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SUMMARY 
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"Summary" 

The thesis describes work carried out in the development 

of a bearing for a wide speed range, and of high stiffness. The 

intended speed range is from zero to 9000 rpm, and the intended 

load capacity is approximately 6.6 x 10 
4N 

(6.7 tonne) in the low 

speed range and 4x 103N (0.41 tonne) in the high speed range. 

The intended stiffness is approximately 8.75 x 108 Nm 1 (2300 tonne 

in-1) in the low speed range and 3.5 x 108 Nm-1 (905 tonne in-1) 

in the high speed range. 

It appeared that the bearing would have to work hydrostatically 

at low speed, and would, of course, become self generating at high 

speed. The bearing which has been designed is of three-lobe form 

with the intention of enhancing stiffness and stability in the self- 

generating regime. High pressure inlets with no pockets are 

provided in the mid lobe positions, and low pressure inlets are 

provided at the apices of the lobes. 

Two development bearings of 135 mm bore and 127 mm width have 

been made. A bearing-spindle system has been investigated in two 

full scale test rigs. In the first test rig in which there was no 

rotation of the journal, the hydrostatic performance of the bearing 

and the hydrostatic performance of the oil control devices were 

tested. These tests showed the bearing to be satisfactory with 

respect to load capacity, stiffness azd with respect to the operation 

of the constant volume flow valves which were chosen as the control 

devices. The second test rig was built to represent an actual 



2 

arrangement for a machine tool spindle. The three lobe bearing in 

both externally pressurized and self-generating regimes has been 

tested over a speed range from zero to 7000rpm, which was the limit for 

the available drive, and with two oils of different viscosities. The 

results from these tests showed that the behaviour of the bearing was 

satisfactory up to the highest speed (7000rpm) and revealed that spindle 

deflection had a significant effect upon overall stiffness. Typically 

at 7000rpm, the power loss was 8.6KW, and the oil temperature rise 

through the bearing was 390C. 

In addition to the design study and the test work, theoretical studies 

have been carried out. In the initial design stage an approximate 

analytical prediction was made of bearing stiffness in the hydrostatic 

regime in order to establish that feasible and convenient values for 

supply pressure, oil flow quantity and pumping power were possible. 

An approximate prediction was also made (and this drew upon published 

results for circular bore bearings) of the stiffness of the bearing in 

the hydrodynamic regime. The evaluations from these approximate analyses 

were made by means of two programmes written for the purpose. Later, 

to provide more realistic solutions, Reynolds equation was expressed in 

finite difference form, and a computer programme was written for the 

numerical solution of Reynolds equation. Various versions of this programme 

have been developed for several particular applications. The applications 

which have been investigated are: 

1) A programme for the self-generating regime. In one version of the 

programme the boundary conditions at the low pressure grooves are 

assigned to zero dimensionless pressure (i. e. the conventional boundary 

conditions at the inlet grooves), and in another version the boundary 

conditions are assigned to non-zero dimensionless pressure. The listings (i. e. 

the 
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programmes themselves) and a sample of the outputs are given 

in Appendices. Outputs from these programmes have been 

compared with test results of the three-lobe bearings, and with 

the published results for circular bore bearings. 

II) A programme for the self-generating regime of full circular 

bore journal bearings. The results from this programme have 

been compared with published results for full circular bore 

bearings (360 degree bearings). 

III) A programme in which the oil flow quantity is fixed to a pre- 

calculated oil flow for a stationary journal centred within its 

bearing. This programme has been applied to hydrostatic operation 

without journal rotation, and to the operation with journal 

rotation in which self-generating might be present to limited or 

to dominant extents. In one version of the programme the fixed 

oil flow is supplied at mid-lobe positions and in another version 

the fixed oil flow is supplied at the apices of the lobes. 

Outputs from these versions are compared with test results and 

with calculated results from (I). 

The dimensionless outputs of these programmes have been used in 

a further programme "The Design Programme" which gives values of power 

loss, oil flow, oil temperature rise, load and stiffness for a bearing 

specified dimensionally. 

The question always arises in a development of a programme 

whether all errors have been eliminated. As a confirmation of the 

correctness of the programmes they have been used to give predictions 
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which should correspond with published results. A close agreement 

has been found. 

The principal use of the programmes has been to give calculated 

values to set besides the test results, and also to predict the behav- 

iour of a wider range of three lobe bearings than could be tested 

experimentally. The comparison between test and numerical 

prediction has been found to be satisfactory. Suggestions are made 

for future work. In the present work there is only a brief 

discussion of the stability characteristics of the three-lobe journal 

bearings, and a fuller discussion is outstanding. It is also suggested 

that a head with a stiffer shaft should be designed, and possibly run - 

ing in a bearing with modified geometry to give an even higher stiff- 

ness together with a reduction in oil temperature rise. 
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NOMENCLATURE 

C Bearing diametral clearance or the 

lobe clearance. 

C Maximum diametral clearance 

C Minimum diametral clearance 

CM Mean diametral clearance 

Ct Power constant 

D Bearing Diameter or lobe diameter 

FB Horizontal Component of force 

FR Radial force 

Ft Total force 

Fv Vertical component of force 

H* Dimensionless oil film thickness, 

Hp Pumping power 

Hs Shear Power Loss 

K Specific heat 

L Bearing Length 

N Shaft speed 

Pi Pressure at bearing inlets 

Po Pressure at zero journal eccentricity 

P* Dimensionless pressure, 
Pi'j 

1,3 Po 

Ps Supply pressure (i. e. pump pressure) 

Pe Pressure along the direction of rotation 

QA, 
a 

Axial flow 

QC Induced pressure circumferential flow 

Hydrodynamic flow 

in 

in 

m 

m 

Nm S-1 

m 

N 

N 

N 

N 

KW 

KW 

cal gm-10C-1 

IIl 

r. p. m. 

Nm-2 

-2 Nm 

Nm-2 

Nm 
2 

litres s-1 

litres s-l 

litres s-1 



Qn 

Qp 

Qt 

Velocity Induced flow 

Zero speed flow 

Total flow 

litres s-1 

litres s-1 

litres s-1 

Qv Flow through constant flow device litres s-1 

S Duty Parameter; 
ANLD 

(D/D) 2 
litres s-1 

W 

Sp Speed Paramter, NýD 
PO C 

T Oil Temperature 

U Surface speed 

W Bearing load 

Wx Load component in the direction of the 

attitude line 

0C 

ms -1 

N 

N 

Wy Load component in the direction perpendicular 

on the attitude direction N 

Dimensionless load, w 
wt LD PO 

X* Dimensionless distance. X/D 

Z* Dimensionless distance, z/L 

d Journal diameter 

fo Heat loss factor 

h Oil film thickness 

hmin Minimum oil film thickness 

K Number of iterations 

Axial length of oil inlets 

n Number of mesh points in the direction 

of rotation 

m Number of mesh points across the bearing 

qa Axial flow coefficient, 6µ QA/' 
3 

Pp 

in 

m 

m 

m 

* Also used as pressure parameter in figure 3.2 
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qc Induced pressure circumferential flow 

coefficient 

12 µQ 
C3 PO 

qh Hydrodynamic flow coefficient, 
4 Qh 

TTDLCN 

qn Velocity induced flow coefficient 
2Qn 

CII DNL 

q Pressure flow coefficient 

X Bearing distance measured in the direction 

of rotation 

z Bearing distance measured perpendicular m 

to the direction of rotation 

a The axial groove angle degree 

P Load angle for each lobe 

Y Load angle for the complete bearing degree 

S Bearing eccentricity m 

and and 5, Lobes eccentricity in 

Ar Bearing offset 

Ax and, &y Dimensionless and height of the 

mesh square set 

AT Temperature rise 

e0 Offset ratio., 

2 Qr 
C 

E 
5 

Bearing eccentricity ratio 25 
Cmin 

in 

oc 

E Eccentricity ratio, EB (1- C) 

EI Eccentricity ratio of the bottom lobe 



eI Eccentricity ratio of the left lobe 

eK Eccentricity ratio of the right lobe 

A Lobe angle degree 

el, e3 and 9K Angle between the position of 

minimum film thickness and the starting 

of the lobe in the direction of 

rotation. degree 

A Bearing stiffness Nm-l 

Dimensionless stiffness 

Dynamic viscosity of the lubricant poise 

Dimensionless viscosity 

P Oil density gm cm 

r Shear stress 

Bearing attitude angle degree 

The bottom lobe attitude angle degree 

The left lobe attitude angle degree 

ýK The right lobe attitude angle degree 

Q Optimum over-relaxation factor 

SUBSCRIPTS 

HL Horizontal 

VL Vertical 

i Reference to the count in the axial direction 

I, J, K Refer to the considered lobe 
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j Reference to the count in the direction of rotation 

Max Maximum 

Min Minimum 

0 Point of zero eccentricity 

1,2 Inlet and outlet 

TERMINOLOGY 

The following conditions are met in this thesis: 

i) No rotation of journal, controlled high pressure oil only. 

ii) With rotating journal, controlled high pressure only. 

iii) With rotating journal, uncontrolled low pressure oil only. 

Conditions i) and ii) will be referred to as being hydrostatic 

or externally pressurized, where in condition ii) the journal speed 

with other factors is sufficient to produce very considerable self- 

generating pressure the term externally pressurized will only be used. 

Condition iij) will be as hydrodynamic or self-generating. 



CHAPTER 1. 

INTR0DUCT10N 
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INTRODUCTION 

1.1 General 

The problems associated with friction, wear and the introduction of 

a lubricant between moving surfaces, have been appreciated for a 

long time. The subject of lubrication received much attention since 

the later part of the 19th Century when Reynolds published the first 

theorectical analysis for the fluid film problem. Reynolds' analysis 

was based on the experimental work carried out by Tower (refs. 1,2,3). 

In this investigation, lubrication of journal bearings may be 

classified, as self-generating bearings* (hydrodynamic bearings) or 

externally pressurized bearings (hydrostatic bearings). In the 

hydrodynamic bearings the creation of a fluid film between the bearing 

and journal surfaces depends on the relative velocity and the presence. 

of a wedge shape between the two surfaces. Hydrodynamic journal 

bearings have received much attention and a list of references 

covering the theory and test results are given in References 1 to 11. 

The main advantages of self-generating bearings are high load 

capacity at high speed and eccentricities, high overload tolerance 

and the absence of a high pressure supply line. However, there are 

some applications where hydrodynamic bearings fail to provide the 

required load and stiffness characteristics especially at low speeds 

and at low values of eccentricity. 

* See 'Terminology' 



1.2. Externally Pressurized Bearings 

In contrast with the self-generating bearings, in the 

externally pressurized bearings the load carrying capacity is 

produced by externally pressurized fluid in the gap between the 

sliding surfaces. Hence the main advantage of externally 

pressurized bearings (i. e. high stiffness, high load carrying 

capacity at low values of eccentricity and zero speed, accurate 

journal position, low friction coefficients and consequently a 

minimum starting torque and wear) is dependent as much upon the 

characteristics of the high pressure system (i. e. pressure, flow 

and method of compensation) as upon the bearing configuration. 

Specific bearing requirements within a wide range can be met by 

appropriate design. 

The main disadvantage of externally pressurized bearings is 

the need of a high pressure supply line with means for providing 

volume flows to the inlets which are substantially constant and 

independent of the condition of operation of the bearing. A failure 

in the high pressure supply may lead to a complete failure of the 

bearing system. 

Hydrostatic bearings, (i. e. externally pressurized bearings), 

have been known since 1862, when the Frenchman, Girard invented the 

first hydrostatic bearing (ref. 11). The next publication on the 

subject of hydrostatic bearings was by Lord Rayleigh who described 

a hydrostatic thrust bearing and solved the equation for load, 

flow and frictional torque (ref. 11). The name "hydrostatic bearing" 

became adopted after Fuller (12) had presented an analysis of a 

pressurized pad bearing, which he described as an oil lift. 
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Oil lifts are normally used with large rotors to reduce the starting 

torque. The analysis had been made for a single pad of 180 degree 

arc, and was simplified by considering the case of an infinitely long 

bearing, so that there was no axial flow of the oil to be considered. 

1.3. The Conventional Externally Pressurized Journal Bearings. 

The idea of the conventional externally pressurized journal 

bearing, in which high pressure pockets have been introduced around 

the circumference, was described by Shaw and Macks (13). The pockets 

may contain up to 90% of the bearing surface area, so the load 

capacity may be increased, while the power loss due to the shaft 

rotation may be decreased; but at high speeds, the turbulence within 

the pockets increases the power loss. 

The first analysis and performance characteristics for the 

conventional externally pressurized journal bearing was presented by 

Raimondi and Boyd (14), for a bearing which was compensated by an 

orifice or by capillary tube. 

In the last 25 years different approaches for the analysis of 

conventional hydrostatic journal bearings have been described in the 

literature (15-24); the analyses are generally restricted to 

bearings which are compensated by capillary tubes or by orifices. 

With these devices the flow has to be defined in terms of the supply 

pressure and the downstream pressure. In general the results of the 

analysis have been expressed as mathematical relations without any 

numerical evaluation for specific applications. There has been 

little experimental verification of the expressions and the majority 

of the experimental work which has been reported relates to a small 

diameter bearing with the shaft stationary or rotating slowly. 
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In addition to the analytical approaches various numerical solutions 

for the hydrostatic bearings have been published, references (25-28). 

These methods would be quite impracticable but for the electronic 

computer. 

1.4. External Compensation 

In the simple hydrodynamic bearing which in general has a 

circular bore the only oil supply requirement is to fill the 

convergent space between journal and bearing with oil. In practice, 

supply pressure from 1.5 x 105 NM-2 (20 psi) to 7.5 x 105 NM -2 (100 

psi) is used, Reference (29). In some instances arrangements are 

made within the bearing to permit additional flows of oil, which do 

not pass through the confine-of journal and bearing, and whose function 

is cooling rather than lubrication. However, it may be said that 

the behaviour of hydrodynamic bearings is more dependent upon bearing 

configurations than upon the oil supply system. In contrast, the 

behaviour of hydrostatic and externally pressurized bearings is 

dependent as much upon the oil supply system as upon the configuration 

of the bearing itself. 

In a hydrostatic bearing, to create the bearing load carrying 

capacity, there must be a pressure drop between the supply pressure, 

and the pressure of the pad. Furthermore, to develop a restoring 

force when the journal is displaced it is necessary that the pressure 

at a pad should rise when the journal approaches the pad. For this 

to happen the rate of flow through the inlets should be held 

substantially constant irrespective of the pressure downstream of the 

control means . This requirement can be satisfied, in principle, by 



using orifices, capillary tubes, constant flow devices, or 

diaphragm valves. These devices are described in Table 1.1. 

The control devices have received much attention because 

it has been realised that the control devices (compensation devices) 

have a considerable effect on the performance of externally 

pressurized bearings. In particular, the stiffness is directly 

dependent on the type of compensation device. 

Loeb and Rippel (30), Malonski and Loeb (31), have investigated 

the effect of the capillary, orifice, and flow control valves as 

compensation devices, on the stiffness of the lubricant film; as 

might be expected they found a constant flow device, which might be 

a constant flow valve or constant displacement pump , to produce the 

greater the stiffness. Also they found that the performance of a 

constant flow control valve is independent of the pressure ratio 

(i. e. the ratio between the pad pressure and the pump pressure at 

zero eccentricity. 

Mohsin (32), De Gast (33), and Morsi (34), have described 

control devices which cause the flow rate to increase as the load 

increases. By this means, in principle, the bearing stiffness may 

be made infinite over a limited range of conditions. 

The different methods of compensation applicable for the 

externally pressurized bearings have been described in several 

references summarized by O'Donoghue and Hooke (35), where the 

advantages, disadvantages and the limitation in using each method 

are described. In references (36-38) several applications where 

no external compensation is used are described. 
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1.5. Applications of Externally Pressurized Bearings 

The advantages of the externally pressurized bearings, as 

described above, have led totheirchoice for some applications in 

which they have been used successfully, references (39-41). Uses 

of externally pressurized bearings in the machine tool industry are 

discussed in references (42-49). The uses include applications to 

slide ways and to spindles. The use of externally pressurized 

bearings in particular gives enhanced finish, permits smaller 

tolerances, and allows items of precision to be obtained at 

moderate cutting speeds when they are demanded by the material. 

Compressible fluids (gas), such as air, have been used as a 

lubricant, and externally pressurized gas bearings have been 

developed for machine tools of very high speed, where finishing to 

ultra-tolerances is required. Gas lubricated bearings have been 

fully described by Grassam and Powell (50), and the various 

applications of the externally pressurized gas lubricated bearings 

have been presented and discussed by Decker (51) and Wunch and Nimo (52). 

1.6. Externally Pressurized Bearing System. 

It has been stated previously in paragraph 1.3, that most of 

the literature which has been published in the field of externally 

pressurized bearings has concentrated on the analysis of a single 

bearing, without reference to the behaviour of the complete machine 

tool spindle and without reference to specified design requirements. 

Little experimental test results have been published for externally 

pressurized bearings. 
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Kher and Cowely (53), have given an approximate theoretical 

analysis and have described some test results for a capillary 

compensated externally pressurized journal bearing. The 

analysis is simplified by considering the short bearing 

circumstance which has been solved for a stationary journal. 

Two pocket bearings of 50 mm diameter circular bore were tested 

over a limited range of speed (1900 rpm). 

Decker and Shapiro (54-55) have presented a theoretical 

study of the development of a hydrostatic bearing for a milling 

spindle. The maximum speed of the spindle was 2000 rpm, and 

the maximum radial load was 8910 N. Results for pumping power, 

shearing power loss, temperature rise and stiffness are presented. 

In the absence of experimental verification it is difficult to 

judge how far these results would hold in practice. 

Davies and Andvig (56) have presented results obtained from 

tests on an orifice compensated hydrostatic journal bearing with 

four pockets under the action of steady radial loads which produce 

severe bending of the shaft. The bending was produced with a shaft 

of 76 mm diameter and the overhang of load was 65 m m. The 

results are presented in terms of journal eccentricity, and it has 

been deduced by the writer that load typically of 340ON were employed. 

An important conclusion of Davies and Andvig is that the severe shaft 

bending had no serious effect upon the performance of the hydrostatic 

bearing. 

Recently, Parsiegla (57), in his paper presented at the 6th 



Conference on "The Optimization Problems in Design and Production of 

Machines", has presented an experimental investigation of hydrostatic 

bearings for heavy duty--machine tools with high rotational speeds. 

A system of two conventional hydrostatic journal bearings and one 
0 

thrust bearing were used for a machine tool spindle of 130 mm diameter. 

Measurements of power loss and temperature rise are presented for 

speeds up to 104 rpm. To minimize power loss, a very thin oil 

(u = 2.5 Cp at 40°C)was used. At 104 rpm the power loss due to the 

rotation of the shaft was approximately 70KW, however, it was noted 

that the load capacity was reduced because of the low viscosity 

actually within the bearing. At speeds greater than 4000 rpm it was 

noted that the power loss exceeded the calculated power loss and this was 

attributed to the development of turbulence in the pockets. There 

was no provision for supplying the bearing with low pressure oil, and 

the hydrodynamic operation at high speed depended upon the externally 

pressurized supply. It seems reasonable to suppose that hydrodynamic 

operation was severely affected detrimentally by the presence of the 

pockets. 

1.7. The object of the present investigation. 

The purpose of the present investigation is to develop a single 

journal bearing for a wide speed range and high stiffness. The 

development work was originated by an enquiry for a machine tool 

bearing of 152 mm diameter, and with the specification given in 

table 1.2. 

The preliminary analysis showed that the rolling element bearings 

cannot match the required load, diameter, stiffness and running speed. 
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Rolling bearings have well known limited working capabilities, 

they cannot withstand static loads for a long time, or shock and 

impulse loads; they are not suitable for working at high 

temperatures. The higher stiffnessexists only with pre-loading 

which reduces the working life (58-60). 

