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NOMENCLATURE

The following symbols have been used throughout the text. The

definition of any symbol not listed will be found where it first appears

in the text.
D: Journal Diemeter, inches.
L: Bearing Length, inches
N': Journal Speed, revolutions per second
P: Unit Beering Loed: 1b £. /i
R: Radius of Bearing Bore: inches

R ¢ 3yt
S Sommerfeld Variable: ("B”) g@____

]

8¢ Sommerfeld Verisble: (—%—— L0

where P is the maximum bearing load in a given cycle.

€ p
S8 0: Sommerfeld Veriable: (mﬁ-— T
¢ s Capacity Number: s(i;
0 ap vy er: 5
Uo: Linear Velocity of Bearing Surface
Ul: Linear Velocity of Journal Surface

: Radial Velocity of Journal Centre.



-
-

Radial Clearance:

Eccentricity, distence between Journal and bearing centres:

inches.

Coefficient of Friction.
Triction Verisble

0il Film Thickness: inches

Measured Flow
Swept Volume

0il Flow Number: ratio

Time: seconds
Eccentricity Ratio -%

0il Film Viscosity: Reyns
Angle between a point on the bearing surface and a

reference axis

Load Speed Ratio = wp/w

Load Phase Angle = wpt

Angle between the Line of Centres and the Load Line

measured in the direction of rotation.
Angular Velocity of Journal: radians per second

Frequency of Applied Dynamic Load: radians per second.




SUMMARY

This thesis presents the findings of an Experimental Investigation
of the behaviour of the oil £ilm in a journal bearing supporting Dynamic

Loads.

The instrumentation developed for an existing loading frame is
described and includes a balance piston capable of detecting tensile
stresses in the oil film, and a lever system which measures journal
centre displacement with commexcially available displacement

transducers.

The conversion of a crankshaft test rig into a Second Testing
Machine is described. A feature of this second machine is the use
of an Extemally Pressurised Bearing as a 'Erictionless suppoxrt' for
the test bearing housing. This construction enabled extremely
sensitive bearing friction measurements to be recorded simultaneously
with the co~oxrdinates of the journal centre within the clearance circle,

and of the applied load.

The loading mechanism in both testing machines consisted of a
Hydraulic Toad Capsule pressurised £rom an eccentric driven ram pump.

The diaphragm was bonded to the capsule body in the First Testing



Machine and was sealed by a series of piston rings to foxrm a free

piston arrangement in the Second Testing Machine,

Oil £ilm pressures in beaﬁngs of 3 inches diameter and 3 inches
long with diametral clearance of 0015 and .003 inches were suxveyed
in the First Testing; Machine for a range of Static and Dynamic Loads.
The Dynamic Loads were of sinusoidal form with unit bearing loads up
to 1650 Ib f./in.z and the ratio of the Load Frequency to the Journal
Speed set at unity. Integration of the oil £film pressures acting on
the bearing surface, indicated pressure loads which were in good -

agreement with the applied loads.

The pressuve surveys indicated that, under conditions of Static
or Dynamic Y.oads, the load bearing £ilm pressures were retained
within an arc bounded by the axial supply grooves, and that the
clearance space on the unloaded arc of the bearing was not full of oil
but contained a large quantity of aix released by the cavitation of the
oil £ilm,

The oil £ilm over the unloaded arc of a Dynamically Loaded bearing
congists of a trough of very low pressures priox to the area of constant

sub-atmospheric pressures previously reported for dynamic loads,

The oil £ilm sustains tensile stresses in this trough during the period



of increasing load, and on eventual xupture air is released £rom solution
and forms eavities in the oil, As the oil £ilm does not rotate within
the clearance space under Dynamic Loads, it cavitates and reforms
within the same bearing aﬁ’c. This process forms depressions in the
profile of the developing film pressures as the entrapped air is

dissolved.

Journal displacement measurements made in the First Testing Machine
indicated that a certain degree of restraint was imposed on the test
bearing housing by the loading mechanism, It was also noted that the
bulk of the balance piston cylindexr gave the test shaft a stiffness which
varied with the plane of bending, These factors combined to make
interpretation of the Dynamic Load Displacement measurements difficult

without recourse to coxrection factors.

To avoid these problems in the Second T'esting Machine no pressure
transducexr was included in the test shaft and the bearing was mounted

so that the journal was simply supported in the plane of loading,

Static Load measurements were compared with published
experimental results to evaluate the measuring techniques before their

application to Dynamic Load Conditions,



Journal centre co~oxdinates were measured in 003 inch diametex
cleavance bearings with a length to diameter ratio of 1, ¥ and %.
The journal paths under Dynamic Loads of sinusoidal £orm had the
simple elliptical shape predicted £rom theoretical considerations.
The presence of two axial grooves in bearings subjected to this form
of loading, holds the major axis of the elliptical path in a position
close to the line of applied load, irrespective of the magnitude ox

speed ratio of that load,

The experimental techniques used, failed to detect a load
- £reguency to journal speed ratio at which the oil £ilm had zexro load
ca@acity;. There is no doubt,that for a given dynamic load the bearing
operates at its thinnest film at speed ratios of the oxder of 0.5, When
the speed ratio is unity, a bearing has greater load carrying capacity

under Dynamic Loads than under eguivalent Static Loads.

The dynamic load caxrying capacity of a journal beaving is largely
dependent on pressures generated by the squeeze £ilm associated with
the movement of the journal centre within the clearance space. A
bearing has the same load capacity under Dynamic and Static Loads
at the instant of maximum eccentricity , when no squeeze £ilm

pressures are generated,



Coefficients of friction measured under Static Load Conditions
were considerably lower in magnitude than had been expected £xrom
current theoretical treatises. This difference is due to the presence

of laxge stable air bubbles in the unloaded arc of the bhearing.

The cyclic variation of friction force in a bearing subjected
to Dynamic Loads is considerably greater in magnitude than has been
reported to date. The friction variation was £found to be proportional
to the load and :inversély propoxtional to the speed ratio in the range

03361 o< 1.0,

Thin £ilm operation occurred within the range of Dynamic Loads
examined in £ull length and half length bearings. In all cases examined
the bearings operated with higher friction values under Dynamic Loads

than undexr Static Loads.

