen. The critical
load was defined as that below which continuous stable
operation was achieved, and above which a 'runaway' con-
dition characterised by rising temperature and friction
occurred. The critical load for air, using cast iron
shoes énd sleeve, was 7.2 MN/u® compared with 4.4 MN/m*
for nitrogen. The critical load for nitrogen however
could be increased by additives in the lubricant (see
Figure 2.15 (Summers-Smith 1975 ). The only additives -
that increased the critical load were benzoyl peroxide
and water, deliberately used as oxidising agents to help
produce oxide films on the sliding surfaces.

Some criticism may be levelled at these experiments
for the way in which ‘'runaway' was achieved by lowering
the o0il flowrate. It must be questioned whether 'runaway'
was due to the low amount of oil and hence the lack of

reactive chemicals or whether the oil flowrate was too
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low to guarantee hydrodynamic lubrication. In fact one
major finding of the experiments was that provided adequate
lubricant was available 'runaway' would not occur what-
ever the gas environment. No attempt was made to assess
the true boundary lubricating properties of the additives
by lowering the reciprocating speed to a point at which
hydrodynamic lubrication could not take place and then
flooding the test area with lubricant to see if the crit-
ical load was affected. Summers-Smith (1975) put forward
a hypothesis that effective boundary lubrication depends
upon sutface films eg. oxides. If the oxide film was
removed during boundary lubrication it would have to be
reforméd at the same rate in order to prevent 'runaway',
By lowering the oil flowrate under definite boundary
lubricating conditions the minimum rate at which additives
should be supplied to prevent 'runaway' (by helping reform

the oxide layer) could have been assessed.

Note:- The paper by Summers-Smith (1975) was a summary

of the results from the tests carried out by NCT at Risley.
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2.7 The Influence of Temperature on Scuffing

In some unlubricated experiments Bowden and Rowe
(1955) showed that by heating a metal surface in wvacuum
the surface film can be removed and increases in friction
are recorded (see Section 2.3.1). At much lower temp-
eratures in a lubricated system a transition from high to
low friction was found for stainless steel rubbing oh
stainless steel (see Figure 2.16). Grew and Cameron (1971)
found that there was a critical temperature above which
there was a marked increase in friction. Similarly,
Bailey and Cameron (1973) found that for a modified four
ball machine the scuffing load decreésed with an increase
in temperature (sée Figure 2.17).

The critical temperature of scuffing is identified
with the desorption of the surface active agent in the
" lubricant. The critical temperature and its effect
depend upon the reactivity of the lubricant and the metal.
In the case of an unreactive stainless steel the friction
rise is very marked compared with a more reactive tool
steel (See Figure 2,16). The effect of this transition
can often bé overcome by the addition of a reactive agent

to the lubricant (eg. an E.P. additive).
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2.8 Lubrication of Reciprocating Gas Compressors

When a lubricant is used in a feciprocating gas
compressor its funetion is fourfold. It must prevent wear
by « low frictional supporting film between two metal
surfaces, one of which is moving with respect to the other
(eg. ring and liner). It has to carry away the heat of
friction and minute wear particles from the points of
bearing. It must minimise corrosion by coating all
metallic surfaces, and also, seal by preventing leakage
through the minute clearance around the piéton and pack-

ing rings, the valve and rotor elements (Scheel 1961).

2.,8.1 Lubricant Selection

Summers-Smith (1967) defined a range of satisfactory
0il viscosity for reciprocating gas compressors. The
analysis was based on operatingbexperience with compressors
handling a wide range of process gases, using data on
gas solubility in lubricating oils and compressor operating
parameters. Figure 2.18 gives a plot of effective oil
viscosity,defined by

Vo = Vs [ 1+ Fyy
310
agairst the maximum pressure drop across the piston.
Satisfactory lubrication can be expected when operating
in the region above the shaded area of margiﬁal lubri-

cation.
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2.8.2 0il Consumption

The lubrication of a compressor cylinder is unique
in that the supporting film is continually being re-
pleniéhedD there is no lubricant reservoir or circulation,
and the lubricant is-not consumed, but is lost largely
by windage and drainage. Most compressors employ a
mechanical force feed lubrication system which provides
definite control of the quantity of oil applied and the
point of application.

The guantity of oil required for satisfactory
lubrication is dependent on the diameter of the com-
pressor cylinder. Table 2.5 gives the quantity of
lubricating oil required for compressor lubrication

(Scheel 1961).

2.8.3 Effect of Gas Type

The type of gas handled by a compressor must be .
considered when deciding upon lubricants and materials.
Air (oxygen) and carbon monoxide can react with mineral
oils. In the case of éir, this can lead to carbonaceous
deposits which can ignite spontaneously under certain
operating conditions leading to fires and explosions,
and carbon monoxide can lead to carbon deposits in
delivery lines. Chlorine gas presents a materials'
problem, especially if moisture is present, and highly
corrosive hydrochloric acid is formed.

Wet gases (eg. natural gas from oil fields) can
cause problems if hydro-carbon condensate forms in the

cylinder, washing'off the lubricant and causing excessive
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Table 2.5 Quantity of Lube 0il Required for Compressor Cylinder Lubrication

Gt

Range of Nominal Discharge | Film Thickness Compressor Lube 0il
Cylinder Diameters Pressure (um) Litres/day | Drops/min
(mm) (bar) x103

600 - 1000 5.5 406 0.85 13

380 - 600 13.8 432 0.57 9

250 - 380 ' 55.2 580 0.45 7

180 - 250 138.0 610 0.34 5

100 - 180 552.0 ‘ 1200 0.45 7

75 - 125 1380.0 1450 0.40 6




piston and ring wear. However this problem can often

be overcome by increasing the water jacket temperature.
Scheel (1961) and Summers-Smith (1967) differ in

opinions on hydrogen and nitrogen. Scheel states that
"extremely high operating pressure is the

only special lubrication problem encountered
in hydrogen and nitrogen compressors"

whereas Summers-Smith points to the importance of oxide
films in boundary lubrication and to problems experienced
in operating compressors handling non-oxidising gases
(see Chapter 1).

The effect of water content on the effective
lubrication of hydrogarcaﬁpressors was investigated by
Summers-Smith (1981). The results of his investigation
are shown in Figure 2.19, in which a critical line is
shown to divide scuff and no-scuff conditions. Each
point marked on the graph corresponds to a compressor stage
and not necessarily a separate compressor. Points marked
on Figure 2.19 as scuffing problems are compressor stages
which in the opinion of Summers-Smith have a higher than
normal amount of scuffing incidents. Unlike other workers
looking at lubrication in non-oxidising environments (see
Section 2.6) Summers-Smith looks at the water flowrate

in preference to the water content of the gas environment.
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PLATINUM

Figure 2.3 Physical Adsorption of Inert Gas Molecules

w
w

Figure 2.4 Schematic Diagram Representing an
Inorganicé Film of Iron Sulphide formed on
Iron by Sulphur in Oil
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CHAPTER 3

EXPERIMENTAL APPARATUS

Two separate experimental rigs are described in
this chapter. For the purposes of this thesis they will
be referred to as No 1 Friction Apparatus and the Heated

Plate Apparatus.

3.1 No 1 Friction Apparatus

3.1.1 General Description

The main function of this equipment was to examine
the effects on friction and wear of various gas environ-
ments on cast iron rubbing against cast iron in a boundary
lubrlcatiOﬁ regime. Also included in the design philoéophy
was the possibility of examining the material surfaces
by using electron spectroscopy for chemical analysis
(E.S.C.A.).

To make the apparatus compatible for use with
E.S.C.A. certain design constraints were imposed. The
maximum size of specimen that could be examined was
20 x 8 x 4 mm, and this had to be fitted onto a 0.48"
dianeter probe, of sufficient length to go thfough_an
insertion lock and into the X-ray chamber of the
spectrometer. The sizes of the environmental chamber and
the ball valve were also restricted to allow compatibility
with the spectrometer.

A diagram of this apparatus is shown in Figure 3.1.
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The actual friction test took place in a cdﬁtfblied
environment inside the environmental chamber. The force
actuating saddle enabled loads to be appiiédgﬁbifie plate
(specimen) via two pins whose axis were perpeﬂdicular to
the plate surface. The ball valve and slide rails allowed
the plate to be isolated (between the seal section and

the ball valve) and the probe removed, by sliding back the

scotch yoke mechanism on the slide rails and uhdoing the

;bhtd the

quick-connect coupling. It could then be béiuéi
specctrometer and E.S.C.A. carried oute. .Théiﬁéégéh yoke
mechanism enabled the probe (with attached éﬁééiméﬁ) to

be recipfocatedvbackwards and forwards whilst the two pins
rubbed against the plate. The friction genéf&féd by this
moiion was measured by means of strain gaugesjinside the
probe, More detailed descriptions of the abOve'apparatus
are contained in the following sections and details of the

equipment used are to be found in Appendix C.

'3.1.2 The Friction Test

Due to the constrainté imposed by the use of
E.5.C.A. and the destructive nature of scﬁffiﬁg;fa”certain
amount of though£ went into devising a suitabig;iype of
friction test. The following points were taken. into
consideration:-

i) The specimen had to be of suitable size and
shape for examination by E.S.C.A. |

ii) The friction test had to be such that when
lubricated any possibility of hydro-dynamic or

elasto-hydrodynamic lubrication was excluded.
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iii) When sculfing had taken place it was unlikely
that the specimen could be re-used, therefore the

specimens had to be easy to make in large quantities.

The method chosen for the friction test was to rub
the flat end surfaces of two cylindrical pins against a
flat specimen (see Figure 3.2) which was reciprocated
backwards and forwards at low speed. By applying a high
force to the pins and keeping the speed low, boqndary
lubriecation could be ensured. .

The two shapes of flat plate specimens decided upon
are shown in Figure 3.3. A rectangular one for normal use
and a T-shaped one for use with E.S.C.A. This was designed
to minimise the amount of unworn surface scanned by the
analyser, thereby improving accuracy. Both types of plate
could easily be made to a good surface finish.

The plate was held on the end of the probe by
Ariliing a hole 2 mm deep and using a grub sereow to
prevent, il coming loose (Figure 3.3). The pins were held
in Lhe pistons also by grub screws which prevented rotation
and stopped them from coming loose when the plate was
unloaded, which was particularly necessary after scuffing,
when the pins tended to adhere to the plate.

It was found to be impor#ant to prevent large
vertical misalignment of the pins (Figure 3.4), as this
tended to twist the probe. A small misalignment was
acceptable provided the direction of twist tightened the
probe tip onto the probe (seé Section 3.1.6 for probe

design).
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3.1.3 EnVironmental Chamber (Figure 3.5)

The actual friction tests tookﬂplace inéidh a small
env1ronmenta1 chamber, consisting of a 6- way CTOSBQ a ball
valve, a seal section and a quick- connect (dlsconnect)
coupling (see Figure 3.5). The environment inside the
chamber was established by pumping the relevant gas into
the 6-way cross. .The gas flowrate was controlled by the
rotameter valve (see Figure 3.10). 0il was pumped or fed
by gravity into the chamber and dropped onto the specimen
plate. The oil flowrate was controlled by a metering
valve, which was resistant to both oil and degreasing agents.
Wear debris and excess oil were collectedﬁin the catchpot
(see Figure 3.7) where they were allowed_tp,flow into a
collecting jar positioned below the apparatus. The pressure
inside the chamber was measured by a mercury manometer
conneéted to a pressure tapping in the 6-way cross. The
glass viewport on top of the chamber was designed to with-
stand both positive and negative gauge preséure (up to
Y1 var).

A1l the connecting bolted flanges were sealed
using copper gaskets, with the exception ofAtﬁé glass
viewport, which was sealed by rubber '0O! ringse The two
branches that took the loading pistons (Flgure 3. 5) used
two rubber '0' rings spaced 20 mm apart. The brass plates
at the end of the branches were to prevent excessive
movement of the load pistons.

Inside the seal section, two special steel reinforced
rubber seals were used; these éeals were the only ones

available to suit the probe diameter. As these seals had
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to be oriented according to the pressure (ie. positive or
vacuum), they had to be changed around when used:with
E.S.C:;A., where a high vacuum seal was r'equired°

The quick-connect coupling enabled tﬁétﬁéil valve
and seal section to be removed quickly and easily from the
chamber, normally for use with E.S.C.A., without the

necessity of undoing bolts.

3.1.4 Toading Pistonsg (Figure 3.6)

Two types of piston were used. Type I which was
used for most of the experiments was a plain piston with
a hole through the centre for a thermo-couble sensor. The
pins were inserted into a hole at the tipvand lightly
clamped with grub screws.

The other type of piston, shown in Figure 3.6, was
designed to heat the pin tip tﬁ temperatures in excess of
100°C. To do this a small 25 W heating element was
inserted inside a copper conductor, which conducted the
heat to the cagt irén pin° As itfwgs important to keep
the external temperature of the pistbh”lqw (ie. below
25°C), in order to validate the load calibration (see
Section 40101) and to prevent damaging the rubbér seals,
an internal water jacket cooled the outside of the piston.
The water was pumped by a peristaltic pump from a constant
temperature reservoir (+ 10°C), (see Figure 3.6). 1In
order to prevent ice forming around the refrigeration bulb
and to prevent corrosion of the inside of the piston, an
auto-mobile anti-freeze mixture was used instead of pure

water.
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As it proved difficult to measure the tip
temperatures whilst running the experiment, the heated

pistons were calibrated before use (éee Section 4:1.5).

3.1.5 Force Actuating Saddle (Figure 3.7)

In order to apply the load perpendicularly onto
the specimen, a force actuating saddle was used (Figure
3.7). A pneumatic cylinder and piston were mounted on
one side of the saddle while on the other gide the
adjustable piston could be positioned by turning the screw.
It was necessary to adjust the pistons, prior to loading,
80 that the cylinder was not operating near £ﬁe éﬁd‘o%
its stroke, and to put the pins close to théjplété_so
that when loading, both sides were loaded SiﬁuitéﬂeQuslyo
The roller bearings (Figure 3.5) enabled the saddié to
adjust its position to balance the loadvand so compensate
for the slight differences in seal performance.

Two sizes of pneumatic cylinder were used: ‘a 42 mm
diameter and 100 mm diameter, which were able to deliver
forces of up to 500 N and 3000 N reSpectiyélyg uéing the
laboratory compressed air supply (5 bar max.). The whole
system was calibrated by using a prescalibratedwproving
ring (see Section 4.1.1), however it was found that ﬁhe
émbieﬁt temperature could affect the perfofmance of the
piston seals. TFor this reason tests were carried out
when the ambient temperature was between 18°C and 25°C.

The pneumatic circuit diagram associated with the
cylinder is also shown in Figure 3.7. The compressed gas

supply came from the normal laboratory supply, which had
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a maximum pressure of 5 bar. By means of the regulator
the préssure of the supply to the cylinder couldtbe
adjusted. The two gspeed control valves gnsufgd;?ggt the
cylinder did not load or unload too quickly., Tﬂé bréééure
in the cylinder was measured by means of a pressure gauge

connected to the cylinder "load" supply.

3.1.6 Probe
Certain dimensional restrictigns were placed on the
probes -
i) The outside diameter of the probe had to be
0.480" in order to fit the analyser seals (E.S.C.A.)
ii) The probe had to be long enough for the plate
specimen to be inserted into the X—raylchamber
through the ball valve and seal section (see Figure

3.8).

Two probes were built. The first one (Shown in
Figure 3.9) was made from stainléSs steel tube and fitted
with a short strain gauged section to measure the axial
strain on the probe (calibrated for frictional force).
The leads for the strain gauges went through the probe to
the handle and were connected to the amplifier via an |
airtight electrical feedthrough, which enabled the probe,
to be sealed froh the outside environment, thus preventing
contamination of the inside of the chamber.

The probe tip enabled the plate specimen to be
attached by means of two 3 mm diameter grub screws.

However it was found that when the pins were heated (ie.
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when the heated pistons were used), conduction caused a
large temperature:rise in the strain gauged section. A
special probe tip was therefore made of "tufnel" to
insulate the probe from the specimen.

The strain gauged section was calibrated both on
and off the rig (see Section 4.1.2). This section was
nncedsarily the weakest part of the probei; however, the
maximum axial load before yield was 8 KN, and the maximum
buckling load was 4 KN (see Appendix B): both with dsign
criteria (Appendix E). -

As the above probe was found unsuitable for use
with E.S.C.A. because of its poor surface finish and poor
vacuum holding properties, another probe was made of a
éolid piece of stainless steel rod with a probe tip and a

hollow cylindrical handle.

3,1.7 Reciprocating Mechanism

As the apparatus was primarily designed to reproduce
boundary lubrication the reciprocating speed had to be low.
The mechanism was iherefore designed to have an average
speed of 20 mm/s and a 20 mm stroke length. from theJIOI
data given in Appendix A this would correspnd to i 0,30
T.D.C. for a compressor working at 350 rpm with a stroke
of 300 mm (the average valves). A sinusoidal motion was
used for simplicity, and this was producedi:by a scotch
yoke mechanism. The above conditions for speed and stroke
length correspond to 30 rpm with 10 mm of eccentricity.

A 125 W motor was used to drive the mechanism (see

Appendix E for selection criteria). In order to obtain
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the 1éw gspeeds it was necesséry to use a reduction gear-
box in conjunction with thé motor. The final gear ratio
was 89:1 giving a speed range of 2=45 rpm. This speéd
range was chosen because it was expected that speeds
lower than 30 rpm would be required most. To prevent the
speed from dropping too low when under full load, a shunt
wound D.C. motor was chosen. The difference between the
no-load and full load gspeed was less than 10%, but as the
motor was twice the necessary size (Appendix E) for the
maximum design load, the highest possible speed variationg
was 5%, In fact, under most applications the speed
variation was less than this.

The reciprocating mechanism was designed so that
the probe handle could be clampéd into a/carriage and

easily removed when necessary.

3.1.8 - Gas Mixing

For many of the friction tests the gas environment
was composed of two gas types: either two different gases
(Figure.3©10a)»or a mixture of water saturated gas aﬁd |
dry gas (Figure 3.10b). The actual mixing ﬁédk piaéé'in
a mixing chamber (capacity 750 ml) positioned upstreémfof
the environmental chamber. The flowrates of the two géses
into the chamber were controlled by two micrometer valves
which gave fine adjustment of the water content (or oxygen
content) of the gas. It was fouﬁd that once the environ-
ment had been established with the correqt éasvflowrate
(total gas flow), its composition varied little through-
out the test, and inbgehérél, no adjustments to the control

valves were- needed.
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3.1.9 Friction Measurement

A schematic diagram of the equipment used to
avonlunte the frietlonnl force 18 ghown in Figure 3.11.

As mentioned previously, the strain in the probe was
measured using four strain gauges inside the probe connected
to a strain bridge amplifier. The strain was recorded by
using the analogue output (+10 v to -10 v) from the strain
amplifier, connected to either a X-Y recorder or a micro-
computer (via an analogue to digital conveftor).

When the micro-computer was used it-was poésible'to
record a large number of readings over a period of forty-
eight hours before the storage disc needed changing. Also
if the friction rose above acceptable safety levels, the
test could be terminated immediately, by means of a motor
cut-off. The apparatus was also protected by means of
compufer software and éiternal hardware against power cut-
offs and voltage drops.

The circuits used for both the analogue to digital
convertor and the motor cut-off are shown inbkppehdix D,
together with a deseription of their design features. The
methods used to evaluate the frictional fOrcé, using the
X-Y plétter and the A-D convertor, are outlined in the

next chapter.



3.2 Heated Plate Apparatus (Figure 3.12)

This apparatus, with the exception of a few
modifications, was identical to the apparatus used by
Marshall (1983). The friction test, which consisted of
a horigontal plate rubbing against a vertically‘loaded
pin (see Figure 3.13), took place inside an environmental
chamber. The method of environmental control was identical
to the previous apparatus (No 1 Friction Apparatus). The
rubbing motion was reciprocating from an electric motor,
geared down to give a speed range of 0-45 rpm, with a

stroke length of 40 mm.

3.2.1 Plate Heating

The plate was heated using two 25 W heaters (Flgure
3f13) positioned underneath the cast iron plate in a
P.T.F.E. holder. The plate was bolted onto the moving
carriage by means of a clamping plate which.was designed
to form an oil bath. The clamping plate also contained
a thermo-couple pocket for a thermo-couple senSdf, so that
the plate temperature could be measured by means of a
digital thermometer. The plate temperature was controlled

by using a variac voltage regulator.

3.2.2 Loading

As in the pfevious apparatus (No 1 Friciton
Apparatus), the load was applied by means of a pneumatic
cylinder (Figure 3.14), which pushed down onto a cylindrical
pin holder. 1In between the pin holder and the piston was

a metal washer which formed a safety device to prevent
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damage to the apparatus. If the pin broke (eg. as a
result of severe scuffing), the pin holdér would drop
down, causing the iwo electrical contacts to complete a
circuit turning of the motor, and in addition, all the

load would be taken by the washer and not the holder.

3.2.3 Friction Measurement (Figure 3.15)

The friction force was measured by means of four
strain.gauges mounted-on two aluminium strips. The géuges
were mounted widthways and lengthways go'f;rm‘a full
bridge: configuration with fempgratune compensation. One
end of the strip was bolted to’a rigid subport,.and the
o£her§'to the eylinder platformb. Aﬁy‘frictional f&rqés‘
which,@ay have been caused gy ﬁhe horizontal movement.of
ihe platform werée reduced by using rollér-bearings abqve
and below the platform@

" The strain was recorded in an identical fashion
to No 1 FriétiOn Apparatus, either by a X-Y plOttef or

the micro-computer.



3.3 Gas_Analysis

In order to ensure the correct environment inside
the environmental chamber, gas analysis had to take place.
The analysis was tried using a mass spectrometer, but
this proved impractiecal for continuous monitoring, and as
only two gas types were present, the use of such a complex
system was unnecessary. Therefore, for gas analysis, two
types of analyser were used; an oxygen analyser and a
dewpoint hygrometer.

The oxygen analyser (Taylor Instruments Ltd) worked
by measuring the paramagnetic susceptibility of the sample
gas by means of a magneto-dynamic type measuring cell. As
oxygen has a far greater paramagnetic susceptibility than
other gases, the oxygen content of the gas céuld be eval~
uated by measuring the force developed by a strong non-
uniform magnetic field on a diamagnetic test body suspended
in the sample gas. The operating fange'of the analyser
was 0-100% (volume), but was used injthe range of d to
30%. Calibration was done by first, roughly calibrating
to 21% in air, then zeroing, using pure érgon, and then
the full range adjusted, by using pﬁre oxygen .