It seemed possible, from a feasibility study, that the 

specification of table 1.2 could be met by a journal bearing which 

operates hydrostatically at low speed, and which becomes self- 

generating as the speed of rotation is increased. In a self- 

generating bearing of circular bore (Figure 1.1a) the stiffness of 

the bearing arises in the locality of the position of minimum film 

thickness, and the remainder of the surface contributes little to 

the stiffness but a great deal to the shearing loss within the 

bearing. However, if the journal bearing is a multi-lobe bearing 

(Figure l. b), then there is a position of film convergence at each 

lobe, and each lobe contributes to the overall stiffness in the self- 

generating regime. By adopting a multi-lobe journal bearing it 

was considered that the required stiffness in the self-generating 

regime could be obtained at a lower power loss and oil temperature 

rise than would be possible with a bearing of circular bore. This 

concept reacted upon the design of the bearing in its hydrostatic 

aspect. 

In a journal bearing which is entirely hydrostatic the advantages 

of the high pressure pockets (Figure l. lc) are well known, but as 

reported in references (61,62,63), the consequent removal of surface 

greatly diminishes the load carrying capacity of the bearing as a 



Table 1.2. Specification. 

Max. Power Deflec- 
Regime Speed Bearing Torque tion Mean 

rpm Pressure Nm kw m Stiffness 
1 Nm Nm 

8- 40 3.86 x 10 6.1 x 104 - unimpor- 
tant 

d Low spee 

40 - 840 3.86 x 10 - 22 - 

Finishing 840 - 1800 1.18 x 10 - - 2.5 x 10-5 8x 10 

High Speed 1800-90 2.34 x 10 - - 1.25x10 3.2 x 108 

For the above bearing pressuresmaximum loads for a bearing of 135 mm 

diameter and 127 mm long become 6.6 x 104N, 6.6 x 104N, 2.0 x 104N and 

4.0 x 103N respectively. 
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self-generating bearing. Furthermore, in reference (64) it has 

been shown that the turbulence within the pockets increases the 

power loss, and the resisting torque due to the pocket friction is 

not always negligible and becomes dominant at high rotational speeds. 

The dynamic behaviour of the pocket bearings has been investigated 

by Optiz et al (65), Davies and Leonard (66) and Leonard and Rowe 

(67). It has been reported that the hydrostatic bearings with 

high pressure pockets are liable to dynamic instability as self- 

generating bearings, and the bearing damping is reduced by 

incorporating the pockets. Consequently, it was decided that the 

journal bearing would be designed with three-lobes, and without 

pockets. A high pressure oil inlet for the hydrostatic regime is 

provided at the centre of each lobe, and a low pressure inlet is 

provided for the self-generating regime at each conjunction of the 

lobes-The required characteristics. in the hydrostatic regime would 

be obtained by employing a sufficiently high inlet pressure. Multi- 

lobe bearings have been analysed by Pinkus (68-70). They have been 

proposed as having good anti-whirl and anti-vibration properties and 

as having high stiffness and damping characteristics, references (71-72). 

The proposed bearing will be protected from severe damage should 

the high pressure supply fail due to blockage or pipe failure 

because of the continuous supply to it of low pressure oil. 

In the present investigation a system of bearings is proposed 

to support a machine tool spindle. A three-lobe journal bearing 

for hydrostatic and hydrodynamic operation which is compensated by 

constant volume flow valves is used as the main front bearing to 



provide the required load capacity and stiffness. Rolling 

elements are chosen for tail and thrust bearing, both for economy 

of construction and to reduce the total power loss of the spindle. 

The bearing spindle system has been investigated in two full 

scale test rigs. In the first test rig the hydrostatic performance 

of the three-lobe bearing was tested but without rotation of the 

journal. Also the characteristics of the compensation devices were 

tested. The second test rig was built to represent an actual 

arrangement for a machine tool spindle. The three-lobe bearing in 

both externally pressurized and self-generating regimes has been 

tested over a speed range from 0 to 7000 rpm, and with two oils of 

different viscosities. Measurements have been made of power loss, 

oil flow rate, oil temperature rise and journal displacement in both 

vertical and horizontal directions under the influence of a steady 

vertical load. 

Two bearings of the three-lobe type have been machined with 

different lobe clearances, offset ratios and axial groove dimensions. 

These bearings have been tested in the second test rig, and the 

second bearing was also tested with high pressure oil admitted at the 

conjunctions rather than at the centre of the lobes. The method 

used to produce the three-lobe bearings is described. A different 

method for producing the three-lobe bearing has been examined 

experimentally and the results are outlined. 

The behaviour of the spindle assembly has been investigated with 

special reference to the bending of the spindle and the. stiffness of 



the tail bearing assembly. With the aid of a computer programme 

for calculating spindle deflection, several arrangements for the 

complete assembly have been examined, and alternative arrangements 

of tail and thrust bearing have been outlined. 

In addition to the test work and the design study mentioned 

above, a theoretical investigation has been carried out, and the 

theoretical predictions have been compared with test results and 

published data. The initial theoretical work was based upon the 

analytical solution of Reynolds' equation and was limited to the 

infinitely wide bearing instance. A three-lobe externally pressurized 

bearing with a stationary journal was considered. In addition an 

approximate analytical study of the three-lobe bearing in the 

hydrodynamic regime was carried out. Originally the concept was 

quantified on the basis of these approximate analytical studies. 

Later Reynolds' equation was expressed in finite difference form 

and a computer programme for its solution was written. Programmes 

of this kind have been applied to the following circumstances. 

I. Self-generating regime with a vertical load directed 

towards the centre of a lobe. 

II. As above, but with a vertical load directed towards the 

conjunction between the lobes. 

III) Self-generating regime with dimensionless pressure at the inlet 

grooves assigned to non-zero values. 

IV. Externally pressurized regime with a vertical load as (I) and (II). 



V. Externally pressurized regime with the high pressure oil 

admitted at the conjunction of the lobes. 

VI. Self-generating regime for the full circular bore bearing 

(3600 journal bearing). 

The principal output of these programmes is ;- 

a) Dimensionless pressure 

b) Duty parameter 

c) Attitude angle 

d) Load angle 

e) Hydrodynamic flow coefficient 

f) Pressure flow coefficient 

g) Total flow coefficient 

h) Dimensionless pressure at each inlet 

i) Flow coefficient 

j) load factor 

k) load angle 

N 

Hydrodynamic regime 

l 
I 

externally pressurized regime 

J 

A further computer programme which is called "The Design Programme" 

has been written, where in this programme the dimensionless output of 

the finite difference programmes may be used as an input for the 

calculation of actual oil flow, temperature rise, power loss, actual 

load and actual stiffness. As appropriate this programme has been 

run in connection with test bearings, but has also been run in 

connection with bearings which are cited in the literature. This 

has been done in particular to seek assurance that the programmes are 

correct. The programme has also been used for calculation of a 

small bearing which is of interest in another connection . 



All the computer programmes which have been used in this 

investigation have been written by the author except the computer 

programme which has been used to calculate the spindle deflection. 

The computer programmesplist as well as a sample of the output are 

presented in the Appendices. 

Comparison between theory and experiment is presented. 

Modification for the test rig* and computer programmes for future 

investigation have been outlined. Figure 1.2 shows a flow chart 

for the sequence of the investigation. 

* The writer designed, drew, assembled and commissioned the rig 

himself. He also carried out some machining and fitting. 
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Functional Specification 

of the Bearing. 

{Chapter 1} 

Conceptual Design 

{Chapter 1} 

Preliminary analysis for the externally pressurized 

regime, (i. e., Infinite Long Bearing soluticn), to 

estimate the oil flow, pressure and the pump power. 

{Chapter 2} 

I 

r--N" 

Self Generating 

{Chapter 3} 

Finite difference solution of Reynolds 

equation for the three lobe journal bearings. 

II) The output of the finite difference calculations 

is used in the Design Programme for the 

calculation of oil flow, oiL outlet temperature, 

power loss, load and stiffness. 

I 



"Externally Pressurized" 

{Chapter 4} 

I) Design and construction of the static test rig. 

II) Tests and test results of the static test rig 

for the oil flow, Pressure, Load, Pumping power 

and stiffness for different lobe. clearances. 

III) The behaviour of the compensating devices is 

also tested. 

"Externally Pressurized" 

{Chapter 5} 

A numerical solution of Reynolds equation 

for the three lobe externally pressurized 

journal bearing has been carried out for 

both a stationary journal and a rotating 

journal. 

J 

i 



"Externally Pressurized and Self Generating" 

{Chapter 6} 

640-ý 

r--wti 

I) The design and the construction of the main 

Test rig. 

II) Tests and test results for the first bearing, with 

Shell VIT. 150 oil and for speeds up to 4000 rpm. 

III) Tests and test results for the first bearing, with 

Shell Tellus 37 oil and for speeds up to 6000 rpm. 

IV) The design and machining of the second bearing. 

V) Tests and test results for the second bearing, 

with Shell Tellus 37 oil and for speeds up to 

7000 rpm. 

"Externally Pressurized and Self Generating" 

{Chapter 7} 

ýZý 

1 
General discussion on the dynamic characteristics of 

the three lobe journal bearing and the dynamic 

characteristics of compensating devices. 

i 



'Externally Pressurized-Self-Generating' 

{CHAPTER 8} 

Discussion of the results. 

`4.. II) Comparison between the measured and 

calculated results. 

III) Recommendations for future investigations 

and the required modification in the test 

rig and the computer programmes. 

IV) Conclusions. 

Figure 1.2 Flow Chart for the Sequence of the Investigation. 
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2. ANALYSIS OF A THREE-LOBE EXTERNALLY PRESSURIZED JOURNAL 

BEARING 

2.1 Introduction 

In paragraph 1.7 the conceptual design of a three-lobe bearing intended 

to meet the functional specification was described. To design an actual 

test bearing the concept has to be quantified, and in this chapter the 

quantification with relation to the hydrostatic mode of operation of 

the bearing, with no journal rotation, will be described. in the first 

instance the bearing is treated as if it were infinitely long. This 

treatment takes no cognizance of the axial oil flow which exists with 

an actual bearing, and narrow bearing theory is used to estimate the 

axial oil flow. 

The discussion of the problem in this chapter is based upon elementary 

theory and is approximate. In later chapters less approximate treat- 

ments based upon finite difference solutions are presented for the 

hydrostatic (Chapter 5) and hydrodynamic (Chapter 3) regimes. The 

predictions which are required are: 

Pressure distribution, the supply pressure, resultant force, stiffness, 

oil flow and pump power. 

With reference to the present approximate treatment the appropriate 

expressions are described as functions of the gap between journal and 

a single lobe with the journal symmetrically disposed. The treatment 

of stiffness is based upon a journal displaced from its central 

position within the complete bearing so that different gaps obtain at 

each lobe. The journal can then no longer be symmetrically disposed 

with respect to each lobe, however the departures from symmetry are 

small, and in the analysis symmetry is assumed. 



The circumferential oil flow is based upon the solution for an infin- 

itely wide bearing. To obtain a very approximate estimate for the 

side leakage it has been assumed that one half of the maximum pressure 

calculated for the infinitely wide lobe exists along the centre line 

of the lobe, and that the pressure falls off linearly to the sides to 

give constant axial pressure gradient. This is an arbitrary procedure 

but the sum of the flows so calculated is reasonably close to the oil 

flow found experimentally, and to the more precise calculation of oil 

flow by the finite difference method. 

The initial calculation will now be presented and discussed with 

reference to the choice of dimensions for an actual test bearing. 

2.2 Infinitely Wide Bearing Solution 

The general arrangement of the bearing is illustrated in Figure 2.1. 

The high pressure oil is admitted to each lobe through a series of 

holes, which in the analysis are treated as if they provided a uniform 

supply of oil over the full width of the lobe. The oil is assumed 

to flow circumferentially into axial grooves of zero pressure, and 

in consequence each lobe is taken as being isolated without any 

interaction with another. 

2.3 Single Lobe 

The coordinates of the analysis are indicated in Figure 2.2. In the 

steady state condition and, when the bearing is considered to be 

infinitely wide, the Navier, Stoke's equation may be taken in the 

approximate form 

aP 
a2U 

X=u3 aye (203.1) 
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Repeated integration with respect to y, with the following boundary 

conditions, U=o when y=h and U-o when y=o, leads to 

U= 2u 
y(y-h) 8x 

(2.3.2) 

The circumferential oil flow to right and left of the oil inlet may 

be expressed as 

qc= 2L U dy 

0 

(2.3.3) 

Substitution from(2.3.2) into equation(2.3.3) and integration leads to 

aPD 
. 311 

ae fý 
h3 

The oil film thickness may be expressed as 

h= C/2 (1 -e cos8) 

where, 

(2.3.4) 

(2.3.5) 

the distance between the journal centre and the centre of the pad 
sö C°C 

the lobe radial clearance 

Froui(2.3.5) and(2.3.4) it follows that 

aP 
24Dqcµ 1 

ae L C3 

(1-E 

cose) 

and it follows that 

24Dqcu 

L C3 

J( 

cosA) 
P 
A 

3 

dO 



It is convenient to write the above equation in the form 

P8 24uDqc 
_3 

L C3 

(2.3.6) ý (1-e 

cos6) 
d8 

The integration of equation(2.3.6) is carried out by using the 

Sommerfeld variable defined by 

-c + cosh 
cosy = 1-c cose 

The result of integration is given by 

>'24u 
24uDqc 

-1F --., . E2. . ., -- ý- " E2 ý 
-(2.3.7) 

L C3 
- 

(1-F2)! Z 
L YkiT 2j T4e sinY m2 slny cosyl tb 

The constant of integration is to be evaluated from: 

P=o at 9= 61 where Al defines an extremity of the lobe. The 

associated value of y will be denoted by Y1 

It then follows that 

e2 E2 
S= Y1 (1 +2) + 2e sinyl + sin yl cosyll (2.3.8) 

(71-r2")72 2I 

In Figure 2.3, S is plotted as a function of E, for various values of el 

At the inlet P= Po, 0=0 cosy = 1, sing =o and from (2.3.7) 

P /24uDQc 

=S2.3.9) 
L C3 

and the pressure distribution along the lobe is given by 

Pe /r24unqc 
/LC3 

L1 

=1f (1+s2/) (yl-Y)+2e(sinyl-sing) + e2 
(1-e2ý I 

2.3.10) 

(siny1 cosy1- siny cosy) 
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2.4 The Hydrostatic Force of a Single Lobe 

The hydrostatic force generated by a lobe may be evaluated from 

e 
F=2 

1J 
LRPe cos9 d9 

0 

8 
= LD 

1 rpe 
sine 

0 

elf 
J 

0 

aP 

ae sine de 

(2.4.1) 

The pressure Pe is equal to zero at 6: e1 and sine is zero at 

6 = o, thus the hydrostatic force per lobe is expressed by 

24uD2q ei 1 F=cf sine d6 (2.4.2) 
c3 0 (1-e cose)3 

Equation(2.4.2) is integrated by using the Sommerfeld substitution and 

the result is 

F 
241D2qý 

m 

C3 

1 ý- 
cosy -4 cos2y 

(1-e2)2 
0 

(2.4.3) 

By substituting from equation 2.3.9) into (2.4.3) and rearranging, the 

force is given by 

F= LDPö (2.4.4) 

where 

E= (1- ý)ý -(1+cosy1) - e/4(1+cos2y1) 

yl(1+e22) + 2c cosyl+e2/2 sinyl, cosyl 

In Figure 2.4, E is plotted as function of E for various values of 0 l 
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2.5 The Complete Bearing 

The calculation of the total force, total oil flow and overall 

stiffness require that the eccentricity ratio at each lobe should be 

related to the eccentricity of the journal within the complete 

bearing. with reference to Figure 2.5a the journal centre is at the 

centre of the bearing at 0, and is displaced by Ar from the centres 

of the lobes at 0I, 
J, K. 

In Figure 2.5b the journal centre is at 

01 and is displaced from the bearing centre at 0 by the distance b. 

The eccentricity ratio with reference to each lobe is given by 

2si 2{a2+ e'ý + 2. s. er. cosý}I Ez' c 

26J 26J 2{g2+ pr - 2. ö. Or cos(II/3-0)}1 
3a EJ CC C 

2SK 2{62 + o= - 2. d. Ar cos 
EK CC 

When 0 is zero (i. e. the centre of the journal moves vertically 

downward) the eccentricity ratios for the lobes are given by 

2S 2(S +A 
ei =_ CC 

26J 
K 

2{62 + pr 
eJ = eK = 

C' 
=c 
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FIG. 2.5 Displacements relationships. 



and when 0 is 180 degrees (i. e. the centre of the journal moves 

vertically upward), the eccentricity ratios are given by 

2ö 2(Ar-ö) 
EI aCC 

2öj, k 2{Or + 62 + b. A 
r}1 E-=E.. 0nA 

JKV C 

2.6 The Total Force 

If the load acts in an arbitrary direction, then the force from each 

lobe will be such that the vector sum of the forces will balance the 

applied load. 

The total hydrostatic force is given by 

}} 
Ft =ýF 

I-K 
(2.6.1) 

When the external load is applied vertically downward the total force 

is given by 

Ft =f FI - (FJ + FK) sin 30 } 
By substitution from(2.4.4) it follows that 

Ft = LD L(POE) I- 
{P0E) 

J+ 
(POE)K}sin 

30 
1 

(2.6.2) 

(2.6.3) 

oI 

{(PE)J 
= LD P 

[E1_ 

+ 
(P0E)K 

oI 11 
r sin 30 - P 

oI 
p 



from(2.3.9) and(2.3.6) it follows that 

Ft = LD PoI EI - 
{Eý 

SJ + Eý 
SR I sin 30 

`II 

(2.6.4) 

When the external load is considered to be applied from the opposite 

direction the total hydrostatic force is given by 

Ft = LD Pý J, K 
(E 

J+ EK) sin 30 -E 
SI 

IS 
J 

(2.6.5) 

2.7 The Oil Flow 

2.7.1 The Circumferential Oil Flow 

When the shaft is stationary by symmetry the flow divides equally to 

left and right, and therefore the rate of flow in the circumferential 

direction for one lobe is given by expression(2.3.9) which will be 

written as 

qc =L C3/24uD] . rPO 1 
(2.7. u 

2.7.2 The Axial Flow 

It is clear from Figure 2.2 that the oil flows out of a hydrostatic 

lobe from the sides as well as in the circumferential direction. 

The approporiate form of the approximate Navier, Stoke's equation in the 

axial direction is 

ý=ü az (2.7.2) 
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Repeated integration of equation(2.7.2) with respect to y, with the 

following boundary conditions: 

w=y at y=h and w=o at y=o 

leads to 

w= 
2u äz- (y-h) y " 

The total axial flow from one lobe is given by 

el (h 
qm4(J1 Rw de dy 

ao0 

which, from(2.7.3) may be written as 

6 

_ 
4R 8P 

1 

of 

hf 

qa 2u Dz J d8 J (y-h) y dy 
00 

(2.7.3) 

(2.7.4) 

(2.7.5) 

After integration and substituting for the oil film thickness by 

C/2 (1 -c cos9), equation(2.7.5) may be expressed as 

4R C3 SP (ý1_E 
COS03d8' Qa 2u 8x6 az 

-J 0 

(2.7.6) 

The pressure at the lobe centre line is deemed to fall linearly to 

zero at the extremities of the bearing, however the pressure gradient 

aP 
az 

is to be represented by 

ap + Po 
aa 2 

(2.7.7) 
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After substituting from 2.7.7) in 2.7.6), and integrating the axial 

oil flow for one lobe is given by 

DC 3P 
K ga 48uL 

0 

where 

rr d 
K= 16c1+3/2E2 + e3 sine +k e2 sin26 - 3c sine -3 C3 sin36 Lo 

1 

In Figure 2.6, K is plotted as a function of F for one value of ei 
. 