A method of predicﬁng the oil flow in axial grooved bearings
has been formulated for Constant Load Conditions, and reasonable
guantitative and qualitative agreement has been established between
measured journal eccentricities and those predicted by an advanced

computerised analysis.,



CHAPTER I

1. An Introduction to the Dynamically Loaded Bearing.

Any type of load which is not exactly constant when applied to
a Bearing can be dlassified as a Dynamic Load. While the bearings
associated with any form of reciprocating machinexy are typical
examples c;f Dynamically Toaded Bearings, turbine installations

subjected to an out of balance load can be similarly classified,

Dynamically Loaded Bearings present both analytical and
experimental researchers with a complex set of interdependent
variables governed by the need to balance the load applied to a beaxing
by develoi)ing sufficient pressure in the oil £ilm occupying the clearance
spéc:e between the journal and bearing bush to prevent the occuzrence
of metal to metal contact. Only in the last decade has the development

of instrumentation and electronic compiters provided the research

tools necessary for the detailed investigation of bearings subjected

to this type of load.

When this research programme was initiated in 1955, little
guidance was available from experimental or theoretical researches

to assist the designer in the proportioning of Dynamically Loaded




Bearings and numerous empirical rules based on operating experience
gained in similar applications were used to provide adequate bearings
for a given application. In fact reciprocating primemovers have

passed into history, in several applications, before the development

of a clear cut design procedure for their principal bearings.

'I'hg general equation goveming the béhaviour of a lubricant in
the clearance space of a bearing can be derived from a consideration
of the static equilibrium of an elementary cube of the lubricant
with%n that spéce. Using the symbols of Fig. 1.1, the velocity of

the fluid in the cixcumﬁerenﬁal and axial directions can be shown

. _ 13D 4y .Bhoy - ¥
to be u 5T 3 x y(y - h) + o . Uo + ¥ g}
and W = 'é'lﬁ' . %E . v (y - h) respectively,

As the fluid is assumed inaemgfé5$»f%l%¢‘ the volume of oil entering
and leaving the elementary cube will be equal, giving xise to volume -~

continuity equation

ou . v W

5% 5y T 2 0

Integration of the volume continuity equation éstab]ishes;



This equation,which has been the basis of all hydrodynamic bearing
analysis since its introduction by "Reynolds(l) in 1886, could not be
rigidly applied to finite bearings subjected to dynamic loads, until the
advent of digital computexrs, Because of this analytical difficulty
approximate solutions of the equation have been developed for
statically loaded bearings and subsequently applied to the dynamically

loaded condition,

An approximation typical of many was introduced by
Sommerfeld(z) who in consideriug a bearing of infinite length reduced
axial flow terms to zexo. This approximation gives rise to a solution
in which the oil £ilm is a continuous function with positive and negative -

pressures of equal maignitude.

A more recent approximation suggested by M:iche]l(s) and
Caz.ﬂdullo(é) and developed by Ocv.irk(s) is based on the fact that as the
bearing leﬁgth is reduced the circumferential pressure gradient becomes
small compared to that of the axial pressure gradient, so that terms
involving the circumferential pressure gradient (9p/3x) can be

neglected. This solution also gives rise to a continuous pressure



function but in detemi;gixig ﬁxeload carrymg capacity of sﬁcl"g a bearing o

the negative film pressures are ignored,

An early approximate solution of Reynold's équéﬁon,as ap'plieé

to &ynamigally Ioadedbeax'ings was prgsmted by Swift(ﬁ) in -1937. ‘
bw:tf&: based'l;;is agdlysig on an mfnmte bearing working with a :Contﬁ\u;:@s
isovisdouS' oil £ilm in 'l:!;eé'clearanc:e spak:e, The pressﬁré generated

in the clearanca space was built up f£rom the superposztmn of pressu:fe

components due to ’c?ne mdiv:mdual modes of Joumal movmnmt.

The press‘ure loads :Q;,, &ue to ﬂ\é rotation of the joumal‘éibout'
its ceq‘i:re, and ?1 and ? 2, :dﬁe to the tanggztial and radial movement .-
of ﬂlg journal centre relative to the bearing centre, must balanég

| the components K’l and F 2 of the_apéiiec{ load, so that £xom Fig 1.2,

@ -P)ein o+ “}‘?2 cos o = F,
Q@-P)cose - P,sin o = ¥,

'I‘he solution of the Reynold's eguainon fa:t: each of the above modes of

journal displaceinent: evaluates, Q,_.s:] , and Fz', and vesults in the -

foliowing relationship betwém the apbjie& load and the bearmg 'variabiéys.; :

11
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de ch

ae) € . at 1
W 2 =— . sin 0 + .« CO8 § B —— e
( /) (2 ¢ ) /1 - €° (1 -¢ 2)3/2 12 7 u R

: de Fe2
(m»-a%-g) 28 2.cose+ dt23 .sine="-—--2 3
(2 + )Wl - ¢ (1 - )32 127 u R

Swift solved these equations using the simple harmonic function

1:“'1 =Fsin 6, F, =0, to represent an altemating load, as he could

2

not readily solve the moze useful function F? =Fsin wt atthat

time,.

Integrating the above equations yizlds the following relationship

for these selected values of applied load.

2,3/ 2
2 (L -¢€°)°72 Je(L+e”) 1 §1+e) .
8. Ao.sin 6= 5 { 2)2 5 loge Ty ¢t ¢

£ (L ~ ¢

-
where A, = re end C is a constant of integration,

lawuwRS

If €,, thevalue of € when @ =0 is selected, this equation can be solved
to give a family of polar curves passing through ¢, the valueof €

when = -g- » which display distinct modes of procession as shown in

1 2
is moxe than half the shaft speed w and the joumnal centre follows an

Fig 1,3, When €, ?2¢€ the frequency of the alternating load wp
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elliptical path which in the limit coincides with the axis 8 = 0 between
the limits ¢+ ¢; . When ¢; = €2 the speed ratio wp/w = 5 and
the pressure load prodirced by the bearing is zero, while the majox axis
of the elliptical path swings through 90° and gradually changes to a
figure of eight configuration when €3 < €2 and the speed ratio is less

than 0.5.

Subsequent to the work of Swift approximate solutions of the
Reynold's Eguation were made by assuming a definite joumnal path and
determining the carresponding variation in applied load, These
selected paths were elliptical in shape as analysed by 'Dick(']) anri that

of a journal moving along a straight line with sinusoidal motion as

investigated by E':mnkel(s) .

While these analyses were of interest, the analysis of Dynamically
Loaded Bearings did not advance until 1947, when Burwell(g) presented a
paper on the analysis of time dependent alternating loads applied to
bearings of infinite length, Burwell solved the Reynold's Equation
£ox both a sinusoidally altexnating load and a square wave £orm of
reciprocating load, using a standard step by step method of numerical
integration., This method requires two integration constants to ensure

that the journal path closes at the end of every load cycle, Burwell
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determined these constants by a trial and exvor process, and from
his solution of the Reynold's Equation was able to predict the
maximum eccentricity and journal path for a given magnitude of

Alternating T.oad.