The dewpoint hygrometer (Michell Instruments Ltd)
used a thin oxide film sensor which was essentially a
water vapour pressure seﬁsitive capacitor, capable of
discriminating between very small changes in water content
of the gas. Also for use in a hydrogen environment, an
intrinsically safe barrier unit (I.S.B.U.) had to be used
between the sensor and the hygrometer. Dewpoints from

+20 C to -40 C could be measured for a large range of
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flowrates, The instrument was preécdiibrated in the factory.
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CHAPTER 4

METHODS AND MATERIALS

In this chapter, calibration methods are outlined,
together with experimental procedures and a summary of

the experimental programme.

4.1 Calibration of Apparatus

No 1 Friction Apparatus

4.1.1 Pneumétic Cylinder (Lgad)

-For the purpose of calibrating the pneumatic
cylinders a proving ring was built, incorporating four
strain gauges (Figure 4.1). The proving ring was pre-
calibrated -on an Instron testing machine. In the case of
the 40 mm cylinder it‘was calibrated up to 5ODVN and for
the 100 mn cylinder up to 3000 N. It was positioned be-
tween the.ferbe saddle and a loading piston (sée Figure
bol) aﬁd'the eylinder pressure ineremehtgd-td,give micro;
strain readings. |

By interpolation, a pressure to force Cur§e couldf
bé found ffpﬁ the force-microstrain results obtained from
the proving_fing calibration. The computer programnme

that was used to do this is shown in Appendix H.

4.1.2 Probe_(Erigtipn Eqpce)
The Stf§inggau5§@ section (transducer) in the

probe was calibigtéd by two methods:-




i) With the transducer off the probe, the section
was fitted into a jig and then ioaded by the Instron
testing nachine up to 600 N. (see Figure 4.2a).
ii) With the transducer still on the probe, weights
were attached to the probe tip via a pulley. (see
Figure 4.2b).
From these, a micro-strain to force curve could
be produced, and interpolated to find the friction force.
A similar programme to the one used in Appendix H was used

for this purpose.

4.1.3 Pin Temperature (Heated Pin Experiments)

For this calibration the pin was heated and the
input voltage to the heating coil was measured. The
temperature was aliowed to settle (for about fifteen minutes)
and then thé input voltage and_gin surface temperature were
recorded. Thws a voltage to temperature calibration curve

could be produced.

-Tﬁefoxyggg;gnglyéer was éélibr@?@ﬁ prior to each
"test by firs£, Se£ting to 21¥% in air, then zerdifng using
pure argon,:énd f&ﬁallj, seﬁﬁiﬂg the 1009 ﬁé&nggpure

oxXygen.

4.1.5 Dewpoint Hygrometer

:Thié“parttilar’piece-of apparatus was factory
calibrated so -ecould not be checked on .a regular basis.

The factor§ quibfation arid the method us@d:fdr calculating




vapour flowrates are outlined in Appendix G.

4.1.6 Rotameter Calibration

As the rotameter was factory calibrated only for
hydrogen, it had to be calibrated for other gases. This
was done by setting a flow through the rotameter and
collecting a meésured volume of gas under water (Figure
L.S) for a timed period. By this means the rotameter

could be used for any gas.

4.1.7 Speed (R.PDM,)

The speed was found by measuring the time taken for
a specific number ofuféVOlutions and adjuétihg the motor
controller as n-ecessafy° However, for some of the léter
eXperiments,_speed was measured by the computer, although

the adjr_ustment.was-stillﬁdpﬁ_ne.manuall'y°

T




Heated_Plaie‘Abggratuﬁ,

4.1.8 Toad Ggﬂjbrﬁtion

The method of Tond ealibration fop Lhio apparatun
was identical to Section 4.1.1 in that the pre-calibrated
proving ring was used. In this case thé proving ring was
placed horizontally onto the carriage (see Figure 4.3) and
the pressure incremented.

As before, the computer programme in Appendix H

was used to produce a pressure-force curve.

4.1:9 Frictidn,Caiﬁbration

Similar to the method used in calibrating the
&probe (Section 4L.1.2), weights were attached to the cylinder
platform via a pulley (see Figure 4.3), and thus a micro-

strain to force curve could be produced.

4.1.10 Other Calibrations
- The other calibrations necessary for this apparatus
(eg. fotaméterh Oxygen analyser and dewpoint hygrometgr)

were calibrated as described in previous sections. (as for

No 1 Fric¢tion Apparatus).
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bo2 Specimen Préparation

In order to méihﬁéin naterial homogeneity, the
specimen, platee and ﬁins were cut froﬁbcaét iron bars
from the same batch. Sufficient quantities were ordered
to enable all the tests to be carried out using the same
material. The properties of the cast iron ere détailed
in Appendix F. The following seetions on Specimen prep-

aration apply to both sets of apparatus.

bo2.1 DPlate Specimens

The plates were cut from the bar in the same |
" direction, ie. the plate length was parallel to the bar
axis. This was to ensure the same grain direction. The
plates were prepared in batches of fifty and then ground
on a surface grinder, keeplng the direction of grlndlng
lengthways along the plate (Figure biole) s Once ground,
was. checked

As a large number’ of plates were prepared together
they had to be stored under a mlneral oil to prevent -

rustlng°

4.2.2 ‘Eiﬂﬁ

As it would have proved impossible to grind the
pins 1nd1v1dually, a Jlg -was made to hold them° This
was a mild steel block w1th twenty reéamed holes for the
pins, which were held ifi the blpck'byzgrub ecre@y(Figure
bo5). Usiug’this method, eyenlseverely scuffed pihs
could be reused several tlmes, until ultlmately they be-

came too short for further use.




' Unlike the plates, the ground pins were rarely kept
long before use, but when necessanygva thin film of grease

‘wa's smeared over the ground surfaces to prevent rusting.

4.2.3 Specimen Cleaning

Prior to each test, both the specimen plate and
pin/s were cleaned. They were first wiped clean of any
0il or loose particles and ultra-sonically cleaned'fof
ten minutes in a degreaser (aceténe)p and then allowed
to dry in air for thirty minutes. Specimens for all the

'thtsbwere treated in a similar manner both before apd

after each test.
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Experimental Procedures

L.3 No 1 Priction Appaggﬁus

The procedures for loading and setting the correct

environment were the same for all the tests.

4L.3.1 Specimen Loading

After cleaning, the masses of the pins and plates
were measured using a mass balance, care being taken not
to contaminate the rubbing surfaces. The maéses were
recorded and the pins loaded into the pistons. The plate
was inserted into the probe tip and clamped in place.

In order to prevent the plates coming loose from
the probe dUriﬁg a test, three methods of attachment were
developed. For low load and/or low friction, two in-
dentéti;ns, one on each side of the plate, prqvedvsufficient-
to enable two grub screws to grip the plate. However at
higher_loads and/or higher friction, it was necessary to
put a hole through the plate and to use 1ongef érub screws
to hold the plate onto the probe. Finally, as a.comprmise
between the two methods, a hole 2 mm deep was drilled on
one side of the plate and one grub screw used to giip it
Thus the plate was both clamped and prevented from de-
taching itself from the probe tip.

Once the plate and pins were in place, the probe
and the loading pistons were inserted into the rig. The
probe positioning was then checked, so that the faces of
the plate were parallel to the pin faces, and the probe

traverse was satisfactory, in that the pins were in contact
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with the plate throughout the stroke length. The probe
was then clamped into position in the scotch yoke and the
force saddle mounted over “the pistons. The relevant
environment was then set up in the rig and the experiment

started.,

4.3.2 Setting Up the_Enyirpnmgntal Chamber

Before the test coﬁld commence the correct environ-
ment had to be set up inside the environmental chamber.
The flow diagrams for gas mixtures and'gas/vapour mixtures
are shown in Figure 3.10. When a gas mixture was used
(eg. Argon and Air) the apparatus was purged with the correct
mixture for at least fifteen minutes before the test was
started; In the case of gas/water vapour mixtures the
apparaﬁus was first dried by purging with'the dry stream
gas (Figure 3.10b) uritil a dewpoint of -10,0°C or lower
was recorded. The mixture was then adjusted until the
correct mixture was obtained, and as abgvé the apparatus
was puﬁged for at least ten minutes before the test started.
Thé gas flowrgté was set using the rotameter, but
in the case of gas mixtures, the rotameter- had to be
claibrated for each mixture. This was done as described
previously (Section 4.1.6), by collecting a measured volume
under water.
When an inflammablg gas, such as hydrogen was used,
the apparatus was purged With argon for thirty minutes,
to remove any air. The hydrogen waé then allowed to
flow. On exit from the analysers the h;drOgen was burned
off. At the end of the tést the apparatus was purged once

again with argon.
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h.3.3 ptarting

Before readings could be taken, the influence of
the environmental chamber seals (particularly the one
between the quick-connect coupling and the 6-way cross)
had to-be taken into account. This was done by recip-
rocating the probe at the test speed under no load, and
measuring the readings from the strain gauged seetion.

This 'background' reading was subtracted from all the
subsequent friction readings.

The pin faces were then positioned to within 0.5 mm
of the plate surface by hand. A small positioning load was
then applied (approximately 25 N) with the probe recip-
rocating. Once the pin faces were in contact'with_theuplate
the test was considered to have started (ie. time=zero
seconds), and reading commenced. The load was then
graduélly increased until full load was épplied, This.
'runming in' period lasted for approximately thirty seconds

deﬁending upon the test load.

Lo3.4 ‘H@;upricateduEﬁbeyimenis

Early exéériments‘Shéwéd that the friction r@adings
stabilised within a thirty minute time period. TFor this
reason thirty minutes was selected as-a standard~teét
duration time for unlubricated experiments, althouéh some
tests were stopped prematurely, either by the computerised
motor cut-off (ie. high friction) or because of excessive
wear.

Readings of friction were taken at least every
minute, and the oxygen level and/gr the dewpoint-were

closely monitargd and kept1Within>experimental limits,

82




The speed and gas flowrate were also checked periodically.

4.3.5 Lubricated Experiments
For ﬁhese experiments, there was a wide variation

in the amount of o0il used and the duration time. For
some experiments only one drop of oil on each side of the
specimen plate was used, whereas in others é liberal
amount of o0il was applied to both sides of the plate and
0il was supplied continuously throughout £he test. The
0oil flowrate was measured by the rate of fall in level iﬂ'
the o0il reservoir. The feed was generally by gfavity
only. The oil was collected in a collection jar below
the appératus, except when using hydrogen environments;
where it was collécted in the catchpot (see Figure 3.7)
»and:periodiCally drained by first changing to an argon
envirdhmeni and then opening the drain’valve. The hydrogen
environméntVWas then restored once the drain valve had
been clbseﬂ;'4

'J”As~most?df fheliubripate& experiments were carried
out for a 1Qng-périod,6fltigé, they‘were mostly computer
ﬁonitpred and carried out in a pure dry gas. The only
périodic attention required was the topping up of the'éil
reservoir and the changing of the storage discvih the :

computer.

4- © 3 o 6 End of A the Test

The test was stopped normélly‘fOr one of three
.reasons: -

1) A pre-determined t?es'ﬁ period




ii) Excessive wear had taken place
iii) The friction force reached a set séfety limit
and was stopped by the computer.

After stOppingp the load was taken off the plate
and a final "background' friction reading taken.

In the case of hydrogen environments the apparatus
was purged for twénty minutes with argon before the speci-
mens were taken out. The specimens were cleaned and weighed
once more. The pins were reground and reused and the plates

stored.

4.3.7 E.8.C.A, Fxperiments

A brief &éééfip}ién of electron spectroscopy for
chemical analysis-(E.S.C.A.) is given in Appen&i; T,

.For exgériments involving the use.of E.Soconche
solidlprobe (éee~Sectipﬂ 3.1.6) and a T;éh3ped'é§eéimen
were used, Before the friction experiment took place the
speetra of the Ciﬁéﬁp unworn S§QCiméﬁfweregﬁgken, A
fridtign ﬁQSt:wéS%tﬁen'qagrfed.Qutiusing-ihe procédure
describediayave for-un1u£¥i¢été§;é&ﬁerimehts. When fhé:,
experiment ﬁas 6vgr, the plagé,spécimen W#é wifhdraﬁﬁ
into the isolated section (ie. bétwegp thg,geél,segtipn
and the ball valve, see Figure 3.1), and t@e béil valve
{closed. It was necessary to remove any loose wear déﬁris
from the plate surface, so the loading pistons;Were re-
moved and special cleéaning pistons inserted. These were
1oading'pistoné with foam rubber gluea ta their ends.

The environmental chamber was purged once mqﬁe with'the

test gas and tng'bali valve re-opened, and the plate was
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pushéd.into ﬁhe 6-way cross to be cleanedlby rubbing the
surfaces against the foam rubber. The plate was withn
drawn once more into the disolated section and the ball
valve closed. The motor and scotch yoke mechanism were
then slid back on the slide rails (see Figure 3.1) and
the quick-connect coupling disconnected. The probe and
plate specimen (still inside the isolated section) were
then carried to the analyser. The ball vélve was bolted
onto the insertion lock on the analyser (see Figure 3.8)

and the spectra of the worn surface were taken.




hoh.l Start of Test

~ As before, the masses of the pin and plate speci-
mens were measured prior to each test. The plate was
bolted to the carriage using the clamping plate and the pin
inserted into the pin holder. The metal washer (see
Figure 3.14) was put between the pin holder and the load
piston and the test load applied. The environmental
chamber was then sealed and the correct environment set
up. The procedure for setting up the environment was
similar to Section 4.3.2, but for mdét heeted}platé-
experiments only pure dry gas was used. Unlike No 1
Frietien Apparatus, no ttackground‘ readings werevrequired

prior to the commencement of the test.

hobho2 Slngle Temperature Experlments

In these experlments, after the correct env1ron-

ment had been set up, the heatlng co»

the supply voltage adjusted ‘80 that th,

the test temperatureo The 6il was then added in sufflcleﬁt
quantity to £ill the oil bath. The motor was then started
and readingS'teicen° The ﬁlate temperature was kept constant
throughout the test by adgustlng the supply voltage as
necessary. At the end of the set time peried (normally
three hours); theAheatlng coil was turned off, and_the
plate‘alL0wed to cool‘whilstvstill reCiprocetiﬁg»ugder

load for fifteen minutes'before~the motorcﬁé%¥tprh5dtoff,
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4.4.3 Incremented Temperature Experinents

-As the biﬂin implies theoe tQﬂtS woere not carried
oul. nt a zinpgle set temperature, but over a range of
temperatures normélly from ambient (- 20°C) to 240°C. The
environhent was set up as before, but the oil put in at
ambient temperature. The test was started and the temp-
erature gradually increased in increments, using a stop/
start process. The test was run for fifteen minutes at
amibient and then stopped for ten minutes whilst the plate
temperature was incereased to the next temperature setting}
This process was repeated until the maximum te@peraturé |
was achieved. Then as above, the heater was turned off

and the plate allowed to cool for fifteen minutes.

hehoh End of Test
The test was stopped after the set time period or
after the pin had broken. The specimens were cleaned and

reweigheds asJi‘frl'th'e_ot.‘her‘apparatuso
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4.5  Lubricants

4.5.1 No 1 Friction Apparatus

For experiments using No 1 Friction Apparatus, two
types of lubricating oil were used: CSB 460, a straight
mineral oil, as used in reciprocating compressors, and
Shell Risella EL, a light paraffin oil. The properties
of these oils are shown in Appendix J.

For most of the experiments the oils were used
without any treatment. HoWevef, for some teéts thé.oils
were out-gassed, by boiling off the dissolved-air:in a
‘vacuum chamber. 1Fbr’otherbtéstsgthe oilﬁ,wéfg'bﬁth 5u¢=1A\
gassed and scavenged with argon, by bubbling argon through
the oil. In this way theé dissolved‘air‘Was:fepiabég;@y
argon, thus the effect of a reactive comﬁbnnﬁ;wéibh'ésﬂair,

in the 0il, could be minimiSeda

‘4 5.2 Heated Plate Apparatus

In addltlon to the two oils used above9 anﬁﬁﬁﬂﬁil

was also used in the heated plate experi} None of

the oils was tredted in any way for these experlments,_




L.6 Expeﬁimenta;HPﬁdgyamme

No 1 Frictipn Appgratusp Unlubricated Tests

b.6.1 Commissioning Tests

The main purpose of these tests was to commission
the experimental apparatus and to evaluate the effect of

specimen preparation (eg. cleaning, surface finish).

Table 4.1 No 1 Frlctlon Apparatus,

Comm1551oning Tests AﬁUniubrlcated)

Environment eed Load ’> Coﬁmeﬁts
- (mm/s) (v)
Air 20 100 | To study the effect of

surface cleaning

Air -} 10 100 To study the effect of _
_ ' surface finish and hardness

Argon | 10 100-200 | Stainless Steel Vs UHMWP,
' ; r for establishment of
frlctlon datum

Alr & Argon?é:10 | 100 '} Rough humldlty tests to
L ' 1 - establish range
(for dewp01nt hygrometer) =

4.6.2 Effect of Oxygen Content

The effect of oxygen content on fricticn and wear
was examined at different speeds, loads and.gasffiowrates;
A series of testé were carried out, in which the percentage
by volume of oxygen content of the gas environment was
varied for the conditions of speed, load and gas flowrate,

as shown in Table 4.2.




:Taeru4@2 ¢NovJ»ﬂfiéﬁfdhﬁAﬁpérﬁtgs,@Effepﬁgqf¢O;yg§n ContentA(unlubriQaied)

Bhv iponmbrt

Comments

Argon and Air
| Argon and Bir
Argon and Air
~Argon and.Air

Argon and‘Oxyger

100
100

100
50

100 |

Tests carried out varying
‘ ~of oxygen

' present in the environment




4.6.3 [Effect of Water Content

The cffect of humidity on friction was studied at
various loads and gas flowrates, while using different
host gases. The conditions of load, speed and gas flow-

rate are shown in Table 4.3.

In the series of tests marked *, the experimental
procedure varied from that described in Section 4.3.4.
For these tests, although«the‘humidityFﬁas.Képt constant,
the load was gradually?increased until scuffing'occurred;
This was dope by %uttiﬁé a.small initial ldad‘on»the bIéte
and running for ten minutes, then stopping the test for
two minutes, 'th,gn'=_irue.s.fc§iérti;ng the test at ézlihjgfhel; load for
ten minutes, aﬁd‘SﬁOpping it again for two minutes.

Tﬁié cyciélwas cdntinued1gptil scuffing ogpurréd, A
ténbmiﬂuﬁe%lpgdiﬁg:timé wgs chpsen.fromTprerieQCey_a&=
the previous tééts Hé&;ind}bated that,failufe would

either occur wifh;niihiS'ﬁime&periqd ox'ﬁoyld=noi ocecur .

at ~a.:.l.].‘—"o




Table 4.3

CWaigpuGontent_(Unlubricated)

No_l Ericticﬁnkﬁpargtqs,“Effeqtgof

Environment

Yol )

: Gas Flowrate

(ml/s)

Comments

], Hydrogen
TﬁHydrogen

“ﬂ Car on‘D10x1de
@Alr
yywaygen

v]'Nltrogen
§;N1trogen

| Argon¥

50.
100

75
100
50

100
50
100

ﬂ‘<lQ0

" 100

100

100 -
50. |-

fo-200

50 |

Test carried out varying
the dewpoint (0°C) of
the gas environment

Dewpoint kept constant
and flowrate altered

Dewp01nt kept constant
- and load altered until
scuff occurred




No«lTFriCtianKﬂéaratuﬁ) iubridated»Tests

4.6.4 CSB 460

Tésts at various loads and oil flows in different
gas environments were carried out using GSB 460 o0il as
2 lubricant. A summary of the test conditions is shown

in Table 4.4,

4L.6.5 Shell Risella

As for CSB 460,tests using several experimental
variables were carried out. A summary is shown in Table

4.5,

L.6.6 Beateq%Rlate,Fnictibn Apparatus

The tests carried out using the heated plate

frietion apparatUS’are'Suﬁmarised in Table 4.6.
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Tablg bio ,MGUl?ﬁrictiqnﬂApparatUSg,Lubriqaped Tests Using CSB 460 0il

s Flourato | 011 Flowrate Comments
g4, lzh

-Environment
r)

{Adr 10 400 | 0 2 Tests carried out in
' v ~ ambient air with no flow

Argon 10 : lOO-&OOE‘ 20 ' 2 ~ Tests at various loads

JHydrogen 10 1 100-4001] 20 Bt 2 Tests at various loads

76 .

Argon* 10 100-500{ = 20 ' 0 One drop of oil used
' either side of plate

' Argon ' ﬂ; 10 100 20 2 - | Heated Pin tests

* In this series of téstﬁuonly one drop of o#l was used on either side of
the plate. ’




Table.A,SEAbeibFribiIbnﬁAﬁbar?tuSv Qubripa%e&*TéStSjU§ing Shell Risella 0il

Y | o« (N) b (mdlf

'QQOilel§Wféfé.: Comments

5 s " -.ml/hr)

’57Arg©n 5 31400€36007 ‘ 20 5 Tests at various loads

”THyqugén ' , 10 100-600" | 20 5 Tests at wvarious loads

S6

| Argon 10 100-150 | 20 o %

| adr | 10 |100-150 | 0 | o ? Tests in ambient air wit:
, » . : no air flow

| ) 5ml/hr wa$ the maximui flourate possible using Shell Risella oil

-Z) 'One dﬁOp:df{5il used. either side of the plate




'QTabl?'4§§t Lubrlca e‘ Tests U31ng7Heated Plate Friction Apparatus

- | Environment | Speed e’ | Temperature Comments

C_ .

?VArgon. ’”: 10' }; ;QOQI 100 é -eRlsella f_ _20 240 ’-Slngle temperature tests
| Argon - 10 - 100 120 | Risella -20-240 | Incremented temperature
; B B o | tests
| Argon - 10 - .200 - 120 - Risella 20=240 1 Single temperature tests
’?Argon : 10 9 200: 00 é’Rlsella -~ 20-240 - Ineremented temperature
| ) , . tests
| Argon 10 | 200 160 CSB. 460 20-240 .. Single temperature tests
‘ﬂArgon 10 200  1L&C | CSB 460 | 20=210 ' Incremented temperature
‘ i - _tests
6. LEP.04il | 20-240

4Argon 1 10 | QDQ‘,FMQO
100 - [ EP« 011 20-240

| asr S 10} 200 o {aAm2 20 | Tests in ambient air at
’ " A | Y . ' , - ambient temperatures




4o'7 Data Recording and Processing

Two methods were used for recording friction data:
manually, using an 'X-Y recorder, and automatically, using
an analogue to digital convertor 1iﬁked to an Apple II
computer. Although the recording techniques were different,
the processing was identical. Exactly the same methods

were used for both sets of apparatus.