2.7.3 The Total Oil Flow 

The total oil flow out of one lobe will be taken as 

qt qc + qa 

and the total flow out of the bearing as 

Qt qtI + qtJ + qtK 

(2.7.8) 

(2.7.9) 

(2.7.10) 

In an externally pressurized bearing the oil is admitted to the bearing 

via a constant flow device, however the oil flow is the same for each 

pad and the total oil flow is taken as 

ei 

Q*= 3qr (2.7.11) 
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2.8 Stiffness 

2.8.1 Single Lobe Stiffness 

The stiffness of the externally pressurized bearing will be taken as 

the negative derivative of the force with respect to the oil film 

thickness. Because the load-displacement relationship is approximately 

linear the stiffness given by the derivation and the recent stiffness, 

are essentially coincident. 

The stiffness is given by 

'` ý ää °` cd2de 

and it follows from equation(2.4.3) that 

x/ 48ugcD2/C4 
\l C/ 

(2.8.1) 

1 {_e(4ý)+(4 
cosYl-e cos2Y1)} 

i, _-2ý31 (2.8.2) 

+(1-e2)i- 0.25-sinYl-i e sin2Y1+i cos2Y1}) - X` 

In Figure 2.7 l is shown as a function of E for various values of 

el (Y1) 
" 

2.8.2 Total Stiffness 

To calculate the total bearing stiffness resulting from the stiffness 

of each lobe, (Figure 2.8)the stiffness of each lobe-is represented 

by springsof stiffness XI, aJ and 1K respectively. When the 

journal centre is displaced from 0 to d, each spring will be displaced 

a distance dI, 6J and 6K respectively. 



The stiffness for the complete bearing is given by 

The direction for the load with relation to the pad repeats itself 

every 600 as the load is rotated. Consequently, the above expression 

of stiffness Xe is valid for 6 specific directions of the load within 

the bearing. It is highly improbable that the stiffness will vary 

significantly as the load is swung through 60°, and it is considered 

that the above expression sufficiently represents the stiffness of 

the bearing for all directions of the load. 

2.9 Compensation Method 

In paragraph 1.4 various methods of external compensation for the 

externally pressurized bearings were discussed. In the present invest- 

igation the high pressure oil was supplied to the high pressure inlets 

via individual control valves. Volume control valves were chosen in 

contrast with orifices or capillaries to minimise the loss and therefore 

the pump power, to minimise the pressure of the pump, and also to 

provide a greater stiffness. Furthermore, by using the control valves, 

any change in bearing dimension, oil flow and the supply pressure can be 

accommodated by changing the setting of the valves whereas otherwise 

new orifices or capillaries would be required. 

Xe -XI+ Xi sin230 + aK sin230 (2.8.3) 

2.10 Pump Power 

The pumping power required to pump the oil to the high pressure inlet is 

given by 

H 
P (2.10.1) 

Ps4t 

Ct 

P=P+ AP 
s0 

(2.10.2) 
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where 

AP: is the pressure drop in the control valve 

2.11 Results of the Computations 

The purpose of these initial calculations was to choose dimensions for 

the first test bearing* The hydrostatic calculations alone are insuff- 

icient because the bearing has also to be suitable for high speed of 

rotation (i. e. choice of dimensions has to be made with reference to 

both hydrostatic and hydrodynamic predictions). The hydrodynamic 

predictions are described in the next chapter, and the choice of 

dimensions is described. Here the appropriate calculations and curves, 

required for the choice, but pertaining - only to the hydrostatic 

regime, are presented. In nondimensional form the complete cross 

section of journal and bearing is defined uniquely by (F) and the 

lobe diametral clearance when the journal is centred within the bearing. 

The addition of an actual diameter, and an actual length define the 

dimensions of the bearing in all respects. The results of calculations 

which will be presented relate to a journal of nominal diameter 135 mm 

(5.3Oin), and to a bearing length of 127hnf5in). 

The choice of journal diameter follows from the specifications of 

Chapter 1, and the length of the bearing was an initial guess which 

in fact happened to remain a suitable length with respect to load 

carrying capacity after the assessment had been completed. 

The inputs to the computer programme were chosen to include appropriate 

quantities which appear in the specification of the bearing. The 

inputs of that kind are: 

bearing load, journal displacement and journal diameter. 

* The calculations were carried out by means of a computer programme 

which embodies the expressions already developed. 



The inputs are completed by bearing length, oil viscosity and the 

distance between the centre of each lobe and the centre of the bearing 

(p r), and the lobe diametral clearance (c). 

The outputs from the programme are: 

The overall stiffness (eqn. 2.8.3) 

The total oil flow (i. e. the sum of the axial and circumferential 

f lows 

The inlet pressure at each pad 

(egns 2.7.1, 

2.7.8 and 2.7.10) 

(eqn. 2.3.9) 

The supply pressure which is taken to be the greatest of the three 

inlet pressures (eq n. 2.3.9) 

The pumping power (eq n. 2.10.1) 

It is sufficient to take the supply pressure as being equal to the 

greatest inlet pressure because the minimum pressure drop across 

a control valve necessary for it to perform its constant flow function 

is small in comparison with the inlet pressure ( ^- 10%). 

The computer programme itself is given in Appendix (Al. 2). Calcula- 

tions were carried out for the following values of the variables: 

Load: 2.232x104,2.932x104,2.632x104 and 4.332x1O4N. 

Journal displacement: 2.545x10-5,5.089x10-5,7.634x10-5 and 10.178x10-5m. 

Lobe Diametral Clearance: 2.05x10-4,2.3x10-4,2.8x10-4,3.05x10-4 and 

2.33x10-4m. 

Bearing offset ( Or )=5.86x10-5m, Oil viscosity = 0.2 poise. 

Typical plots of stiffness, pump power, supply pressure and oil flow 

as functions of lobe diametral clearance are given in Figure 2.9. In 

Figure 2.10 in which supply pressure and the geometry of the bearing 
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are constant, bearing load and stiffness are shown as functions of 

the displacement of the journal from its central position in the 

bearing. 

Figure 2.9 shows that as the lobe diametral clearance is increased, 

the oil flow increases and also the pumping power, and that the 

stiffness falls substantially. Also it may be seen from figure 2.9 

that the functional specification stiffness (8x 108 Nm-1) can be 

obtained with a diametrical clearance of 2.8 x 10-4 in, with a supply 

pressure of 6.1 x 106 Nm-2, with a total volume flow of 1.2 x 10-2 1 s-1 

with a pumping power of 0.8 kw. However, the final choice of the 

bearing dimensions should be made to give a compromise solution for 

the requirements of both the hydrostatic and the hydrodynamic regimes 

and this will be discussed in Chapter 3. 
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CHAPTER3 

NUMERICAL SOLUTION FOR THE THREE-LOBE JOURNAL BEARING 



3. NUMERCIAL SOLUTION FOR THE TREE-LOBE SELF-GENERATING 

JOURNAL BEARING 

3.1 Introduction 

In paragraph 2.11 the point was made that the dimensions of the bearing 

have to be chosen with reference to both hydrostatic and hydrodynamic 

regimes and the hydrostatic characteristics of the bearing were derived 

in an approximate manner. In the historical sequence of the work an 

approximate analysis was made of the hydrodynamic characteristics of 

the bearing, and the dimensions of the first test bearing were chosen 

with reference to this approximate treatment. However, the degree 

of approximation in the hydrodynamic instance is large with respect to 

power loss, oil flow, and with respect to viscosity. It has seemed 

to be preferable therefore to commence this chapter with the better 

discussion of the hydrodynamic regime based upon a finite difference 

treatment, rather than with a discussion of the very approximate treat- 

ment. However, at the end of the chapter the approximate treatment is 

briefly described, and its predictions are compared with those of the 

finite difference calculations. 

3.2 Finite Difference Solution 

In principle the numerical solution of Reynolds' equation may be 

performed either by using the finite difference formulation or by the 

finite element technique (Ref. 81). The advantage of the finite element 

method is that irregular mesh elements can be used, however in the 

context of bearings there is no need for irregular elements, and the 

finite difference formulation is to be preferred because it leads to 

quicker solutions. 
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The assumptions of the finite difference solution are the usual 

assumptions implicit in Reynolds' equation including constant viscosity. 

A calculation commences by inserting some reasonable value for the 

viscosity, however the intention is that the constant viscosity should 

be the viscosity at the outlet of the bearing. The calculation 

approaches the desired viscosity by an iteration in which viscosity, 

power loss, oil flow and outlet temperature all become self-consistent 

within a limit set within the programme. Each calculation within an 

iteration comprises the solution of typically 648 simultaneous equations 

which are solved by an over relaxation technique. 

As is usual in bearing calculations, there is a mathematical solution 

containing negative pressures and a more realistic solution which has 

none. When a negative pressure arises at a mesh point that pressure 

is set to zero before the point is again invoked within the calculation. 

In that way the solution is constrained towards the realistic solution. 

It leads not only to zero pressure at the trailing edge of the film 

but also to zero pressure gradient. A criterion has to be provided 

for completion of the iterations, and the criterion which has been used 

is that the dimensionless pressures of the final iteration should differ 

by no more than 0.0001 from those of the penultimate iteration. To put 

this into perspective the maximum dimensionless pressure is typically 

60. In precise terms a dimensionless pressure less than -0.0001 would 

be set to zero whereas a dimensionless pressure of -0.0001 would stand. 

The required form of Reynolds' equation is, 

a1 h+-- a1 h3 aP = 6U dh ýax Cu ax) az p ax) dx 
( 3.1) 
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The following dimensionless forms are introduced. 

X* = X/D 

H* = h/C 

U* = IIDN 

31 z* = z/k 

, u* 

9 

=u=1 u avg 

P* 
u avg N 

(C/D)2 

and in dimensionless form equation (3.1) becomes 

a/ax* (H*3 äx*) + cn/L>2äz*(ý*3äx*) s 6n dX* (3.2) 

With reference to Figure 3.1 the individual terms, in finite difference 

form become respectively 

* (P* -p* )x H3* - (p* -P* x 03 
a/ H*3? P i, j+2 1,3 I, j+1 i, ] i, 3-2 1, j-1 

(3.3) ax*( ax Ax*2 

*** iPi* ** 
* aP* 

ýPi+l, j-pi, j) xHi+1, j-, j-Pi-11j) xHi-1 
_, aZ*(H aZ* AZ*2 i 

(dX). * 
-- 2Esine 

i 

* *, 
j+l 

* 
j-1 dHl 

_ 
Hi 

CdX/. AX* 
ý 

(3.4) 

(3.5) 

(3.6) 
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By substituting (3.3) , (3.4) and (3.6) into (3.2) and solving for Pi, ], 

the finite difference equation becomes 

{(Hi_i HJilI 
+ 

{+2 
()/X2ý 

ex J i, j+1 

+ i(Piº3-2)(Hi, j-1)ýýX2ý 

f Pi, 
* 

Kt1 

ý3 Hi-1,1) 

(D/L) 2x (P)(H/AZ2) + 
{D/L2P 

j)/AZ2)ý i+1, j i+1, j i-1, 

(Hi, 
j+1)/AX2 + (Hi. j-1/AX2) 

+ (D/L)2 x (Hi+1, j/AZ2) + (D/L)2Hi-1, 
j/AZ2) 

ýs 

(3.7) 

K ' 

For amesh of i=l tom+l and j=1 to n+1 where n is even, and 

with the assumption that pressures at the boundary are known, then 

there are (n - 1) x (m - 1) linear simultaneous equations to be solved. 

These equations are of the form 

** {Pi,, 
j 

}K+1 {C1+ ý Pl, J+2 + C3Pl, 
J'2 

+ C4Pi+1, J +s Pi'l, j 
}K 

(3.8) 

where K relates to the sequence of iterations and denotes that the 

values of Pi's are those already calculated, and K+1 denotes the 

current value of Piý 

H _H. +1 
* 

- 

6II l, J-1QXl, J 

CZ 
(H1, 

J+1)*/AX2* 
C_ 

(HiºJ'1)/AX 2 

C1 A9=A3A 

C4 = 
Lý2Hý l1])/AZ2 r_ - 

(D/L)2(Hi+l, ýý/AZL 

A' ý' A and 

A= iH 3 
"+ 

/AX2 )+ (Hýýý_1/ý 2) + (D/L)2(H. /oz 2)+ iD/L)2 (Hg /A* 2) 
i, ý 1 



The set of simultaneous equations, in each of which there are only 

five nonzero coefficients, are solved by a modified Gauss-Seidel 

technique. The condition for the procedure to converge is that in 

each equation the coefficients on the leading diagonal of the array 

should exceed the sum of all other coefficients on the line.. The 

modification of the Gauss-Seidel method is the speeding up of conver- 

gence by use of an overrelaxation factor (P ) so that equation(3.8) 

becomes, 

fp l*k+l 

l 1'. JJJ 
r= S2i(C1+C2 P 

i, j+2 + Cg P 
i, j-2 + C`+ Pl. +l, j + C5 P1-lýk 

(1-C{P. 
"k +l 
JJk 

The over relaxation factor (0) is given by (Ref. 85 

0=2 
1- (1-c2)i 

c2 

where, C=1- 
n2C4+(nD/L)2 

2[m2+( Dn/L)2 

(3.9) 

(3.10) 

The iteration procedures starts with the P's around the boundary set 

to boundary values (which might be zero) and with all internal P's set 

to zero. The solution was performed for boundary values at the axial 

grooves between 0 and S. 

The particular grid employed in the calculations for each lobe is shown 

in Figure 3.2, i=1 to 29(m = 28), j=1 to 51(n = 50) so that there 

are 27x24 = 648 equations to be solved. The pressures around the boundary 

are zero except in the axial grooves which may be taken as any appropriate 

value. The pressures must be symmetrical about the line i= 15, and 

}* L 
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the symmetry could be used to reduce the number of equations to be 

solved. However a test in which that was done gave no reduction in 

time of computation, and consequently the full set of equations has 

been retained with the advantage that, as a check upon the programme, 

the output can be inspected for the symmetry which must exist. 

The symmetry of the output may be seen in Figure 3.10 which is typical. 

To provide for the axial grooves which separate the lobes, the grooves 

in each lobe were allocated 200, and the dimensionless pressure in 

these grooves may be taken as zero or any dimensionless value which is 

2- 
expressed by P* =P (C). 

uN D 

3.3 Method of Solution for Complete Bearing 

With reference to Figure 3.3 the centre of the journal is displaced 

from the centre of the bearing by a distance 8, and 8 is included in 

the input to the calculation as the dimensionless displacement given 

by 28/Cmin = EB. 

The journal is fixed at given eccentricity by assuming an attitude 

angle 0 which is also included in the input. The forces due to the 

hydrodynamic pressures at each lobe are then evaluated, and the result- 

ant force in the vertical, and in the horizontal direction are calculated. 

The total hydrodynamic force and the angle between the vertical direction 

and the direction of the total force are also calculated, and then the 

journal displacements in the direction of the total force and in the 

direction perpendicular to the total force direction are calculated. 

0 is then increased by a small increment (i. e. +100), the calculation 

is repeated until 0 is equal to +600 and then £B is then increased by 

a small increment (i. e. +0.1), the calculation is repeated and stiffness 
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coefficient is evaluated as change in dimensionless vertical load. 

change in displacement 

A conceptual flow chart of the routine used for the solution of the 

self-generating three lobe journal bearing is shown in Figure 3.4. 

To revert now to individual lobes, the expression for the film thickness 

at each lobe, and the position of minimum film thickness at each lobe, 

in terms of E B, 
0 and c are given in Figure 3.5. 

Film thickness together with an initial value of viscosity, which is 

to be taken as constant, permits the calculation of the pressures at 

each lobe. With reference to Figure 3.6 the hydrodynamic forces in 

the direction of the lobe attitude line, and in the direction perpen- 

dicular to the lobe attitude line may be calculated from: 

*6L* (WX) - 
f0 f0P6 

cos6 d6 

(W 
y) 

P8 sin 8 de _JeJL 
* 

oa 

In numerical form equations(3.11) and(3.12) become 

(3.11) 

(3.12) 

* m+l n+l *** (W )_ýýP. , AX . Z. Cos 6. (3.13) 
ý I, J, K i=1 j=1 1'ý 

m+1 n+1 *** (W*) _ýýP AX. AZ. sin A. 
I, J, K i=1 j=1 1'j' 1 (3.14) 
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- 78 - 



- 79 - 



and the resultant force is given by 

_ 
I. J. K 

{cwz 
+ (Wy)2ý (3.15) 

and the angle between the direction of the force and the displacement 

is given by 

ßI, J, K sin -1 (Wy/Ft)I, 
J, K (3.16) 

The force (F 
t) 

is then decomposed into a horizontal and into a vertical 

force at each lobe. The total force is then given from: 

FT = (Fvt + FHt) 
1 

(3.17) 

and the angle between the vertical direction and the direction of the 

total force is given by 

y= tan -1 (- FHt/F* ) 

where FVt = FVI + FVj + FVk and FHt = FHI + 
FHJ + FHK 

The bearing duty parameter is given by: 

S=* 
F 

T " 

(3.18) 

(3.19) 

Where S= 11N (D/C) 
2 

and P= FT /LD 
P 



3.4 Stiffness 

For a steady state running condition the lubricant film stiffness in the 

radial direction will be defined by 

dFR dFT cosco 
dh dh 

min min 

since 

FT = uDSN (D/C) 2 

and 

hmin = C/2i1-s) 

d (cos 
a= 2uCLN (D/C)2 

de 

and the stiffness coefficient is given by 

a7 �cos 
A= 

2uDLN (Dý Z de 
C 

where e= eB(1 - ea) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

The stiffness coefficient has been calculated from the numerical solution 

of Reynolds equation. A typical calculation of the stiffness coefficient 

for the three lobe bearing is given in Figure 3.15. The calculations 

have been carried up to eccentricity ratios larger than those appropriate 

in practical use of the bearing, and with reference to the functional 

specifications of the three lobe bearing, the maximum eccentricity ratio 

(EB) would be 0.17 (the eccentricity ratio is calculated for a lobe 

clearance of 2.6x10-4m). 



3.5 oil Flow 

The oil flow fed to a bearing serves a dual purpose. Whilst its 

primary functions is to act as a lubricant in the creation of a load 

carrying film, it is also called upon to carry away the heat generated 

in the bearing. As a consequence, the rate of flow of oil through a 

bearing is an important consideration in bearing design and operation, 

and has to be known so that the oil system can be designed. 

oil is normally supplied to the inlet grooves under pressure, and with 

the journal stationary there would be a flow of oil through the clear- 

ances of the bearing. This kind of flow will be called the pressure 

flow. There would be also a flow of oil if oil were supplied at zero 

pressure, and the journal is rotating. This flow is due to the pumping 

action of the moving surface, and must also escape axially from the 

bearing. This flow will be called the hydrodynamic flow. The total 

oil flow will be regarded as the sum of the pressure flow (Poiseuille 

flow) and the hydrodynamic flow (Couette flow). 

In the description of the finite difference technique in paragraph 

3.2. it was mentioned that the pressures around the boundary of the film 

do not have to be zero but may be finite. The finite difference method 

may be used to calculate the hydrodynamic oil flow by inserting zero 

dimensionless pressure along the boundary which is the boundary of the 

axial oil inlet grooves. Also the finite difference method may be 

used to calculate the total oil flow (i. e. hydrodynamic oil flow and 

pressure oil flow) by inserting the pressure of the inlet oil along 

the boundary of the axial grooves. The oil inlet pressure in dimensionless 



form is given by 

P* = 
P/ 

uN 
(C/Dý2 

Were P: is the oil pressure at the inlet (Figure 3.7). 