On the application of a sinusoidally altemating load, the
journal centre followed an elliptical path within the bearing clearance
civcle, The major axis of the path was in line with the plane of the
applied load when the speed xatio ¢ = wp/ w > 05 and normal
to the load plane when o < 0.5. At o = 0.5 the journal centre
followed a drcular path coincident with the cleavance circle and
at speed vatios below 0.25 the elliptical ﬁath was complicated by

additional Joops

A similar analysis for the square wave load form, indicated
journal paths which were basically the same path along which Swift
predicted a bearing would oscillate under conditions of constant load

of fixed dixection.

The general conclusion £from Burwell's analysis was that fox any
form of alterxnating ox wotating load, capacity increases with the
load speed ratio from zero load capacityat o = 0.5, At any given

load frequency except: o = 0.5, the more peaked the load form



the greater the load carrying capacity of a given bearing with its journal

operating within a given maximoum value of eccentricity.

The first analysis of a Dynamically Loaded Bearing of Finite
Length was published by Hahn(m) in 1967, This analysis transformed
the Reynold's Eguation into a linear differential equation which
indicated in dimensionless texrms the relationship between oil £iln
pressure and the position and velocity of the joumal centre. Hahn
based his integration constants on an assumed pressuve distribution
in which the oil pressure was zero at the bearing ends and varied
periodically in the civcumferential divection with zero pressure at
the points of maximum and minimum £ilm thickness, The transformed
equation was solved, for the case when the journal rotates when
suppoxting a uniform load of constant direction and the case when
the journal moves wvadially without rotation; by a finite difference
technigue using uniform axial grid steps and civeumferential grid steps

T m
of 9 when & g spand g when ¢ > « 6

The general solution of the pressure distribution fox a given
eccentricity was established £xom a knowledge of the tangential and
radial velocities of the journal centre, as they appear as multiplication

factoxs of these separate solutions in the transformed differential

15



equation. The pressure load was determined from each pressuve
distribution by using Simpson's Integration Rule and neglecting
negative £ilm pressures in the process, The large number of cases
investigated were summarised in the graphical representation of the
length and angle of a polax load vector for all eccentricity ratios
and a range of the watio of radial to tangential components of

journal velocities,

To calculate the journal path fxom a given applied load diagram,
a system of non-linear differential equations was set up fox the
angular and radial components of the journal position and solved by a
step by step integration technique. Any starting value of the
variables may be assumed, as the solution is solved as an initial
value problem and the true staxting position fox the solution will be
apparent after the calculation for one load cycle has been completed.
Jouznal centre paths predicted for a half length bearing supporting a
Binugoidally Varying Applied Load are shown on Fig 1.4 and 1.5 for a
range of loads applied at constant speed vratio ¢ and fox the same

load applied with a range of speed ratios respectively.

The only appro:dmaﬁe solution of the Dynamically Loaded bearing

problem which used an extension of the short bearing theory, was

16
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11) in 1962, Milne used a step by step integration

completed by Mi]ne(
method in a series of programmes, designed for use in a small
computer, which predicted the journal path for an arbitraxy load

cycle or vice versa, with ox without a complete oil f£ilm in the clearance
space. Qualitative agreement with early experimmtal work was
established and it was concluded that while a beaxring operating with

a cavitated oil £film was inherently stable the same bearing operating

with a complete oil £ilm was in a state of neutral equilibrium.

An important physical dimension of a hydro-dynamic bearing
which the analyst finds difficult to include as a variable, is the extent
of the oil £ilm occupying the clearance space in the bearing, The
majority of theoretical studies assume a continuous £ilm and choose

to ignore the resultant negative film pressures,

In 1963 Hoxsenell and McCallion(lz) evaluated the effect of
cavitation on analytical results by computing the performance of a
central circumferentially grooved bearing with a land length to
diametexr ratio of .282., They solved the Reynold's Equation with a
relaxation technique and established that under Dynamic Loads, oil
£ilm disruption provides a differential resistance to positive and
negative radial velocities which reduces the maximum eccentricity

reached during any given load cycle. At high eccentricity ratios,
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the magunitude of the load determined £rom a continuous £ilm concept:
gives a good approximation of the load determined from the cavitated

condition in the particular bearing type investigated,

HSimilar methods of solution to those outlined above have been
" - 3-\' " R . ] S
developed by I:‘ic:llanﬂ( %) and Eberhaxrd and Lang(m), while $omeya('f’ )

solved the Reynold's Equation by establishing a double Fourier Sexies,

A programme developed by Lioyd (16) et al, fox use in a large
high speed computexr, forms the most versatile analysis to date, and
is capable of predicting the performance of main and big end beaxings
of Internal Combustion engines. The analysis recegni&ses. cavitation
by selecting a disyuption pressure and equating all lower pressuves
to the sclected value, It solves the Reynold's Eguation by a £inite
difference tedhnique using a variable distance between the mesh
points to predict jouxnal centre locus, cumulative friction work,
oil flow, the position and magnitude of the masdvaum £ilm pressuxes,
and the extent of the dismupted oil £ilm for a given load cycle.

This vereatile programme has one minor and one majoy Uimitation:

at present. It can only handle a bearing with some form of
civeumferential groove and vequires a constant value of oil film viscosity
which is assumed to be representative of the range of values existing

in the oil £ilm.,



Thexe is no doubt that analytical investigations of Dynamically
Loaded bearings have reached the stage whexe they give a clear
indication to the designer of the effect of varying the physical
parameters in a given bearing problem. Radermacher and Hahn(za)
have shown this clearly in the application of computer programmes
to Oil Engine problems where computerised bearing analysis give a
clear indication of the optimum crankshaft balance weights

required in a given engine.

Several experimental investigators have shown that the analyst
cannot predict guantitatively the performance of a Dynamically Toaded
Bearing, and assumptions which ignore the effect temperature and
pressuxe on the lubricant viscosity, an accurate assessment of the
extent of cavitation in the oil £ilm, and the recognition of the
dis tortion of the oil £ilm by the oil supply grooves, are majoxr problems
which must be solved befoxe an accurate quantitativé design system

for this important category of bearings is established.