L.7.1 X-Y Recorder (Manual)

On the X-Y recorder the X axis was the time scale
and the Y axis the strain on the probe. Prior to each
test the recorder had to be calibrated. This was done by
measuring the Y axis deflection for an input of 1.0 volt
(corresponding to 100 us). Once the friction test had
started the strain was measured by using a ruler to
measure the length of the friction plot (see Figure 5.9),
and by using the 'background' reading (see Section 4.3.2)
and the calibration, the micro-strain could be calculated.
The recorder had limitations, in that only thirty-five
minute periods could be recorded without aajustmentp al-
though by varying the X axls traverse speed, the variation

of friction for one cycle could easily be seen.

L.7.2 A-D Convertor (Computer)

The A-D convertor, converted the analogue output
from the strain amplifier into an 8 byte binary code, and
by this means was capable of being read by the Apple II
computer to a sensitivity of 3 us. The computer software

enabled the strain to be sampled automatically every sixty
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soconds.  The data was immediately processed and displayeced
in both pgraphical and numerical form. In the event of
experiments lasting longer than two hundred minutes, data
was stored on a floppy disc. At the end of each test
the data was retrieved and a 'hard copy' of the results
produced.

Further details of the A-D convertor and the computer

software are contained in Appendices D and K.

4.7.3 Data Processing

The computer software used for data processing is
in Appendix K. The only difference between the two methods
of data acquisition was that results from the X-Y recorder
were entered manually via the computer keyboard, whereas
the results from the A-D convertor were read directly by

the computer.
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CHAPTER 5

EXPERIMENTAL RESULTS

The first section of this chapter deals with the
calibration of various pieces of apparatus for both No 1
Friction Apparatus and the Heated Plate Apparatus.

| The next sections can be divided into two parts,
réferring to unlubricated and lubricated tests. The use
of the term 'lubricated' is not intended to imply fluid
film lubrication, but merely that the test was carried
out in ‘the presence of a lubricant. In the above two
sections only cast iron plates and pins were usedo- The
final section refers to a series—of tests carried out
using mwild steel plates and pins so that comparisons
could be made between the behaviour of mild steel and
cast iron contacts.

The tables of resultsirelevant to this chapter are

shown in Appendices L, M and N.

5.1 Calibration Results

No 1 Friction Apparatus

5.1.1 PFriction Probe

The calibration results shown in Figure 5.1 indicate
that the strain gauged section has been consistent through-
out the test period. The curve shown is a result of
averaging the tension and compression results.

When the tension and compression results were
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compared there was found to be very little difference
between the two sets of results. The strain for a given
load in tension (see Figure 4.2) was similar in value
(but opposite in direction) fto the strain for the same
load in compression. For this reason, and the fact that
the friction calculation and computer software were made

much simpler, the results were averaged and a single

curve produced.

5.1.2 Proving Ring

As it was not possible to calibrate the pneumatic
cylinders on both rigs using known loads, a pre-calibrated
proving ring was used (see Section 4.1.1). The calibration
curves for the proving ring are shown in Figure 5.2. The
four curves show a variation in the calibration with time.
The later results differ from the first calibration by
as much as 33%. However, when used for cylinder cali-
brations, the most recent proving ring calibration was
used and in the worst case this would have given a 10%
error in Pressure -Load values.

The variation in the calibration curves with time
was possibly caused by a gradual hardening of the strain
gauge adhesive. Thus in later calibrations the strain
gauges followed the movement of the proving ring more

closely as the flexibility of the adhesive decreased.

5.1.3 Piston Calibrations

Two sets of load pistons and two pneumatic cylinders

were used during the experimental period. ZEarly experi-
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ments used the 40 mm diameter pneumatic cylinder and No 1
load pistons and later experiments used both the 40 mm
diameter and 8 mm diameter cylinders and No 2 pistons.
The diameters of No 2 load pistons were 0.025 mm greater
than No 1 load pistons. This was to give better sealing
after the type of seal in the 6-way cross (see Section
3.1.3) had been changed.

vFor the No 1 pistons the results of four cali-
brations are shown in Figure 5.4; the maximum variation
was 0.75 bar at 400 N and 0.1 bar at 100 N. However
the calibrations were done after major alterations to the
piston seals (eg. new seals or spacers) and some variation
was to be expected. The results of the calibrations for
Nd 2 pistons are shown in Figures 5.5 and 5.6; the three
calibrations for low loads show a very good correlation.
For both sets of pistons an initial pfessure of 0.3 bar

was needed to overcome the .seal resistance.:

5.1., Stainless Steel Vs UHMWP Friction Test

Since a good deal was known about the friction and
wear of ultra high molecular weight polythene (UHMWP)
sliding on stainless steel (Hughes 1979), a calibration
test of two UHMWP pins and a stainless steel plate was
carried out.

The test consisted of'atwenty minute period in an
air environment at 100 N load followed by forty minutes
in an argon environment where the léad was gradually
increased from 100 N to 200 N. At 200 N the UHMWP pins

started to deform so the test was stopped.

105



Throughout the test the coefficient of friction
remained at 0.03, independent of load or environment,

which compared favourably with previous workers.
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Heated Plate Apparatus

5.1.5 PFriction Calibration

The calibration curve for the friction measurement
strain gauges (see Section 3.2.3) is shown in Figure 5.7.
The calibration is a definite curve and as in the case of
the friction probe (Section 5.1.1) is a result of averaging

the tension and compression results.

5,1.6 Load Calibration

The load calibration is shown in Figure 5.8 This
calibration used the proving ring, as in Section 5.1.3.

The calibration proved to be a straight line.

For both the friction and load calibrations the
two sets of readings done at different times, were so
similar that only one calibration curve was required for

each.
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Unlubricated Experiments

No 1 -Friction Apparatus

The unlubricated experiments are divided into
three sections: the first deals with introductory experi-
ments to examine the possible effects of specimen prep-
aration. In the other two sections the effects of con-
trolling the oxygen content or water content of the
cnvironment are investlpated. 1In all cases tests were
.carried‘out at ambient temperature (20°C) using freshly
prepared plates and pins. Of necessity, to contrél the
environment there was a gas flow through the apparatus
for all the experiments. Most of the tests referred to =

were carried out for a thirty minute time period.

5.2 Introductory Experiments

5.,2.1 TFriction Measurement and Wear Rates

Twp typical unlubricated friction traces are shown
in Figure 5.9. The first shows a non scuff trace where
there is no surface damage; in the second trace severe
scuffing‘is taking place. The frictional force is
determined by the amplitude of the friction trace (a).
The value of the coefficient of friction used in the
relevant table or graph depended upon the friction = time
curve..In most tests, particularly the scuffed tests, the
maximum recorded coefficient of friction was used, but
in some cases the initial friction values were high (see

Figure 5.10) and in these cases the later steady state
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values were used (pa). Another point to bear in mind was
thal. for some of lLhe scuffed tests the experiment had
Lo be stopped prematurely, either because the friction
became too high (ie. exceeded safety limits) or the
wear was so severe that the probe began to foul the load
pistons (see Figure 5.11).

Turning now to wear rates, where gzero wear is
recorded it means that no measurable wear had occurred.
In most of these cases the surface had been discoloured,

indicating that some small amount of wear had occurred.

5,2,2 Effect of Cleaning

Two similar plate specimens were used. One was
simply wiped clean using a dry cloth and the other was
wiped clean and then degreased in an ultra sonic cleaner
for ten minutes, using acetone (see Section 4.2°3)¢

A thirty minute test at 100 N load, 20 mm/s,
in air was carried out and it was found that the more
thoroughly cleaned specimen gave the highest coefficient
of friction (0.58 cf 0.47).

-However, after considering experimentalverror‘
and comparing the results with other tests in air (see
Seétion 5.2.3), the two results do not differ signifi-
cantly enough to cause concern about the effect of slight
variations in specimen cleaning,'

A1l the specimens used throughout this project,
with the exception of the above, were ultra sonically

cleaned in acetone.
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5.2.3 Effect of Surface Finish and Hardness

The surface finish and hardness of a sample size of
approximately 10% of the plates were checked. The surface
finish varied between 0.09 and 0.40 microns Ra, in the
direction of motion and range of hardness (Vickers hardness
test) was 186.6 to 284 MN/m%*, (HV (40)). Similarly the
surface finish of approximately 5% of the pin specimens
was checked and found to vary between 0.3 and 0.7 microns
Ra in the direction of grinding (see Section 4.2.2),

Eight plate specimens were chosen at random plus
two deliberately roughened plates. A thiry minute friction
test was carried out on all of them, at 100 N load, 10 mm/s
sliding speed in ambient air and no gas flowrate. The
results are tabulated in Table 1 Appendix M,and Figures
5.12 to 5.15 show the scatter of the results. The wide
scatter of the hardness (Figures 5.12 and 5.13) and the
surface finish résults (Figures 5.14 and 5.15) suggest
that within the test ranges, hardness and surface finish
had little or no effect on friction. Even beyond tha£
rangeA(ie. the deliberately roughened samples) surface
finish had no definite effect. The values of surface
finish plotted are a summation of the plate Ra value and
the pin Ra value similar to the method used when eval-
uating the effect of fluid film thickness in hydrodynamic

lubrication.

5.2+.4 Surface Temperature Measurement

In an attempt to measure the temperature rise due

to the friction test, thermo-couple sensors were put into
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the pins using two different methods.

1) A small diameter hole was drilled in the pin to
within 1 mm of the surface. The sensor was then coated
in a heat sink compound and inserted into the hole. The
heat sink compound was a high conductivity paste used to
allow the sensor to quickly reach the pin temperature.

2) A small diameter hole was drilled all the way
through the pin and the sensor was araldited or soldered
to be close to the surface. The pin was ground down

until the sensor actually formed part of the pin face.

Table 5.1 Results of Surface Temperature Measurement

Method " Load | Speed | Environment | Temperature

(M) (mm/s) _Rise (°C)
1 100 20 Argon 1.75
1 100 20 Air 2.0
1 100 | 20 Argon 2.5
2) Solder 100 | 15 Argon 1.0
?) Araldite| 100 15 Argon 1.0

As can be seen from Table 5.1 the temperature rise
above ambient was very small even when the themo-couple‘

formed part of the pin surface,
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5.3 Effect of Oxygen Content

The oxygen content of the environment was varied
by controlling either a gas mixture of compressed ambient
air and argon or industrial oxygen and argon (see Appendix
P for gas properties). Most of these tests were carried
out without the benefit of a dewpoint hygrometer to
measure the water content of the test environment, but
tests carried out using wet and dry bulb thermometers
indicated water vapour pressures of between 7.05 mbar
and 12.2 mbar for the test period. Estimates of the partial
pressures corresponding to the oxygen content (ie. air
content) of the »environment are shown in Table 5 in
Appendix M.

Five series of tests were carried out to study the
effect of sliding speed, gas flowrate and load as well
as to compare tests done in argon/air mixtures with those

in argon/oxygen mixtures.

5.3.1 Effect of Speed (Figures 5.16 and 5.17)

The graphs of friction against oxygen flowrate for
the two speeds: of 20 mm/s and 10 mm/s show similar be-
haviour with a gradual decrease in the coefficient of
friction as oxygen content increases. The higher speed
curve however shows higher coefficients of friction for
similar oxygen contents.

Similarly, the wear rate (Figure 5.17) is highest
at 20 mm/s, for oxygen contents above 150 mg/min, but

lower wear rates were recorded at low oxygen contents.
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5.3.2 Effect of Total Gas Flowrate (Figures 5.18 and 5.19)
Lowering the gas flowrate gave lower values of
friction for similar oxygen flowrates and similarly, lower

wear rates were also found.

5.3.3 Effect of Load (Figures 5.20 and 5.21)

The frictional results (Figure 5.20) appear to
follow the same curve, with a tendency for the lower load
(50 N) results to have had slightly lower coefficients of
friction for similar oxygen flowrates.

On the other hand the 50 N load produced higher
wear rates at low oxygen flows but reached zero at a

lower flowrate than the 100 N load resuilts.

5.3.4 Comparison of Air and Oxygen (Figures 5.22 and 5.23)

When oxygen was used rtather than air, the levels
of friction becamec higher at high oxygen flowrates (0.8
cf 0.6) but similar at low oxygen flowrates.

Similarly, wear rates for oxygen were higher at High
oxygen flowrates and at low flowrates the wear rate was

similar to air.
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5l Iffect of Wntor Content

This section is divided into two parts. In the
first, the effect of the water content of inert or re-
ducing environments is considered and in the second, the
effect of water content of oxidising environments. Infor-
mation on gas properties can be fbund in Appendix P. As
before, fresh specimens were used for each test, which was
normally of thirty minutes duration. The total gas flowrate
(volumetric) was kept at 20 ml/s for each test unless stated

otherwise.,

Inert and Reducing Gases

5.4.1 Hydrogen

Six graphs of coefficient of friction against time
are shown in Figure 5.24, for 100 N load tests. The first
three (left hand side) show low coefficients of friction.
In these three cases no scuffing occurred. The other
three graphs show high friction and in all these cases
scuffing occurred. The transition from no scuff to
scuff behaviour was very sharp. A decrease in water
vapour pressure from 17.94 mbar to 16.72 mbar brought
about severe scuffing. Similar behaviour was found for a
50 N load, but the transition pressures were lower
(approximately 12 mbar, Figure 5.25). The wear rate
also echoed this with a dramatic drop from high wear to
a negligible wear (Figure 5.26).

In the interests of safety, the high scuff tests

in hydrogen were stopped before thirty minutes had elapsed.
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5.4.2 Nitrogen (Figures 5.27 and 5.28)

A similar observation to the tests in hydrogen
occurred in nitrogen. There was a transition from high
friction (scuff) to low friction (non scuff). The
transition pressure for nitrogen however was slightly
higher at 100 N load (ie. 21 mbar) than hydrogen. As
above, when the load was lowered a lower transition
pressure was observed eg. 187mbar for 75 N.

Two other tests were carried out in nitrogen in
which the gas flowrate was altered. It was fognd that
for 100 N, at 21 mbar vapour pressure and 50 N load at
16 mbar vapour pressure, that despite lowering the total
gas flowrate from 20 ml/s to 4 ml/s (hence lowering the
water flowrate) no scuffing occurred. Thus scuffing seems
independent of total vapour flow but more related to the

vapour pressure.

5.4.3 Argon

Argon showed identical behaviour with the previous
two gases with transition pressures similar to nitrogen
(Figures 5.29 and 5.30).

The effect of water vapour pressure on scuff load
is shown in Figure 5.31. In these tests, the environ-
ment was set up with a specific vapour pressure and the
load gradually increased until scuffing occurred. The
time spent at each load was fifteen minutes, but as each
load increment corresponded to 15 N the indicated scuff
load (Table 19 Appendix M) is only approximate. Also

included are two points evaluated from Figure 5.29
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corresponding to the 50 N and 100 N scuff vapour pressures.
The results showed that higher loads required
higher vapour pressures in order to prevent scuffing. The
increage appears to be gradual without any sudden tran-
sitions.
As a comparison, a series of tests were carried
out at a lower gas flowrate (8.8 ml/s) for 50 N loads.
This series was used to compare results plotted using
water flowrates with results plotted using vapour
pressures. As can be seen from Figures 5.32 and 5.33
the transition occurred.at similar vapour pressures but
compietely different water flow rates. This is further

emphasised in the wear results, Figures 5.34 and 5.35.

Oxidising Gases

Included within this section are results from
tests in carbon dioxide and a mixed gas (N,, CO, , CO)
which, whilst not necessarily oxidising, have been.

included for convenience.

5.4.4 Mixed Gas (83% N,, 12% CO,, 5% CO)

The mixed gas behaved in a similar fashion to the
inert and reducing gases in having a sharp transition
pressure from high to low friction (Figure 5.36). The
50 N transition was 10 mbar and the 100 N transition was
15 mbar. The 100 N wear results were much more difficult
to plot with wild variations in wear from 20 mg/m to 60

mg/m in the scuff range (Figure 5.37).
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50405 Carbon Dipxide (Figures 5.38 and 5.39)

The carbon dioxide went from a scuff to no scuff
condition at around 10 mbar. However between 6.2 and
10 mbar there was a tendency for scuffing to occur on one
side of the plate only (see Table 16 Appendix M for results).
As a result of this the friction was approximately half
the value of the two sided scuff (ie. results less than
6.2 mbar). The wear results (Figure 5.39) suggest that
the transition is gradual from high wear to low wear.

The phenomena of one sided scuff had been noticed
in several of the previous tests, particularly in tests
carried out at vapour pressures near the transition
pressure. In most of the previous cases the other side
alsoAstarted to scuff after a short time. The carbon
dioxide was unusual in that six tests were done in which
one sided scuff.only occurred, and these occurred over
a relatively wide rangeé of partial pressures.

The distilled water used in the water bath (Chap-
ter 3) changed from a pH 7 to pH 5 after a few minutes
of carbon dioxide bubbling indicating a chénge from a

neutral to an acidie solution.

5.4.6 - Air (Figures 5.40 and 5.41)

Unlike all the previous gases, air showed a
gradual change from severe to mild levels for both friction
(Figure 5.40) and wear (Figure 5.41). Another difference
was that the plates showed a gradual decrease in scuff
severity as the partial pressure increased, unlike the

scuff and no scuff conditions of the previous tests. 1In

n7



air there was no apparent scuffing above 11 mbar.

S.4.7 Oxygen (Figures 5.42 and 5.43)

The friction results for oxygen (Figure 5.42) show
very little change in the coefficient of friction over the
full range of partial pressures, ie. from 1.2 to 0.9. 1In
the dry state (low partial pressure) the coefficient of
friction is very low compared with the other gases but at
higher partial pressures the coefficient is quite high at
0.9.

The wear was also comparatively low at low partial
pressures. In fact, the scuff severity was much lower
than any of the previous tests with scuff occurring only
over about 50% of apparent contact area. But unlike
prévious tests at high partial pressures some scuffing
occurred, although this was more like individual scratch

marks (ie. scoring) than severe surface damage.
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5.5 E.S5.C.A. Tests

A number of tests using E.S.C.A. were carried out
Lo compnre Lhe purface composibion of the cast iron
plates 5efore and after a friction test. The friction
test was carried out at a 50 N load, at 10 mm/s in a
dry argon environment (Puo < 0.8 mbar). Severe scuffing
occurred in all these tests-and a large proqution of the
exposed plate surface (T-shape) was severely worn (= 80%).
The results of the spectroscopic analysis are
shown iﬁ Figures 5.44 %0 5.473 in all cases the spectra

of the surface prior to the test is shown at the top.

5.5.1 Wide Scan (Figure 5.44)
The worn specimen showed an increase in the carbon
peak but still contained a significant proportion of

oxygen.,

5.5.2 Iron (Figure 5.45)
The worn specimen still showed iron oxide with no

signs of exposed iron.

5.5.3 Oxygen (Figure 5.46)
A slight change in the oxygen peak but no sig-

nificant difference.
5.5.4 Carbon (Figure 5.47)

The unidentified peak (a) at 294 eV had disappeared

but otherwise no change.
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5.5, Other Tests

The differences in the unworn and worn spectra
above, were similar to those recorded between two diff-
erent unworn specimens, and the unidentified peak on the

carbon spectra was not present on any other spectrum.
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l.ubricated FExperiments

-
°
o~

No 1 Friction Apparatus

As for the unlubricated experiments each test was
carried out using freshly prepared plates and pins. The
gas temperatures were ambient at all times. The prop-
erties of the oils used are in Appendix J. 1In all cases
the gases used were as dry as conditions would allow

(Pua0 < 0.8 mbar).

5.6.,1 CSB 460

When tests were carried out with a definite oil
flow (Table 5.2) the friction was low and the wear rate
small, and independent of the environment. In the only
case where scuff occurred, it occurred after a long time
(thirty-four hours), and a possible cause of the Scuffiﬁg

was a lubrication failure.

Table 5.2 Lubricated Tests, 0il Flow 2.0 ml/hr

Air

Load | Speed [ Duration | umax |Wear Rate
(N) (mm/s) (mins) (mg/m)
400 10 309 0.08 0.013
400 10 364 0.14 0.0
Argon

Load | Speed | Duration | umax [Wear Rate
(N) | (mm/s)| (mins) (mg/m)
100 10 LR 0.1 0

200 10 2096 0.5604 0.074 ¥ Scuff
400 10 309 0.08 0.013
400 10 364 0.14 0.0

400 10 5760 0.1 -
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Table 5.2 (cont'd)

lydrogen

Load | Speed | Duration | umax | Wear Rate
(N) {(mm/s) | (mins) (mg/m)
100 10 225 0.09 0.0

400 10 360 0.11 0.004

When only one drop of o0il was put on either side of

the plate and the test carried out, the test duration

(time until scuffing oéé;;;éé) Qériéabéépena;héZUpdn
load (Table 5.3). As the load got higher the test
duration decreased, eg. the 300 N load test scuffed in
337 minutes compared with 186 minutes for 400 N load.

For the 100 and 200 N load cases, scuffing did not occur
despite running for long periods without further lubri-

cation.

Table 5.3 0.5 ml O0il, Argon Environment

Load | Speed | 0il Flow | Duration | imax [Wear Rate
(N) | (mm/g)| (ml/hr) (mins) (mg/m)
100 10 |+ 0.3 100 0.2 0.0
100 10 0.09 330 0.12 0.0
100 10 0.015 1905 0,10 0.001
200 |} 10 0.085 360 0.10 0.009
300 10 0.09 . 337 0,674j 0.54
400 10 0.16 186 0.585 0.97
500 10 0.30 100 0.2 0.0

* Scuffed

The oil flows are calculated for 0.5 ml of oil

(0.25 ml either side) applied to the plate. The flow is
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probably the minimum flowrate required to prevent scuffing

for tho 300 and 400 N load cases.

5,6.2 Shell Risella

The results of tests using Shell Risella oil are
shown in Table 5.4. Despite using the maximum possible
load (3000 N) and a low speed (5 mm/s) scuffing did not
occur even when the o0il used had been .outgassed and

scavenged with argon.