(3.25) 

From this point of view the total side-leakage oil flow or the hydro- 

dynamic oil flow from one lobe and from both the bearing ends is given 

by 

13 3P 
t, h =2 121 hz dx (3.26) 

where d2is axial pressure gradient at the ends of the bearing. The 
dz 

above expression may be used for the calculation of the total oil 

flow or for the hydrodynamic oil only. Subscript t denotes the total 

oil flow (i. e. P* 0) whereas subscript h denotes the hydrodynamic 

oil flow (i. e. P* = 0). 

It is convenient to express the oil flow in terms of a dimensionless 

flow coefficient which relates the oil flow to the PetrofEoil flow 

i. e. 

t, h Q" 4" N. D. L. C. (3.27) 

By equating equation (3.26) and (3.27), the oil flow coefficient is 

given by 

__ 
21Is aP (th) 

3I1 ' NDLC µh az dx (3.28) 
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After substituting dimensionless forms for 
az) 

h3and dx and 

after rearranging the oil flow coefficient is given by 

j2 
(Qt, h) 3II . 

(D/L)2 IH*3 dx*. (3.29) 
I, J, K 1 3z 

In numerical form equation(3.29) becomes 

* 
22 

n+l 
H* 

Pm-1, 
]-Pm+l, J ý 

(gtýh) _ (n) (D/L) m, i(2. aZ 
) 

AX (3.30) 
I. J. K i=1 

The calculation of qt, h 
from expression(3.30) depends upon a prior 

solution of Reynolds equation(3.7) to give the pressure distribution 

over the complete bearing. The calculations of qt, h is incorporated in 

the same computer programme. The term 'solution of Reynolds equation' 

will denote the calculation of the pressure distribution, and the oil 

flow coefficient by the finite difference procedure. 

The dimensionless flow coefficient (qt, 
h) has been calculated separately 

for each lobe and have been summed to give the oil flow coefficient of 

the complete bearing which may be expressed as 

qo (t, h) =J 
I,, K 

(qt, 
h) (3.31) 

Reynolds equation has been solved for inlet pressures (P*) of 0,0.5, 

1,2,3 and 5. Typical results of calculation are shown in Figure 3.8. 

At P* = o, the calculated flowcoefficient is the hydrodynamic flow 

coefficient (qo)h and where P* ý 0, the calculated flow coefficient 



is the total flow coefficient (go)t, which comprises the hydrodynamic 

flow coefficient and the pressure flow coefficient (qo)p. It may be 

seen from Figure 3.8 that the pressure flow coefficient varies linearly 

with the dimensionless inlet pressure, and consequently, in general 

for any value of E: B 
(or duty parameter) it is necesssary only to solve 

Reynolds equation for two values of P*. Also it may be seen that at 

higher values of offset ratio the pressure flow coefficient is increas- 

ing marginally as the dimensionless inlet pressure increases. The 

notion was proposed at the start of this paragraph that the pressure 

flow depends only upon the inlet pressure and the bearing clearance, 

and clearly Figure 3.8 is consistent with that notion. An alternative 

way for the calculation of the pressure flow is considered below. 

It would appear from Figure 3.8 that at low offset ratios the pressure' 

flow is in general substantially greater than the hydrodynamic flow, 

however with normal values of inlet pressure, viscosity, clearance 

and speed the value of the dimensionless inlet pressure does not rise 

above a value of two in practice. The results of the oil flow 

coefficient calculations have been used to calculate the actual oil flow, 

the power loss and the temperature rise. Typical results of calcula- 

tions are listed in Table 3.1 where it may be seen that the dimension- 

less inlet pressure decreases as the speed and the eccentricity ratio 

increase. 

A second way in which total oil flows can be assessed is to calculate 

the pressure flow from the solution of Reynolds equation when the 

shaft is stationary. For a stationary shaft Reynolds equation reduces 
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FIG. 3.8 Variation of the total oil flow coefficient with 
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TABLE 3.1 Power loss, oil flow, temperature rise and 

dimensionless inlet pressure for the three- 

lobe Journal bearing. 

L= 1.27 x 10-1 mD=1.35 x 10-1 mC=3x 10-4m 

ö= 0.4 T1= 40° C 

µ= 33 C. P. at 400 C 
EB=O 

P= 1.47 x 105 Nm 

N 

rpm lQs- lQs-1 1 
s-1 Hý T 2oC , 

Pý; = P(C /0)2 
JA N 

1000 0.0066 0.0214 0.028 0.49 51 2.06 

3000 0.0198 C. 0382 0.058 2.48 65 1.14 

5000 0.033 0.0525 0.855 5 74 0.9 

7000 0.0462 0.0658 0.112 7.86 79.5 0.737 

9000 0.0594 0.0796 0.139 10.77 84 0.64 

CB = 0.6 

rN m p 

Qh- 

1 Ls 

Qp_ 
1 ls 

Q- 

1 1s 

Hs 

kw 

T2 

oc c 

N2 
P (C/D 

1000 0.016 0.0265 0.0425 0.56 48.5 1.87 

3000 0.048 0.0438 0.0918 3.06 60 0.97 

5000 0.080 0.0587 0.1387 6.34 67 0.71 

7000 0.112 0.069 0.181 10.5 73 0.615 

9000 0.144 0.0820 0.226 14.72 77 0.524 



to the form 

a (h3 a) a(3 P) 
_ äX 8X + az h aZ ° (3.32) 

The solution of equation(3.32) is also required in connection with the 

hydrostatic aspect of the bearing, and this solution is discussed in 

Chapter S. Here it is sufficient to note that the pressure flow 

coefficient is given by 

(qP) =I h3 äZ dx 
I, JandK 1 

(3.33) 

The dimensionless pressure flow coefficient has been calculated 

separately for each lobe and have been summed to give the oil flow 

coefficient of the complete bearing which may be expressed as 

q= °P I, J 
I 

and Kqp 

and the pressure flow is calculated from 

P CP 
Qp = 6u 

ý 

(3.34) 

(3.35) 

In expression(3.33) the axial pressure gradient at the end of the 

bearing denoted by dP, is actually calculated from the solution of 
dz 

equation (3.32) 
. 

The pressure flow was measured experimentally, simply by collecting 

the oil flow out of the bearing when the shaft is stationary. In 

such tests the only thing which can vary is oil viscosity and from 



expression(3.35) one would expect Qpxu to be constant. The 

experiment gave a value of Qpxu of 8.36 dyne cm whereas the cal- 

culated value is 9.24. The two results are in close agreement. However, 

the pressure flow as measured or calculated in the context of a 

stationary shaft is not necessarily the pressure flow which will arise 

when the shaft is rotating, because the temperature is then influenced 

additionally by the rotation of the shaft. It was found that if the 

pressure flow with a rotating shaft is based upon oil outlet tempera- 

ture then the calculation leads to a pressure flow somewhat in excess 

of the pressure flow as derived by subtracting the calculated hydro- 

dynamic flow from the calculated total oil flow or from the measured 

total flow. For instance at a speed of 6000 rpm, the calculated total 

oil flow is 0.1151s-1, the calculated hydrodynamic oil flow is 

0.0381s_1, which gives a pressure flow of 0.0771s-1. The measured 

total oil flow was 0.1061s-1 which gives a pressure flow of 0.0681s-1, 

while the calculated pressure flow from expressure (3.35) is 0.1281s-1. 

The trend shown by the results is to be expected because clearly the 

mean oil temperature to be associated with the pressure flow is some- 

where between inlet and outlet temperatures. It has been foundfrom the 

experimental tests which are reported in Chapter 6, that agreement between 

the calculated pressure flows and the experimentally derived pressure 

flows is obtained by taking a mean temperature given by 

Tm a T1 + (T2 - T1) x 0.65 (3.36) 

Semi empirical expressions are frequently used for the calculation of 

the pressure flow, e. g. Ref 11 and Ref 70 give the following 



expressions for the calculations of the pressure oil flow. 

_ 
C3PDM (* 46 l 

4p 96uL \qoýß 
+D 1-ý L/ 

Q_ pC3V 
p 24u 

(ref: 11 ) 

(ref: 70 ) 

The first expression was modified to take into account the presence 

of tha three axial grooves and also to take into account the change in 

the oil film thickness within each lobe. In Ref. 11 it has been 

pointed out that it is often difficult to give precise values to the 

viscosity when the bearing is hot, but a thermocouple placed at the 

inlet manifold and not in the bearing spill should give tolerable 

accuracy. However, a viscosity associated with the mean temperature 

given by equation (3.36) has been used in the semi-empirical formula 

for the calculation of the pressure flow. 

Quite clearly there are several ways of dealing with the pressure 

flow and the results given by the various methods in one particular 

instance are listed in Table 3.2. In that table line A gives the 

calculated hydrodynamic oil flow, line B gives the calculated total 

oil flow and line C is pressure flow. Line D gives the pressure flow 

as calculated with a stationary shaft and using the mean oil temperature 

given by expression(3.36) while line F gives the pressure flow by 

using the oil outlet temperature. Line t gives the total oil flow 

as implied by lines A and D. Line G gives the pressure flow as 

calculated from semi-empirical expression (Ref. 11) and by using the 

mean oil temperature given by expression(3.36) while line E3 gives the 



TABLE 3.2 Calculated oil flow for the three lobe 

Journal bearing 

Line Type of Flow Origin 
Oil Flow 

1 s-1 

A Hydrodynamic flow Eqn. 3.27 0.038 

B Total oil flow Eqn. 3.27 0.115 

C Pressure flow B-A 0.077 

D Pressure flow Eqns. 3.35- 0.0735 
3.36 

E Total oil flow A+D 0.1115 

F Pressure flow Eqn. 3.35 0.128 

G 
** 

Pressure flow efll +egn. 3.36 0.060 

H Total oil flow A+G 0.098 

I Measured flow Chapter 6 0.106 

*N= 6000 rpm 

D=1.35x10-1 m 

b=0.0353 m 

-Tl = 40 °c 

L= 1.27x10-1 m1=1.07x10-1 m 

P=1.47x105 Nm 
2C=3.25x10-4 

m 

B= 
p Or 

= 5.85 x 10-5 m öE = 0.35 a= 30° 

µ= 33 C. P. at 40°C 

The expression given in ref. 11 has been adapted to be used for the 
three lobe bearing. 



total oil flow as implied by lines A and G. Line I gives the measured 

total oil flow. It may be seen from the table that the same result 

is obtained whether the total oil flow is calculated directly as in 

line B or is obtained by summing the hydrodynamic and pressure flows 

as in line E provided that the mean temperature is used in calculating 

the latter. It may also be seen that the pressure flow given by the 

modified semi-empirical expression is in substantial agreement with 

the other calculated pressure flows. The calculated total oil flow 

given by line B and line E are greater than the total measured oil flow 

by approximately 8.5% which gives a reasonable tolerance for the design 

of the oil system. However, by using the previous methods for the 

calculations of the oil flow to calculate the power loss and the oil 

temperature rise, a very close agreement between the calculated and 

the measured (Chapter 6) power loss and oil temperature is achieved. 

The question arises, which is the preferred method for calculating 

total oil flow. Because of its simplicity of conception the one 

step method of equation(3.27) is preferred. It is of interest to 

compare the pressure distribution given by this one step method with 

the pressure distribution given when the hydrodynamic flow alone is 

considered (eqn. 3.7). The comparison is shown in Figure 3.9 which 

shows that both calculations place the peak pressure in the same 

position but at a typical eccentricity ratio of 0.4, the peak pressure 

for the total calculation is slightly higher than that for the hydro- 

dynamic flow alone. 

3.6 Results of the Numerical Computations 

The validity of the computer programme and its accuracy has been 

Line F gives a pressure flow > the total oil flow 
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examined by using the computer programme to solve Reynolds equation 

for a journal bearing of full circular bore. Table 3.3 compares the 

result of the present programme with results previously published in 

Refs. 1,2, and very close agreement is obtained. Also it has been 

pointed out that the solution of Reynolds equation for the pressure 

distribution was carried over the full mesh and the symmetry of the 

pressure distribution around the bearing centre can be used as a check 

upon calculation. In Figure 3.10 a complete output for the pressure 

distribution is given and it may be seen that the pressure is 

symmetrical around the bearing axial mid-plane. As a further check 

upon the accuracy of the computer programme, Figure 3.11 shows the 

pressure distribution at the axial mid-plane. It may be seen that the 

pressure film is terminated beyond the position of the minimum film 

thickness. Also it may be seen from Figure 3.11 that the condition 

of zero pressure and zero pressure gradient at the trailing edge has 

been satisfied in the solution. The computer routine has written in 

Fortran VI language and it has been performed on the I. C. I. 1900 

Computer, and on the C. D. C. 7600 computer. 

All of the input and the output of the finite difference programme is 

in dimensionless form. The output comprises the load angle y, the 

attitude angle 0, duty parameter, the hydrodynamic oil flow coefficient, 

the pressure oil flow coefficient, the total oil flow coefficient and 

the dimensionless pressure at the mesh points. 

The computer programme was performed for the following values of the variables 

y 0.3,0.4,0.5 ................ and O. S. 
o' 

B'0,0.1,0.2 ................ and 0.9. 
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2 and S. 

The results of calculation are presented in Tables 3.4 - 3.8. Table 

3.4 relates to a load acting towards the centre of a lobe, and Table 

3.5 relates to a load acting towards a conjunction of adjacent lobes. 

Tables 3.6 and 3.7 relate to calculation in which a finite pressure has 

been entered at the oil inlets. Journal position is given by Table 3.6 

and the total oil flow coefficient for axial grooves of 30 degree width 

are given in Table 3.7. In Table 3.8 pressure flow coefficients as 

calculated from expression(3.32) are given. 

Typical results from Tables 3.4 - 3.5 will be discussed and compared 

with available results for other bearing designs. Figure 3.12 shows 

the variation of the hydrodynamic flow coefficient with the eccentricity 

ratio. It may be seen from Figure 3.12, at high values of eccentricity 

the hydrodynamic flow coefficient decreases as the offset ratio 

increases, however in real terms the increase of the offset ratio 

leads to an increase in the lobe diametral clearance and it will be 

shown in paragraph 3.9 that the actual hydrodynamic flow increases as 

the offset ratio increases. It may also be seen from Figure 3.12 that 

at low values of eccentricity the flow coefficient increases as the 

offset ratio increases. This trend in the characteristics of the 

hydrodynamic flow coefficient is attritutable to the finite lobe 

eccentricity which exist at zero bearing eccentricity. As the offset 

ratio reaches zero (i. e. full circular bore with three groove bearing) 

the hydrodynamic action is diminished and the hydrodynamic flow 

coefficient becomes zero. Another important factor in the hydrodynamic 

*the flow coefficient relates to the axial flow and in this instance no 

pressures are developed, and in principal there is no axial flow. 
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Table 3.4. Results of Computation for 

the three-lobe bearings 

£o L/D £B. S qh 

0.1 30 0.4 0.328 

0.2 32 0.2 0.328 

0.3 35 0.129 0.3285 

0.4 38 0.091 0.33 

ý 0.5 38 0.0625 0.33 

0.6 38 0.0454 0.332 

0.7 40 0.0345 0.333 

0.8 42 0.0263 0.334 

0.9 42 0.0172 0.335 

0.1 30 0.286 0.16 

0.2 33 0.139 0.161 

0.3 35 0.088 0.161 
0.4 37 0.0625 0.161 

0.8 1 0.5 40 0.0454 0.162 

0.6 40 0.033 0.162 

0.7 41 0.025 0.163 
0.8 42 0.0189 0.164 

0.9 42 0.015 0.1645 

* Vertical Load 



Table 3.4. continued Results of Computation for the Three- 

lobe Journal Bearings 

io L/D £g cp s qh 

0.1 40 0.884 0.305 

0.7 0.2 42 0.426 0.306 

0.3 42 0.27 0.308 
0.4 45 0.188 0.312 

ý 0.5 45 0.134 0.316 

0.6 46 0.096 0.32 
0.7 47 0.071 0.336 
0.8 47 0.0476 0.33 

0.9 46 0.03 0.337 

0.1 42 0.556 0.152 

0.2 44 0.263 0.154 

0.3 -45 0.168 0.155 
0.4 47 0.118 0.157 

1 0.5 47 0.087 0.159 

0.6 47 0.0625 0.162 

0.7 47 0.0454 0.164 
0.8 47 0.033 0.166 
0.9 45 0.02 0.172 

0.1 43 1.37 0.272 

0.6 0.2 50 0.65 0.276 

0.3 51 0.4 0.282 
0.4 51 0.26 0.29 

ý 0.5 52 0.203 0.3 
0.6 52 0.167 0.31 

0.7 51 0.1124 0.32 
0.8 50 0.066 0.334 
0.9 47 0.037 0.353 



Table 3.4 continued Results of Computation for the Three-lobe 

Journal Bearings. 

E0 L/D EB S Qh 

0.1 50 0.76 0.139 

0.6 0.2 52 0.36 0.142 

0.3 53 0.22 0.145 
0.4 53 0.16 0.15 

1 0.5 53 0.112 0.154 
0.6 52 0.0855 0.16 
0.7 51 0.069 0.166 
0.8 50 0.0417 0.173 
0.9 45 0.022 0.191 

0.1 57 2.04 0.235 
0.2 58 0.995 0.240 0.5 
0.3 59 " 0.62 0.253 
0.4 58 0.425 0.268 

ý 0.5 58 0.298 0.283 

0.6 57 0.204 0.310 

0.7 55 0.137 0.323 
0.8 53 0.095 0.357 
0.9 45 0.048 0.415 

0.1 55 1.11 0.122 
0.2 55 0.502 0.127 
0.3 60 0.323 0.134 
0.4 60 0.22 0.143 

0.5 55 0.156 0.152 
0.6 55 0.112 0.162 

0.7 55 0.076 0.173 

0.8 53 0.056 0.193 
0.9 45 0.0255 0.22 



Table 3.4 continued Results of Computation for 

the Three-lobe Journal 

Bearings. 

ýo LýD B S qh 

0.1 65 2.89 0.195 

0.2 66 1.34 0.208 
0.4 0.3 65 0.85 0.226 

0.4 64 0.544 0.243 

ý 0.5 61 0.38 0.276 

0.6 58 0.258 0.306 

0.7 55 0.168 0.354 

0.8 50 0.109 0.414 

0.9 35 0.037 0.505 

0.1 63 1.445 0.103 

0.2 63 0.683 0.11 

0.3 60 0.425 0.115 
0.4 60 0.268 0.138 

1 0.5 60 0.187 0.153 

0.6 59 0.131 0.17 

0.7 55 0.085 0.197 
0.8 50 0.051 0.23 

0.9 37 0.028 0.273 
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Table 3.4 continued Results of Computation 

for the Three-lobe 

Journal Bearings. 