In the field of experimental research, the endurance test was
until recently a popular means of evaluating the performance of
Dynamically Loaded bearings., In a historical review of fifteen testing

machines, reported between 1932 and 1955, Hersey and Snapp(ly)

19



indicate only five cases in which any attempt was made to evaluate
oil £ilm pressure ox thickness under varying loads.

In 1937, Buske and Rﬂlﬁlg} carried out pressure surveys in a

bearing (2,953" Dia, % 1.772 in. long s 9.843 x .‘L(im“%

in xad. cl) subjected
to Dynamic Loads up to a maximum value of 6.5 Tons £, The pressures
in the oil £ilm were measured by a series of balanced pressure pistons
set at specific points in the test bearing, This investigation was
primarily concerned in detexmining the maximum value of £l pressure
at any given survey point and did not indicate the development of the
load bearing pressuve £ilm wadex dynamic loads,

With the intervention of the Second World Wax, no further
axperinantal work was published until 1950, when S:x’mc:ms(w" 20)
weported on a reseavch programe in whic:}} congiderable care was taken to
avoid erroxs in physical measurements, The displacement of a 4 inch
diameter journal running in a 2 inch long beaving with ,004 inch
diametral cleavance was measured by a capaa_ii:ance method and gave
good qualitative agreement with the predictions of Burwell, Simons
established experimentally that bearings opevate at considerably reduced

£ilm thickness when the jouznal speed is twice the load £xequency. He

also concluded that the existance of the zero film thickness predicted

20



by analytical studies at this speed ratio was dependent on the absolute

alignment of hournal and bearing in the testirig,

This work was an impoxtant experimental contxibution to the
study of Dynamically Toaded Bearings but was limited in its application
as the Maximum Unit Bearing Load of 62.5 p.s.i. was considerably

lower than those used in practice.

An experimental investigation of the pressure variations in the
oil £ilm surrounding a 1,0 inch dlameter journal, ruming with a .0106
inch diametral clearance in a 1.5 inch long bearing, submerged in an
oil bath, was reported by McBroom(zl) in 1953, This investigation
indicated that the unloaded arc of a bearing was largely filled with
aix bubbles which accumulated in the oil £film. Under Dynamic Load
conditions these air bubbles rapidly filled the clearance space and
reduced the bearing load capacity to zero. If the journal was stopped,
the entrapped air escaped £xom the clearance space and the load
capacity of the bearing was restored for a short period. This sexies
of events indicated the a’bsoluée necessity of a pressurised oil supply

system to maintain load capabilities in a Dynamically Ioaded bearing,

In the same year Shawki and Freeman(zz) published the results

of an investigation into the effects of Sinusoidally Alternating Loads
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of up to 233 1b a‘:’./.in,2 on a 4 inch diameter joumnal running with a
diametral clearance of ,0064 inches in a bearing 6 inches long,

These experimenters measured journal displacement with photo-
electric pick-ups driven £rom ball races adjacent to the test journal,
and made a firsi; estimate of journal £riction by recoxding the powex
supplied to the journal drive motor, This investigation agreed in
genexval with Simons and indicated that the £ilm thickness reached
minimum and the friction maximum values at ¢ = 0,5, The
investigators also indicated that variations in friction and joummal
eccentricity for a given speed ratio could be presented as a function
of a load variable equivalent to the inverse of the Sommerfeld
Number, Although the authors did not comment on the fact in their
paper, their results gave the first experimental indication of the
considerable load caxrying capacity of the pressure generated in the
qil £ilm by the radial movement of the joumal centre known as the

squeeze film action.

During the period 1956-1962 no experimental work on Dynamically
Loaded bearings was published., At this time the Engineering
Institute of the Technische Hochschule at Karlsruhe, developed a large

scale investigation of the Dynamically Loaded Bearing subsequent to



the work of Hahn(lg) . These investigations boxe f£xuit in the early

(23) and Radermacher(m) in the

sixties with publications by Carl
. . (15) (25) . .
experimental field and by Someya and Motosh in the analytical

£ield,

Carl presented the results of an investigation of sinusoidally
loaded bearings on a programme which was complementary to the
analytical woxk of Hahn, The bearing testing machine used could
apply loads of up to 2006 p. s.i. at frequencies £rom 0 to 2550 cycles
per minute to a shaft 2,559 inches diameter ruming at speeds from
30 to 6000 xr.p.am. in a béa:r:ing 1.299 inches long. Journal displacements
were measured by capacitance probes and £ilm pressures by a .078 inch
diameter radial piston placed in the test journal and through a
linkage c;n a piezo-electric crystal. The cyclic variations of the
measured journal displacements agreed with the predictions of Hahn
though the maximum value of eccentricity was less than that

predicted by Hahn,

The pressure measurements indicated the growth and decay of
the oil £ilm pressures undey dynamic loads, although in the opinion
of this author the pressure transducer could not detect sub~-atmospheric

pressures in the bearing.



The following conclusions were drawn £rom this investigation:

‘a)  Any bearing calculation which does not take into account the
effects of pressure and temperature on viscosity, predicts

excessive pressures in the oil £ilm,

bh)  The radial movement of the journal centre in the clearance
space is the predominant mode of pressure generation in a Dynamically
Loaded Bearing.

Radermacher(%)

was primarily concerned with the investigation
of journal displacement under Dynamic Loads similar to those applied
to the main bearings of an I.C. engine and with the comparison of

these experimentally determined displacements with those predicted

by computer programmes published by :Smmeya(ls) and Lang(lé).

Initially a bearing testing machine was developed which could
produce the required polar loéc'i diagrams on bearings 4.7244 inches
diameter and 2.3622 inches long with maxinmum loads of up to
1400 p.sd. at a speed of 1000 x.p.m. The required load was produced
by Hydraulic Load Capsules axranged at 120 degree intervals aroutxd‘
the test bearing housing and the journal displacements detected by

capacitance gauges.
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When a trapezoidal load variation was applied to the bearing
it was found that increases of load beyond 700 p.s.i. produced little
change in the maximum value of eccentricity vatio but did produce a
narrowing of the elliptical journal path as the increasing load was

balanced by increased squeeze film pressures,

Both methods of computation were qualitatively accurate and
quantitatively the difference between the calculations was less
than the difference between either calculation and the equivalent
experimental measurement., The agreement between the experimental
and analytical results was Lmmproved if steps were taken to increase
the oifl £low through the bearing, thereby producing conditions. closer

to the isoviscious solution of both analytical methods,

- Radermacher carried out similar experimental and analytical
compazisons based on the behaviour of a crankshaft journal in a main
bearing of a single cylinder oil engine. This study also came to the
conclusion that as the difference between analysis and experiment
was predominant either method of analytical prediction was suitable

for qualitative studies of Dynamically Loaded Bearings.