Table 5.4 Lubricated Tests Using Shell Risella,
0il Flow 5 ml/hr

Argqn

Load | Speed | Duration u Wear Rate
(N) | (mm/s) | (mins) (mg/m)
400 5 360 0.23| 0.007
1000 5 300 0.23| 0.056
1000% 5 192 0.18| 0.016
2000% 5 520 0.2 0.009
3000% 5 190 0.2 | 0.016
Hydrogen
Load | Speed “DurétiCn u | Wear Rate
(N) | mm/s) | (mins) | (ng/m)
100%* 10 225 0.09 -
4,00 10 360 0.22| 0.08
- 600% 10 230 0.22 0.007
600%* 10 360 0.22 0,08

* Outgassed and scavenged oil was used in
these tests.

If the oil was reduced to a minimum by simply
dipping the specimen in o0il and allowing any excess to

drain off, a long time was still required to produce
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scuffing (Table 5.5).

Table 5.5 Lubricated Tests Using Shell Risclla,
No 0il I'low

Argon

| Load | Speed | Duration u Wear Rate
(N) (mm/s) (mins) (mg/m)
100 10 35 0.1 0
120 10 35 0.2 0
150 10 100 0.2 0
100 10 | 420 0.69% -
#* Seuff
Air
Load | Speed | Duration u Wear Rate
(N) (mm/s) | (mins) (mg/m)
100 10 35 G.23 0
120 10 40 0.18 0
150 10 90 | 0.20 0

The coefficient of friction for the Risella tests
was approximately 0.2 (independent of environment) compared

with 0.1 for the CSB 460 tests.

5.6.3 Heated Pin Experiments

The results of the heated pin experiment are shown
in Figure 5.48. For pin temperatures of 100°C, a co-
efficieht of friction of about 0.3 was recorded; when the
heat was turned off the friction dropped to a coefficient
of around 0.15. After the heater was turned on again (to

a temperature of 120°C) the coefficient rose to 0.4. Thus
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the effect of temperature was to raise the coefficient of
friction., It was decided on the basis of these experimental
results to deéign and build the heated plate apparatus.

The o0il used in this experiment was CSB 460 at a
flowrate of 2 ml/hr, the load was 100 N with a speed of

10 mm/s.
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5.7 Heated Pl;te Friction Apparatus

In all these:tests a freshly prepared plate and pin
specimens were used. ‘The gas environment was dry argon,
giving a water vapour pressure of approximately 2.0 mbar,
The properties of the three oils used are summarised in
Appendix J. Two types of friction test were used: single
temperature experiments and incremented temperature
experiments. The experimental procedures used are described
in Sections 4.4.2 and 4.4.3 respectively.

For these tests a broken pin-was a common occurrence
after scuffing. The force required to break a pin was
approximately 400 N so in all cases where the piﬁ was
broken the maximum friction force was recorded as 400 N,
It must be noted however that if the pin had not broken
the maximum friction force may have been higher. Another
deceptive feature of these results was the wear rates.
For many of the tests, low friction and wear was recorded
for a long time, until very suddenly, scuffing occurred
and friction and wear rose dramatically (normally within
thirty seconds). The increased friction often broke the
pin. Thus the time used in calculating the wear rate
includes a long period in which little or no wear took
place aﬂd the calculated wear rate bears no resembilance
to the instantaneous wear rate at the time of breakage.

Tables of results for this section are contained

in Appendix N.
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5.7.1 Shell Risella (Figures 5.49 and 5.50)

The nOn_ihéremented tests showed a dramatic increase
in friction after a certain temperature was reached: 150°C
for a 200 N load and 180°C for a 100 N load. In Figure
5.49 the maximum coefficient of friction for 100 N is
shown as 4.0 and for 200 N a4s 2.0. It must be noted that
these points correspond to the pin shear force, and as
stated above, may not correspond to the maximum coefficient
of friction that may have been achieved had the pin not
sheared. When a single plate and gradual témperaiﬁre in-
crements were used no dramatic rise in friction was re-
corded énd the friction remained :low.throughoﬁt the whole
test.

In all the cases where the pin broke, breakage .

occurred within twelve minutes of starting the test,

5.7.2 CSB 460 (Figures 5.51 and 5.52)

With these tests pin breakage (ie. scuffing)
occurred at 160, 200 and 240°C, but oniy at 240°C did
the pin break after oﬁly a short time (42 minutes).
For this reason, and the fact that the 180°C and the
220°C tests did not scuff, the transition tempefature is
shown at 240°C. As in the Risella tests, the single plate
incremented test did not scuff but the friction at 240°C

was higher than the Risella.
5.7.3 EP 0il (Figures 5.53 and 5.54)

For the EP o0il the transition temperature was 180°C

but the non scuff friction was much lower than either the
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Riszella or CSB 460 oil. As above, the incremented test
did not secuff and the friction remained low despite
temperatures well above the bransition temperature of

the one plate, one temperature tests.

5.7.4 Tests in Air

Three tests were carried out at ambient temperature
in air, for each of the three oils. The results are shown

in Table 5.b.

Table 5.6 Lubricated Tests in Air
Heated Plate Friction Apparatus

Load = 200 N, Speed = 10 mm/ s

0il u Wear Rate | Temperature ‘

’ Rise :
Risella 0.08 0.01 7.7
CSB 460 0.043 0 7.0
EP 0il 0.08 0 6.6

‘The temperature rise shown was the rise in the
plate temperature after three hours of continuous running.
As can be seen from Table 5.b the highest temperéture was
recorded with Riéella 0il. Risella was also the only test

in which a measurable amount of wear was recorded.
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5.8 Mild Steel

Various tests were carried out with mild steel
plates and ping, in order to comparc them with similar
tests carried out using cast iron. The results of these
tests are summarised in Table 5.7. From these results it
can be seen that in the presence of o0il, mild steel be-
haved favourably, giving low friction and relatively low
wear. However, when compared with the performance of
cast iron (see.later), although the coefficients of
friction were similar, the mild steel shdwed far higher
wear rates and was more prone to scuffing than cast iron,
although the presence of oil prevented high wear.

When no oil was present both friction and wear
wererhigh, even in a good oxidising environment such as
wet oxygen (oxygen saturated with water vapour at ambient
tempera.ture)° When compared with cast-iron, in a water
saturated argon environment, the mild steel scuffed at

25 N, whereas the cast iron plate and pins scuffed at 150 N,

Table 5.7 Mild Steel ?ests‘

Lubricated

0il Flow = 9.6 ml/hr (Shell Risella),
Water Vapour Flow less than 0.1 mg/min

Environment Load Speed u Wear Rate
(N) (mm/ 8 (mg/m)
Argon 500-1500 5 0.33 0.104
Argon 1000-2000 5 0.15 0.018
Argon 1000-2500 5 0.15 0.017
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Table 5.7 (cont'd)

Unlubricated
Invironment Load Speed u Wear Rate Vapour
(N) (mm/s) (mg/m) Pregsure
(mbar)
/
Argon 100 10 1.47 29.23 20.95
Argon 50 10 5.64 16.4 23.96
Argon 25 10 2.2 . 4.25 21.86
Air 25-50 10 2.6 20.86 -
Oxygen 50 10 2.0 5.63 22.66
Argon*® 25-150 10 0.6 2.83 22.10

¥ Cast Iron Test

The coefficient of friction (u) shown for the un-
lubricated tests relates to the coefficient when the test
wns stopped. Had the test been allowed to continue

friction would very likely have gone much higher.
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CHAPTER 6

DISCUSSION

6.1 Errors of Measurement

6.1.1 Oxygen Analyser

The oxygen analyser was accurate to 10.1%. as
well as measuring the oxygen content it was useful in
monitoring the purity of'non-oxidising gases, since the
use of a mass spectrometer was found to be impractical.
However, because of its low accuracy, a zero reading on
the analyser could correspond to 0.1% (or 1000 vpm),
thus a substantial amount of oxygen (eg. from air) could
go undetected in the gas stream. A long period of purging
could bo-expected to reduce this oxygen level but no

necurate figures could be obtained to express it.

6.1.2 Déwpoint'varometer

The acéuracy of the dewpoint hygrometer was approx-
imately t 0.2°C and together with fluctuatiéns which |
occurfed'thrOUghout the tests, the actual'dewpoint
probably varied between ' 0.4°C of the recorded average
value. In terms of water vapour pressure this value
corresponded to approximate variations of I 0.5 mbér for
a dewpoint of 20°C, and to ¥ 0.2 mbar for a dewpoint of
0°c.

The lowest recorded dewpoint was -35°C (200 vpm)
but this was recorded after several hours of purging

with dry gas and using metal gas lines. The normal 'dry!
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lTevel uned in lubricated énd unlubricated tests was
approximately -25°C (600 vpm). For the heated plate‘

or heated pin tests>a 16w dewpoint was difficult to ob-
tain; this was possibly due to the heating of the lub-
ricant and hence the production of vapour. As the dew-
point was raised for outgassed oil (ie. a low water con-
tent) the rise was probably due to the 0il vapour as well

an any water vapour present in the oil.

6.1.3 Gas Purity

From the above it can be seen that the apparatus
rarely operated with less than 600 vpm of water together
with a possibility of a further undetected 1000 vpm of
oxygen. This was déspite using very pure gases with
impurities of less than 20 vpm (see Appendix P). Even
long periods of purging could not remove all the water
vapour. This would seem to iﬂdicate that atmospheric
watorp Qns getting into the apparatus as any residual
watorrih the apparatus would be removed by prolonged
purgingf ‘'The possible cause of the high water content
was the~hygfoscbpic nature of the plastics in the gas
lines. Replacing the plasticvtubing with metal tubing
decreasea the water content, but not all the plastics
could be replaced (eg. the mixing vessel and the
rotameter). There was also a possibility of atmospheric
air getting into the apparatus via the probe seals as the
probe was reciprocated backwards and forwards, although -
the positive pressure in the environmental chamber should

have kept this to a minimum.
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For most experiments where water vapour of lubri-
cants were deliberately introduced the gas impurities would
have had little affect. However, for tests carried out
in order to use E.S.C.A., the oxygen and water vapour
present would have likely to have had a detrimental effect

on the results (see later).

6.1.4 Measurement of Friction

The calibrations of the friction probe showed very
good agreement between the first and last resultsrdeSpite
two years of operation. This was also found for the
friction measurement strain gauges on the heated plate
apparatus. The major inaccuracies in reading the frictional
forcesvcame from using the analogue to digital (A-D) |
convertor. The A-D convertor worked by returning a number
between 0 and 256 depending on the output voltage from
the strain amplifier (see Chapters 3 and 4) where 123
correSpbnds to zero volts and 3 and 243 to -10 v and
+10 v reSpectively (ie 12 units = 1 volt). The normal
setting for the strain amplifiers was 100 us/v thus
corresponding to an accuracy of L 4 us on the computed
reading, which was ¥ 6N and t 4N for No 1 Friction
apparatus and the heated plate apparatus respectively.
Although the accuracy of the strain amplifier could be
increased to 10 us/v this was impractical in cases where
the maximum friction level was likely to be high eg. if
the strain rose above 100 ps (10 volts) this would be
of f the range of the A-D convertor (i 10 volts). Also

the motor 'cut out' load was often set to a high value
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(600 N) and could only offer protection if the A-D
convertor was operating in a range capable of measuring
the cut out load (ie. 100 us/v). |

In cases of low friction the most sensitive results
were obtained from the X-Y plotter which could amplify
the strain output to give a sensitivity of t 0.5 ps.
Thus these results were used in preference to the com-
puted results particularly in the 50 and 100 N load cases
where the coefficient of friction was below 1.0. The
resolution of these results was typically better than % 0.5
N for both sets of apparatus. However as the friction be-
came higher (greater than 100 N) the X-Y recorder became
less sensitive to use as it became necessary to lower the

amplification and the computed results were used instead.

6.1.5 Load Measurement

The load calibrations on the proving ring (Figure
5.2) showed a large variation with time. A difference
of 40 us (45%) was recorded at 500 N and 2.2 us (25%) at
50 N. However the results used for piston calibrations
always corresponded to the most up to date calibration
of the proving ring. Therefbre the piston calibrations
were unlikely to be more than 5% out at 50 Nvand 10% at
500 N. In some cases the variation would be smaller as
the pistbn calibration was carried out within twenty-
four hours of the proving ring calibration.

On No 1 friction apparatus, No 1 loading pistons
showed a large variation between calibrations of up to

20% at 500 N and 10% at 50 N. Although it must be stressed
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that these large variations were probably due to seal or
spacer changes. Indeed for No 2 loading pistons (where
no changes took place) the variation was down to 2%. The
heated plate apparatus had an even smaller variation of

0.5%.

6.1.6 Coefficient of Friction

When the possible errors in both the frietion and
load measurements are taken into account the error in the
coefficient of friction for No 1 ffictidn apparatus is
approximately ¥ 6% at 50 and 100 N loads with a 1afger
error of I 10% at higher loads (500+N ). For the heated
plate apparatus the errors are smalley approximately
Y 19 at 200 N load (at which the majority of the tests

woere carricd ont),

6.1.7 Tecmperature Measurement (Heated Plate Apparatus)
The digital thermometers used had an errér of'i 1°C

and as the temperature could only be maintained to i 2°C

of the test temperature the actual plate temperature was

likely to have varied between I 3°C of the test temperature.
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6.2 Effect of Surface Finish and Hardness

The éoefficient of friction for the hardness and
surface tests varied between 0.95 and 0.45 with peak
readings at the mid-range hardness (240 MN/m>) and the
mid-range surface finish (1.1 microns Ra). However the
most likely cause of this large variation in friction was
the variation in atmospheric humidity. Mosﬁ of the iests
on specimens of varying surface finish and hardness (see
Section 5.2.3) were carried out on different days and
the étmospheric humidity was not recorded. 'Fortunétely
for the weeks in which these tests took place a university
energy ‘survey was being carried out, which included the
measurement of atmospheric humidity (using wet and dry
bulb thermometers) for the engineering laboratories.
From the results of this survey it was found that the
water vapour pressure varied between 7.05 and 12.2 mbar
for the test period. The coefficients of friction for
a similar range of vapour pressures are shown to be
between 1.5 and 0.6 (see Figure 5.40). Thus considering
the range of water vapour pressure for the test peridd9
the coeffictents of friction could be expected to show
a large variation. Indeed, from these results and those
shown in. Figures 5.40 and 5.41 (vapour pressure to p and
wear rate for air) the atmospheric humidity is a very
important consideration wﬁeh conducting friction or wear
tests with cast iron.

The tendency of the mid-range hardness and surface.
finish to show the highest friction and wear is thought

to be purely coincidental.
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6,3 Effect of Oxygen Content

From Campbell:and Summit (1936), as the thickness
of a boundary £ilm increases the coefficient of friction
decreases (see Figure 2.5)., An estimate of film tﬁick=
ness may be found from formulase derived by Quinn (1969),
if we assume that the surface film produced is an oxide
(Fez O04).

The oxidation process may be linearly or para-

bolically dependent upon time:
oaf = Ane"@n /RO 54 © (linear) 6.1

AP% e~ /2R84 (parabolic) 6.2

paf =

If the coefficient of friction (u) is dependent
upon the. film thickness then u would remain constant for
a constant £ilm thickness. The film thickness will remain
constant provided that the rate of film removal (ie. wear
rate) does not excéed the rate of film formation.

ie, ﬁ = paf for constant yu 6.3
Note: wear rate w is in Kg/s

The real area of contact (a) is dependent on the
applied load (L) and the hardness of the material (pm).

a = L_ (Bowden and Tabor 1974)

Pm

so 6.3 becomes

W = L_,ef 6.4
P
and 6.1 and 6.2 become
L of = Ane @ /RO ¢ 6.5
Pm
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6.6

e

l—’__ @f - APEe"QP/zReC X t

P

From the above equations, the likely effect of
specd, load and gas flowrate can be evaluated. If the
speed is increased for a reciprocating system, t (the

average time between passes) becomes smaller.

ie. t = stroke length : 6.7
u

and the thickness (f x t) is reduced (all other fattors
being constant) and so u would increase. Similarly, in-
creasingvthe load, L, would also reduce the thickness
and so increase u. With regards to gas flowrate,
sufficient oxidising gas must be provided in order that
oxidation can take place. In the case of Fe,0; oxygen

forms 30% (by mass) of the oxide, therefore

Mg 20.3 w

Although this is a simplistic analysis of the
oxidation chemistry, it is likely that the oxidising gas
flowrate-must be above a certain level, proportional to

the wear rate, in order to keep the film thickness con-

stant.
ie. mg = va
or mg, =L ef (for constant film thickness)
K pm 6.8

Thus the effect of reducing the flowrate of the
oxidising gas would be to reduce the film thickness and
so increase the coefficient of friction, u.

To summarise the above hypothesis, it can be said

that for a given flowrate of oxidising gas, increasing the
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speed or load will increase the coefficient of friction,
Increasing the total gas flowrate (but keeping the
oxidising gas flowrate the same) should have no effect on
friction, ncither should changing the gas from air to
oxygen, if oxygen is accepted as the main reactive
conétituent of air.

Note: It is important to differentiate between the
oxidising gas flowrate and the total gas flowrate. The
total gas flowrate is the flowrate‘of all the gas passing.
The oxidising gas flowrate is the flowrate bf the oxidising

portion of the total gas flowrate (eg. oxygen only).

Some of the experimental results in Section 5.3
support the hypothesis, but some do not behave as might
be predicted. In all the tests the coefficient of friction
decreased as the oxidising gas flowrate (ie. oxygen flow-
rate) increased and an increase in speed increased the
coefficient of friction for similar oxygen flowrates.
However increasing the load gave little or no increase
in the coefficient of friction and similar oxygen flow-
rates gave higher coefficients of friction fér higher
total gas flows (Figure 5.18). When air and oxygen are
compared, agreement was found at low oxygen flowrates,
but at high oxygen flows the argon/oxygen mixture gavé
higher coefficients of friction (0.8 cf 0.6), the difference
being greater than the predicted experimental error (6%,
see Section 6.1.6).

If a 'rough and ready' analysis is done, it can

be shown that an oxygen flowrate of 0.1 mg/min is sufficient
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to produce an oxide film of 100 A (see Appendix Q), four

tihes greater than the oxide film on a steel surface after

polishing (Samuel 1956) and a comparatively thick film by

boundary lubrication standards. If one looks closer at

the oxygen and air comparisons (Figures 5.22 and 5.23)

for a fricltion and wear mechanism based on oxide films,

similar oxygen flows should give similar coefficients of

friction, but as stated above, different coefficients of

friction were found. The explanation may be.in the nature

of the gases used, eg. nitrogen (from air) is normally con-

sidered to be inert but nitrides can be formed although the

temperatures may have been too low. ‘However the most likely

cause of the deviation from the oxide theory is the water

content of the ambient air used in the air/argon mixtures.

The water vapour pressure of the ambient air was known

to vary between 7.05 and 12.2 mbar. This vapour is

likely to have had & beneficial effect in reducing friction

fér the argon/air mixtures. The effect of water vapour

pressure on friction in air is shown in Figure 5.40.
Fbrufhe comparison -purposes. the water vépour

pressures for the air/argﬁn mixtures at iQO N load, 10

mm/s were estimated using an ambiént air humidity of

33% R.H., the average for the test period. The results

are shown in Table 3, Appendix M, and a plot of water

vapour pressure to coefficient of friction is shown in

Figure 6.1 together with the results of humidity tests

in air only and in argon only. It can be seen from

Figure 6.1 that the argon/air mixtures gave lower co-

efficients of friction than the air only tests for sim-
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ilar water vapour pressures despite having lower concen-
trations of oxygen. In fact, it was only when the oxygen
concentration got below 2.7% (by volume) that the argon/-
air mixtures gave higher coefficients of friction (the
two pointson the argon/air curve with the lowest water
vapour pressures).

From the above discussion it is apparent that the
water vapour pressure plays a much more important role
in the unlubricated rubbing of cast iron against cast
iron than the oxygen concentration or the oxygen flowrate.
As water vapour pressure increased with increasing oxygen
content (ie. air content), this could explain the re-
duction in friction with increasing oxygen flowrate, since
the oxygen flowrate was adjusted by kéeping the toﬁalrgas
flow constant and increasing the percentage by volume of
a2ir in the gas. However, the effect of the oxide film
cannot be dismissed completely because in argon/oxygen
mixturés, only dry gases were used but the friction was

still reduced as the oxygen content increased.
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6.4 Effoét of Water Content

The ceffoet of water vapour pressure on friction
wu very much dependent upon the nature of the gas environ-
ment. In inert and reducing gases (eg. argon, nitrogen
and hydrogen) there was a definite transition from high
friction to low friction (see Figure 6.2). The transition
pressure was similar (within experimental»errors) for
argon and nitrogen (= 21 mbar at 100 N load) but lower for.
the lighter and more reducing hydrogen (18 ﬁbar),t'fhé“
maximuﬁ value of coefficient of frictionrrechded for the
above three gases went in ascending order‘ofAmoleculéft
weights. Hydrogen was the lowest at y = 3.0, folméwed~by
nitrogen with u = 3.6 and finally argon at u = 5.5. The
sample of three gases was probably too small however, to
predict the values fbr_other.inert or reducing gases by
molecular weights.

IWhen the géé was oxidiéing or a mixture containing
an oxidisinglgaé (eg; oxygen or carbon dioxide)_the.tran-
sitiqh‘ff0m~high to- low friction was less dramatic. Thé
maximum coefficients of friction were much lower than the
three inert.and reducing gases. As above, oxygen ang
carbon dioxide (ie fhe single gas types) showed a/sgmi-
lar relationship in that the heavier carbon dibxide had
a higher maximum coefficient of friction than oxygen.

The two gas mixtures, air (21% oxygen, 79% nitrogen)
and mixed gas (83% nitrogen, 12% carbon dioxide, 5%
carbon monoxide), gave results which lay between the
results of their major constituents. At low vapour

pressures air gave higher coefficients of friction and
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higher wear rates (Figures 5.41 and 5.43) than oxygen

but lower than nitrogen. With higher vapour pressures
air gave 1§wer coefficients of friction than oxygen.
These were similar fo the results of 'wet nitrogen' but
at lower vapour pressures. The mixed gas compared in a
similar manner to nitrogen and carbon dioxide, the effect
of carbon monoxide being unknown. From Figure 6;,1p when
the behaviour of argon/air mixtures are compared with

air and argon, the results are:different from the above
in that the argon/air mixtures gave lbwer coéfficientS»

of friction than air or argon for most of the vapour range.