ý L/D ý. (P 
S qh 

0.1 73 3.76 0.154 
0.2 70 1.7 0.177 

0.3 0.3 70 1.063 0.214 
0.4 65 0.655 0.244 

ý 0.5 62 0.48 0.30 

0.6 58 0.356 0.361 

0.7 50 0.20 0.43 

0.8 47 0.111 0.50 
0.9 34 0.039 0.574 

0.1 73 1.81 0.083 
0.2 70 0.855 0.099 

0.3 70 0.48 0.12 

0.4 64 0.31 0.14 

1 0.5 60 0.25 0.174 
0.6 54 0.161 0.215 

0.7 50 0.104 0.244 

0.8 42 0.059 0.290 
0.9 35 0.025 0.321 
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Table 3.5 Resultsof Computation for the 

Three Lobe Journal Bearing* 

£0 L/D sB qh 

0.1 25 0.455 0.327 

0.8 2 
0.2 22 0.23 0.328 
0.3 20 0.149 0.329 

0.1 27 0.303 0.161 

1 
0.2 25 0.15 0.161 
0.3 22 0.10 0.161 
0.4 20 0.073 0.161 

0.1 35 0.91 0.304 
0.2 30 0.455 0.305 

1 0.3 27 0.294 0.308 0.7 2 0.4 24 0.208 0.312 
0.5 22 0.16 0.317 
0.6 18 0.125 0.322 

0.1 37 0.568 0.153 
0.2 34 0.28 0.154 

1 0.3 31 0.184 0.155 
0.4 27 0.132 0.158 
0.5 25 0.1 0.16 

0.1 43 1.36 0.272 
0.2 40 0.654 0.276 

0.6 0.3 35 0.425 0 283 . 
0.4 32 0.293 0.293 
0.5 28 0.218 0.305 

The results which are listed in this table are obtained from the 

solution of Reynolds equation (3.7) for zero dimensionless pressure 

at the axial grooves. 
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Table 3.5 cont. Results of Computation for 

the Three Lobe'Journal 

Bearing 

Co L/D EB e s Qh 

0.6 25 0.157 0.319 
0.6 2 0.7 22 0.113 0.33 

0.1 47 0.78 0.139 

0.2 44 0.38 0.142 
0.3 40 0.29 0.147 

0.4 37 0.20 0.153 

0.5 33 0.15 0.16 

0.6 29 0.09 0.17 

0.7 25 0.069 0.18 

0.8 22 0.05 0.186 

0.9 18 0.035 0.191 

0.1 57 2.07 0.235 

0.2 49 1.03 0.245 
0.3 44 0.644 0.262 
0.4 40 0.44 0.284 

5 0 2 0.5 35 0.315 0.311 
. 

0.6 31 0.217 0.34 

0.7 27 0.155 0.37 

0.8 22 0.103 0.411 

0.1 57 1.15 0.122 

0.2 52 0.56 0.129 

0.3 50 0.35 0.14 
0.4 45 0.244 0.157 
0.5 40 0.175 0.176 
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Table 3.5 cont. Results of Computation for 

the Three Lobe Journal 

Bearing 

Co L/D Eg e S qh 

0.6 36 0.125 0.191 

0.7 31 0.09. 0.215 
0.5 1 0.8 26 0.06 0.22 

0.9 22 0.04 0.244 

0.1 62 2.98 0.196 

0.2 57 1.44 0.215 

0.3 52 0.9 0.25 

0.4 46 0.61 0.30 
1 0.5 42 0.425 0.354 
2 

0.6 36 0.283 0.41 

0.7 32 0.20 0.446 

0.8 26 0.121 0.488 

0.9 21 0.074 0.524 

0.1 65 1.58 0.104 

0.2 62 0.766 0.118 

0.3 57 0.476 0.142 

0.4 52 0.327 0.173 

0.4 1 0.5 47 0.23 0.203 

0.6 42 0.165 0.239 

0.7 36 0.114 0.269 

0.8 28 0.081 0.295 

0.9 24 0.0472 0.302 
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Table 3.6 Results of Computation for the 

Three Lobe Journal Bearing 

* 
P=1.0 

Eo L/D E: B S Qt 

0 - - 0.58 

0.2 60 1.02 0.604 

0.5 2 0.4 61 0.434 0.667 

0.6 61 0.22 0.77 

0.8 55 0.10 0.9 

0 - - 0.204 

0.2 60 0.54 0.212 

1 0.4 60 0.225 0.24 

0.6 55 0.105 0.33 

0.8 53 0.066 0.36 

P is the dimensionless pressure at the axial grooves 
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Table 3.7 Results of Computation of Three Lobe Journal Bearing 

a= 300 

Eo L/D EB p* Qt 

0 0 0.219 
0.2 0 0.240 

0.5 2 0.4 0 0.268 
0.6 0 0.310 

0.8 0 0.357 

0 0 0.1191 
0.2 0 0.127 
0.4 0 0.143 

0.6 0 0.162 
0.8 0 0.193 

0 2 0.964 
0.2 2 1.005 

0.5 2 0.4 2 1.144 
0.6 2 1.361 
0.8 2 1.646 

0 2 0.303 
0.2 2 0.321 

1 0.4 2 0.383 
0.6 2 0.47 
0.8 2 0.577 

0 5 2.153 
0.2 5 2.249 

0.5 
2 0.4 5 2.51 

0.6 5 2.95 
0.8 5 3.55 

0 5 0.621 

0.2 5 0.663 
0.4 5 0.761 
0.6 5 0.91 

0.8 5 1.108 
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Table 3.7 cont. Results of Computation of the Three Lobe Journal 

Bearing 
a=30° 

Co L/D EB p* Q 
It 

0 0 0.179 

0.2 0 0.208 

4 0 0.4 0 0.243 
. 2 

0.6 0 0.306 

0.8 0 0.414 

0 0 0.098 

0.2 0 0.115 

0.4 0 0.138 

0.6 0 0.170 

0.8 0 0.230 

0 5 2.79 

0.2 5 2.93 

0.4 2 0.4 5 3.35 

0.6 5 4.0 

0.8 5 4.94 

0 5 0.83 

0.2 5 0.875 

1 0.4 5 1.123 

0.6 5 1.251 
0.8 5 1.558 

0 0 0.1362 

0.2 0 0.177 

3 0 0.4 0 0.243 
. 

0.6 0 0.365 

0.8 0 0.50 

0 0 0.075 

0.2 0 0.111 

1 0.4 0 0.142 

0.6 0 0.218 

. 0.8 0 0.290 

1 0 5 3.6 
0.3 2 

0.2 5 3.78 



Table 3.7 cont. Results of Computation of the Three Lobe Journal 

Bearing 
a= 30° 

Ea L/D EB P 9t 

0.4 5 4.35 

0.3 2 0.6 5 5.34 
0. '8 5 6.73 

0 5 1.1 
0.2. 5 1.156 

1 0.4 5 1.364 

0.6 5 1.7 

0.8 5 2.14 

0 0 0.270 

0.2 0 0.276 

0.6 ý 0.4 0 0.29 

0.6 0 0.31 

0.8 0 0.334 

0 0 0.134 
0.2 0 0.142 

1 0.4 0 0.150 

0.6 0 0.160 
0.8 0 0.173 

0 0 0.300 

0.2 0 0.306 

0.7 0.4 0 0.312 
2 

0.6 0 0.32 

0.8 0 0.33 

0 0 0.150 

0.2 0 0.154 

1 0.4 0 0.157 

0.6 0 0.162 

0.8 0 0.166 

0 0 0.326 

0.8 0.2 0 0.328 
2 

0.4 0 0.33 
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Table 3.7 cont. Results of Computation of the Three Lobe Journal 

Bearing 

a- 300 

E LID EB P 9t 
o 

1 
0.6 0 0.332 

0.8 0.8 0 0.334 

0 0 0.164 

0.2 0 0.164 

1 0: 4 0 0.165 

0.6 0 0.196 

0.8 0 0.199 

0 3.0 0.961 

0.2 3.0 0.985 

0.6 
2 0.4 3.0 1.041 

0.6 3.0 1.2 

0.8 3.0 1.394 

0 3.0 0.328 

0.2 3.0 0.337 

T 0.4 3.0 0.368 

0.6 3.0 0.427 

0.8 3.0 0.504 

0 3.0 0.811 
0.2 3.0 0.823 

7 0 
1 0.4 3.0 0.858 

. 2 
0.6 3.0 0.918 

0.8 3.0 1.003 

0 3.0 0.291 
0.2 3.0 0.295 

1 0.4 3.0 0.308 

" 0.6 3.0 0.329 

0.8 3.0 0.363 

0 3.0 0.695 

. 0.2 3.0 0.699 

0.8 2 0.4 3.0 0.710 

0.6 3.0 0.731 

0.8 3.0 0.76 



Table 3.7 cont. Results of Computation of the Three Lobe Journal 

Bearing 

a= 300 

Eo L/D EB P* gt 

0. 3.0 0.263 

0.2 3.0 0.264 
1 0.4 3.0 0.278 

0.6 3.0 0.279 

0.8 3.0 0.285 

0 5 2.45 

0.2 5 2.68 
45 0 1 0.4 5 2.92 . 2 

0.6 5 3.46 

0.8 5 4: 19 

0 5 0.713 

0.2 5 0.75 

0.4 5 0.883 

0.6 5 1.07 

0.8 5 1.3 

0 0 0.198 

0.2 0 0.218 

0.45 2 0.4 0 0.279 
0.6 0 0.374 
0.8 0 0.47 

0 0 0.109 
0.2 0 0.12 

1 0.4 0 0.141 

0.6 0 0.165 
0.8 0 0.222 

0 5 3.18 

0.2 5 3.34 

0.35 
2 0.4 5 3.85 

0.6 5 4.63 

0.8 5 5.99 



Table 3.7 cont. Results of Computation of the Three Lobe Journal 

Bearing 

a= 30° 

E L/D EB P Qt 
O 

0 5 0.96 
0.2 5 1.006 

0.35 1 0.4 5 1.18 

0.6 5 1.46 

0.8 5 1.84 

0 0 0.158 

0.2 0 0.192 
1 0.4 0 0.303 2 

0.6 0 0.43 

0.8 0 0.549 

0 0 0.087 

0.2 0 0.11 

1 0.4 0 0.140 

0.6 0 0.20 

0.8 0 0.260 



Table 3.8 Results of Computation for the Three Lobe Journal 
Bearing 

a= 20° 

E0 L/D EB gP 

0 1.149 
0.2 1.187 

0.5 0.4 1.298 
2 

0.6 1.388 

0.8 1.76 

0 0.704 
0.2 0.73 

0.4 0.8 
0.6 0.921 
0.8 1.1 

0 1.48 
0.2 1.53 

0 4 0.4 1.71 . 2 
0.6 2.0 
0.8 2.43 

0 0.926 
0.2 0.962 

0.4 1.08 
0.6 1.27 
0.8 1.54 

0 1.86 
0.2 1.94 

0.3 
i 
2 0.4 2.2 

0.6 2.64 
0.8 3.58 

0 1.194 
0.2 1.25 
0.4 1.42 
0.6 1.71 

0.8 2.1 



- 117 - 

Table 3.8 Results of Computation for the Three Lobe Journal 

Bearing. 

a= 30° 

Co 
L/D EB qp 

0 1.34 

0.2 1.4 
0.4 1.52 1 0.5 0.6 1.79 
0.8 2.07 

0 0.783 

0.2 0.81 

0.4 0.89 
1 0.6 1.131 

0.8 1.23 

0 1.74 
0.2 1.806 

1 
0.4 2.016 

0.4 2 0.6 2.37 

0.8 2.89 

0 1.038 

0.2 1.082 

0.4 1.212 
1 0.6 1.432 

0.8 1.752 

0 2.21 

0.2 2.31 

1 0.4 2.52 
0.3 2" 0.6 3.15 

0.8 3.93 

0 1.35 
0.2 1.41 

1 0.4 1.6 

0.6 1.938 

0.8 2.41 



flow coefficient is that at higher offset ratios (i. e. E0 > 0.6) 

the hydrodynamic flow coefficient is nearly constant for eccentricity 

ratio up to 0.9. The implication of the hydrodynamic flow coefficient 

for the bearing performance will be examined in paragraph 3.9. 

The locus of journal centre is shown in Figure 3.13. At low values 

of eccentricity all three lobes contribute to the hydrodynamic perform- 

ance of the bearing so that they all have a marked effect on the 

attitude angle which is lower than the angle of the other circular 

bearings (E and F of the Figure). At high values of eccentricity the 

hydrodynamic contribution of the two upper lobes decreases. For 

instance'at EB = 0.3 the generated dimensionless hydrodynamic force 

at the bottom and the upper lobes is l. lj3,0.093 and 0.228 respectively 

while at LB = 0.9, the dimensionless hydrodynamic forces become 11.28, 

0.046 and 0.467 respectively. Consequently it can be seen that as the 

eccentricity increase the hydrodynamic effect of the upper lobes 

decreases, so that the attitude angle tends to increase. Also it may 

be seen that the increase of the offset ratio has a marked effect 

on decreasing the attitude angle. 

The other important dimensionless parameters which are used to describe 

the bearing performance are the duty parameter and the stiffness 

coefficient. In Figure-3.14 the duty parameter is plotted against the 

bearing eccentricity ratio and in Figure 3.15 the stiffness coefficient 

as defined in paragraph 3.4 is shown. Quite clearly, from Figure 3.14 

and 3.15, increasing the offset ratio leads to a decrease in the duty 

parameter (i. e. increasing the load capacity) and leads to an increase 

in the stiffness coefficient. However, because the offset ratio and 

lobe clearance are not variable independently, the changes in duty 

parameter and stiffness coefficient do not necessarily imply similar 
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changes in actual load capacity and in actual stiffness. The trend in 

these and other physical quantities must be found by applying the 

non-dimensional relationship to bearings which are defined in terms of 

actual dimensions and to oils of specified viscosity. The calculations 

pertaining to such specific circumstances are presented and discussed 

in paragraph 3.9. 

Figures 3.16 and 3.17 show the variation of the duty parameter and the 

attitude angle with the eccentricity ratio for a vertical load directed 

towards the centre of a lobe and for a vertical load directed towards 

the conjunction of adjacent lobes. It may be seen from Figure 3.16 

that the duty parameter is nearly independent of the load direction 

while it can be seen from Figure 3.17 that there is a big difference 

in the attitude angle. 

3.7 Power Loss 

The total friction force acting upon the journal is given essentially by 

F=fL 12ý uiThde dy. 

00 1J 
(3.37) 

For a three lobe journal bearing and with the journal centred in the 

bearing (Figure 3.18) the force due to all three lobes is given by 

F=6 
fL 

Iý/3 
uUhd9 dy. (3.38) 
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The oil film thickness is expressed by: 

hý c 12 (1 + Eo cos A) (3.39) 

With viscosity treated as being constant it follows from (3.38) and 

(3.39) that 

F-6L UuD 
12, 

' d9 
C (1+E cos u-) 

no 
(3.40) 

Expression(3.40) may be integrated by using the Sommerfeld substi- 

tution which is given in Chapter 2. The result is 

Fa6 UDL 
cos- -1 1+£^ 

- cos-1 - 0.5+cn 1 
(3.41) 

C(1-E2)i l 1-ea 1-0.5 eo 
0 

and the power loss is given by 

H3 6112uLN2D3 
cos -1 -1+66 

- cos-1 -0_5+ }. 
(3.42) s C(1-e2 ) 1-eo 1-0.5so 

Equation(3.42) may be used with any system of units. However, when u 

is given in poise, L in cm, D in cm, N in r. p. m., c cm, the power loss 

in KW is given by 

HS = 1.646 x 10-12 uLC2D3 1 
icos-1 Cos-1 -0.5+E^ 

0 
(1-£2)1 l 1-EO 1-0.5 e} 

0 

(3.43) 



For a circular bore bearing Eo = Or and equation(3.42) reduces to 

H 6112uLN2D3 II 
= 

2II3uLN2D3 
pcC 

(3.44) 

which is the Petroff's loss for a circular bearing. The ratio between 

the power loss of the three lobe bearing and the Petroff power loss of 

a circular bore bearing which has a diametral clearance equal to the 

lobe diametral clearances. of the three lobe bearing is defined as 

the power loss factor, and is given by 

= 
Hs 

=3 
fcos -1 -1+e-1 -0.5+eo_ (3.45) 

psH 
II cos 1-0.5eo x ý 

1-E: 2) 

} 

(o 

In Figure 3.19 the power loss factor is plotted against the offset ratio. 

The relation shows that for the same lobe clearance (i. e. the clearance 

of the circular bore bearing is equal to the lobe clearance of the 

three lobe bearing), and the same viscosity, the power loss of the 

three lobe bearing is greater than the power loss of the circular bore 

bearing by the factor Js. However, because the offset ratio and lobe 

clearance are not variable independently, the changes in the offset 

ratio do not necessarily imply that the actual power loss will follow the 

power loss factor. 

The power losses in a particular bearing of circular bore and in a part- 

icular three lobe bearing will now be discussed. In the first instance 

the power loss of a circular bore bearing will be considered. The 

computer programme has been used to calculate the power loss simply 
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by setting the offset ratio E0 = 0. In Figure 3.20a the calculated 

power loss is shown as functions of speed. It has previously been 

shown in paragraph 3.6 that the flow coefficients given by the 

computer programme are substantially the same as those given in the 

literature. It follows from this that at any particular speed the 

oil outlettemperature given by the 'design programme', which will be 

discussed in paragraph 3.8, is the same as the temperature arising from 

the published values of flow coefficient. Because of this, it is 

valid in comparing the calculated power loss as given by the programme 

with power loss found from published power loss coefficient to take 

as the oil viscosity that found by means of the design programme. 

The power loss of the three-lobe bearing will now be considered. 

The calculation of the power loss as given by the programme for an 

offset ratio of e0 = 0.35 is shown in Figure 3.20b together with the 

measured power loss as reported in Chapter 6. The calculated power 

loss is somewhat greater than that measured at low speed but measured 

and calculated losses become substantially equal at a speed of 5000 

rpm. 

There is no unique basis for comparing the power loss of a circular 

bore and a three-lobe bearing, but a reasonable basis seems to be 

between bearings of equal minimum clearance. The diametral clearance 

of the circular bore bearing of Figure 3.20a is the same as the 

minimum clearance of the three-lobe bearing of Figure 3.20b. In 

Figure 3.20c the power loss of that particular circular bore bearing 

and of that particular three-lobe bearing are compared, and it may be 

seen that the circular bore bearing gives somewhat less power loss over 

the full 
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speed range. This is usually so as may be seen from Figure 3.20d 

in which calculated results are compared in the instance that the three 

lobe bearing has an offset ratio of O. S. In this instance a smaller 

power loss is indicated for the circular bore bearing over the full 

speed range. The general conclusion from this comparison is there is 

no major difference in power loss between circular and three lobe 

bearingsof equal minimum clearance. However there are substantial 

differences in other respects and these will be discussed as they arise. 

3.8 The Design Programme, "Computation of actual oil flow, temperature 

rise, power loss, load capacity and stiffness". 

A second computer programme has been written which is in the nature of 

a design programme and which will be termed "The Design Programme". 

The input to this programme includes the dimensionless output of the 

finite difference programme together with dimensions and actual viscosity 

which completely described a real bearing situation. The'output of the 

design programme is the actual total oil flow, the actual hydrodynamic 

oil flow, the actual pressure oil flow, power loss, oil temperature 

rise, outlet viscosity, load capacity and stiffness. The design programme 

includes an iteration routine by which temperature rise and outlet 

viscosity are brought to self consistent values. Flow and power loss 

are calculated on the basis that the outlet viscosity pertains through- 

out the bearing. 

The inputs to the programme are given below, and numerical values 

which are given relate to the bearings which have been tested. Numerical 

values are not given for oil viscosity, flow coefficient, duty parameter 

and stiffness coefficient because different values are required for 



each combination of minimum clearance and offset ratio 

however the numerical values which appear in brackets against these 

quantities are typical values just to indicate the magnitude of the 

quantities. 

The inputs to the programme are: 

Shaft diameter: 1.35x10-1m. 

Bearing axial length: 1.27xlO-1m. 

Oil grooves axial length: l. O7xlO-lm. 

Oil grooves circumferential length: 3.5x10-2 and 1.75x10-2m. 

Minimum clearance: 1.016x10-4,1.27x10-4,1.52x104,1.78x10-4, 

and 2.03x10-4m. 

Oil inlet temperature: 30,40 and 500C. 

Oil viscosity at the inlet temperature: Tellus 37 oil (0.53 

to 0.22 poise). VIT. 150 oil (2.19 to 0.736 poise). 