Cooke('m) reported a series of investigations on the main bearing

of a single cylinder oil engine., Inductance transducers placed in
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planes at both ends of the test bearing indicated the mean journal
displacent for a range of speeds and oil grades when the engine

was running undexr no load conditions.

The load required to produce a given journal path compared
£avourably with that indicated by Milles analysis. It was concluded,
however, that it was unreasonable to predict quantitatively
minimum oil £ilm thickness in an engine main bearing due to the
complications of crankcase deflections, crankshaft bonding, and
thermal distortion. The principal use of the analytical programme
is in indicating the shape and ;nagnitude of a journal path and the
period of the load cycle coincident with the maximum eccentricity

of the journal in the clearance space,

A recent develcpment in which experimental rigs are designed
to reproduce isoviscous conditions in an undistoxted bearing as
assumed by most analytical studies, is typified by an investigation
reported by Middleton(zy) et al. A rig was designed to suit a
central circumferentially grooved bearing with a diameter of 3 inches
and a land length of .846 inches. The journal ran at a speed of

70 r.p.m. with a diametral clearance of 0075 inches.



Good agreement was established between theoretical and
experimental results for a variety of polar load diagrams with Unit

Bearing Loads up to 18 p.s.i.

The experimental programme presented in this thesis includes
the development of two bearing testing machines, which with their
associated instrumentation were capable of measuring the pressure,
thickness and friction, of the oil £film in a 3 inch diameter bearing
loaded cyclically with unit loads up to 1600 p.s.d. These investigations
span the years 1955-1958, with an additional itvestigation in 1966,
so that any experimental findings published since Shawki and
Freemans' paper in 1955 are contemporaries of those presented

from this programme.

In the light of the foregoing survey of experimental investigations,
the findings presented in this thesis expand the work of Carl and

Radermacher although in time they preceed their findings.

The pressure suzveys reveal for the first time in a large
bearing the cycle of events taking place in the unloaded axc of a
full length journal bearing supporting a sinuscidally altexrnating
load. The displacement measurements indicate the successive

journal paths associated with a range of alternating loads, speed

a7
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ratios and bearing lengths, Cyclic variations of bearing friction

and coxresponding mean coefficients of friction are also presented.

Examples of the actual load variations applied experimentally

to full and half length bearings have been processed by the computer

programme of Lloyd(w) to establish a comparison of analytical and

experimental journal paths and friction variations.
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2. Testugg Machmes anc’i Assoc;at:ed Insttumentahon

’mam}e 0;1 engine-.j o

| ‘below.p_j |

| 'a Second Testmg Machme.

Backg:co d

The research programme det:alled in tl-us thesxs 19 an early

_ contributaon ’co a large programme of research mto the bdtavs.our' L

.’ ‘oﬁ an 011 fﬂm when sub;ected to po]ar load dxagrams smular to

those ex:stmg m the mam and bxg end bearmgs of a two- stroke

When the author underbook the eocpernnmtal mvest:gatmns ’

- yassocmated w.tth tIus profrramne, the loadmg system and framework"‘,”;
N of a tes’ang machme had been deszgmed and constmcted but no-
: mstrummtatxon haél been consxdered. A descmptmn of t:h:.s fzxst

g testmg machme ; and of subsequent mod;fma‘cmns a:r:e detaﬂed

Certam c'hffxculties wmce expemenced in measur:mg bearmg" o

- -‘fmctxon in the }é‘:xrst ‘I'estmg Machme and a xedundant crankshaft

L ) ::estmg machme of sumtable 1oad capamty washadapted for use a.s

The :m:.tmal mstrumentatmn camed ou‘c by the authorf

describpd uJow, together thh the unnmvements mcorporated




= the physmgl hmi:ation of smze :lmposed by a hboratéry»_ “d the need.
e to m:num:tse scale efﬁect on the behavmur of the 011 ﬁ% .The-

_:load 13 appl:ted by four Stat:meter Ca;g:sules arrangeﬁ n two
) :-..i'fr-pexpmdicular planes so that one or mo::-e oil these load capsules
T fvri‘;;:,can be phased‘ to produce a varwty of polar lnad diagrams ad

. ,{Ar.‘mclude* T Smusozdal Aitemtmg, Hni&:xectmnal ?E’ulsating y ar

a:cea of 50 sq. ms, banded to the mam capsule body vb‘J- £1 xible
;mb‘ber Jomt. "J.‘ins mnstxucuon c:an transnut loads OQE‘ i20
s wzth a safe work:ng-{movemmt Of_ : 1/8 mah fOX‘ ﬁtﬁtm loads and
: L..A; ” 33i mch :on:}Dynam‘m _Loads;' ﬁ‘he »i:hmst Lf:’rom each capsule is

j!f‘;zrt*ransrrutted to the aTest.;Beaxuﬂtg Houszno by a single 1 inc

in'its application to the Second Testing Machine.

- First Bearing Testing Machine

‘ he 1c>ad capsulem essmt:tally a steel pisi:on, w:‘ch an
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ball amd 2 :mc:h d;ametex; connectmg x‘od. I.“:ach Ioad capsule forms
| a close& Hydrauhc L:trc:uat W1th separate Ram Pump Umt deta:led o
in ;;5'._«.g.,2.2. |
The closed Hydraulic Circuit incorporatesa W0'cudn,
Greer Mercier Accumulator to introduce an elass.tic mediurﬁ’(éif) O
to an otherwise inelastic hy&r:auiié Sys‘tez.m.: The Gxeer ? ermer
Hydro-Pneumatic Accumulator is bas:cally a steel she]l contannng"’l’{j‘_.i‘ o
a neoprene bag which separates the aix from the Hy&rauhc-?lmd;«
A steel plug assembly with a spx'mg aci:uated :c:oxgecl steel poppet
alve retains the neoprene bag within tha accmnulatoa:' shell. S o
A constramed volume of air ﬁollnws the law PV = oonsi:an‘c, and . 2.:. 4
it is. necessary to pmme the Hydvaulic System to a BaséPrvessuré"{ _

of at least 100 P.s.d.g. to approach lineax load charactemsticq.