6.4.1 The Detrimental Effect of Oxygen

One interesting aspect of the comparisons shown in
Figure 6.2 is that at high water vapour pressures (12+
mbar ) oxygen gave higher coefficients of friction than
other gases (0.9 ef 0.6). In a similar manner, the wear
rates weré’higher for oxygen than for air (= 0.5 mg/m
cf 0.2 mg/m) at high vapour pressures. It appears there-
fore that a high concentration of oxygen (in this case
100%) is not helpful in reducing friction at high water
vapour pressures. A possible cause of this effect is that
the high concentration of oxygen forms iron oxides which
interfere with the sebtting up of a continuous graphite
film. Such an effect was found by Lancaster (1962) when
he found that a surface film of cuprous oxide prevented
the transfer of graphite from an electographic brush to
a copper disk. Another insight into the detrimental

effect of oxygen can be found in the previous section
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(6.3) where it was mentioned that when the oxygen content
was reduced by the presence of argon, air/argon mixtures
gave lower friction and wear values for corresponding
vapour pressures than pure air.

It must be pointed out however that at low vapour
- pressures (less than 5 mbar) oxygen gave low coefficients

of friction and low wear rates compared with other gases.

6.4.2 Water Flow Vs Vapour Pressure’

From the experimental results outlined in Section
5.4.3 it appears that it is not important to exceed a
certain water vapour flowrate to prevent scuffing, but
a certain water vapoﬁr pressure (or relative humidity).
If the water vapour was acting as a reactive medium in
order to produce surface films then a similar analysis
to to the one done in Section 6.3 would apply, and in-
creasing the vapour flow should decrease the friction.
waever}the evidence suggests that the vapour was acting
as a lubricant, and in common with the aptiéns of other
1ubricants, only a small quantity is required. It is
possible that a small water vapour flowrate (at the
éorrect vapour pressure) is necessary, but none of these
experiments were able to prove this.

These results give further confirmation that in
the unlubricated rubbing of cast iron against cast iron
it is the production of a graphite film that is important
in successful low friction rubbing and the production of

a chemical reaction type film is not necessary.
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6.4.3 Effect of Load on Transition Vapour Pressure
| The vapour pressure at which the transition from
high friction to low friction takes place in inert of
reducing gases is dependent upon load (Figure 5.31).
The traneition pressure gets higher with increased load.
Lancaster and Pritchard (1981) concluded that the
load, speed and ambient temperature are only important
in that they influence the attainment of a critical
contact temperature at which transition takes place.
The suggested mechanism of vapour lubriceﬁion of graphite
is that vapour is physically adsorbed in to basal planes
(see Section 2.5), and the adsorption depends on a
certain critical concentration of vapourv(Cannon 1964) .
Lancaster and Pritchard (1981) suggested that the critical
concentration is dependent upon the ratio of P_ /P, where
P, is the vapour pressure for effective lubrication and
Po the saturation pressure of the vapour at the eritcal
contact temperaturea Thus Lancaster and Pritchard, in
common with Sa&age and Scheaffer (1956), suggest that the
ratio7ﬂ_/?o depende oniy upeh.the type‘of vapouf, and a
single value is valid for all the conditions of load,
speed and ambient temperature, for that particular vapour.
An analysis was done of the load to vapourrpressure
results plotted in Figure 5.31 , in which the relevant
contact temperatures were calculated using Archard (1958)
(see Appendix R). Then the saturation pressures for the
contact temperatures were found and the ratios of PL/PO
(or P_ /B, for water vapour) evaluated (see Table 19).

The results are plotted in Figure 6.3 where it can be seen
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thnt, unlike Lancaster and Pritchard the transition ratio
P, /P, varies considerably with load and is roughly pro-
portional to 1/J/Load.

If we make the assumption that

P, _Kx _1 6.9

Bs /Toad

then by using the results in Table 19,:K can be given a
value of 0.171 (evaluated by finding the average value for

the rasults in Table 19) and equation 6.9 becomes

Po= 0.171 1 6.10

Ps Ji~

Values of K for other gases can also be evaluatéd
using the transitiéon water vapour pressures for nitrogen,
K = 0.205, for hydrogen, Kv= 0.178 and for mixed gas, K =
0.149. However, because'only two values of transition
vapour pressure were used these values can only be
approximate, |

There are however, some major differcnces between
this work and that of Lancaster and Pritchard. The speeds
used in.this work were much lower (10 mm/s cf 30 to 3000
mm/s) and the motion was reciproeating, ie. speed varied
between 0 and 15.2 mm/s whereas Lancaster and Pritchard
used. continuous speeds. The overriding evidence from
these tests however is that the ratio P_ /P, is dependent
upon 1//Toad and does not remain constant over a range of
loads.

The dependence of the transition from high to low

friction on a critital contact temperature may go some
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way hLowards explaining the phenomenon of one sided scuff.
One side of the plate may be at a slightly higher ambient
temperature than the other. More likely though a slight
surface deformation on one side acts to raise the friction
high enough to increase the contact temperature above the

critical one and hence scuffing (and high friction)

commences.

179



6.5 . 5.0.A.

The 1.5.C. A, results given in Section 5.5 show very

little difference between an unworn specimen and a severely

scuffed specimen. The iron oxide present could be identi-
fied as Fe,0; (see Figure T.2, Appendix T) and was present
for both worn and unworn spectra,

As previously discussed (Section 6.1°3) even in
pure dry gases there was a possibility of large amounts
of impurities being present. Up to 1000 vpm of oxygen
could go undétected in the gas stream which would be
capable of producing an oxide film 890 K thick in one
second (see Appendix Q). Water vapour was also present
in the gas stream (up to 600 vpm) and this would also
react to produce a surface film. The surface fiims pro-
duced, although sufficient to completely cover the plate
surface, did not prevent scuffing as in dry argon the
coefficient of friction rose to appioximately 5.5.

There were some problems in using EfS.C.Ao_which
may have prevented the production of a spectrum of the
"true'! surface. Once scuffing had taken place a 1arge
nmount of loose wear debris was left on the plate surface,
which was likely to include iron oxide and graphite. This
proved difficult to remove and not all the debris could

.be removed with certainty. Although this debris may have
played an important role in the scuffing process (eg.’
abrasive wear) it may have also included particles from
the original unworn surface. Another problem lay in the
use of the spectrometer itself. There was no provision,

optically or otherhise,for predicting the exact section of
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Lhe apeeimen belng sampled and gome spectra may have in-
cluded unworn parta of the apecimen. Steps were taken;to
avaid this, by using T-shabed plates (see Section 3.1.2)
and taking spectra of different parts of the plate (by
moving the probe further in or out of the chamber).
Finally it must be pointed out that it was possible. that
atmospheric air leaked into the isolated section (see
Section 4.3.7) via the seals or the ball valve and 8o
contaminated the plate surface.

From the high coefficients of friction recordéd
onc might have expedted metal-metal contact (as opposed to
oxidc-oxide) and a great deal of pure iron showing on the
spectra -after the oxide film had been completely worn
away. However this was not the case; oxide showed in all
the spectra. Unfortunately E.S.C.A. could not be used to
determine the origin of the oxide, as to whether it was
caused by impurities in the gas stream, leaks in the
system or wear debris. E.S.C.A. is perhaps best used in 
detéciiﬁg chemical reactions that have only one possible
causc eg. sulphide £ilms produced by EP additives. |

To some extent E.S.C.A. is not a useful tool in
the study of tribology. Loose wear particles must be
removed in case they damage the ultra-high vacuum pumps.
Specimens that have been lubricated must be thoroughly
cleaned and degreased before entry into the X-ray chamber,
and so in many cases, removing the surface film which was
the object of study, Also E.S.C.A. is only done on the
material surface and reactions with the atmosphere or
other contaminants can easily obscure the surface under

study.
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6.6 Lubricated Tests

6.6.1 No 1 Friction Apparatus

At ambient temperatures scuffing only occurred when
the lubricant supply failed and even then at low loads
there was a considerable time delay between the stopping
of the lubricant supply and failure, eg. thirty hours a£
100 N for CSB 460 and seven hours at 100 N fér Risella.

In all cases the coefficient of friction was low, although
not as low as those recorded by N.C.T. at Risley'(197l-3)
(ie. 0.2-0,1 cf 0.06-0.03) although with the high speeds
used at Risley hydro-dynamic lubrication was a definite
possibility. |

Another aspect of the lubricated tests was that
for mést cases where there was-an oil flow a wear rate
was recorded, but in cases where there was no oil flow
(see Table 5.5) no wear rate was recorded. The most
likely explanation df this comes from the appearance of
the used oil. In all caseés when uéed.with cast iron the
0il became black, indicating that some weér products
(possibly graphite and iron oxide) had been washed away
by the oil. So whilst the oil was washihg away the =
surface films it became necessary to renew them, hence
a wear rate was recorded. This washing awa& of the
surface films could also be the cause of the much higher
friction recorded by the heated pin tests (~ 0.3 for 100°C
at 100 N) compared with the heated plate test (=~ 0.1
for 100°C at 200 N) where no oil flow was taking place.

If the film was washed away before it could become fully
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established it would not offer as much protection and
temperature had a definite affect on scuffing (see later)-.
The most important findings of these tests were
that, despite loads which were equivalent to a 2400 bar
compressor (see Appendix S) and gas enwvironments too dry
to support unlubricated rubbing, when oil was definitely
present on the plate surface no scuffing occurred: and

this applied for both the Risellacand CSB 460 oils.

6.6.2 Heated Plate Apparatus

Unlike the pfevious experiments carried out in the
No 1 friction rig, scufflng d1d occur in the heated plate
‘rlg when lubricéant was present on the plateo but t’ﬁ

temperature at whlch.the~tran31tmon occupned depe_, ;fpdh

the type of oil. ﬁﬁfortuﬁetely,‘&s in-the. preVie“' Sy
some specimens appeared to scuff due to eil starva"

rather than any type of film breakdowno In cases‘where

the test lasted for more than flfteen minhutes before’
faillnp ~and where subsequent hotter tests with the same,
0oil d4id not glve fallureg fallure was. assumed te be due -
to starvatlon,,unless there were deflnlte 51gns of ]
lubricant present on. the plate surface, Th1s starvation
was 1ikely to have come about for one of two reasons,
First, the high temperatures would cause a high ratio of
evaporation of the oil, and the gas flow would remove the
0il vapour leading to the eventual removal of ail the oil.
Second, the two piece oil bath (see Figure 3.12) had a
tendency to leak when the oil viscosity was lowered (ie.

due to high temperatures) although it was attempted to
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sﬁop this by wrapping ptfe tape around'the oil bath.

If the contact temperature is calcuiated (Archard
1958) for 100 N and 200 N loads, the difference between
the two (34°C) is similar to ‘the difference between the
two transition temperatures for Risella oil (150°C for
200 N and 180°C for 100N), thus indicating that tran-
sition takes place at the same total temperature (iea
the sum of the surface temperaturé and the contact
temperature) similar to Bailey and Cameron (1973). With
the two ~other oils, it was surprising that the EP oil v
failed at lower temperatures than the mineral oil, CSB
460, despite its extreme pressure additives (180°C ef
240°C). The results of the EP o0il did not agree with the
results found by Marshall (1983) who gave a transition
temperature of around 200°C. Some guesswork however had
to be employed in estimating the loads used by Marshall
(és the applied load was not documented) and the gas flow-
rate (which méy have had a cooling effect) was also un-
known.

The total transition temperatures of the oils used
(ie. the sum of the contact te@peraturé and the transition
surface temperature) were for Risella o0il, 280°C, for
CSB 460. 360°C and for the EP o0il 320°C. Thus on No 1
friction apparatus even loads of 3000 N were insufficient
to give a total temperature exceeding the transition
temperature of Shell Risella (3000 N gave a total temp-
erature of 166°C), although the oil flow would have played

an important part in reducing the temperature.
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One of the most significant aspects of these tests
is the way in which the subsequent failure depends upon
the méthod used to reach the required temperature. If the
temperature is incremented in steps whilst sliding is
taking place, the transition temperatures are less &bvious.
in fact, in the case of the Risella and EP oil these are
non-existent (see Figures 5.49 and 5.53). This method
can also enable the transition temperature to be exceeded
without scuff taking place. One explanation’ of this
phenomenon is that a surface film is forméd»at-low temp-
eratures (possibly graphite) and once formed is not
destroyed at higher temperatures and carries onvprotecting
the surface. However the film cannot be formed above a
certain‘temperature, possibly due to other surface inter-
actions taking place. Sugishita and Fujiyoshi (1981)
found a similar phenomenon in that seizure occurred at
lower temperatures when a graphite film had not been
preformed than when it was preformed (see Section 2.4 and
Figure 2.11).

| The failures recorded on cooling (see Table 1:and
3, Appendix N) may have been due to.thermal distértions
(causéd by rapid cooling), increasing the friction, and
hence the contact temperature. No cooling failures were
recorded when slow 'cooling was used and most tests cooled

down to ambient temperature without mishap.
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6.7 Reciprocating Gas Compressors

It is perhaps worth looking.-at the effect of the
previous discussion on the lubrication of reciprocating
gas compressors.

If the nature of the gas environment being com-
pressed 18 such that unlubricated rubbing may take place
without scuff occurring (eg. high water content), then
it is unlikely that piston ring failure will occur.

Using the results plotted in Figure 6.3 a similar graph
for compfessor discharge pressures is shown in Figure

6.4 (for argon). The pressures were calculated by divid-
ing the load by the apparent surface area of the pin and
from Appendix S thiis pressure would be equivalent to the
discharge pressure. As argon was proved to require the
higheast water vapour pressures to prevent scuff (see
[Figure 6.2), operating within the non scuff region shown
by Figure 6./ should prove satisfatory for other gases.
Unfortunately because only ambient temperatures were used
(20°C), higher water vapour pressures than 21 mbar could
not be obtained and the graph only reached a discharge
pressurebof 160 bar. The prevention of scuffing could

be expected at higher pressures provided higher water
vapour pressures are obtained eg. by higher gas temperatures.
The graph could be extrapolated by using the formula
shown in equation 6.11:

FE =K _1_

B /P 6.11

By using the values of load and minimum lubricating

ratio (P, /Ps ) shown in Table 19, Appendix M, K can be
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given a value of 0.15 (ie. the average of the results).

Equation 6.11 becomes:

P, = 0.15 _1

B /B

6.12

where P, 1is in bar.

As an example of this formula at work; a 1000 bar
compressor would require a minimum lubricating ratio of
0.0047 and from the calculated contact temﬁerature for
such a pressure a water vapour pressure of 0.76 bar would
be required. Considering that mest compressors Operate at
a temperature of approxzimately 120°C this water vapouf
pressure would give a relative humidity of 38% which
would not be acceptable because of its affect on gas
purity.

However, if other vapours are used, lower mini-
mum lubricating ratios could be expected. Savage (1955)
found that the minimum lubricating ratio for n-Heptane was
7000 times smaller than that of water (Table 2.4). The
use of other vapours would also mean that the vapour
content of the gas would be reduced and so the gas would
be more likely to be within acceptable levels of purity.

For many compressors, because of the level of gas
purity required, adding vapours would not be feasible.

In these cases lubricated rubbing is the only solution.
From the experiments carried out in this project, three
factors emerge as important in the lubricated rubbing of
cast iron against cast iron in inert or reducing atmo-
spheres. They are the oil transition temperature, oil

starvation and the formation of surface films.
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As discussed in Section 6.2.2 scuffing is likely
to occur if the lubricant transition temperature is
exceeded. The important factor however, is not the
surface temperature, but the total temperature ie. the
sum of the contact temperature and the surface temp-
erature, For the oils used, the total transition temp-
eratures were , for Risella 280°C, CSB 460 360°C and EP
0il 320°C. So in compressor lubrication it is important
that the sum of the cylinder wall temperature and fhe
ring contact temperature does not exdeed the lubricant
transition temperature. If the oil with the lowest tran-
sitidn température is used as a guide then any compressor
with a discharge pressure over 160 bar (equivalent to
200 N) would be in danger if its cylinder wall temperature
was to exceed 150°C. Considering that many compressors
operate with gas discharge temperatures of around 120°C,
this does not leave a large margin for error.

If for any reason there is a lubricant supply
failuré in the compressor, the high gas flowrates are
likely to remove the surface oil at the stroke extremities
very quickly and metal to metal contact and hence scuff-
ing is likely to occur. The time in which this takes
place would be very short. In the heated plate apparatus
the transition time from low friction to severe scuffing
was under twenty seconds, which for 15 rpm was only five
cycles. If such a transition was to occur in the same
number of cycles for a compressor operating at 300 rpm
then only one second would be required. Once scuffiﬁg

is initiated the contact temperature would rise and
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depcndiﬁg upon‘the gas environment (which would détermine
the maximum value of u) the total temperature may rise
above the o0il transition temperature. If the o0il tran-
sition temperature is exceeded it is unlikely that scuffing
could be stopped, even if the oil supply is resumed. The
effect of the friction coefficient on the contact temp-
erature 1is perhaps oneof the reasons why inert or reducing
pna comprensors are more prone to scuffing than oxidising
pas compressors. For the air the maximum coefficient of
friction recorded was 1.93 compared with 7.05 for argon.
As the contact temperature is directly proportional to
the coefficient of f#iction (Archard 1958) a temperature
rise three and a half times greater would be recorded for
an argon environment than an air environment. Hence in
an argon environment a temperature above the oil transition
temperature is more likely to be achieved for momentary
Tubricant supply failures.

In the heated plate experiments it was also found
that the lubricant transition temperatures could be
safely exceeded if the surface temperature was increased'
gradﬁally as the apparatus was running. This stresses
the importance of a gradual running in process for a
compressor. If the graphite film is allowed to develop
at low temperatures it will go on protecting-the surfaces
even at temperatures above oil transition temperature.
Therefore for all compressor start ups it would be rec-
ommended to gradually increase the gas discharge temp-
erature and pressure over a long time period.

If oxidising additives are used in the lubricant
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(eg. benzoyl peroxide) they may serve to protect the
surface for a period of unlubricated rubbing, but would
be unlikely to completely stop wear and the friction
coefficient would be similar for unlubricated rubbing
in a dry oxygen environment (u = 1.2). The presence of
such a reactive additive would also be likely to con-
taminate the process gas. From the results of this project,
if a certain level of impurities in the process gas are
acceptable, more protection can be offered from water
vapour (or organic vapours) than any free oxygen which
may be liberated from a solution of o0il and benzoyl

peroxide.
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CHAPTER 7

- CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

7.1 Conclusions

7.1.1 Unlubricated

The coefficient of friction and wear rate recorded
for cnst iron sliding on cast iron was found to be depend-
ent on the environment in which sliding took place. The
partial pressure of water vapour in the environment was
also found to be very important while the water vapour
flowrate was of little consequence.

In dry gas environments (ie low partial pressure of
water vapour) the coefficient of ffiction and the. wear rate
were found to be at their highest. In inert and reducing
gas environments they were very high and their maximum
values were in ascending order of molecular weight. The
maxiﬁum coefficients of friction for argon, nitrogen and
hydrogen were 5.5, 3.6 and 3.0 resbectively, and the wear
rates were 45, 37 and 3, mg/m respectively, for 100 N loads
at 10 mm/s sliding speed. For oxidising gases the co-
efficients of friction were much lower, but also varied in
order of molecular wéight. The coefficients of friction
and wear rates for carbon dioxide, air and oxygen were
2.02 and 21.02 mg/m, 1.93 and 16.47 mg/m and 1.17 and 1.87
mg/m, for 100 N loads at 10 mm/s sliding speed.

As the partial pressure of water vapour was in-
creased there was a transition from high friction and
wear to low friction and wear (u=0.6 and wear rate ~0).

For oxidising gases this transition was gradual over a
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wide range of partial pressures, but for inert and re-
ducing gases the transition was sudden and required only
a smail change in the partial pressure of water vapour
to take place.

For inert and reducing gases the water vapour at
which the transition took place was found to be load

dependent and by using the formula

P, _ K

P, JL

the minimum partial pressure of water vapour for low
friction (P_) for a specific load (L) could be calculated
(where Ps is the saturation vapour pressure for the total
surface temperature; total surface temperature = contact
temperature + surface terﬁperature)° The experimental
results gave the values of K for argon, nitrogen and

hydrogen as 0.171. 0.205 and 0.178 respectively.

7.1.2 Lubricated

In order to prevent scuff occurring in inert gas
environments for cast iron sliding on cast iron in the
presénce of an oil lubricant three factors werefound to
be important. They were the total surface temperature of
the sliding surfaces (contact temperature plus the surface
temperature), avoiding oil starvation and the preforﬁing
of Sufface films by a 'running in' procedure.

Lubricants were found to have a total transition
temperature at which they became ineffective at preventing

scuff. This transition temperature varied, depending
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upon the oil used:s for CSB 460 (a2 mineral oil) it was
360°C, for Shell Risella oil (a paraffin oil) it was 280°C
and for an EP oil (to SAE 80) it was 340°C. 0il flow
however could play an important part in keeping the
temperature low, as it was found that high loads could

be achieved without scuffing with an oil flow of 5 ml/hr.

One of the main causes of scuffing was found to
be o0il starvation (normally because the oil was removed
in some way) and care had to be taken to avoid this.

Tt was also found that the transition temperatures
could be safely exceeded if a surface film (probably
graphite) was allowed to form by a procedure.of gradually
incrementing the specimen surface temperature, whilst

running.

* The use of the term lubricated is not intended to
imply hydro-dynamic or elasto~-hydrodynamic lubrication
but merely that éliding is‘taking place in the presence

of o lubricant.

7.1.3 Reciprocating Gas Compressors;ﬁRecommendations)

By far the best means of preVenting piston ring
scuffing in a reciprocating gas compressor is to add
suffiéient water vapour (or possibly organic vapours
(Savage and Schaeffer 1956)) to the gas-being compressed,.
to allow unlubricated low friction rubbing of cast iron
against cast iron to occur. In order to determine the
amount of water vapour required to prevent scuff a

modified version of the equation shown in Section. 7.1.1
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can be used:

o= 0.15

o o
where P is the gas discharge pressure (in bars). However,
if organic vapours are used then smaller values of P_ /Ps
could possibly be :used.