Pump pressure: 1.47x1O5Nm-2 

Journal Speed: 10 
3,2.103,3xlO3,. 

-............ and 104 r. p. m. 

Journal displacement: 1.27x10-5m. 

offset ratio: 0,0.35,0.45,0.6,0.7 and O. B. 

Hydrodynamic oil flow coefficient: (from 0 to 0.26). 

Total oil flow coefficient: {qh+(0.023 to 0.5xP*)}(paragraph 3.5) 

Duty parameter: (from 2.5 to 0.13) 

Stiffness coefficient: (from 210 to 5) 

The iterative routine itself may be described as follows: 

(1) For the considered oil, calculate the factor a by substituting 

the oil viscosity at 30 and 50°C into the following expression: 

u50 = u30 eXp- 
a(50-30) 
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(2) For the considered speed, enter an arbibary outlet temperature, T2. 

(3) Calculate the oil viscosity at the outlet from the following 

expression: 

112 23 u1 exp-Q(T2-Tl) 

(4) The oil flow is calculated within the programme by two methods, 

either of which may be chosen for a particular run as follows: 

. calculate the dimensionless inlet pressure (P*) from expression 

(3.25). 

. calculate the total oil flow from expression(3.27) by using the 

total oil flow coefficient which is calculated from expression 

(3.31). 

OR 

. calculate the pressure oil flow by using the semi-empirical 

expression 

. calculate the hydrodynamic oil flow from expression(3.27) 

. calculate the total oil flow as the sum of the pressure flow 

and the hydrodynamic flow. 

(5) Calculate the shear power loss from expression(3.43). 

(6) Calculate the oil outlet temperature from the following expression: 

HS a PKQt (T2-Tl) . 

where, 

Hs is the shear power loss which is calculated in step (5), KW. 

Qt is the total oil flow which is calculated step (4), Cm3s-1 . 

K specific heat of the oil, = 0.47 Cal qm-1 
oC-1. 

oil density, cw 0.88. 

T1,2 oil inlet and outlet temperatures respectively, °C. 
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(7) If the calculated outlet temperature (T2) in step(6) is equal 

to the outlet temperature which is entered in step (2), or 

there is a difference within ± 2°C, the procedure is completed and 

the calculations may be carried out for another speed. However, 

if the difference is greater than + 2°C, within the programme itself 

a new trial value is found for T2 and the iteration is repeated. 

(8) The outputs of the computer programme are: 

The oil outlet temperature (T2), °C. 

The oil outlet viscosity ( u2), poise. 

The hydrodynamic oil flow, 151. 

The pressure oil flow, 1S 

The total oil flow, 1S 1. 

The power loss, KW. 

Load carrying capacity, N. 

Bearing stiffness, Nm 
1. 

The computer programme may be used for any bearing of any dimensions 

providing that the oil flow coefficient, the stiffness coefficient and 

the duty parameter of that bearing are entered in the input. The 

computer programme itself as well as a sample of the output are given 

in Appendix A2.2. 

3.9 Results of the Design Programme Computation 

The validity of the design programme has been examined by comparing 

the quantities predicted with experimental measurements. Such compari- 

sons have been made in the context of large turbine bearings, and in the 

context of test bearingsof the present work. In Table 3.9 a comparison 

is made between calculated and experimental results for a 19"xlO"x0.023" 

bearing of circular bore. For convenience three equally spaced axial grooves 
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were assumed in the calculation where in the actual bearing the axial 

grooves were not equally spaced. However the table shows a good 

agreement and provides substantial evidence of correctness of the 

design programme and the calculation of the flow coefficient. In 

Figure 3.21a comparison is made between the prediction of the design 

programme and the experimental results from the test rig which will be 

discussed in Chapter 6. There is close agreement. 

The trends predicted by the design programme will be described now. 

The variation of power loss with journal speed is shown in Figure 3.22. 

The results are plotted for minimum clearances of 1.016,1.52 and 

2.03x10-4m. It may be seen that the power loss increases as the offset 

ratio increases and also the power loss increases marginally as the 

minimum clearance increases. Also it may be seen that the dependence 

of power loss upon the offset ratio (E) decreases as the minimum 

clearance increases. 

The variation of the oil temperature rise with the journal speed is 

shown in Figure 3.23. It is quite clear that as the offset ratio 

increases the oil temperature rise decreases over the full range of 

minimum clearances which have been used in the calculations. Figure 3.24 

shows the variation of the oil flow with the journal speed. It may be 

seen that the oil flow is increased as the offset ratio and the minimum 

clearance increases. 

Figures 3.25 and 3.26 show the variation of the bearing load and the 

bearing stiffness with the journal speed. In Figures 3.25a, band 3.26 a, b, 

it is quite clearly shown that the increase in the offset ratio has a 

marked effect on the bearing load and on the bearing stiffness and it 
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may be seen that the load capacity and the bearing stiffness increases 

as the offset ratio increases over the full range of speeds. At higher 

values of clearances (Figure 3.25c-3.26c) there are small increases in 

the load capacity and bearing stiffness due to the increase in the 

offset ratio. It also may be seen from Figures 3.25a, b, c and 3.26a, b, c 

that the load capacity and the bearing stiffness decrease as the 

minimum clearance increases. 

The use of these predictions in the design of a bearing will now be 

discussed. The results which are plotted in Figures 3.22-3.26 show 

that for a bearing of high load carrying capacity and high stiffness, 

the bearing should be designed with high offset ratio and with small 

minimum clearance. The increase in the offset ratio leads to a big 

decrease in the oil temperature rise, but consequently the power loss 

is increased. The small minimum clearance leads to an increase in 

the oil temperature rise but the power loss is decreased. However, 

the choice of the offset ratio and the minimum clearance should be made 

to give a compromise solution for the required load capacity, bearing 

stiffness and for reasonable power loss and oil temperature rise. 

The predictions of the design programme show that the functional 

spacification of Table 1.1 can be met by a bearing of offset ratio of 

0.45, such a bearing would have a minimum clearance of 1.43xl0-4m and 

a lobe clearance of 2.6x10-4m. At 9000rpm and for oil inlet temperature 

of 40°C, the power loss is 11KW, and the oil temperature rise is 51°C. 

A three lobe journal bearing was machined to have an offset ratio of 

0.45, lobe diametral clearance of 2.6x10-4 and a minimum clearance of 

1.43x10-4m, with the intention that different clearences may be tested 

by reducing the journal diameter. It should be pointed out that in 

Chapter 2 the approximate hydrostatic analysis; iasshown that such 



dimensions are satisfactory for the hydrostatic performance. 

3.10 An Approximate Assessment'of the Bearing Stiffness 

The choice of dimensions for the original test bearing was based upon 

assessment of power loss, temperature rise and bearing stiffness made 

by approximate and elementary methods. All of these are now super- 

seded by the computer programmes which have been described, but there 

is some value in describing the approximate treatment of stiffness and 

its results as a check upon the results from the numerical solution. 

In a bearing of full circular bore stiffness is substantially determined 

within a relatively small area dispose mainly ahead of the position of 

minimum film thickness. In elementary treatment of stiffness it was 

supposed that each lobe would encompass the area of significance about 

each position of minimum film thickness, and that in consequence the 

three lobe bearing could be treated in stiffness as three bearings 

of full circular bore placed one against another and with their centres 

suitably displaced. 

In Figure 3.27 a journal is shown at eccentricity ar in a bearing 

of full circular bore. It is running at this eccentricity, and 

attitude angle 0 due to the external load F. (in the multi-lobe bearing 

the force F is created by the hydrodynamic pressures associated with 

the other lobes). By considering that under the influence of an 

external load with components Pxl and Pyl, the centre of the journal 

is further displaced by a distance 8r but that the attitude angle 0 

remains unchanged, the components of the displacement are obviously 

pxl = Sr cos ý 

(3.46) 
Ay = Sr (-sin 

1 



(a) Circular bore Journal bearing. 

02 

(b) Multi-lobe bearing. 

FIG. 3.27 Force-di; placl, me;,; relationship for Journal 
bearing. 
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It is clear from figure 3.27b, that this displacement Sr with 

respect to the next lobe will produce components of displacement. 

px2 = drCcos (ý+120) 7 

Ay2 = dr1sin (4+120) 1 

and with respect to the third lobe 

0X3 = drCcos (0+240)] 

iy3 = 6r[-sin (4+240)] 

Therefore 

Ax1 = dr[cos 07 

Ay1 = &r[- sin 01 
l-Z 

AX2 = arC-I cos -2 sin 

Ay2 = &r[ j sink 
3 

cos 01 

AX 3= 6C- I cos + 
�2 

sin 4] 
�3 

3 
4)] AY =6 Ej sin 4) +3 cos 

I 

} 
N 

l 

(3.47) 

(3.48) 

(3.49) 

From the theory of the dynamic characteristics of bearings, the 

incremental forces Pxl and Pyl are related to the displacement they 

produce by expressions of the form. 

Ox Ay1 
Pxl/F all C/2 a12 C/2 

Pyl/F =a 
AX 

21 C/2 +a 
ýy 

22 C/2 
ý 

(3.50) 

where all, a12, a21, a22 are the displacement coefficients (Ref. 10 ) 

Consequently, 
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Px1/F = C/2 
[a11 cos 4- a12 sin 4a 

Pyl/F = 
Sr 

[a21 cos - a22 sin 

dr 
Px2jF = C/2 

[all(- cos 0-2 sin 0) + a12(ß sin +-2 cos+)I 

ör 
Py2/F = c/2 ßa21(-j cos -2 sin 0) + a22(ß sin 0-2 cos 4, )] 

Px3/F a C/2 
Call(- cos ý+2 sin $) + a12(1 sin -2 cos ý)] 

P= 
C72 [a21(- cos +2 cos + a22(ß sin 4+ 

2 
cos y3/F ý)] 

the total force in the x1 direction is given by: 

/3 
_ 

�3 
P (Pxl) 

total 
_ Pxl Px2 P-2 py3 ±2 

y3 

Similarly, 

(p /5- 
total 

PY1 PY2 PY3 +2 Px2 
2 

Px3 

(3.51) 

(3.52) 

(3.53) 

After substitution for PX., Pyl,..... etc, and rearranging, the result 

is given by 

3 dr 
(pxl) 

total 
IF =2 C/2 

Call cos 0+ a12 sin 0+ a21 sin 0+ a22 cos 01 

(Pyl)totalIF 1 C/2 
Ea11( sin 0) + a12(- cos 0) + a21 cos + a22(- sin c] 

(3.54) 
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The force F is calculated from the following expression 

F= uDLN CD/C)2 
S 

(3.55) 

The calculated stiffness by using expression (3.54) and the 

calculated stiffness from the numerical solution are plotted in 

figure 3.28. It may be seen that there is satisfactory agreement 

between both methods of calculation. Furthermore, as expected the 

stiffness given by the approximate method is greater than the 

stiffness given by the numerical solution because in the approximate 

solution each lobe was considered to be as a full circular bore 

bearing whil the actual lobe in the numerical solution was of 1000 arc. 
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CHAPTER4 



4. PRELIMINARY EXPERIMENTAL WORK 

4.1 Introduction 

The literature on hydrostatic bearings covers bearings with pockets, 

and with compensation by capillary or by orifices means, however 

nothing has been found in the literature upon a three lobe hydrostatic 

bearing, nor upon hydrostatic bearings of any kind which have no pockets, 

and which are compensated by constant volume valves. Because of this 

there seemed to be good reason in the first instance to investigate 

in a relatively simple rig, and without rotation of the journal. the 

hydrostatic behaviour of the bearing. Such a rig would provide a 

screening test before proceeding to the far greater elaboration required 

for high speed testing. It also seemed reasonable to suppose that a non- 

rotating journal would behave similarly to a journal running so slowly' 

that little self-generation is present. 

4.2 Test Rig 

The bearing as arranged for hydrostatic test is shown in Figure 4.1. 

The rig does not permit continuous rotation, but the effect of applying 

the force in different directions with respect to the lobes may be 

tested by rotating the bearing in its frame. The force is applied by 

a hydraulic ram, and the force is calculated from the cross-sectional 

area, and the ram pressure. The movement of the journal with respect 

to the bearing is measured with dial gauges capable of reading down to 

0.00254 mm. (0.0001 inch), and four dial test indicators, two at each 

end, are mounted to detect the vertical displacement as well as the 

horizontal displacement. The absence of metal to metal contact between 

journal and bearing was monitored by measuring the electrical resistance 

between journal and bearing. High pressure oil was supplied from the 

high pressure pump to the high pressure inlets via individual volume 
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control valves. Volume control valves were chosen for the reasons 

which are reported in Chapter 1 and Chapter 2. The supply pressure 

from the pump was measured, oil temperature and pressure were measured 

downstream of each of the the volume control valves. A photograph 

of the test rig with its instrumentation is shown in Figure 4.2. The 

rod to be seen in the left was provided against the possibility that 

the journal would be angularly unstable within the bearing. However, 

no need arose to use the rod. 

4.3 The Bearing 

The concept of the bearing which was used in the experimental work is 

illustrated by Figure 4.3. The bearing was made by splitting a brass 

cylinder into three segments, by reassembling the segments but separated 

by shims, by boring the assembly circular, by removing the shims and 

finally by turning the outer surface circular (Figure 4.4). The thickness 

of shims (t) was calculated from t=2 Or sin 60 to provide the 

required offset of the centres of the lobes. Particular care had to be 

taken with the abutments of the three segments so that no bending was 

introduced on tightening (Appendix A4). A high pressure oil inlet for 

the hydrostatic regime is provided at the centre of each lobe, and a 

low pressure inlet is provided for the self-generating regime at each 

conjunction of the lobes. The form achieved by the process is shown 

by the roundness chart of Figure 4.5. The departures from the intended 

form are 0.00254imv ( . -. s 5%) . 

4.4 Test Procedures 

Before experimental testing was commenced the flow characteristics of 

each valve were tested by measuring volume flows at different valve 

settings, at different supply pressures and at different oil temperatures. 

Details are given in Appendix A7. It was confirmed that the valves do 

deliver a constant volume flow. 



NO 
^ý 

FIG. 4.2 HYDROSTATIC TEST RIG. 



1 Steel housing 3 Hi h 
_pressure 

inlet 

2 Brass shell 4 Low pressure inlet 

FIG. 4.3 Three`lobe-bearing for hydrodynamic and hydrostatic 
O. SLe L El llUL1. 
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4- 

(a) A brass cylinder splitted 
into 3 segments. (b) The segments reassembled 

and separated by shims. 

(c) The assembly bored circular. (d) The shims are removed. 

(c) The outer surface turned circular and the assembly 
fitted into steel housing. 

FIG. 4.4 The Machining steps for a bearing shell. 



FIG. 4.5 PROFILE OF FINISHED BEARING. 
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The bypass of the high pressure pump, and the values were adjusted 

to give the desired supply pressure and the desired volume flow. In 

the static rig no oil cooler was provided, and in consequence the oil 

temperature rose over the full sequence of the testing. However, 

within a test at particular values of supply pressure and volume flow, 

the oil temperature rise was small so that a particular oil temperature 

could be attributed to each individual test. 

Horizontal load was applied to the journal by means of the hydraulic 

jack, the position of the journal in the bore of the bearing was 

measured both horizontally and vertically by means of dial gauges, 

and the pressure downstream of a constant flow valve, which is the 

inlet pressure to a lobe, was measured. It was found by careful 

attention to the symmetry of loading that the rig could be adjusted 

so that the journal remained parallel to the axis of the bearing as 

the journal moved. The criterion is obviously equality of dial 

gauge measurements at each end of the bearing. A small vertical dis- 

placement of the journal was noticed at the start of loading, but it 

did not increase as the load was increased. 

Results were obtained with lobediametral clearances from 2.6x10-4 to 

3.7x10-4m (0.0104 to 0.0144 inch). The dimensions of the test bearing 

are given in Table 4.1. The different diametral clearances were 

obtained by machining the journal. 

4.5 Test Results 

The tests were carried out with an oil which has a viscosity of 20 cp. 

at 75°C (Shell Vitria 150). Conditions of test were supply pressures 

from 1. O3xlO7Nm 
2 

to 2.06xlO7Nm-2 (from 1500 to 3000 psi), total volume 

flow from 0.1 to 0.2 litres per second. Pumping powers were from 2.8 
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TABLE 4.1 Dimensions of test bearings. 
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to 6.6 KW, oil temperatures at inlet were from 40 to 700C. Stiffnesses 

were found typically of 1x1O9Nm-1 (-5.7x1O6lb in-1), and there was 

no metal to metal contact up to the maximum load which was 5.6xlO4N 

('5.7 tons). 

Specific test results are shown in Figures 4.6 to 4.10. In Figure 4.6 

journal displacement is shown as a function of load for three rates 

of oil flow. In all tests the supply pressure was 1.7xl07Nm-2 

(2500 psi), and at no load the ratio between the supply pressure and the 

downstream pressure was approximately 0.6. The results show that the 

displacement load relationship is not exactly linear and that an 

increase in volume flow produces an increase in stiffness. 

Figure 4.7 shows a plot of journal displacement and of the downstream 

pressure versus the external load. The circular points are for a load 

directed towards the conjunction of the lobes and the triangular points 

are for a load directed towards the centre of a lobe. The difference 

in the measured displacement in both directions is insignificant and 

the only difference was in the downstream pressure which as is to be 

expected has a greater value when the load is applied through the 

centre of the lobe. 

In Figure 4.8 the lobe downstream pressure and the rate of flow are 

shown as functions of the external load. The oil flow was not measured 

directly but measured from the calibration table which is given in 

Appendix A7. However, in the proper bearing rig flow meters were fitted 

in the high pressure lines and the measurements then made confirmed 

the correctness of the procedure adopted in Figure 4.8. 

In Figure 4.9 the bearing stiffness is plotted versus the bearing 

pressure ratio (i. e. the ratio between the downstream pressure at zero 
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load and the pump pressure). For constant valve settings and 

constant viscosity the pressure ratio was adjusted to the desired 

value by adjusting the supply pressure. It may be seen from Figure 4.9 

that the bearing stiffness is independent of the pressure ratio and 

in consequence the stiffness is independent of the supply pressure. 

The minimum pressure drop across a valve during this tesC was 

7x1O5Nm-2(. v 1OOpsi). 

4.6 Discussion 

From the tests which have been carried out with the three lobe bearing, 

the experimentally determined performance substantially matches or 

exceeds the functional specification of Table 1.1. For instance, the 

functional specification calls for a stiffness in finishing of 8xlO8Nm-1 

at low speed. ' It may be seen from Figure 4.10 that this stiffness can 

be obtained with a diametral clearance of 3.3x10-4m, with a supply 

pressure of 1.7xlO7Nm-2, with a total volume flow of 0.31 litres per 

second and with a pumping power of 3.8KW. Also it may be seen that 

at a diametral clearance of 3x, 0-4 ,a stiffness of 1x109Nm-l was 

achieved. In addition the functional specification calls for a 

pressure on projected area of 3.86x106 Nm-2. From Figure 4.6 a pressure 

on projected area was achieved experimentally without of 3.73x10Nm-2 
6 

metal to metal contact. It is concluded that the bearing configuration 

which has been tested is capable of satisfying the slow speed specifi- 

cation of the functional specification. 

The hydrodynamic predictions for the bearing and journal dimensions of 

the hydrostatic tests were reviewed to see if an acceptable hydrodynamic 

performance would be likely. The hydrostatic tests have covered 

diametral clearances of 2.6,3 and 3.7x10-4m. It has been predicted 

* The actual load is 6.4 x 104 N. 
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in Chapter 3 that under hydrodynamic conditions the power loss increases 

marginally as the diametral clearance is increased, that the oil 

temperature rise falls, and that the stiffness falls marginally. 