E‘oﬁr.mm~pumpl~accumulat0r wnits are m‘i‘unf:ea »ani‘a i
subwgssémbly and ;ix'iﬁ;m from a cox#mdn cém:ahaf'& by @Ccen“trms :
phased at 90° @térVals, Fig. 2.0, : o

,. ‘I‘he cam faces are case;-—haxdened an& the camsha:&?t m P
suppoxted 'by 3 5eh~a11gnmg :mller bearingm ‘I‘he cam .Collower |
is a 2.5 :m. d:tamet.er :r:olle:: beam“lg mauntea :m an I*J!:xld teel R

,, uwsghead. ’l‘he Caai. I:e:on Crosshead gu:de hass sloi:s mxlled along j” O
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its length to restrain the follower £rxom rotation relative to

the cam, and is lapped to a running £it with its associated
crosshead. The lower end of the crosshead has a reduced diameter
" and is threaded to take the ram of the pump. The case hardened
mild steel ram is ground to size and lapped to the bore of the

Last Mechanite Pump Body to e;‘ffecﬁ a Hydraulic Seal as no

sealing rings are used in this design,

The Pump body has two ports along its length and is
comnected to the hydraulic system as shown in Fig. 2.1. The upper
port is connected to the inlet manifold and is uncovered when the
ram is at Top Dead Centrée. This port ensures that presssuﬁce
conditions are constant at the start of each pump stroke and allows
a return flow of £luid as the load capsule is compiressed by the
movement of the Test Bearing Housing in réactibn to the load

applied by the opposing capsule,

The One Quart Greer Mercier Accumulator connected to
the inlet manifold, serves a dual puxpose, namely:*?- to
eliminate Inlet Manifold Pressure £luctuations, when the ram pumps
are operating, and to make up any small leakage losses ﬁmni’"the

closed system. During prolonged testing, the manifold pressure
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can be restored to its datum value through a suitable valve

arrangement attached to the hand priming pump.

The octagonal configuration of the Test Bearing Housing,
provides suitable £aces for mmecﬁng rod seatings and
instrument mountings., The housing, 9 inches across the flats
and 3 inches high, :.i's bored to take a test bearing of 3% inch
outside diameter and émvide an oil gallery with itg associated
oilways. The Test Bearing Housing is .separated £rom a levelling
plate by three 0.75 inch diameter steel balls, The steel balls
have hardened steel seata'ngé recessed into thé uppex surface
of the levelling plate and the lower surface of the test housing

:E.ign . 2.15"

The construction of the Testing Machine detailed above
required two modifications not associated with subsequent
measuring techniques., As constructed the end support frames
were in a 'black! condition, and a few preliminary tests indicated
the need of a reference plane for alignment purposes. A series
of such planes was provided by removing the end suppoxt frames
and machining their upper and lower suxfaces txue to the bome

of the support bearing.
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The £riction £fxom the single one inéh diameter ball associated
with each conﬁecting rod proved excessive throughout the load
range. This ball was replaced by a knife edge, 3.0 inches long,
placed at the centre of curvature of the cylindrical thrust surface
of the connecting-rod Fig, 2,4, Such an arrangement accommodated
a small angle of Test Bearing Housing rotation and facilitated bearing

£riction measurements.

The lubrication system developed for the Ist Testing Machine
is shown on Fig 2.14. The lubricating oil manifold is pressurised
by an Imo pump delivering through a £ull flow felt type filtex.

All bearings on the testing machine are supplied £rom this manifold
and pressure tappings taken to a central gauge board. The pressure
tapping for the Test Bearing supply is taken immediately before

a short length of flexible p:ipé which connects the Housing Oilways

to the Manifold System.

2.3 Second Bearing Testing Machine,

The crankshaft testing machine which was modified to form the
Second Testing Machine used a similar loading system to that
described in§ 2.2, The ram pumps were driven £rom adjustable

throw eccentrics by brass eccentric straps and the pistons of the
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load capsules were sealed to the capsule bodies by a serxies of piston
rings and neoprene 'O! rings., Detailed modifications to this system
were carried out including the addition of 10 cubic inch Greer
Mercier Accumulators and a forced feed lubrication and cooling

system for the eccentric straps.

Three bésic considerations governed the design of the Second
Testing Machine
These were;
1) Tﬁat the test shaft should be supported by bearings which
operate in planes normal to the deflected foxrm of the test shaft,
2)  That the main beaxing by which the load was applied to the
test shaft should be set up initially and remain undisturbed
throughout an extensive programme of investigation, and
3) That the test journal should be of 3 inches diameter and the

test bearings should be up to 3 inches long,

The layout shown in Fig 2.5 satisfies these conditions.
The thrust from the load capsules is transfexrred by adjustable
connecting rods to the Main Bearing Housing and thence by a self-
aligning Roller Bearing to the test shaft. The clamping friction
associated with the connecting rods is an advantage in this

arrangement as the housing is not used for friction measurerent:
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The test shaft is supported by a self-aligning Ball Bearing and a
Hydrodynamic Journal Bearing mounted in a housing incoxporating
a 'Prictionless® Support. This bearing housing is supported

on Needle Rollex Beaxiﬁgs set in a substantial U~-£rame bolted

to the bed plate of the loading frame,

The 'Frictonless' Support.

The Hydrodynami;:: Test Bearing was initially supported by a
Needle Roller Bearing with which it was hoped to measure friction
torque by a sum and difference technique. The needle bearing -
proved unsatisfactory at high static loads, and was never used

with Dynamic Loads, \

The 'frictionless' support of the Test Housing was provided
/
by a six  pocket externally pressurised bearing. Bearings of
this type are capable of supporting a range of Static ox Dynamic
.Xaoads without xotation, and if held stationary, when the £riction
torque on the housing is being measured, will operate with zero

friction,

The original design for a bearing of this type was completed
by Raimondi and Boycl(?'g) for a four pocket bearing and later

extended to cover the six pocket case by Cunningham (30?; In the



37

application of these design studies to this bearing, the choice
of parameters was restricted by the need to £it the bearing

into the space occupied by the original needle roller bearing,

Six pockets, 020 inches deep, are machined into the cuter
surface of the test housing hub, and six orifice type restrictors
are set into a bush pressed into the frame of the housing
Fig 2.6, This bush is machined from a centrifugally cast Cast
Iron Pot, and has rectangular grooves cut on its outer surface
to accommodate 'O' rings. The brass restrictors, Fig 2.7 which
have an orifice boxre of ,008 :ﬁnches, require a batch of at least
50 units, manufactured under closely controlled conditions, if
six closely matched units are requived. This expense was avoided
by selecting 3 closely matched pairs from a batch of 24 units.

Fach pair was inserted in diametrically opposed pockets.