If it is not possible to add vapour to the gas
being handled then care must be taken to prevent oil
starvation (even for a short period) and not to exceed
the o0il transition temperaturé; As a rough guide any
compregsor with a discharge pressure of over 160 bar
could be in danger if its cylinder wall temperature was
to exceed 150°C.

The 'running in' procedure of a compressor is also
important, as this allows a surface film to “be formed
which can enable the o0il transition temperature to be
exceeded. A running in procedure in which the cylinder
wall temperature and the discharge pfessure are increased

gradually over a long period of time is preferable.
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1.2 Suggunbionn for Further Work

7.2.1 Unlubricated

The equation shown in Section 7.1.1, ie:

was determined for a limited number of gases and for few
load conditions. Further verification of this equation
is required, particularly in finding values of K, and
extending the load range beyond 200 N. Also as a test

of the temperature depenaence of Ps , higher surface temp-
eratures should be used.

The above equation is only relevant for water
vapour, but Savage and Schaeffer (1956) found that other
vapours were effective in the vapour lubrication of
graphite. It would be useful therefore, if this work
could be extended to other vapours to study their effect
on cast iron sliding and to see if similar equatiogé can
be evolved.

'In addition to cast iron, several other materials
are. used in reciprocatiﬁg gas compressors for piston
rings and/or cylinder liners such as nitrided steel,
lead-bronze and ptfe. The study of the unlubricated
sliding of these materials in different gases and the
effect of vapours on their performance would be beneficial
to the further understanding of compressor lubrication.
Another material that would be worthy of further invest-
igation is cast iron itself, as for this work, only one

grade was used and several more types are available,
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The efffect of aopnt jron melnllurgy on vapour lubrication
in non oxidising gases should be studied to make sure the
correct types of cast iron are used for compressor rings

and liners.

7.2.2 Lubricated

From the results of the heated plate experiments
it is obvious that every oil has a separate transition
temperature, above which it offers very little protection
against scuff. It is important that the transition
temperatures for the oils commonly used in the reciprocat-
ing compressors are found so that safe operating parameters

(eg. pressure and temperatures) can be established.

7.2.3 Reciprocating Gas Compressors

Despite concernAregarding piston ring failures in
gas compressors there was little information available on
ring life for.different compressors. -In fact, Table 1.1
was the only information readily available. It would be
very useful therefore if a survey of reciprocating com-
pressors is carried out, particularly relating to such
informaﬁion as ring/liner usage, pressures, temperatures,
lubricating oils and the composition of the gases handled.
It is also important to establish whether ring life de-
pends on the length of time of operation under full load
or upon the number of stop/start cycles a compressor
goes thrdugh. There is also no comparison available
for the ring usage of different ring/liner materials. 1In

fact, in many cases;, the choice of materials seems to be
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purely arbitrary. It is important that the correct
materinls are uscd for the type of gas beinpg handled and
this point should be borne in mind when designing new
compressors. Unless more work is done to find out some of
the information outlined above it will be Very difficult
to establish whether any of the solutions previously
suggested (eg. the addition of water vapour to the gas)
are successful in reducing ring life. In fact, without
reliable figures on ring usage and failures it will be
impossible to decide whether a solution is'économically
feusible or not.

Other information of use is a measure of the fluid
film thickness for piston rings in a reciprocating com-
pressor. It is probable that some of the research into
film thicknesses for piston rings in I.C. engines could
be easily adapted for reciprocating gas compressors and
may be able to tell us for how much of its stroke a

compressor operates under boundary conditions.
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APPENDIX A

COMPRESSOR DATA

Speed Stroke Bore Delivery Gas
Pressure
(R.P. M, ) (mm) (mm) (Bar)
330 254 80 261 Co
388 203 38 255 Ha
416 241 54 255 H,
240 229 51 361 CO2
384 267 108 150 N2
420 267 108 290 N,
235 400 220 107 Air
296 380 85 104 Air
300 350 90 266 N,
300 350 163 266 Ha
165 220 58 261 N2
250 381 146 361 Syngas
250 500 107 339 Syngas
400 216 82 270 Ha
300 140 165 273 H, ,NH3
180 150 135 306 H, ,N,NH;
170 400 k5 1962 C2He
120 203 51 1314 C2He
240 254 90 245 C2He
230 450 190 260 NH;
120 610 171 260 NH;
125 610 432 55 NHj
160 457 381 55 NHj
230 450 380 55 NH;
333 381 203 275 NHs
405 280 356 bob N2
375 254 305 o6 Air
420. . 305 83 44 .8 CaHy
420 279 121 72.4 C2Hy
580 407 305 14.6 CaHe
330 356 171 278 Ha
120 460 280 260 Ha,N2
300 305 305 10.3 Ha,Na
330 356 105 265 ~CO
150 280 108 150 N2
370 330 368 11 Air
115 279 32 360 CO2
170 160 135 250 NH,,Hz,Na
329 356 584 9 Air
300 343 139 231 CO2
300 395 276 331 Syngas
300 395 276 325 Nz
333 381 171 325 Syngas
740 159 159 53 Hz, CHy
294 400 210 270 H,, CHy
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Appendix A (cont'd)

Compressor Data

Speed Stroke Bore Delivery Gas
Pressure
(R.P.M.) (mm) (mm) (Bar)

214 381 184 290 H.,CO
290 229 107 360 NH,4
300 305 146 41 Air
970 127 127 8 Air
428 254 578 14 Hz,C2H,
428 254 440 19 NH;
428 254 229 64 H,,C2H,,CyH,
593 203 117 240 2
333 305 229 28 - Air
250 381 146 17 Air
735 159 260 8 Air
375 254, 241 69 H,,CHy
295 292 267 32 CO4
450 305 457 9 N2
590 203 368 8 N2
428 251 234 45 H2C
428 254 184 63 H C
326 381 216 1140 CO.
415 203 203 10 NH,
330 381 267 50 ~H,
420 260 190 59 H,,CH,
360 203 102 55 02
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Appendix B

Caiculation of Maximum Permissible Load on Probe

The highest load anticipated on the probe was 2000N,
which corresponded to a coefficient of friction of 1.0 at

8 load of 1000N (ie. on both sides of the specimen plate).

Failure by Yielding

Thinnest section of the probe was the strain gauged
section, therefore yield calculations were based on

dimensions of this section.

b 2
Cross Sectional Area = 36 x 10 m

Yield Stress for Steel = 240 x 10° N/m?

Yield Force Yield Stress x Cross Sectional Area (A)

i

36 x 10° x 240 x 10° N

i

8640 N

Well above maximum friction force.

Failure by Buckling

The worst possible case is one end clamped and one
end pinned giving an Euler buckling load (Fg ):

F, = 20,25 EI
2

1

0.20 x 10" N/m*

598 x 10 "m*

15 x 10 m for strain gauged section
0.5 m for probe

For this case E

m o nn

I
1
1

For Strain Gauged Section:

12

20.25 x 0.20 x 10'° x 598 x 10~
(15 x 10 )

F

10,76 MN

PTO.
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Appendix B (cont'd)

For Probe:
12

F, = 20.25 x 0.20 x 10" x 598 x 10
(0.5)

= 9,69 KN
Both well within design limits.

Maximum Strain

E=5 = E &0
£ E
6=Fm = _2000 = 5.55x 10 N/m*
A 36 x 10°
therefore
€ = 5,55 x 10'= 2.78 x 10 " m

2.0 x 10"

278 micro-strain.

205



Appendix C

Details of Experimental Apparatus

No;vifFfiction Apparatus

Force»Séddle

Air Gylinders

Bore 42mm Stroke 25mm
Bore 100mm Stroke 25mm
Maximum Working Pressures 10 bar
Maximum Loads at 5 bar.

L2mm cylinder =
100mm cylinder = 3000N

Probe

Strain Gauges

Type: Tokyo Sokki Kenkyuzo FLE-1-11

Imm Gauge Resistance = 120%0. 3¢

Gauge Length

Gauge Factor 2.01

Heated Loading Pistons

Peristaltic Pump: Watson Marlow MHRE 72L

Anti-Freeze: Smiths 'Bluecol?

Reciprocating Mechanism

Motor
Type: Parvalux SD11 MM Shunt Wound D.C.
Power: 125W Speeds: 4000rpm

Gearbox: 89:1
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Appendix C (cont'd)

Controller

Parvalux Thyristor D.C. Controller
Supply: 240V 50 Hsz
Speed Range: 25:1

Ihstfﬁmenta{ion

Strain Bridge Amplifier: Peekel 581 DNH

Dewp01nt Hygrometers Michell Instruments Series 2000, range
= 40°C to + 20°C

Oxygen Analyser: Taylor Instruments Analytics
Servmex OA.570 range 0% to 100%
X-Y Plotter Bryans 26000 A3

Micro-Computers Apple II

Heated Plate Apparatus

Aif Cyiihder

Bore L2mm Stroke 25mm

Strain Gauges

Type: Tbkyo Sokki Kenkyuzo

]

Gauge Length = 3mnm Gauge Resistance = 120%0.3Q

Gauge Factor 2.1

Motor

Normand Electrical Co Ltd

Power = 95W

Motor Controller: Tecquipment Type 83

Range: 1 - 45 rpm
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Appendix C (cont'd)

Strain Amplifier

Peekel 581 DNH

All other apparatus as No. 1 Friction Apparatus.
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APPENDIX E

Reéibrbcating Mechanism, Motor Selection

Desigh Criteria (Motor)

i) The motor had to be able to operate when maximum
design load had been applied and scuffing had taken
place. Maximum design load was 1000N and scuffing
was considered to be taking place with a coefficient
of friction of 1.0

ii) Must be able to operate at various speeds around 30rpm .
iii) The load-speed characteristics had to be such, that
the motor speed would vary only by a small amount as
the friction load increased
iv) Had to be as small as possible
If we take into account i) and ii) the minimum motor
power can be evaluated: ‘
If u = 1.0 the force on the probe, with a 1000N load
will be 2000N (ie. both sides at u = 1.0)

The eccentric is 10mm off centre, therefore torque is:

Torque = 2000 x 10°° Nm
= 20 Nm
Power = Torque x Angular Velocity

20 x 30 x 1 = 62.8 W
0

Note: Angular Velocity used is for 30rpm.
By using a safety factor of 2 the motor power required
was 125 W (% H.P),

For details of motor see Appendir C.
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APPENDIX T

Pfoperties of Cast Iron Specimens

Specification

B.S. 1452 Grade 14/17

Chemical Analysis

Carbon 3.30%
Silicon 2.40%
Manganese 0.69%
Phosphorus 0.05%
Sulphur 0.05%
Chromium 0.06%
Tin 0.09%

Source: FEurocast Bar Ltd, Sutton Coalfield

Physical Properties

Vickers Hardness (HV (40)) = 2300 x 10 N/m?
Tensile Strength = 2.43 x 10 N/nf

Surface Finish = 0,20 miecrons Ra % 0.1
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APPENDIX G

Calculation of Water Vapour Flowrate

If we assume that water vapour behaves as perfect

gaSg
Then:
Mo = Py Vy : Gl
R”Q_O TK
R = 0.4619 KJ/Kg°K
Dewpoint
Definition:- The temperature to which, if a sample

of wet gas is cooled at constant pressure, it becomes

saturated.

Therefore:
Puo = Ppop G2
and Gl becomes

m H]_O = PD.P ’VT . V G3
RH10 TK

Results of Tables 11 and 13 were calculated using

this formula.

Dewpoint Hygrometer, Factory Calibration

Calibration
Gas Dewpoint -40 | =30 [-20 ] -10| O 10| 20

Instrument
Readout =38 | -28 | =22 | -12]| =2 91} 20
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APPENDIX H

Piston Calibration Programme

This programme reads in calibration data for the
piston and the proving ring, and by means of best-fit

curves produces a force-pressure table,

Curve-fitting Routine is a basic version of NAG

Library Routine EOIACF (Numerical Algorithms Group 1978).
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FEM  #o3sus s ss 8303088880882
REM  I.HURRAY QURHAM INIU
REM 12,1132
REM PISTON COLIPRATION PROGRAMME
REM 38 asaet ettt nd st o miessiensgs
DIN POSBOMPCSR),FCSR)Y,MFC 56O
DIM M5B 3,Y(583,B(5),0(F5Y,0(S$)
OIM BC189),A0¢5),RHC 188 ),R% 188 Y,RZ( 156 )
DE = "2 REM CLCTRL D
REM #* REOD IMN PRESSURE RESULTS
REM +# X=PRESSURE Y=MICRO-STRRIN
35 F$ = "PISTON DRTA®
193 PRINT D$:;"OPEN";:F$
118 PRINT D$;“RERD®:F$
128 INPUT MHe:NP = N
13 FOR I =1 TO N
148 THPUT PCIMPLI)
158 H(CID = PCIde¥ DY = HPCI)D
168 MNEAT I
165 PRINT D§;"CLASE";F$§
178 50SUB 989%: REM CURUE FIT
1233 FOR-I =1 TO S5:BCI» = P(I2: MEXT I
135 FOR I'=1 TO SsR{IY = B NEXT I
138 REWM ++ RERD IMN FORCE DATR
288 REM #* A=MICRO-STROIN Y=FORCE
281 F2% = "FORCE DRTR"
218 PRINT DG:"OPEN":F2$
229 PRINY DG;"RERD";F28
238  INPUT N:z:NF = N
248 FOR I =1 TO N
258 INPUT MFCIXFC(ID
268 ACId = MFCIDeW(I> = FCIDY
278 HNEXT I
238 PRINT D$s"CLOSE":F2%
233 30SUB S399
33 FOR I =1 TO S:CC 1) R{IY: NEXT I
3 FOR I =1 70 S:¢1) Bs NEXT I
328 MX = MPINP)Y
338 IF MFCNFY < MPCNPY THEN MX = MECNF)
335 REM ## TO WORK OUT PRESSURE-FORCE
43 M = 36:X] = §
‘3598 FOR I =1 TO M
288 PCIY = ¥I
278 S0SUB 2883
238 WIY = W1
33 PRINT XI,YI
T MY = XD + 2
438 MENT I
413 FOR I =1 TO N
428 ¥l = W1

-
et

I IO R RN I | IR

RO IR N () I ORI RS B L e )
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338

IF H¥I & M¥ THEW 5809
GUSUE Za89
Iy =91

m

=1 TOHN
POLoeWTs = FOLD

REM =% TO WORK 0OUT FORCES
REM FOR FORCE -PRESSURE TRABLE
FOR I =1 70 S5:B{I> = (I3 NEXT I
FT = 25
PRINT D$5"PR&1 _
PRINY TRBC¢ 1)"LORD"; TRBC 15)>"PRESSURE™
PRIMT TRBC 13" (MY'; TRB( 150" PSI "
PR I rJT [}] "
FORI =1TOH
TF FCI» » FT THEM 518
NEXT I :
PH =PCIPL =PI - 12
IF FT = INT (F{I2> THEM PH = P(I <+ 1)
Ml =<(PH + PL) » 2
FOSUR 2896
IF FT # 18 = INT %I # {8) THEN 784
IF YI » FT THEM PH = XI
IF 91 <« FT THEN PL = ¥I
G070 B28 ,
FRINT TRB{ 12FT:s TRAB( 153XI
FT = FT + 25
IF FT < 588 THEN 539
PRIMY D$;"PR#B"
STOP v 7
CREM  essisdadrdrasisssssssness
REM +# TO BGET PRESS-MICROSTRRIN
REM  $2840340 38383038 0303030 35 2030 0 30 303830 3000300
¥I =8 ‘

FOR J =1 TO Se%1 = ¥I + B(JY # (BRI ~ (J = 1202

A
RETLURN
REM #3383 5rnsaansdddadatsis
REM #% TO GET FORCES
REM 33333303 e 0 B B0 030 0 B30 3080 30 30 03
Yl = 8

FOR J = 1 TO S:¥I = ¥I + CCJ> # (AL ~ (J - 1)

4
RETURN
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2998 REM I HURRAY DURHAM UNIU,

ST BEM st n s rr RS R R AN RN RS LS

SR TERT

THZR REM  25s2.32

B30 REM  CHRVE FITTIMS ROUTINE

5048 REM %3 READ IM DATR POIMTS

53238 M = 5§

188 REM %% OUT OF BOUNDS PORAMTERS

Siig IF ML > N THEN S30TO 5389

3128 IF ML > 198 THEN G30TO 5338 v
38 FOR I =270 Mg IF (I < 201 - {> THEN GOTO 5399

: MEXT I
5148 M2 = ML ¢+ 1
158 M =ML - |
2168 PR = 3.8
1V RECLY = 1.8
120 RECM2) = N

2198 0 = (N - 1)~ Ml
2298 H = D

3218 FOR I = 2 TO ML
5228 RMCID = INT (H + 3.5 + 1
T2I H=H+D

F248 0 MEXT I

298 H = - 1.0

2208 FOR I =1 TO M2
Z278 RT = R%(ID

3238 R®OI) = ¥(RI»
3238 ACI) = YRID
2288 RH(IY = - H

5318 H= -H

57320 HEWT I

33323 FOR 4 =1 T] ML
5348 I1 = M2

5358 R1 = ACIL)

2766 A1 RH{ I1
531 = M2 :
I I =1-1

5293 1l =1 -4+ 1

5428 ACIL) = (R - RI) ~ DEMOM
S34% RHCI1) = (R1 - HID> ~ DENOM
5450 11 =

5433 IF ¢1 - J) > @ THEN 50T 5399
S493  MEXT J
5598 H = - ACH2) » RHCH2Y
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FOR I =1 70 H2
POTy =00l + RHCT Y & H
HEXT I

d = i

J=1-1
H#l oz REC D

I=.

Rl = RCDH
d=4<+1

FOR Ii = 2 TO M1
Pl = ACI1)

R(Iy» = R - ¥J = AL
RI = Al

I =11

NEXT It

J=J-1

[F el - 133 THEN GOTO 5958
HM = RBS (H)

IF HM > PR THEN &OTO 5728
RCM2) = - HM

BOTO 5218
ACM2)Y = KM

IM 2 R2(12

h)
i TOHN
J THEN G(OTO 5323

HN = HM % BT + ACKD
IF (K - 13 > @ THEN BOTO 5829
HM = HN - ¥(I)
AB = RBS (HH)
IF AB < HM THEN 50TO 5950

HM = AB
H»? = HN
IM=1

H0TO 59358

IF J > M2 THEM GOTO 5959
J=J+1
R1 = R%(.J>

MENT I

PRIMT IM-R%(1>

I[F IM = R%(1) THEM 5233
FOR I =1 TD M2

IF IH < R¥(I> THEN G0OTD 5328
MEXT I

218



v
N

)

R IRV I ROl A

BN

ol 15

L
PO o Lt R R ROV I OO I W X

o o= S L0 Q0 T L B PO e

T 0 T FT T X T 0 T N T X N T 0 T 0 T D
5.8
=

S ed ad el e el Ged L el G A D0 8D PO B PTG T TG [ e e bt et e e et et e e (T

S0 Q000 Tl ) Sl T e 1 O 00 T ) e W T e 050 003 ~d T L S
IR EDD 0O DEE SR DD

SF T 0 T T X T T T N T T T

Iz =
I2 =
Wb o= .
IF I2 = @ THEN MN = -~ H
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JI = K2
d M2
J J -1
RuC L = R 1)
d1 = U '
[F<l -1 » B THEN R125
R:#(i» = IN
RITO 5258
IF IM < R%(M2>» THEN 8288

d =1

FOR J1 =2 T M2
Rt 13 = R%( Jt o

4 =1

HERT Ui

RECM2Y = IM

GOTO 5258
RECT - 1 = IW

ROTD 52358

FOR 1 1 7O MIzARCID> = ACIY: HEXT I
FOR I 1t TO N
YTy =
FOR J =1 TO Mt
YOI = WOID ¢ ACJDY # (HCI) ~ €0 - 1)
MEXT J :
PRINT TABC 1)I5 TRBC S):XCI); TAB( 151:¥(I)
HEXT I

HOTD 5488
PRIMNT "“FRIL"
STOP

RETURN
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APPENDIX J

Properties of Lubricating Oils

Shell Risella EL

Viscosity at 40 C 9.0
11.0

C3B 460

Viscosity at 40 C 414.0
506.0

E.P. 0il (SAE 80)

Viscosity at 0 C 3257
21716

cSt
cSt

cSt
cSt

cSt
cSt
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APPENDIX K

Data Reading Programme

Function

The function of this programme was to read in
automatically, friction readings from the probe, via an
A-D convertor and then to process and store the data in
the form of friction forces. Also contained within the
programme was the necessary sofware to detect high (unsafe)
friction forces and so terminate the friction test.