However, because the predicted hydrodynamic stiffness exceeds the 

stiffness required by the specification the fall in stiffness as the 

diametral clearance is increased is of no consequence in the hydro- 

dynamic regime, and the lesser rise in oil temperature favours 

a larger rather than a smaller diametral clearance, but in the hydro- 

static regime the stiffness with a diametral clearance of 3.7x10-4m 

is too low, and consequently a maximum diametral clearance between 3 

and 3.7x10-4m had to be set for the hydrodynamic tests. Another consid- 

eration is that it is easy to increase diametral clearance by reducing 

journal diameter while to decrease the clearance requires the building 

up of the journal. The final dimensions for hydrodynamic testing was 

-4 
a diametral clearance of 2.6x10 m, with the intention of employing a 

greater diametral clearance when a knowledge existed of the actual 

hydrodynamic performance of the initial clearance. 



CHAPTER 5 

NUMERICAL ANALYSIS OF THE THREE-LOBE 

EXTERNALLY PRESSURIZED JOURNAL BEARING . 
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5. NUMERICAL ANALYSIS OF THE THREE-LOBE EXTERNALLY 

PRESSURIZED JOURNAL BEARING . 

5.1. Introduction 

In Chapter 2 an approximate analysis has been described for the 

externally pressurized circumstances with zero shaft speed. The 

analysis has provided a reasonable prediction for the steady-state 

parameters, (i. e. oil flow rate, load capacity, stiffness, supply 

pressure and pumping power). In Chapter 2, the analysis was 

simplified by reducing the Navier Stoke's equation to the case of the 

infinitely wide journal bearing with zero speed of rotation. The 

pressure between the adjacent lobes was assumed to be zero, and the 

oil was considered to flow in the circumferential direction and then 

out of the bearing through the low pressure grooves. Consequently 

the steady state parameters (i. e. load and stiffness) were considered 

to be dependent only on the circumferential flow. Furthermore, the 

problem was simplified by taking the journal as symmetrically disposed 

with respect to each lobe. To obtain a closer approximation to the 

oil flow out of the bearing, the axial flow from both ends of the 

bearing was calculated on the basis of a linear pressure drop along 

the bearing width and a constant pressure around the lobe arc equal to half 

the inlet pressure. The results from these approximate calculations 

have been described in Chapter 2. 

it is to be expected that an actual bearing would depart substantially 

from these simplifying assumptions. In an actual bearing the pressure 

at the low pressure grooves is not zero, and it was found from the 

experimental measurements that the pressure at the axial grooves is 
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about 20% of the pressure at the high pressure inlets. 

In this chapter a numerical solution based upon the finite difference 

formulation of the Reynolds eqn. will be described. This numerical 

solution is distinguished from the numerical solution described in 

Chapter 3, in that in the present instance the following circumstances 

obtain: - 

i) A condition which has to be satisfied is that the oil flow rate 

at each high pressure inlet has to be the same. This is in 

contrast with the condition in chapter 3 in which the only 

boundary condition specified was the dimensionless pressure at 

the boundary of the lobe. 

iii The pressure at the high pressure inlets must be finite and 

becomes a specified boundary condition. Pressures are expressed 

non-dimensionally as P* = P/p0 
, where PO is in essence the 

o) pressure downstream of the control valves. When the journal 

is centred within the bearing the pressure downstream of each 

control valve must be the same at all the lobes. In the computer 

programme the dimensionless pressure downstream of the control 

valve of each lobe may be set as input from some small finite value 

to unity. The oil flow rate, in dimensionless form, is then 

calculated as a function of the dimensionless pressure at the high 

pressure inlets. 

When the journal is displaced within the bearing the dimensionless 

pressures downstream of each control valve are no longer equal, 

but the nondimensional oil flow remains the same as it was when 

4Po is the pressure downstream of the control valves when the journal 

is centred within the bearing. 



the journal was in its central position. There is an iteration 

procedure within the computer programme by which the dimensionless 

pressure downstream of each control valve is found such that the 

dimensionless flow through each control valve is the same, and is 

also equal to the dimensionless flow through each control valve 

when the journal was in its central position. The iteration 

procedure starts with the input of the same dimensionless pressure 

downstream of each valve as has been described in the context of 

the centralized journal, i. e. each calculation starts with a 

centralized journal and then proceeds to the displacement of the 

journal. 

The displacement of the journal is specified within the programme, 

and the journal is displaced successively to EB = 0,0.1,0.2,...., 

0.9. With stationary journal the load and displacement are 

co-linear. With journal rotation this is no longer so. The 

computer programme is arranged to maintain the vertical direction 

of journal displacement, and outputs the departure from co-linearity 

of the load. 

iii) Reynolds' equation is to be solved both for the zero speed and 

finite journal speed circumstances. In the former instance the 

right hand side of Reynolds' equation is zero (eqn. 5.1 below). 

iv) The calculation of the oil flow includes the pressure induced flow 

in the axial direction, the pressure induced flow in the circum- 

ferential direction and the shear flow in the circumferential 

direction whereas in Chapter 3 the axial flow only has been 

calculated. 



v) Because of the possibility of circumferential oil flow from 

one lobe to another, Reynolds' equation has to be solved for 

the bearing as a whole in contrast with the lobe by lobe 

treatment of Chapter 3. The finite difference mesh has to 

cover all the lobes. 

5.2. Finite Difference Solution. 

The solution of Reynolds equation will be performed by using the 

finite difference formulation as has been described in paragraph 3.2 

(Chapter 3). Also the assumptions of the finite difference solution 

are the usual assumptions implicit in Reynolds equation including 

constant viscosity which will be treated as the outlet viscosity. 

When the journal speed is not zero, the pressure distribution 

solution may yield negative pressures. Negative pressures are set 

to zero as was described in paragraph 3.2. 

The required form of Reynolds equation is, 

/ (5.1) ax 
(u 

h3aX) + 
ax (h3. 

\= a6U ax 

The dimensionless forms which have been used in the numerical 

solution of Chapter 3 will be used here except that the dimensionless 

pressure will be defined as 

P* = PO (5.2) 

P 

where, PO is the(EB o) pressure downsteam of the control valves. 

When the journal is in its central position (i. e. ED O), the highest 

value for P at a high pressure inlet with the pressure drop across 

the control device may be used as the supply pressure. 
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In dimensionless form equation (5.1) becomes 

a*(H*3 8P*ý 
+ 

CD/2 3* CH* 3P*> 
= 6IIS dH* 

3X \ 3X L 3z 3Z /p dX* 

where, 

Cn = 
]IN ,,. . .2 lU/Ci 

_r PO 

( 5.3) 

( 5.4) 

The speed parameter (Sp) is related to the running speed of the 

externally pressurized bearing, to the lobe, pressure, to the outlet 

viscosity and to the lobe diameter - clearance ratio. 

When N=0, then Sp =0 and the right hand term of equation (5.3) 

is zero. Equation (5.3) has been transformed to a finite difference 

form by the same procedure used with equation (3.2) and the finite 

difference equation becomes: 

{6s(ui_1 * 

AX 

Hlýý+ll 
+ 

ý(pi. 

j+2)(Hi, ]+1)3/AX2}* 

+j (Pl, 
j-a) 

(xi, 
J-1)3/OX21 

ýPl' 
j 

k+l 

+ (D/L) 21 (Hi+1 
1J/AZ) 

+ (Hi-1, 
]/AZ2) 

ý 

(5.5) 

K 

For a mesh of i=1 to m+l and j=1 to n+1 where n is even and with 

the assumption that pressures at the boundary are known, then there are 

(n-1) x (m-1) linear simultaneous equations which have to be solved by 

the over relaxation technique which has been previously used in Chapter 3. 
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The iteration procedure starts with the P's around the boundary set 

to zero except at the high pressure inlets where the dimensionless 

boundary pressure is set to a finite value O<P* 5 1.0. 

The particular grid employed in the calculations for the complete 

bearing is shown in figure 5.1. Because the axial grooves do not 

break through over the full axial length of the bearing, the flow 

from one lobe to the adjacent lobes depends upon the pressure distri- 

bution in these adjacent lobes so that the three lobes are being 

treated here simultaneously, whereas in Chapter 3 each lobe has been 

treated separately and the pressure distribution was calculated for 

each lobe independently. In figure 5.1, i=1 to 29 (m = 28), 

j=1 to 181 (n = 180) so that there are 28 x 89 = 2403 equations to 

be solved. 

5.3. Method of Solution for Complete Bearing. 

To solve equation (5.5), the boundary conditions around each lobe 

must be stated. To find the pressure at each inlet as well as the 

pressure at each point of the grid when the shaft is displaced within 

the bearing, equation (5.5) is solved typically by setting the 

dimensionless pressure P* for zero journal eccentricity to unity at 

all the bearing inlets. The pressure at each grid point is then 

calculated. The oil flow out from each lobe is calculated 

and is considered as the reference flow. Because the 

journal is central within the bearing, then the pressure in all the 

lobes is the same and there is no pressure induced flow nor velocity 

induced flow in the circumferential direction to give a net delivery of 

oil from one lobe to another. All oil must leave each lobe axially (Fig. 5.2. a 
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Now, when the solution is performed for an eccentricity ratio greater 

than zero, the solution yields a flow rate out of the lobe which is 

initially different from the flow calculated at B=0 
(i. e., the 

reference flow). With reference to figures 5.2b and 5.5, this flow 

is given by 

(Q, ) 

I, J, K 

ý2 
Qa + Qcl + Qc2 + Qn 

out - Qn in}I 
J, K 

(5.6) 

Where: 

Qa : is the flow out from the lobe through the bearing side (pressure 

induced flow in the axial direction). 

Qcl, 2 : 
is the flow from the lobe to the adjacent lobes (pressure 

induced flow in the circumferential direction). 

Qn 
out' " is the velocity induced flow from the considered lobe to the 

downstream lobe. 

is the velocity induced flow from the upstream lobe to the Qn in' 

considered lobe. 

Q: is the oil flow through the constant flow valve. 
v 

The dimensionless pressure at each inlet is then corrected and the 

solution is repeated until the calculated flow for each lobe is equal 

with the flow calculated at zero eccentricity ratio. The forces due 

to the hydrostatic and hydrodynamic pressures are then calculated, and 

the resultant force in the vertical, and in the horizontal direction 

are calculated at each lobe. The total force and the angle between 

the vertical direction and the direction of the total force are also 

calculated. 
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A conceptual flow chart of the routine used for the solution is 

shown in figure 5.3 and may be described as follows: 

'(1) The dimensionless pressure at the high pressure inlets 

is given a value of 1.0 (i. e. P/p0 = 1.0). 

(2) For zero eccentricity ratio (i. e. eB = 0), solve equation 

(5.5) for the pressure distribution. 

(3) Calculate the oil fow out of each lobe and retain this flow 

as the reference flow. 

(4) For the given eccentricity ratio and displacement direction, 

resolve equation (5.5). 

(5) Calculate the pressure induced flow and the velocity induced 

flow out of each lobe (i. e. Qv = 2Qa + Qcl + Qc2 + Qn 
out - Qn in)' 

(61 If the flow equality is not satisfied, return to step 4 and 

resolve equation (5.5) with new values for the dimensionless 

pressure at the high pressure inlets. A routine for calculating 

the revised dimensionless pressures is incorperated into the 

computer programme and simply adjusts P* at each high pressure 

inlet in proportion to the departure from the desired flow. 

(7) Calculate the generated forces in the direction of the attitude 

line and in the direction perpendicular on the altitude line, 

then calculate the load factor. 

Two computer programmes have been written for the solution of Reynolds 

equation for the externally pressurized regime. In both instances the 

load in the journal is assumed to be towards the centre of a lobe, or 

to be reversed and to be towards the conjunction of each lobe. In 
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Figure 5.3. Flow chart for the hybrid bearing 

computer programme. 



the first computer programme, high pressure oil is admitted to the 

high pressure inlets at the centre of each lobe (figure 5.4., A, B 

and c), and in the second programme, metered high pressure oil is 

admitted to the "Low pressure inlets" at the conjunction of the lobes. 

Through a pressure of time the second programme has not been used 

comprehensively, and its only use has been the calculation of the 

pressure flow coefficient for various dimensionless speeds of 

rotation in the self generating regime as has been described in 

paragraph 3.5 in Chapeter 3. In this chapter the output of the 

first programme will be discussed. 

5.4. Oil Flow 

5.4.1. Axial Pressure induced flow 

The oil flow out of a bearing lobe from both ends and which is 

induced by the pressure difference is given by 

13 öP 
9a=2 121 hz dx (5.7) 

where 
az 

is the axial pressure gradient at the ends of the bearing. 

After substituting dimensionless forms for 
äZ, 

h3, u and dx and after 

rearranging the axial pressure induced flow coefficient is given by 

(ga) * 
_ (D/L) H*3. 

äZ 

I, J, K 
*. 

dx 

In numerical form equation (5.8) becomes 

(ga) 
= (D/r ) 

(5.8) 

n/3+ 1,2n/3+ 1 and n+l P _p 
. -' L. --m i7 A7 

I, J, K j=1,61,121 . ",. j " ýý 
G H*g_ 

m-t, J- mtt, J Ax* (5.9) 
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and Loading. 
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The calculation of qa from expression (5.9) depends upon prior 

solution of Reynolds equation (5.5) to give the pressure distribution 

over the complete bearing. The calculation of qa is incorporated in 

the same computer programme. 

The oil flow out of each lobe may be expressed as 

( Q3 
I, J, K 

PO G3 
(5.10) 

6u ' qa 

5.4.2. Circumferential Pressure Induced Flow 

When the bearing eccentricity is zero the pressure in all the 

bearing lobes is similar, and there will be no flow from one lobe 

to the adjacent lobes. When the journal is displaced within the 

bearing a differential pressure between the bearing lobes will exist 

and leads to a flow from one lobe to the adjacent lobes. This flow 

is called the circumferential pressure induced flow and is given by 

13 aP QC =2 121 
hX dZ (5.11) 

where 
a 

-P X 
is the circumferential pressure gradient at the conjunction 

with the adjacent lobes. 

After substituting dimensionless forms for ax 
, h3, u and dz and 

after rearranging the circumferential pressure induced flow coefficient 

is given by 

(5.12) 
(qý) 

- (L/D) IH*3.8x* 
. dz* 

I, J, K 



In numerical form equation (5.12) becomes 

m+ 
*3 

Pn-l, 
i-Pn+l, i 

* 1 (sc) 
_ (L/D) Hn, 

iC2. AX 1. AZ* (5.13) 
I, J, K i=1 

The calculation of qc from expression (5.13) also depends upon 

prior solution of Reynolds equation (5.5) to give the pressure 

distribution over the complete bearing. Because the pressure 

difference and the oil film thickness do not have to be the same 

at both the right and left sides of the lobe (Lines A -A and B-B in 

figure 5.1), the circumferential pressure induced flow coefficient 

(q 
c) 

is calculated separately at each side of the lobe and that is 

incorporated in the same computer programme. The value of qc is 

positive when the flow of lubricant is flow out of the lobe and 

is negative when the lubricant flows into the considered lobe. 

5.4.3. Velocity Induced Flow 

The flow in the direction of rotation due to the rotation of the 

journal is equal to the shear flow and is given by 

On =2 UL (5.14) 

After substituting dimensionless form for h and after rearranging, 

the velocity induced flow coefficient is given by 

20 
qn IIDNLC = H* (5.15) 

Where 

H* is the dimensionless oil film thickness at the lobe sides 

(lines A-A and B-B in figure 5.1), 

qn is the velocity induced flow coefficient. 



5.4.4. The Total Oil Flow 

The quantity of oil which is delivered to an externally 

pressurized bearing is held constant whether the journal is 

stationary or rotating at any speed. The oil flow rate which is 

calculated for a concentric stationary journal is the oil flow 

rate which will be maintained constant at any bearing eccentricity 

and at any speed by the compensation device (in this investigation 

the compensation device is a constant volume flow valve). However, 

for a concentric journal within the bearing there will be no net flow 

in the circumferential direction, and the only flow out of the bearing 

is the axial pressure induced flow which is calculated at zero bearing 

eccentricity from expression (5.10) for each lobe. 

The total flow rate through the compensating devices and out of the 

bearing is given by 

= Qt 3°I, 
J, K 

Qa 

where at EB = 0, (Qa) (Qa) ' (Qa) 
TJK 

5.5. Load and Load Factors* 

(5.16) 

From the obtained pressure distribution, the load components in the 

direction of attitude line and the direction perpendicular on the 

attitude line at each lobe are found from 

(Wx) 
1,3, K 

= jP. dx. dz. cos e. 

(W 
Y) I, J, K 

= JP. 
dx. dz. sin 8. I (5.17) 

* for notation, see figure 3.6. 
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After substituting dimensionless forms for P, dx and dy and after 

rearranging, expression (5.17) may be written as: 

(Wx) / (Iýo LD) ° 
fPdxdz 

* cos A 
I, J, K 

(Wy) 
I, J, K 

/(PD LD) = JPdxdz: ` sin 6 

where 

(Wý)IýJýK = (W)IýJýK / (Pmax LD) 

in numerical form expression (5.18) becomes 

m+1 
n/3 +1,2n/3 +1, n+l 

W) p 
x i, j. ýX*. OZ*. cos I, J, K i=1 j=1,61,121 

N 

m+1 
Cn/3 

+ 1,2n/3 + 1, n+l (5.19) 

(Wý) =2/. Pi, 
j. 

AX*. OZ*. sin 6j 
Y I, J, K i=l j=1,61,121 

and the resultant dimensionless load is given by 

(WýiI, 
J, K 

%) + (Wý) 2 
Y I, J, K I, J, K 

(5.20) 

and the angle between the direction of the load and the displacement 

for each lobe is given by 

aI, 
J, K = sin-1(Wy/W')I, J, K 

The (W') I, J, K 
is then decomposed into a horizontal and into a 

vertical force at each lobe. The load factor is then given by 

(Wt )_(. Wv 2+ WHt )ý 

where, Wit is the vector sum of the vertical dimensionless load 

(5.21) 

(5.22) 

at each lobe and WHt is the vector sum of the horizontal dimensionless 

(5.18) 

loads at each lobe. 
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The angle between the vertical direction and the direction of the 

total load is given by 

tan-1 (- WHt/WV) 

Wt is called the load factor and includes both the hydrodynamic 

and the hydrostatic components of load. 

When the journal is stationary the load factor comprises only 

the hydrostatic effect. 

In both instances the bearing load is given by 

Wt = Wt. LD Pp 

The load factor (Wt) is calculated in the same computer programme. 

5.6. Bearing Stiffness 

The bearing stiffness has been defined as: 

= 
change in the magnitude of the load 
change in the magnitude of the displacement 

or 
d Wt 

A= 

Since, 

Wt = Wt. LD Po 

C/2 de 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

then, 

X= 
2LD PO dWt 

(5.27) C de 

and the stiffness coefficient is given by 

dW} 
ý` -ý 2LD PO de (5.28) 

The values of the load factor 
t which is evaluated at a series 
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of values of eccentricity ratios is used to calculate the stiffness 

parameter A. 

5.7. Results of the Numerical Solution 

The computer routines for the solutions of Reynold's equations for 

the externally pressurized circumstances have been written in Fortran 

VI and it has been performed on the I. C. L. 1900 Computer and on the 

C. D. C. 7600 Computer. The computer routines and samples of the output 

are presented in Apr endix A. 3. 

All the inputs and the outputs of the finite difference programmes 

are in dimensionless form. The output comprises the load angle y, 

the attitude angle ý, the load factor Wt (Figure 3.6), the oil flow 

coefficient, the pressure distribution at the mesh points, the oil 

film thickness at the mesh points and the pressure at the bearing 

inlets. The computer programme was run for the following values of 

the input variables: 

c: 0.3,0.4,0.5,0.6,0.7 

EB: O, 0.1,0.2, .........., 0.9. 