Cperating experience with this bearing indicated that
a) at clearances below ,0015 ins this 5.5 inch diametex bear_iﬂg
failed at operating temperatures by differential expansion, and
b) prolonged operation was possible only if an one micron filter
was fitted in the high pressure oil line close to the restwictor

oilways.



Oil is supplied to the Hydrodynamic and Externally Pressurised
Bearing by separate systems which drain to a common dry sump,
Pig 2.28, The drainage oil is raised to a header tank where it is
maintained at a constant preset temperature by a thermostatically

controlled electric heater.

24 Bearings .

The test bearings for both machines were machined from
cored Phosphor Bronze castings and pressed into their vespective
Test Bearing Housings before final boring. The test bearings
have a 3.5 inch outside =dia, 3 inch nominal bore and two closed
end diametrically opposed axial grooves, Each groove, of the form
shown in Fig 2,22, is 0.25 inches broad with a length 0.25 inches
less than that of the bearing, and is supplied with oil £rom a
central hole comected to an annulax groove cut in the bearing
housing, Full length bearings were machined with diametral
clearances of 0015 and 0034 inches for use in the First Testing
Machine, and bearings with lengths of 3, 2, and 1% inches
Fig 2.22 and diametral clearance of ,003 inches were manufactured

for use in the Second Testing Machine.
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Several auxiliary bearings were used on the First Testing
Machine including the support bearings and split bush associated

with the test shaft,

The suppoxrt bearings comprised of white~metal lined mild-~
steel shells pressed into the cross members. Oil is supplied to
the beavings from four holes equally spaced avound the centre

sectdon of each bearing.

The split bush supplies oil to the balance piston'via the
test shalt oilways. This mild steel bush, 2.5 inch bore and 2 inches
long, is white metal lined with a central oil supply groove and four

outexr grooves to accommodate Neoprene sealing rings.

2,5 Test Shafts

The test shafts used in the First Testing Machine, were
designed to accommodate a balanced pressure piston and to present

a journal surface suitable for displacement measurements.

The oxiginal mild steel test shaft, showm in Fig 2,19 was 30
inches long by 3.0 inches diameter, Electrical connections £rom
the balanced pressure piston wexre led along the oilways to a slip

ring at the upper end of the test shaft,

39
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Development of measuring techniques mecessitated the use of
the redesigned shaft shown on Fig 2,20, This shaft, 22 inches
long by 3 inches diameter, was case hardened before being ground
to a finished size with a surface €£inish of 4 micro-inches
C.L.A.  The oilways are supplied £xom a split bush at the lower
end and electrical connections £rom. the balance piston are taken
to a glip-ring on the upper surface of the test shaft. Provision
was also made at the upper surface for concentric mercury

bath slip rings required for témperature measuring devices Fig 2.12,

The test shaft for the Second Testing Machine has no
internal dﬁl]ings, is 22 inches long, 3 inches diameter, and was
case hardened before grinding to the finished size with a surface

finish of 3.5 micro-inches C.L.A.

2.6 Balanced Pressure Piston

The pressures in the oil £film are detected by means of a single
balanced pressure piston developed from the original concept of
Buske and Rolli(m!. The piston operates in a lapped radial hole
in the test shaft, with its outer end £lush with the surface of the
journal, The measuring technique indicates the pressure at an

instant in the load cycle determined by a normally open phasing switch
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driven from the ram pump camshaft, The test shaft is driven
from the same camshaft by a non-slip drive incorporating an
indexing mechanism, so that the position of the balance piston in
the bearing is known at the instant the phasing switch closes. The
indexing” mechanism Fig 2.9 enables the piston to survey the
p.éassuxa at thirty six specific points in the bearing for any given
phase in the load cycle., The point of balance is determined by
means of an electrical circuit incoxporating two switches and a
headset. The switches are the normally open load phasing switch
and a normally closed switch of which the balance piston is the
moving element. Increasing the pressure applied to the inner
end of the balanced pressure piston until the closing of the
phasing switch can no longer be detected on the headset, establishes
the point of balance and the oil £ilm pressure at a specific suxrvey

POinto

A spring force, opposing the pressure applied to the inner end
of the piston, avoids the problems associated with using oil at
sub-atmospheric pressure, and provides a means of: detecting sub-

zero pressures, i.e., tensile stresses, in the oil £ilm,



The initial design of balanced pressure piston incoxporated
a t‘ensidn spring and contact xing abutting on the piston shoulder
as shown in Fig 2,10, This design of piston proved incapable of
accurate pressure measurement as the ring contact lacked the
necessary sensitivity and the spring assembly was difficult to

adjust,

The final design of piston incorporates a compression spring
as shown in Fig 2,11, This design features a complete piston
assembly which can be adjusted to a suitable spring pressure and

piston travel, before being positioned in the Test Shaft. The

065 in. diameter piston operates with a nominal backing pressure of

90 p.s.d.g. when recording atmospheric pressure, Fine adjustment
to this pressure can be made by altering the initial compression
of the spring. The piston travel, which is restricted by the
electrical contact screw, is set at the minimum distance required

£or decisive switching,

The balanced pressure piston requires a supply of constant
pressure oil, at any pressure in the range 50 ~ 4000 p.s.i.g.
A pneumatic £ree piston oil pump has been chosen for this duty,
as its delivery pressure, which is proportional to the easily varied

air pressure, can be varied to give the required range of constant

42
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pressuvre., The pump delivers through a throttle valve to a
system which incoxporates a 10 cu, in, accumulator to minimise
fluctuations at the higher pressure, Fig 2.13. The oil is supplied
via a flexible pipe and split bush to the lower end of the Test
Shaft and thence by the oilways to the balance piston, Fig. 2,15,
The static pressure applied to the balanced pressure piston is
indicated on one of three gauges in the ranges 0-250, 0-1000,

and 0-5000 p.s.d.g. The latter gauge is of sealed pressure tube

construction.

Indexing Mechanism.