The following data was entered manually before the
test commenced: -

1) Mass of plate specimen in grammes

2) Mass of pins (both) in grammes

3) Atmospheric Pressure in mm Hg

4) Vesnsel TPressurce in mm Hg

5)  Applied Load (N)

6}) Sprz(’,d (R.P.Mo) }

7) Ambient Temperature (°C)

8) Total gas flowrate (Lt/min)

9) Dewpoint (°C)

From this data, the water vapour flowrate and the
coefficient of friction could be calculated. When the test
was running the coefficient of friction and graph of
coefficient to time was displayed on the V.D.U. On com-
pletion of the test, the final mass of the plate and
pins were entered, together with any alterations to previous

data. Data was stored by means of a hard copy (from the

printer) and on a floppy disc.
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EPPENDIX X

Data Reading Programme
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TREM #3433 3008038845445 553053555258%

RE:

REH  I.HURRGY OATA READIMG PROG
REM 2o-1B-02

FEH FREAL TIHE VERSION

REHM THIS UERSIOH S/2-87

FEH  THIS UERZION 22-3/83

REM  THIS UERSION 12-4-87

FEH #$433835882353%4354 8854548 L8S052%%

DIM RCEILBCS,CO208 L, URFC 11 2, “H‘ll 1o HAFL 2
OIM FROZBBIFCCZA8 2, K% 2008 3, Y5 288 5. XT( 208 )
FOR T =1 70 &: READ ACT 2z HEST 1

ZCo= 1:2F = 1:F1 = g5:F2 = B3
g = o

FRIMT “"FILE SUFFIX PLERSE":: INPUT RR$(2)
OHERFR  GOTO ZE000

TH = B:ZE = 123:21 = 1:B2 = =17 = 1

FOR I = 1 TO S: RERD BT »z HEST 1

FOoR I =1 TO 11: READ UASCI e MNEXT 1

REM DATH FOR & ARRARY (UgFP PRESS )

DATA 6.16743613,R. 5030E77ER - B.Ul 18461743

OATA  4.17346G154E-64 .5, 85893427E-06,2, PES/4447E-B2
REM DATR FOR B ARRAY (FnPCEv

DATAR  =32.8321247,1.3206623,4, 557245864

ORTH  2.7211500E-6,-4.53317642E-9

REHM DATAR FOR REARD UARLLIES

OATA  HASS OF PLATE.HMASS OF PINS,ATHOS PRESSURE (MM HG3»
DATA  UVESSEL PRESSURE.LOAD CHI,SPEEQCRFHM X

OATA  TEMFERRTURE (C)Y,FLOWRATE (LT/MIMNIY,DEWPDINT (C)>
DATA MASS OF PLATECFIHAL »»MASS OF PIMSTFINAL »

FRINT "DRATE..."s:2 IHPUT DT$

PRINT "DESCRIPTION,..": IHFUT DS#
0113 = - 168324 + 5 % 25k

POKE Dilg + 18,255

POKE D119 + 18,255

FOEE Ote + 3,0; POKE D1id + 11.4

FOKE D116 + 27,1282

FEM #xx THFUT UTHER OATH <

FOR T = 1 Ta 9z PRIMT UASCT " “s: INPUT VACT »: MEXRT I
GOSLIE 2900: GOSUE 2300

G¥ = ©CHRE$ (722 PRIMT %

cHo= 11

FEM +2¢ BACK GROUMD ROLTIME 23%#

PRINT "IHFUT £ LETTEF HHEN PEHD“": GET RHE

POKE 011@ + 19:1: FOR I = 1 TQ 200: MEXT I

H = 30G: GOSUER 4006: GOCUE GRG0

B3 = AC: PRINT "BZ3=";R3

FEM %+ START OF SAMFLING ROUTIHE 2%
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FEM ¢+ STORT OF SAMPLING ROUTINE ##%
GOSUE Eman

FOKE 0116 + 19,1

FPVHT'Eé“ég :6$
N = 36: GOSUE 4@

“BTCITVE = TH

GOZUE Qoos

GOSUE 186017

FOR I = 1 TO 8GBE: MERT I

IT = IT + 135TH = TH + 1

IF IT = 268 THEN 2566&

IF 7T = 123 THEN 528

RETURH

IF TC = 123 THEN 648

RETURH

TEXT

FOKE DI1B + 13,6

PRINT "INPUT A LETTER TO PEbYHPT HOTDP”;: INPUT RN$
POKE D1te + 13,1

PRIMNT "FIMAL DATA"

FRINT URECIG;" "2 IHFUT WAC LG
PRINT UREC11 55" "2 THPUT URC1L )
FEH #xx DATA CHECK #%#

FOR T =1 T 11

FRINT I5" "SUASCT X" "SURCT
HEXAT 1 1

FRINT "ARE THESE OK": IHFUT AN%
IF ANg = "¥* THEH 850

PRIMT "INCORRECT URLUE": INPUT J
PRIMT URASC A" "5 THPUT VACJ)

IF J =23 0R 4 THEN GOSUER 2083
IF 4 =5 THEH GOSUE 1260@
IF 4 > 5 THEN GOSUB 26603

GOTO 718

GOSUE 12666

REH RESULTS LISTIHG

HIOIME

Of = "": REM CTRL D

PRINT [i#;"PR#1"

PRINT OT$ |

PRINT D54

WF = IHT (UF # S78):UF = UF ~ 1609

FRINT “UAFOUR FLOWRATE= "3UF;" MG/MIHY

PRINMT TABC 1"TIME":; TRBC 1@)"FORCE"; TARC 2@)"COEFF"
PRINT TAEC 1Y"CHINS)"; TAEC 11)"CHY"; TAEC 2@5"FRICTION

FOR I =1 Td ¢IT - 13 STEP 21
FFCIx = INT (FFCIDY % 97@):FFC1y = FFCID ~ 100
FoOIy = INT CFCCI) # QP@3sFCCI) = FCOIY /1080

PRINT TAEC 2MXTCIY: TAEC 1@FFCI); TREY 200FCCID

MEXT I :
PRINT TABC JIXTCIT - 17; TABC 18OFFCIT - 1) TABC 26FC
fIT - 12

ooy =17 -1

0 REM WEAR RATES

NHP = WAL - UACTIBI:HT = URC2) - URCLL)
001 = VDRACEDY # 48 - 2 £ QU - 10

OOHR = (WP + WY * 956 ~ DI

HHR = INT (HR = SEJ HR = HR ~ 1060

9
"PRINT "HERR RATE= “;HR;"MG/H
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FRINT “HEAR RATE= "3HR:"MG/M

POKE - 12524,0: REM IMUERSE
FOKE - 12525.64: REM MIGH RES P2
PRIMT ““: REH CTRL 0

PRINT D%;"PREQ"

REM #: TO STORE DATA

PRIMT "MAHE OF DATA FILE "z INPUT AS
PRINT "HAUE $0U INSERTED THE DATA DISC IM DRIVE 2" INFUT
AihE

48 IF AHS < > " THEM 1128
1156  PRIHT D%;“OPEM";A%;" 02"
1168 PRINT D$:"HWRITE":A$

78 PRINT OT$: REM DATE
1123 FRINT DS$: REM DESCRIPTION
1193 PRINT UF: REM URPOLUR FLOW
i7E@ FOR I = 1 TO 11
1216 PRINT URS(T >
1228 PRIMT URCI)
1230 HEXT I
243 PRIMT DU
1254 FOR I = 1 TO DU
12808 PRINT #T(I)
1276 PRINT FF(ID
3 PRIMT FOOID
1230 HEXT 1
309 PRINT D#:"CLOSE" ;RS
13216 STOP

I o B e
Doy DRI

ot

[ Y N Ll
b e bl e 11 T TN T

[0S A B i O et MO

[’

SEAH REM SR EFXEEFREAFBELLSXLFEELFLBELE

2811 REM  #sx URPOURE FLOWRRTE SUBROUTIHE

SRR REM 533333 E3 XSSP SEFEBELFSEERE

233 REM %+ PSAT

a4 PSS = @

2950 FOR I = 1 T BeP3 = PS + ACLY # (UACIY ~ {1 - 133 HERT
i .

2350 REM  +x FLIOMRATE

2878 PT = CURC3) + URI4 ) -~ TSA:PP = WAC3 ) » 758

2Eo0 M = PS oo ((PT # 9581 - PSD

2933 H = A3y ¢ 1E - 3

2160 TE = U7 + 277

2118 WF = (2, 1E33E2 * FP = H % U1) 7~ TK>

2128 WF = 1JF = {EE

2128 RETURH

AN REH FS3$FEEIBELPLLFEFSBLFEESELEEELS
40189 REM ##% SAMPLING ROUTIHE #++<

AUZR  REM $43%3%%4434 58655884 T4F55%48%%
daZo FoOR I =1 TO H

4341 POKE 01168 + 28,1: POKE D118 + 21.08
405G HWAIT D110 + 13,1,254

403 CCTy» = PEEK <0116 + 12

4070 HEHXT 1

4833 RETLREM
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REM #338382808443805 030880 802888%%
REM @HXIS PLOTTING 2 TIC WMARKS %%
FEH R3333305800808830804348354850%
H5RZ 2 HOOLOR= =

HPLOT 3.8 TO S,186 TO 278.188

FOR I =1 TD 2@

IV = 182

IF T -1 =18 THEN 1Y = 185

IF I -1 =26 THEM I¥ = 165
HPLOT €1 # 93,188 TO (I % 95,1V
HEXT 1 :

HPLOT 8,98 7O 16,99

HFLOT 143,191 TO 146,185

HFLOT 137,183 70 143,183

CHPLOT 147-191 TO 147,185
CHPLOT 151,191 7O 1531185 70 154»189 TO 157,185 YO 157,
ai

HELOT 164,191 TD 161,191 7O 161,185 TO 164,135

HPLOT 161,188 TO 164,188 ,

HPLOTY 18,188 .

RETURH

FEM 4433333338885 85%35883588%%8%2

‘REM  #%s ROUTIHE Tt EVALUATE FRICTION COEFFS #%%

REM #3333 38BLLB8L3B5BL4BB83%8838%

REM #% TO S0ORT +UE % -UE URLUES

d = 8K = B:TT = 8:TC = B:2E = @

FEH 2% ZERD

FOR I = 1 TO HsZE = ZE + CCI> HEXT I

ZE = ZE < H

HL = CC 1M = C(2)

FEM % 15T APFEROX

FOR I =1 TOH

IF CCI» < ML THEH #HL =
IR CCI 2 » M# THEN MR =
S IF IHT €C(I) % 116> =

IFC(Iy » ZE THEN 3150
TC = T <+ CCID = J+1

GOTO 21798

TT =TT + CCIxk =k + 1

I
(I)
INT (ZE # 11G» THEH &17a

Q2

HERT |

CIF 4 = B THEW 2260
TC = TC ~ g GOTD 221¢
TC = CE

IF ¥ = 3 THEN 2233
TT =TT ~ K3 GITD 3Ze8

T = 2ZE

IF TT = TC THEM 844
REM #¥ FINRL URLUEZ
ZH = INT (TT + @.52:2L = [NT CTC>

IF B2 = @ THEH 2420

.TT,= B:TC = B2J) = G = 3
FOR' I =1 TOH
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B3218 IF Co(I» € = ZL THEM 3338
2328 BOTR 23R

o TC = TC + Colxwd =1+ 1
BE40 BOTO 2264

SR TT =TT + CiIxK =K + 1
22083 MEST I

2378 IF K = B THEM 3328

I TT =TT 7 K

2393 IF 0 = 8 THEN 3428

2486 TC = TC ~ 4

2415 REM <2 TO EUALURTE FRICTION FORCE

2420 AC = RES CTT - TG

2425 IF B3 = 9 THEN RETURM

8420 IF QC < B2 THEM 646

S4d8 AN = MY - ML

2450 REM  EVAL FORCE

adEd MI = ¢AC - B3> ~ 4

847 M1 = 166 = M1 ~ CHM: REHM TOQ MICRO-STRAIMN

28 FRCIT> = 6 : -

8498 FOR I = 1 7O S:FFCITY = FFCITY + B(I> # €M1 ~ €1 = 132 -
HEXT 1

2588 FOOIT)Y = FRCITY » UR(S»: REM FRICTIOM COEFF
251 IF 2F > 20 THEH 8534

2528 IF FOOITY > 3.6 THEH GOSUR 15998

8525 REM 3 MOTOR COWTROL

2838 IF FFCITY > 256 THEN POKE D1ig + 19,8
€s4n IF BT = & THEHW &708

2550 IF DU > 1 THEN 8789

eseEn UTHRE <18

2599 PRIMT “"COEFF OF FRICTION= “FCCITY
gEaR PRINT “AT “sXUTCITi:" HIWS®

SRYG POKE - 18304.0

gEE POKE - 162%9,0

SE9n POKE - 16297,8

&7 RETURH

=
Pt

YXCIT> = INT (FCCITY * (BB 7 ZF))
IF w2017y < 6 THEN Y3 IT>» = @
YXCIT) = 188 - Y2 IT)H

IF 92017y € 8 THEH ¥5CIT2a %
HPLOT  TO ¥XCITO,¥%C1IT)

IF IT = 21 % 2 THEH 16128
FOR I =1 TOD {988: MEXT I
FETURH

ggﬁg FEM $83%2%584358345853348%8324885%

@galla REM #2¢ PLOTTING ROUTIHE *%=

BE2H  REM #3533 3335543 800500404 RRREEE2S
@36 ¥l ITy = IMT (CIT -1y % 9 7 2Ly + &
14

T @
= Ty
—th’

D Ky
A A R oo

o
e
l_‘|l
n

0 13t
-
-3

o
AR
L
!

™
!
MO

i
P i bk g A g B s b i |

L U gy |
IJ

U

all

1200 REM  #% X AXIS RLTERATION

B1zn 2 = J1 + 1

a4 ROSUR Ra0g

@159 FOR T =1 TO IT

e KOl = IHT (T - 12 ¢« 3 7 210 + 9

-,
2N

HRFLOT  TO &0 o,¥%CI
HEXT I
FETURHN

-
) !

bk e Db e brb pe b ps b o bk e Db s Ped e e s b
) AD
-~
-ty
DT AN ]
-
o

ST
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igEan REM ##e REDO RESULTES s#+

12g1a ou = IT7

12828 GOSUE &Bea

12826 FOR IT = 1 TO DU: GDSUB 1G6G0@3: NEXT IT
1g94n IT = QU

126056 RETURH

15308 REM  $5334333353088388084050%885258
15818 FEM  #%% TO ALTEFR Y-RAIS 2=

1SAZR REM Sos343883 0280005388853 0830008
156028 2F = 2F + 1

15648 G0OSUB 5399

15658 FOR KI =1 70 IT - 1

15860 YOKIY = INT (FCCKID + (B3 7 2F))
15678 IF Y2(KI> < 8 THEH Y%Kl = &
15320 P(KIY = 198 - Ya(KID

15638 IF Y5(KID> < & THEM YKl = &
15198 HPLOT  TO XXE(KIIYYCKID

15118 HNEXT KI

15128 RETURH

MR REM 343 5EE$RFSEFEEEFEPEEFEFEESE
co@1Ed REM #%# CHECK FOR POHER SUPFLY OH-OFF =%
TR REM 3344633 E33 RS ESBASSEL L LR EBEE
2UAZ0 W o= 1 GOSUE 4000
foedid HORMAL
A58 IF C(53 < > 8 THEM RETURM
2apel HOME s FLASH @ UTAE <1a)
292379 PRINWT "TRY SHITCHING OM POWER SUPPLY": GOTO 289339
SR REM (3343533 LBLESLRLEBELBELFLBBER
25918 REM ##% TO STORE DRTH OH DISC #x*
2520 BEM S$EF3sss3ffSe3ssrsREEiarsssass
25825 DF = """ REM CTRL D
258720 AA3C1 ) = CHR$ (F1i)
SES0 PRINT DF:"OFEH" ARSC 1 25ARF( 2
25860 PRINT O$:"HRITE":ARFC1);AA$C2)
25878 FOR I =1 JO IT

250588 PRINT XT(I>» REM  TIME

25699 PRINT FF(Id2 REM FRICTION FORCE
25188 PRINT FCCI)>: REM FRICTIOM COEFF
25116 HE=T 1

29128 PRINT D3;:"CLOSE";BA$C1 Y;AR$(2)
29128 F1 = F1 4+ 1:1IT = 1:81 = 1

25148 IF F1 > 39 THEMW 25176

2915 GOSUE 6600

25180 GOTO 608

25178 Fl = £5:F2 = F2 +

29128 G070 25159

oo POKE D1IG + 12,9

8 TEAT

B PRINT PEEK (2223 REM  ERROR CODE
6 FRIMT "PRESS AMY KEY": GET AHE

& 07O 666

t
)

-
2
=~
!

A RNEN

DR I R
)

L g =

-
!
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SOEeG REM TIME OF ORY PROG

THO1R HOME = TEXT

S0za PRINT "BLORD TINME.OBJS™

Saadl HOME @ UTAE S

SEGEE HR = G:HN = BsSC = 8

Sepen IF SC > 58 GOTO Shose

SHE98 IF MM > 59 GOTO 58868

Spioe IF MR > 23 6070 SencH

TE11e POKE K,5C

S@izZe  POKE VoMM

55138 POKE 3,HR

SH146  INPUT "HIT ANY KEY TO STRRT “:R3
@150 CALL 368g4

SH1E8  HOME

Saive  UTAE 1 '

Z@18@ HR = PEEK (8>

8198 MH =  PEEK (75

mEzai SC = PEEK (85

Saz1e PRIMT "TIME “3HR:":"sMMs": 5505
Saz28 PRINT * " .
SeZER FOR T = § TO 156: HEXT |

S0z235 IF SC = 1 THEM GOSUR 528
SRZEE TERT '

Tazda o070 38176

Se2oE PRIMT “RESET OR POHER DOMN. ™
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Calibration Results

APPENDTX L,

et s e

Table 1 Probe
12/10/81 Load | 25/05/82 | 24/12/82 |30/09/83
Load us N us us us
0 0 0 0 0 0
20 . 16.94 25 16.5 - 20.5
40 31.25 50 32.8 38.17 39.75
60 44 .81 75 52.0 - 57.75
80 58.38 100 69.5 72.8 72.0
100 71.56 125 87.8 - 90.5
120 84.75 150 105.8 104.8 107.0
140 97 .44 200 140.3 137.0 136.0
160 110.19 250 174.3 167.8 163.25
180 122,56 300 205.8 196.2 193.0
350 236.5 226.8 221.0
400 - 255.0 242.5
450 - 283.8 273.25
500 - 317.0 296.0
Table 2 Proving Ring
Load 7/09/81 | 27/05/82 2/01/83 | 30/09/83
N us us us us
0 0 0 0 0
50 10.5 8.8 9.9 11.0
100 17.5 17.6 21.25 23.0
150 23.5 26.2 32.6 35.0
200 31.0 35.2 43.9 46.0
250 38.0 bh .1 5L .4 58.0
300 46.5 52.4 64.9 68.0
350 53.0 61.2 74.9 80.0
400 60.5 69.9 85.0 91.0
450 67.5 78.5 - 101.0
500 73.5 87.6 104.5 111.0




Tahle 3 Proving Ring

P - Pressure

230

2/03/82 29/05/83
Load us Load us
N N
0 0 0 0
100 18.0 250 59.5
200 39.5 500 113.25
300 60.5 750 163.3 |
400 82.0 1000 209.8
500 107.0 1250 255.8
600 131.0 1500 309.8
700 153.0 1750 365.5
800 179.5 2000 420.0
900 201.5 2250 473.8
1000 225.0 2500 526.8
' 2750 576.8
3000 629.3
3250 680.8
Table 4 No 1 Pistons
24/09/81 5/11/81 28/05/82 17/11/82
P Load P Load P Load P Load
Bar N Bar N Bar N Bar N
0 0 10 0 0 0 0 0
0.60 27.6 0.36 15.1 0.28 2.5 0.72 50.0
086 53.7 0.49 27.6 0.41 11.2 1.16 [100.0
1.16 82.9 0.73 53.7 0.55 21.6 1.57 |150.0
1.45 1113.8 0.97 82.9 0.83 L6 .4 1.98 {200.0
1.74 1 146.3 1.251113.8 1.10 75.1 2.42 {250.0
2.03 1182.1 1.51 | 146.3 1.38 |106.0 2.87 1300.0
2,30 | 21,63 1.77 1182.1 1.65 1138.1 3.40 1350.0
2.59 | R53.7 2.03 | 216.3 1.93 }170.1} | 3.90 |[400.0
2.88 | 292.7 2.34 | 253.7 2.21 1201.5 4.34 1450.0
3,13 | 328.5 2.58 | 293.7 2.48 [231.8
3.35 | 367.5 2.82 | 328.5 2.76 | 260.9
3.67 | 406.5 3.17 | 367.5 3.45 [329.5
3.97 | L40.7 3.36 | 406.5 4o 14 {401.3
425 [ 489.4 3.90 ] 440.7 4.83 [496.4




Table 5 No 2 Pistons

10/12/82 3/06/83 2/09/83
Pressure | Load Pressure| Load Pressure | Load
Bar N Bar N Bar N
0 0 0 0 0 0
0.87 50 0.56 50 0.63 25
1.42 100 1.35 100 0.95 50
1.93 150 1.84 150 1.23 75
2.43 200 2.38 200 1.50 100
2.97 250 2.99 250 1.76 125
3.5 300 3.65 300 2.04 150
ho14, 350 .19 350 2.32 175
L.73 400 4.59 400 2.63 200
2.95 225
3.29 250
3.63 275
3.96 300
bo24 325
449 350
4.70 375

Table 6 No 2 Pistons (High Load):

Praessure | Load
Bar N
0 0
0.37 200
0.66 400
0.97 600
1.25 800
1.56 1000
1.86 1200
2.17 1400
2.49 1600
2.81 1800
3.13 2000
3.46 2200
3.79 2400
4.10 2600
4ol 2800
471 3000
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Table 7 Heated

Plate Apparatus (Friction)

Load 5/06/83 | 30/09/83
N us us
0 0.6 0.3
1.96 3.6 3.3
11.774) 10.8 10.6
21.58 | 19.5 19.4
31.39] 28.5 28.5
41.20} 38.1 38.2
51.02 47.7 47.7
60.82| 57.9 - 58,0
68.67| 68.1 68.2
80.44 ] 78.6 78.8
90.25 91.2 91.4
100.06 | 104.1 104 .4
119.68 | 128.4 128.8
137.64 | 155.4 156.0
156.96 | 182.7 183.4
178.54 | 221.7 223.0

Table 8 Heated Plate Rig (Load)

Load | 5/06/83 | 30/09/83
N Pressure | Pressure
Bar Bar
0 0 0

25 - - 0.24
50 0.69 0.50
75 - 0.77
100 1.23 1.04
125 - 1.32
150 1.72 1.59
175 - 1.85
200 2.20 2.12
225 - 2.38
250 2.70 2.63
275 - 2.88
300 3.22 3.13
325 - 3.37
350 3.76 3.62
375 - 3.86
400 4o31 4.11
425 - 4 .37
450 4.83 4L.63
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APPENDIX M

Table 1 Effect of Surface Finish and Hardness

Hardness Surface Finish umax | ymin | Wear-
Vickers Plate Pin Total Rate

HV(40) microns |microns |microns Total

Ra Ra Ra

239.4 0.09 0.453 0.543 0.46 | 0.30 [ 0.45
21 .7 0.09 0.453 0.543 0.58 |0.4010.08
189.3 0.125 0.453 0.578 0.49 | 0.31 | 0.34
186.6 0.147 0.695 0.842 0.5510.25 |0
284.0 0.20 0.453 0.654 0.47 {0.42 |0
234.8 0.204 0.695 0.899 0,81 ]0.76 | O
234.0 0.313 0.695 1.008 0.96 [ 0.30 | 0.48
241 .4 0.37 0.695 1.065 0.95]10.51 |0.08

248.6 0.868% 0.695 1.563 0.68 | 0.37 {0
203.3 0.913% 0.695 1.608 0.59 | 0.48 {0.08

#* Deliberately Roughened

Lfffcet of Oxygen Content

Table 2 Argon/Air Mixture, Load = 100 N, Speed = 20 mm/s
Total Gas Flow = 20 ml/s