The sprocket wheel of the Indexing Mechaniém, Fig, 2.9,
is bolted 4o a 36 tooth escapement wheel and the assembly boxed
to take a brass bush. This assembly sits on a thrust race and is
free to rotate on the drive shaft. Above the escapement wheel
a drive plate is keyed to the shaft and slotted to take 2 spring
loaded pawls which transmit the drive to the escapement wheel,
A tripping plate, £xee to slide along the shaft, but driven by the
driving plate feather, has 2 tripping levers positioned inQide the

slots which accommodate the pawls.
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The indexing action of these tripping levers rotates the
pawls and allows the escapement wheel to slip by half of a tooth
i}itch on the downward stwoke and allows the pawl to engage the
next tooth on the return stroke., Thus the position of the test
shaft relative to the camshaft is altered by 10 degrees per

indexing action,

2.7 Measurement of Journal Displacement.

The co-ordinates of the position of the journal centre within
the bearing clearance space are determined by measuring linear
displacement in two planes through the bearing axis. A lever system
has been developed to transmit these journal movements to a
Philips' Displacement Pick Up Unit. This system, shown on
Fig 2.16, incorporates two sapphire needles which are held against
the journal surface, at pointé beyond the end of the bearing, by
light compression springs., The system automatically compensates
for any misalignment of the journal aﬁd bearing, by measuring the
displacement of. the mid-point of the vertical lever connecting the
horizontal levers which contact the journal surface. Two such
lever systems are bolted to the Test Bearing Housing, with theix

measuring planes set at 90° to each other and at 45° to the load line.



Case hardened journals are required with this measuring
system as the operating pressure on the sapphire needles causes

rapid wear in a mild steel shaft,

The pick up units are supplied with calibratéd leads and,
in conjunction with a matched A.C.Bridge incoxporating a Direct
Reading centre zero Galvanometer, can measure displacements
from 107t to 3.0-}‘3 microns, No further instrumentation is
required fox constant load conditions as the galvanometer indicates
the journal displacement. Dynamic load conditions require a
simultaneous recoxd of displacement in both reference planes
. for graphical tracing of the journal path, Considerable development
resulted in a circuit shown diagrammatically on Fig. 2.17 which
could operate a pen recorder without signal distoxtion by
extraneous voltages. The modulated carrier frequency £rom the
measuring bridge is fed into a High Gain A.C. amplifier and the
output signal rectified i..e.z the carrier frequency removed to earth,
The modulation is fed into a Direct Coupled Amplifier of an
Evershed and Vignoles Rapid Response Pen Recoxder, giving a
simultaneous recoxd of displacement in both reference planes with
a timing pulse derived from the load phasing switch referred to

in § 2.6.
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This displacement measuring system can display 2 microns
of pick-up displacement on 1 inch of pen travel. The noxrmal
opexrating vange of the equipment is, however, 20 microns per inch

of pen travel.

The system as applied to the Second Testing Machine
reflects experience gained with the above system and the
considerable advances in instrument technology in the intervening

pexiod.

The basic difference in the two systems is that displacements
are measured at one end of a self-aligning test bearing housing
by a lever system which features a mechanical magnification by
a factor of four, Fig 2.18. The wear problem, mentioned above,
was not entirely solved by the use of a case-hardened shaft, and
the sapphire needles have been replaced by Phosphor~Bronze Balls.,
The basic measuring transducer is still a Philips Displacement
Pick~Up Unit but the means of recoxding the journal behaviour have
been simplified. The pen vecorder has been replaced by an Ultra~
Violet Recorder which records simultaneously the journal displacement
co-ordinates, applied load, friction and timing, Apart £rom the

multichannel £eature, the great advantage of the U~V yvecorder is



that the galvanometer of the A.C. Bridge can be weplaced by a
galvanometer in the recorder producing an adequate trace:

without further amplification,

An alternative display facility has been incoxporated in the
measuring system by modifying a Standard Oscilloscope to
work as an x - y plotter, This displays the journal path either
as a continuous trace or as a series of sixteen points representing

a known value of load phase.

2.8 Friction Measurement.

A torque arm is bolted to the Test Beaving Housing of the
First Testing Machine, and the thrust from the arm transmitted
via a steel ball to a cantilever arm bolted to the lower support
frame. ‘The deflection of the cantilever is continuously measured
by & Philips Displacement Pick~Up Unit, and provides a record of

the variation of the friction force on the Test Bearing,

Friction Torque on the T'est Bearing of the Second T'esting
Machine is measured by means of the frictionless suppoxt described
in § 2.2, Toxque Axms ave bolted to the ends of the test housing
hub.: supporting the hydrodynamic test bearing,' and the torque

balanced by a thrust transmitted to a dynamometer ring by knife

47



48

edges, Fig., 2.6, The load in the dynamometer ring is measured by
silicon cxystal strain gauges. The response of these gauges to
small strains is sufficient to operate the galvanometer of a

U-V recoxrder without amplification, Fig, 2.23.

2.9 ILoad Measurements.,
Three systems are available for the measurement of Applied

Ioad in the First Testing Machine,

The first system provides a spot check on the magnitude of
the maximum applied load per cycle by means of a Dobbie~-McImes

Peak Pressure Indicator comnected to each load capsule,

The cyclic variations in load capsule pressure are recorded in
the second system by CA.V.—-R&.::ardo Photoelectric Pressure
Gauges. The output signals from gauges attached to opposing
capsules are simultaneously recorded on the pen recorder detajled.

in § 2.7,

The measurement of strain in the connecting-rods of the loading
system is the basis of the third system of xecording Applied Load,
Three, 200 ohm resistance, strain gauges are secured axially to each

connecting-rod and with three similar temperature compensating
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gauges form the two active axms of a bridge connected to the
bxidge civcuit described in § 2,7, The strain variations in the
connecting rods are simultaneously recorded and the nett load

determined by graphical means.

A single differential pressure transducer is used to measure
the Joad applied to the test shaft of the Second Testing Machine,
This pressure transducer works on a variable inductance principle
and is powered in this appﬁqation by a Philips Direct Reading
Bridge. The galvanometer of a U~V recbrder replaces the direct
reading galvanometer of the bridge, and provides a continuous
record of the pressure differential between diametrially opposed

Joad capstde“s‘.

2.10 Temperature Measurement
A suxvey of temperature sensitive elements (31-36) was
carried out as a preliminary to measuring the oil £ilm temperature
in the First Testing Machine. This survey indicated that
Thermistors operated with a shorter response time than thexmocouples,
and it was thought £easible to mount such a device in the Tufnol
plug already mounted in the test shaft., Preliminary trials with

thermistor elements were encouraging but more pressing problems
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prevented further development of this technigue, and the
measurement of the temperature of leakage oil, flowing over the
upper surface of the test housing, with a mercury bulb thermometer

has to suffice.

| In the Second Testing Machirie the temperatures of the oil
at the inlet to the supply groove and of the phosphor bronze in
the central plane of the bearing in the vicinity of the minimum oil
£ilm is measured by Eureka-Nickel Chromium thermocouple junctions

mounted on the end of stainless steel hypodermic tubes.
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