Oxygen | Oxygen Flow u Wear Rate
Content
(% vol) (mg/min) ‘ (mg/m)
2.5 48.3 2.92 4.9
5.0 96.6 2.07 3.9
7.8 150.6 1.81 -
10.0 193.1 1.37 2.82
12.5 241 .4 1.22 1.30
15.0 289.7 0.78 0.92
17.5 337.9 0.83 1.08
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Table 3 Argon/Air Mixture, Load = 100 N, Speed = 10 mm/s,
Total Gas Flow = 20 ml/s
Oxygen Oxygen Flow u Wear Rate Vapour
Content Pressure
(% vol) (mg/min) (mg/m) (mbar)
0.0 0.0 2.73 6.91 0.70
2.7 51.0 1.92 6.54 1.13
4.6 86.6 1.61 4 .30 1.92
7.8 143.5 1.01 2.83 3.26
10.2 182.1 0.86 0.60 YARYA
12.8 226.6 0.59 0.15 5.32
15.0 266.6 0.61 0.30 6.32
21.0 375.8 0.47 0.45 8.77
Table 4, Argon/Air Mixture, Load= 100 N, Speed = 10 mm/s,
Total Gas Flow = 12 ml/s
Oxygen Oxygen Flow u Wear Rate
Content
(% vol) (mg/min) (mg/m)
0.2 17.9 1.93 9.41
3.3 35.8 1.54 4.39
5.6 62.6 0.88 2.06
5.5 57.2 0.98 3.17
7.6 83.1 1.34 4 .07
10.1 109.9 0.88 2.78
12.5 130.5 0.69 0.25
14.75 154.7 0.52 0.43
17.3 166.3 0.64 0.13
21,0 220.8 0.58 0.08
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Table 5 Argon/Oxygen Mixture, Load = 100 N, Speed = 10 mm/s
Total Fas Flow = 20 ml/s
Oxygen Oxygen Flow U Wear Rate
Content
(% vol) (mg/min) (mg/m)
0.0 0.0 1.87 6.36
2.4 35.8 1.66 5.01
5.6 82.2 1.58 3.89
7.8 118.9 1.30 2.14
11.4 162.4 1.09 3.79
13.1 190.4 1.22 3.78
14.8 221.7 1.49 3.50
22.1 330.8 0.82 1.0
30.1 438.8 0.83 0.48
Table 6 Argon/Air Mixture, Load = 50 N, Speed = 10 mm/s,
Total Gas Flow = 20 ml/s
Oxygen Oxygen Flow ¥ Wear Rate Vapour
Content Pressure
(%2 vol) (mg/min) (mg/m) (mbar)
0 0 VA 21.80 1.62
2.21 30.0 2.18 11.27 1.75
5.73 77.2 1.36 8.05 2.67
6.84 100.3 1.03 4 .30 3.00
9,01 125.75 0.75 0.68 YAV
12.6 181.48 0.68 0.72 5.42
15.7 232.93 0.95 0.40 5.56
17.75 234.35 0.32 0.24 8.09
21.0 292.95 0.60 0.11 10.22
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Effect of Water Content

Table 7

Table

8

Environment

= Hydrogen, Load

Total Gas Flow = 20 ml/s

50 N, Speed

Dewpoint Vapour U Wear Rate
Pressure
(°C) (mbar) (mg/m)
-2.20 5.07 2.91 15.33
5.00 8.72 2,11 7.70
6.10 9.42 2.05 11.10
10.90 13.03 0.55 0.65
13.85 15.82 0.24 0.22
15.84 17.99 0.16 0.17
18.46 21.24 0.15 0.62

Environment

= Hydrogen, Load

100 N. Speed =

10 mm/s, Total Gas Flow = 20 ml/s
Dewpoint Vapour u Wear Rate
Pressure '
(°C) (mbar) (mg/m)
-2.72 4 .76 1.63 24.6
2.5 7.31 2.88 31.79
5.9 9.28 3.07 32.03
10.9 13.03 2.46 34.24
14.7 16.72 2.04 33.35
15.8 17.98 0.34 0.03
17.4 19.86 0.54 3.48
20.3 23.82 0.24 0.
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Table 9

Table 10

Pnvironment Nitrogen, Load = 75 N, Spead
Dewpoint Vapour u Wear Rate
Pressure
(°C) (mbar) (mg/m)
-0.5 5.88 L.R2 33.64
5.0 8,72 bodl 39.3
8.8 11.32 3.40 27.38
12.1 14.11 4,96 30.84
13.9 15.87 1.66 13.69
15.0 17.04 3,70 13.42
16.1 18.29 3.34 -
16.9 19.24 0.27 0.0
20.5 24.11 0.74 0.04
Environment = Nitrogen, Load = 100 N,
Speed = 10 mm/s
Dewpoint Vapour u Wear Rate
Pressure
(°cC) (mbar) (mg/m)
-0.85 5.73 2.85 25.6
-0.25 6.00 1.93 33.3
10.0 12.27 1.99 21.2
10.5 12.69 4.13 34.11
13.9 15.87 0.76 0.5
15.0 17.04 3.1 16.97
17.3 19.74 3.0 33.29
18.3 21.02 2.45 37.05
18.5 21.29 1.98 14.51
19.3 22.38 0.77 0.26
20,0 23.38 0.423 0.0
20.3 23.82 0.42 0.2
21.0 24 .86 0.711 0.0
23.9 29.18 0.66 0.55
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Table 11 Environment = Argon, Load = 50 N, Speed = 10 mm/s
Dewpoint, Vapour Water u Wear Rate Total
Pressure Flow Gas Flow
(°c) (mbar) (mg/min) (mg/m) (ml/s)
-0.5 5.88 5.39 7.05 35.0 20.66
5,3 8.90 8.43 6.20 34.0 21.37
5.93 9.30 9.05 4.82 22.1 21.96
6.90 9.95 9.96 0.63 0.03 22.59
8.8 11.32 11.72 0.65 0.0 23.36
9.3 11.71 10.51 5.97 27.8 20.24
10.0 12.27 11.64 1.69 14.2 21.40
1c.1 12.35 11.22 1.88 13.86 20.49
10.6 12.77 12.23 0.85 0.02 21.61
11.1 13.21 12.59 1.44 6.04 21.49
11.5 13.56 12.94 0.28 0.03 21.52.
13.0 14.97 13.98 0.73 0.0 21.07
13.2 15.17 14.68 0.62 0.05 21.83
16.0 18.17 16.59 0.62 0.08 20.60
20.4 23.96 19.31 0.41 0.08 18.18
Table 12 Environment = Argon, Load = 100 N, Speed = 10 mm/s

Dewpoint Vapour u Wear Rate
Pressure
(°c) (mbar) (mg/m)
1.0 6.57 4.84 R4.75
6.9 9.95 4.37 16.01 -
15.11 17.17 5.09 45.03
17.0 19.37 5.57 40.07
18.44 21.21 0.30 0.0
19.25 22.31 0.30 0.77




Table 13 Environment = Argon, Load = 50 N, Speed = 10 mm/s
Newpoint Vapour Watoer u Wear Rate Total
Presouro Flow Gas Flow
(°C) (mbar) (mg/min) (mg/m) (ml/s)
-12.8 2.02 0.79 5.6/ 26.2 8.8
0.1 6.15 2.40 2.10 14.09 8.8
2.27 7.19 2.81 3.62 19.84 8.8
4.1 8.19 3.19 2.03 13.45 8.8
6.88 9.93 3.87 6.46 27 .24 8.8
8.86. 11.37 bold 2.83 10.83 8.8
9.0 11.47 YA 2.18 9.71 8.8
10.0 12.27 4.79 3.14 10.9 8.8
10.43 12.63 £.93 0.78 0.1 8.8
11.6 13.65 5.33 0.63 0.06 8.8
13.09 15.06 5.88 1.67 9.28 8.8
13.96 15.94 6.22 0.62 0.09 8.8
15.0 17.04 6.65 0.67 0,106 8.8
17.5 19.99 7.80 0.68 0.04 8.8
Table 14 Environment = Mixed Gas, Load = 50 N,
Speed = 10 mm/ s :
Dewpoint Vapour Wear Rate
Pressure
(°C) (mbar) (mg/m)
2.4 7.26 1.73 13.43 "
3.2 7.68 2.18 17.77
5.5 9.03 2.3 17.80
6.0 9.35 0.51 12.80
7.35 10.26 0.08 0.03
9.0 11.47 0.58 3.32
11.8 13.83 0.1 0.113
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Table 15 Environment =

Mixed Gas, Load = 100 N,
Speed = 10 mm/s
Dewpoint Vapour u Wear Rate
o | Pressure
("C) (mbar) (mg/m)
-0.45 5.91 1.55 29.12
5.8 9.22 2.15 19.08
10. 12.27 1.22 24 .89
10.85 12.99 2.72 57 .44
12.2 14.20 2.6 58.43
13.43 15.40 0.4 0.0
14.6 16.61 1.14 27 .47
15.225 17.29 0.32 0.07
16.93 19.28 0.23 0.45
Table 16 Environment = C0,, Load = 100 N, Speed
Dewpoint, Vapour u Wear Rate
Prosocurce
(°c) (mbar) (mg/m)
-20.76 0.96 2.02 21.02
~4."7 bol3 1.99 15.34
-1.46 5.44 2.,16| 15.58
0.23 6.21 0.97 9.26
0.91 6.53 0.75' 6.76
2.06 7.09 1.07" 8.57
3.29 7.73 1.05' 6.36
4.19 8.24 0.174 0.0
5.49 9.02 0.952' 8.87
8.24 10.90 0.92' 6.15
10.1 . 12.35 0.325 0.0
10.27 12.50 0.325 0.0
12.42 14.41 0.196 0.0
15.93 18.09 0.469 0.08
16.85 19.18 0.425 0.0

)

one sided scuff
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Table 17 Environment = Air, Load

Table 18

= 100 N, Speed

Dewpoint Vapour Wear Rate
Pressure

(°c) (mbar) (mg/m)

-15.67 1.57 1.93 16. 47
-2.33 5.06 1.66 9.88
-0.23 6.00 1.77 13.09

2.6 7.36 1.33 5.5

5.17 8.82 0.67 1.44

7.6 10.43 0.60 2.47

9.2 11.63 0.68 5.01

9.79 12.10 0.87 1.3

11.16 13.26 0.44 3.18
12.43 14.42 0.51 0.93
13.34 15.31 0.517 0.172
15.2 17.26 0.571 0.09
Environment = Oxygen, Load 100 N, Speed
10 mm/s
Dewpoint Vapour Wear Rate
Pressure :

(°c) (mbar) (mg/m)
-22.3 0.82 1.17 1.87
-11.66 2.24 1.03 1.83

0 6.11 1.30 0.53

2.53 7.33 0.88 0.81

3.93 8.09 1.13 0.74

7.19 10.15 1.03 0.69

10.1 12.35 0.95 1.0
12.9 14.87 0.69 0.6
14.9 16.93 0.90 0.42
16.4 18.64 0.92 0.59
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Table 19 Environment = Argon, Speed = 10 mm/s

Dewpoint | Vapour Scuff | Archard P A

Pressure Load Temp. Py
(°C) (mbar) (N) (°c (Bar) | x 1073

0.5 6.34 11 47.3 0.105{ 60.3

. 2.5 7.31 21 57.7 0.181 | 40.3
4.9 8.66 33 67.28 0.285( 30.38
8.95 11.44 76 91.75 0.756 | 15.13
11.0 13.12 76 91.75 0.756 | 17.35

17.2 19.61 92 98.94 0.95 20.6
21.5 25.62 195 134.9 3.10 8.26

11.5 50 78.19 0,437 | 26.3
21.0 100 102.3 1.10 19.09




APPENDIX N

Heated Plate Experiments

Shell Risella

Table 1 Environment = Argon, Load = 100 N, Speed =
10 mm/s, Total Gas Flow = 50 ml/s

Temp. 1 Wear Ratce | Duration Comments
(°CS (mg/min) (mins)
20 0.410 0 410
50 0.476 0 195
100 0.424 0.03 195
120 0.5 0 195
140 0.346 0 195
160 0.419 0 195
180 0.570 0.68 180 Pin broke on cooling
200 4.00 - 4 Pin Dbroke
220 4.00 3.96 2 Pin broke
250 4 .00 13.56 2 Pin broke

Shell Risella

Table 2 Environment = Argon, Load = 200 N, Speed =
10 mm/s, Total Gas Flow = 50 ml/s '

Temp. u Wear Rate | Duration Comments
(°C (mg/min) (mins)

100 0.2 0 195

120 0.23 0 375

140 0.31 0.082 195

145 0.25 0 195

150 2.0 1.792 4 Pin broke

160 2.0 - 11.5 Pin broke

180 [ 2.0 2.10 8 Pin broke

200 2.0 1.19 3.5 Pin broke

243



CSB 460

Table 3 Environment = Argon, Load = 200 N, Speed =
10 mm/s, Total Gas Flow = 50 ml/s
Tem u Wear Rate | Duration Comments
(°c (mg/min) (mins)
100 0.237 0.302 195
140 0.621 0.70 195
160 2.0 0.42 72 Pin broke
180 0.60 0.24 195
200 2.0 1.14 180 Pin broke on cooling
220 0.62 0.32 195
240 2.0 4.08 Lo Pin broke
EP 0il
Tabhle 4 Environment = Argon, Load = 200 N, Speed =
10 mm/a, Total Gasn Flow = 50 ml/gs
Temp. 1" Wear Rate | Duration Comments
(°CS (mg/min) (mins)
20 | 0.04 0.017 195 8°C Temperature rise
100 0.03 0 195
120 0.03 0 195
140 0.03 0 195
160 0.02 0.03 195
180 0.013 0 195
200 2.0 63.5 1 Pin broke
220 2.0 9.97 2 Pin broke
250 2.0 - 57 Pin broke

244




Shell Risella

Table 5 Incremented Temperature Rise

Environment = Argon, Speed 10 mm/s, Total

Gas Flow = 50 ml/s

100 N Load 200 N Load
Toemp. 1 Temp. u
(OCS (¢

20 0.03 20 0.33

50 0.04 50 0.34

100 0.06 100 0.40
120 0.06 120 0.50
140 0.06 140 0.36
160 0.14 160 0.33
180 0.10 180 0.34
200 0.14 200 0.34
220 0.15 220 0.34
240 0.15 240 0.47

270 0.60

Gl 460

Table 6 Incremented Temperature Rise

Environment = Argon, Load = 200 N, Speed =
10 mm/s, Total Gas Flow = S0 ml/s

Temp. u
(°C

20 0.05

50 0.05
100 0.12
120 0.24
140 0.48
160 0.44
180 1.46
200 1.06
220 1.12
250 1.1
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EP 0il

Table 7

Incremented Temperature Rise

Environment = Argon, Load
10 mm/s, Total Gas Flow

!

20

100
120
140
160
180
200
220
250

0.04
0.04
0.04
0.04
0.33
0.031
0.029
0.026
0.027
0.035
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APPENDIX P

Properties of Gases

Physical Properties at 20°C

Hydrogen

<
Cp =

Nitrogen

1.250
1.039

(@]
—
n

Oxygen -

o
o

o o

Qo
-
O W

=
e
ﬁ

(@}
j)’b
Hon
onN
o~
O

Mixed Gas

e
Cr

Argon

1.668

e
Cp

0.0842 Kg/m?
14.27 KI/Keg®K

Kg/m?
KJ/Kg“K

(83% N

1.3226 Kg/m’®
0.996 KJ/Eg°K

Kg/m3

0.5203 KJ/Kg°K

, 12% CO ,
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5% CO)

Purity

H,0 < 3 vpn
CO0: < 2 vpm
Hydrocarbons < 2 vpm

H,0 < 10

N,

< 10

vpm
vpm

vpm
vpm

H.0 < 20 vpm

C0. < 1 vpm
Hydrocarbons
H,0 < 10 vpm
CO0. < 1 vpm
02 < 2 vpm
Nz < 10 vpm
Hy < 1 vpm

< 3 vpm

Hydrocarbons ¢ 1 vpm



Appendix P (cont'd)

Physical Properties at 20 C

Purity
Carbon Dioxide
e = 1.838 Kg/m® H,0 < 10 vpm
Cp= 0.838 KJ/Kg°K 0, < 5 vpm
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APPENDIX Q

Calculation of Oxide Film Depth

Density of Fe 03 = 5.24 x 103 Kg/m®

Apparent Swept Area = 185.13 x 10 °n”
(for two 4mm diameter pins)

Molccular Weight of Fe, 03

Fe = 2 x 56 =112

0] = 3 x 16 = 48

Total = 160
Therefore oxygen is _48 x 100% of the mass of Fe,03

160

= 30%

So for cach Kg of Fe,03 produced 30% will be oxygen and
I mg of 0 produces 3.33 mg of Fe, 03 .
3.33 mg of Fe,03 has a volume of

3.33 x 10 m3 = 6.36 x 10° n’
5.24 x 10°

which gives a thickness of

| 0.636 x 107" m 3.436 x ld+ m

185.13 x 10°°

1l

3.4 microns

or 34,000 A.

The time interval between passes (average) = 2 seconds
for 15 rpm

Therefore at 100 mg/min flowrate the amount of oxygen

100

30
3.33mg

supplied per pass

t
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Appendix Q (contf®d)

which can produce 100,000 K of thickness.

Even if only 0.1% was used, an oxide thickness of 100 A

can be produced.

Film produced for 1000 vpm at a flowrate of 20 ml/s

1000 vpm gives a volumetric flow of 20 ml/s
1000

= 20 x 10 ' n3/s
density of oxygen = 1.31 Kg/m’

therefore the mass flowrate of oxygen is 2.62 x 107" Kg

or 0.0262 mg
which from the above would give a film thickness of
34000 x 0.0262 A

= 890 A
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APPENDIX R

Temporabure of Hubbing Surtaces (Archard 1958/9)

Speed Criterion

Sc

Ur/2x

K/pe

xX

1]

r depends upon the applied load w.

Assuming plastic deformation:

1

)

Temperature Rise

From Archard, with plastic deformation and low speed

(where Sc¢ € 0.1)

1 i

m = g (ﬂEm!§ L® u
8K

Experimental Data

For tests in argon:

10 mm/s

76 W/m°K

7.9 x 10® Kg/m’
437 J/XKg°K

100 N

2300 x 10° N/m’
0.6 (non-scuff)

{1 T L A B [

T o R

For speed criterion
Sc = 0.026 ie. low speed criterion applies

for 100 N load contact temperature

1
0.6 x 9.81 x(m x 2300 x 10°% x 10 x 10 x 107
8 x 76

&m

= 82.3
(pPTO)
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Appendix R (cont'd)

Aetund Toempernture < Hm + 6a
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APPENDIX S

lL,oad on the Cylinder Wall

From Eilon (1975), the load on a cylinder wall from

a piston ring (see Figure S.1) can be expressed as follows:
PnA, =P A3 - u PR A, + P A, S.1

and from Neale (1975) the ring pressure (P.) can be

expressed as:

Pe = S c2

Enq
7.07 D(D/d - 1)3

From figure S.1 the areas A,, A, and A; can be expressed

in terms of D, d, b and h :

Av = 2buD S.3
A, = (d-hp) m (D-4) S.4
A; = 2bm (D-24) S.5

If we assume that most piston rings are square in
cross-section (Neale 1975) then:
b = d/2

radial width

H

ie. axial width

and if we let d X or d = DX

D

we can substitute for d and b in equations S.3 to S.5

A, = nD*X : S.6
A, = m (DX-hp)(D-DX) S.7
A3 = wD*X (1-2X) S.8

However, the ring clearance (hp) is very small
compared to the radial width (DX), therefore equation

S.7 becomes:
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A, = wD*X (1-X)

Thus if we substitute for A,, A, and A; into S.1 and S.2

we get
Pon = P,[(1-2X) - u(l—X)] + Pe 5.9
Poo= Enq 3 5.10
7.07D (;=1
X

From Neale, for piston rings the ratio of radial thick-
ness to diameter (X) varies between 0.045 and 0,029, and
the ring gap (q) is between 3d and 4d.

So as an approximation let

X = 0.045 + 0.029 = 0,037
2

and q = 3.5d = 3.5dX

Thus if we substitute these values into S.9 we get

Pm = P {(1-0,074)=u(1-o,o37)} + 0.13Ea S.11

7071 -1)°
: \0.037
For Cast Iron En = 104 x 107 N/m”

So as a further approximation

Pm =P, (l-p) + 1.08 x 10°
(1 bar)

The maximum pressure in the ring wall occurs when ux0
which gives
Pmx B + 1 bar
which for compressors operating over 100 bar
Pnx P
ie. mean wall pressure = discharge pressure if the ring

is the top piston ring.
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APPENDIX T

Electron Spectroscopy for Chemical Analysis (E.S.C.A.)

In electron spectroscopy for chemical analysis
(E.S.C.A.) low energy electrons emitted by the specimen
are analysed to provide composition information in the
one to ten atom layer region near the surface. A solid
sample in a high vacuum system is irradiated with a
high flux of X-rays. When an X-ray photon with energy
hA (Planck's constant multiplied by the frequency)
impinges on a solid, the ejected photo-electrons (see
Figure T.1l) have a kinetic energy distribution made up
of discrete bands reflecting the specimen's electronic
s£ructure° The experimental determination of the kinetic
energy, E¢, of the photoelectrons enables the binding

energy, Es, to be calculated from the equation:
Exk = KX - Eg T.1

The photoelectron spectrum therefore consists of a
series of peaks at discrete values of Ex corresponding to
particular values of Eg . The precise location of the
measured peaks identifies not only the elements present,
but also their chemical environment.

The difference between the binding energy of the
inner-shell electrons in a free atom and in an ion of
the same element in a given chemical surrounding is called
a chemical shift. An example of the shift»in binding
energy due to the sample chemistry is shown in Figure T.2

(Wagner et al 1976) for iron and iron oxide (Fe,03).
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Since X-rays cause little damage, E.S.C.A. is
particularly appropriate for analysing plastics and other
organic materials easily damaged by other types of
radiation. However, although the spectrum is produced
by the uppermost surface layers, the analysis is performed

on a relatively large area.

Bibliography: M.W. Roberts (1981)
Allen and Wild (1981)
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Figure T.1 X-Ray Impinging on Surface Molecule

706.75

Count Rate

13.2

1‘\

Count Rate

740 730 720 710
Binding Energy (BE) eV

Figure T.2 The Chemical Shift Effect in E.S5.C.A.

700
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