ý: 0 and 180 degrees. 

P*- 1 

Sp: 0,0.01,0.03,0.05, and 0.1. 

L/D: 1.0. 

Results of calculation are presented in tables 5.1 to 5.9 . For 

tables 5.1 to 5.5 the journal displacement is directed towards the 

centre of a lobe whereas in table 5.6 to table 5.9 the journal 

displacement is directed towards a conjunction of adjacent lobes. 

Table 5.1 presents results for a stationary journal (Sp = 0) whereas 

in tables 5.2 to 5.5 the speed parameter is increased, table by table 

from 0.01 to 0.1. Table 5.6 is related to a stationary journal. 



Tables 5.1 to 5.9 are all calculated for a mean value of the 

three dimensionless inlet pressure of 1.0. In tables 5.7 to 

5.9 the speed parameter is also increased table by table from 

0.01 to 0.1. In general the mean value of the three dimension- 

less pressure at the inlets was specified, and the programme 

calculated the individual dimensionless inlet pressure together 

with the common flow coefficient pertaining to each inlet. 

However, the calculation for tables 5.6 to 5.9 has been carried 

out for only a few values of eccentricity because a more refined 

routine is required to adjust the dimensionless pressure at each 

inlet. 

Typical results from the computer outputs and from tables 5.1 to 

5.9 will now be discussed. Figure 5.6 shows the pressure 

distribution at the axial mid-plane when the journal is stationary. 

It may be seen, at zero bearing eccentricity, that the pressure 

distribution is symmetrical about the inlet. Although not shown 

in the figure, the calculated pressures were the same at each lobe. 

For instance at mesh point of i= 15 and j=5, the dimensionless 

pressure was 0.84576, and for the upper lobes at similar points the 

pressures were 0.84484 and 0.84492. When the journal is displaced 

within the bearing the pressure distribution for the bottom lobe is 

shown by the line B, and the distribution for the upper lobes by 

line C. Line B is symmetrical, but as is to be expected, line C 

is not. At CB 0 (line A) it may be seen that the pressure at the 

axial grooves (j = 31,91 and 151) is approximately 25% of the 

pressure at the high pressure inlets (j = 1,181,61 and 121). The 

test results show that this ratio is approximately 20%, however, it 
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Table 5.1 Results of Computation for the Three- 

lobe Externally Pressurezed Journal 

Bearing . 

LID =1 P* =1 
E=0 

Sp =O 

e0 EB Wt P/PO qa 

0 0 0 1.0 0.176 

0.1 1.5 0.121 1.23 to 

0.2 - 0.35 0.305 1.67 of 

0.3 - 0.3 0.526 2.31 of 

0.4 - 0.19 0.84 3.36 to 

0.3 0.5 - 0.16 1.35 5.3 of 

0.6 0.11 2.18 8.95 
It 

0.7 0 4.0 17.93 

0.8 0 9.6 50.7 

0.9 0 41.3 295 " 

0 0 0 1.0 0.116 

0.1 - 0.8 0.134 1.28 to 

0.2 - 0.45 0.292 1.69 it 

0.3 - 0.34 0.499 2.32 to 

0.4 - 0.27 0.795 3.37 of 

0.4 0.5 0.21 1.21 5.1 to 

06. 0 2.08 9.0 it 

0.7 0.1 3.75 17.93 

0.8 0.07 8.93 50.2 

0.9 0.065 36.12 276.5 " 
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Table 5.1 continued - Results of Computation for the Three-lobe 

Externally Pressurized Journal Bearing . 

LID P* =1 e=o 
sp=0 ý=o 

E E Y wt P/PO q 
o B a 

0 0 0 1.0 0.069 

0.1 1.1 0.11 1.22 to 

0.2 - 0.3 0.264 1.64 it 

0.3 - 0.2 0.456 2.27 of 

0.4 0.3 0.68 3.16 to 

0.5 0.5 0 1.12 5.0 It 

0.6 0 1.81 8 of 

0.7 0 3.3 17 if 

0.8 0 7.67 47 it 

0.9 0' 31.33 260 It 

0 0 0 1.0 0.038 

0.1 1 0.096 1.22 
" 

0.2 - 0.2 0.236 1.63 of 

0.3 0.46 0.38 2.18 

0.4 - 0.1 0.64 3.24 " 

0.6 0.5 0.2 0.96 4.9 

0.6 0 1.66 8.6 

0.7 0 3.0 17.16 

0.8 0 6.77 45.7 

0.9 0 27.8 255 

0 0 0 1.0 0.0174 

0.1 2.3 0.056 1.15 it 

0.2 2.2 0.14 1.45 to 

0.3 1.1 0.26 2.0 If 

0.4 0.5 0.46 2.9 is 

0.7 0.5 - 0.5 0.8 5.3 it 

0.6 0.2 1.4 8.0 " 

0.7 0 2.6 17 of 

0.8 0 6.4 49 of 

0.9 22 236 
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Table 5.2. Results of Computation for the Three-lobe 

Externally Pressurized Journal 

Bearing . 

z/D =1 P* =1 
E=0 

Sp = 0.01 

Eo EB Y Wt % P/PO ga 

0 0 0 1.0 0.176 

0.1 8 0.129 1.23 

0.2 5.5 0.313 1.67 

0.3 5.5 0.533 2.3 

0.4 5.3 0.85 3.34 

0.3 0.5 5.0 1.34 5.26 

0.6 5.0 2.2 8.95 

0.7 4 4.0 17.9 

0.8 2 9.61 50.6 

0.9 1 41.4 295 

0 0 0 1.0 0.116 

0.1 7.0 0.14 1.27 if 

0.2 7.0 0.3 1.67 

0.3 7.0 0.51 2.3 

0.4 7.0 0.81 3.35 

0.4 0.5 7.0 1.23 5.0 

0.6 6.0 2.0 8.8 

0.7 5 3.75 18 

0.8 3 8.9 50 

0.9 1.2 36.4 278 It 
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Table 5.2 continued - Results of Computation for the Three-lobe 

Externally Pressurized Journal Bearing 

L/D =1 p* =1 B=o 
Sp = 0.01 ý=o 

e c £ Y Wt % P/Pp ga 
o B 

_ 
0 0 0 1.0 0.069 

0.1 12.6 0.115 1.21 

0.2 12 0.26 1.59 

0.3 10 0.47 2.24 

0.5 0.4 10 0.71 3.15 

4.86 
0.5 10 1.1 

8.0 
0.6 8 1.8 

17.45 
0.7 6 3.41 

46.0 
0.8 4 7.6 

259 
0.9 2 31.2 

0 0 0 1.0 0.038 

0.1 16.6 0.113 1.21 
" 

0.2 16.2 0.245 1.58 to 

0.3 15.4 0.42 
" 

2.17 to 

0.4 14.77 0.65 3.11 to 

o. 6 0.5 12.8 1.037 4.92 

0.6 11 1.65 8.26 

0.7 8.42 2.94 16.5 

0.8 5.2 6.64 44.38 

0.9 2.3 24.1 221 " 
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Table 5.2 continued - Results of Computation for the Three-lobe 

LID =1 p* =1 g=o 

Externally Pressurized Journal Bearing 
Sp = 0.01 =0 

eo Sg y Wt % P/Pp, qa 

0 0 0 1.0 0.0059 

0.1 36 0.171 1.28 to 

0.2 35 0.252 1.62 of 

0.3 35 0.32 L. 98 to 

0,8 0.4 33 0.43 2.4 of 

0.5 34 0.525 2.80 
IN 

0.6 39 0.62 3.35 of 

0.7 48 0.71 3.45 
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Table 5.3. Results of Computation for the Three-lobe 

Externally Pressurized Journal 

Bearing . 

LID =1 P* =1 
E=o 

Sp = 0.03 

eo eB Y Wt P/PO qa 

0 0 0 1.0 0.176 

0.1 19 0.144 1.21 to 

0.2 16.4 0.336 1.65 

0.3 16.4 0.562 2.26 

0.4 15.7 0.885 3.32 

0.3 0.5 14.4 1.39 5.2 

0.6 12.7 2.22 8.86 

0.7 9.7 4.0 17.6 

0.8 7.4 9.16 46.8 

0.9 3 38.6 273 

0 0 0 1.0 0.116 

0.1 23.34 0.14 1.23 It 

0.2 20.77 0.334 1.66 it 

0.3 21. C 0.554 2.27 to 

0.4 20.3 0.86 3.3 

0.4 0.5 19 1.29 5.0 

0.6 15.65 2.06 8.36 

0.7 12.65 3.44 15.6 

0.8 8.7 7.27 39.66 

0.9 4.0 28.3 214.76 " 
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Table 5.3. continued - Results of Computation for the Three-lobe 

Externally Pressurized Journal Bearing . 

LID=1 P* =i Sp = 0.03 ý= 0 

E E Y Wt P/PO qa 
o B 

0 0 0 1.0 0.069 

0.1 25 0.159 1.23 of 

0.2 27 0.333 1.61 to 

0.3 28 0.54 2.19 

0.4 26.5 0.8 3.0 

0.5 0.5 24 1.16 4.43 

0.6 22 1.64 6.6 " 

0.7 19 2.57 11.72 

0.8. 15 4.89 27.4 of 

0.9 7.7 16.17 130.0 if 

0 0 0 1.0 0.038 

0.1 37 0.153 1.2 is 

0.2 35 0.342 1.6 

0.3 35 0.52 2.04 

0.4 34 0.714 2.6 

0.6 0.5 34 0.95 3.4 

0.6 36 1.23 4: 41 

0.7 36.5 1.67 6.48 " 

0.8 39 2.29 9.96 

0.9 57 2.97 11.5 

0 0 0' 1.0 0.0174 

0.1 51 0.218 1.27 of 

o. 7 0.2 51 0.312 1.48 of 

0.3 51 0.426 1.61 

0.4 54 0.573 1.84 
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Table 5.4. Results of Computation for the 

Three-lobe Externally Pressurized 

Journal Bearing . 

L/ ,D=1 P* =1 E=O 

Ea EB Y Wt % P* qa 

0 0 0 1.0 0.176 

0.1 27.7 0.163 1.22 it 

0.2 27.3 0.354 1.6 to 

0.3 27 0.59 2.2 to 

0.3 0.4 25 0.926 3.22 if 

0.5 22 1.4 4.86 

0.6 19 2.15 7.9 " 

0.7 17 3.87 15.4 

0.8 11 8.15 40.3 

0.9 5 31.8 22.3 " 

0 0 0 1.0 0.116 

0.1 33 0.172 1.22 to 

0.2 31.5 0.382 1.64 

0.3 31.5 0.61 2.19 

0.4 30 0.913 3.0 

0.4 0.5 28 1.28 4.26 " 

0.6 26 1.85 6.52 

0.7 22 3.0 12.2 

0.8 17 5.8 29.3 

0.9 9 19.2 14.2 " 
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Table 5.4. continued - Results of Computation for the Three-lobe 

Externally Pressurized Journal Bearing .' 

L/n =1 P* =1 
E=o 

Sp=O. 05 ý=0 

E EB Y Wt P* q a o 

0 0 0 1.0 0.069 

0.1 40 0.183 1.19 is 

0.2 41 0.39 1.54 of 

0.3 38 
. 

0.605 2.0 of 

0.4 37 0.85 2.57 is 

0.5 0.5 38 1.1 3.2 of 

0.6 40 1.45 4.19 of 

0.7 42 1.95 5.9 of 

0.8 44 2.78 9.42 is 

0.9 56 4.1 13.8 

O 0 0 1.0 0.0174 

0.1 65 0.328 1.33 to 

0.7 
0.2 67 0.44 1.32 of 

0.3 72 0.566 1.05 of 

0 0 0 1.0 0.038 

0.1 55 0.189 1.2 of 

0.2 50 0.362 1.46 is 

0,6 0.3 50 0.546 1.65 

0.4 53 0.75 1.87 

0.5 59 0.96 1.64 

0.6 68 1.232 1.35 
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Table 5.5. Results of Computation for the 

Three-lobe Externally Pressurized 

Journal Bearing . 

L/D =1 P* 
E=o 

Sp = O. 1 

eo eB Y Wt P* ga 

0 0 0 1.0 0.176 

0.1 42 0.222 1.21 
If 

0.2 42 0.472 1.58 it 

0.3 40 0.735 2.0 

0.4 40 1.0 2.64 

0.3 0.5 36 1.47 3.8 

0.6 34 2.15 6.0 

0.7 32 3.4 10.6 

0.8 28 5.75 23.2 

0.9 18 16.5 104.7 

0 0 0 1.0 0.116 

0.1 48 0.25 1.21 
If 

0.2 46 0.50 1.51 if 

0.3 46 0.74 1.82 if 

0.4 0.4 47 1.02 2.2 

0.5 50 1.34 2.55 

0.6 51 1.81 3.3 " 

0.7 54 2.48 4.31 " 

0.8 65 3.38 3.4 
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Table 5.5. continued - Results of Computation for the Three-lobe 

Externally Pressurized Journal Bearing. . 
L/D =1 P* 

E=o 
Sp = 0.1 ýa0 

eo EB wt P* qa 

0 0 0 1.0 0.069 

0.1 62.5 0.25 1.18 of 

0.5 0.2 56.0 0.48 1.35 of 

0.3 57.7 0.715 1.38 of 

0.4 62.8 1.0 1.44 
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Table 5.6. Results of Computation for the 

Three-hole Externally Pressurized 

Journal Bearing . 

L ._=1 
* 

ý_ 
PE Sp =0 

I- 

Eo EB Y W% Pýo qa 

0 0 0 1.0 0.176 

0.1 - 0.75 0.144 1.16 

0.3 0.2 - 0.1 0.26 1.3 

0.3 0.4 0.382 1.46 

0.4 0.28 0.519 1.67 

0.5 0 0.663 1.97 

0 0 0 1.0 0.116 

0.1 0.8 0.115 1.13 It 

0.2 0 0.244 1.3 it 

0.4 0.3 0 0.366 1.48 it 

0.4 0 0.5 1.7 " 

0.5 0 0.66 1.97 

0.6 0 0.831 2.27 " 

0 0 0 1.0 0.069 

0.1 2.0 0.11 1.2 It 

0.2 1.0 0.24 1.4 if 

0.5 0.3 1.0 0.285 1.5 

0.4 0 0.47 1.8 

0.5 0 0.60 2.0 
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Table 5.7. Results of Computation for the 

Three Lobe Externally Pressurized 

Journal Bearing. 

L/D =1 P* =1 e=o 
Sp = 0.01 ý=18,01, 

Eo eB Wt P* qa 

0 0 0 1.0 0.176 

0.1 4 0.15 1.18 

0.3 0.2 5 0.28 1.35 

0.3 5 0.43 1.58 

0.4 5 0.6 1.85 

0.5 5 0.738 2.17 

0 0 0 1.0 0.116 

0.1 7.5 0.13 1.16 

0.4 0.2 7 0.26 1.36 

0.3 6 0.4 1.6 

0.4 6 0.71 1.8 " 

0 0 0 1.0 0.069 

0.1 10.86 0.12 1.15 it 

0.5 0.2 9.4 0.24 1.35 it 

0.3 7.76 0.388 1.62 
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Table 5.8. Results of Computation for the 

Three Lobe Externally Pressurized 

Journal Bearing. 

L/D =1 P* =1 E=0 

ý ýý 
sp = 0. ()-1 

ýo eB wt P* qa 

0 0 0 1.0 0.176 

0.3 0.1 15 0.155 1.19 of 

0.3 13 0.494 1.73 to 

0 0 0 1.0 0.116 

0.1 19 0.154 1.22 " 

0.4 0.2 17 0.32 1.5 

0.3 15 0.48 1.7 

0 0 0 1.0 O. Q69 

0.1 21.4 0.161 1.25 " 

0.5 0.2 20.64 0.322 1.55 of 

0.3 21 0.47 1.6 to 

0 0 0 1.0 0.038 

0.1 29 0.147 1.24 " 

0.6 0.2 27 0.293 1.54 to 

0.3 24 0.44 1.9 
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T 
Table 5.9. Results of Computation for the 

Three-Lobe Externally Pressurized 

Journal Bearings. 

-1 
D* v1 CT = iN nr, mC1 Rna L/D =1 i.. v r---- - y ur - v. v. r TI -- 

E=o 

£ £ Y Wt % P* q a 0 g 

0 0 0 1.0 0.176 
0.3 

0.1 19 0.19 1.26 if 

0.2 ab olý r3 2 14 3 a- 

0 0 0 1.0 0.069 

0.4 0.1 24 0.194 1.3 of 

0.3 21 0.6 2.0 

0 0 0 1.0 0.069 

0.1 32 0.183 1.3 if 

0.5 0.2 28.8 0.372 1.65 to 

0.3 24.7 0.6 2.13 of 

0 0 0 1.0 0.038 

0.1 47 0.076 1.0 it 

0.6 0.2 44 0.193 1.12 
If 

0.3 39 0.32 1.38 
" 
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may be mentioned that in the computer programme, the oil grooves 

are not represented and the bearing surface is assumed to be 

continued. 

Figures 5.7 and 5.8 relate to a rotating journal and are 

respectively for speed parameter of 0.03 and 0.1. With reference 

to figure 5.7 it may be seen that the pressure distribution is no 

longer symmetric about the lobe (i. e. 8= 60°), but the maximum 

dimensionless pressure for all eB is still at the position of the 

high pressure inlets (i. e. 8= 60°). Also it may be seen that 

as the bearing eccentricity ratio (e 
B) 

increases the hydrodynamic 

effect increases, and negative pressures start to develop at 

the trailing end of the lobes, and as the eccentricity increases, 

the pressure distribution curve is terminated before the end of the 

lobe circumferential length. With reference to Fig. 5.8, at a 

speed parameter of 0.1, the bearing is behaving as a self generating 

bearing. The pressure distribution curves are similar to those 

plotted in chapter 3. Also it may be seen that the maximum pressure 

position is no longer located at the high pressure inlets but the 

high pressure positions are-now located before the minimum film 

thickness as has been found in the self generating analysis. 

Figure 5.9, which relates to a stationary journal, shows the 

variation of the dimensionless pressure at high pressure inlets 

with the bearing eccentricity ratio. Line A is drawn for a vertical 

load directed towards the centre of the bottom lobe (i. e., towards the 

high pressure inlet). Line B is drawn for a vertical load directed 

towards the conjunction of the lobes and the journal movement is not 

directly against the high pressure inlets. It may be seen that for 

the case represented by line A the dimensionless pressure P* increases 
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rapidly as the journal moves towards the high pressure inlet. 

The oil flow through the bearing is determined by the setting of 

the constant volume valves, and is independent of whether the 

journal is rotating or not, loaded or not. However, with the 

journal central and for a particular value of P* the oil flow 

required to establish that pressure will be a function of the way 

in which the space between journal and the lobes varies (i. e. 

function of the offset ratio Fo). In figure 5.10 the variation 

of the oil flow coefficient against offset ratio is plotted for 

a central journal. It may be seen that the oil flow coefficient 

decreases as the offset ratio increases, however, in real terms 

the increase of the offset ratio leads to an increase in the lobe 

diametral clearance so that the actual oil flow may be increased 

as the offset ratio increases. 

The effect of the variation of bearing eccentricity ratio on load 

factor is shown in figure 5.11. The results obtained are for zero 

speed and for various offset ratios. It may be seen that the load 

factor increases as the eccentricity ratio increases but the load 

factor decreases as the offset ratio increases. The decrease in 

the load factor as the offset ratio increases may be attributed 

to the departure from a uniform oil film thickness around the 

journal which will affect the pressure distribution. 
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In figure 5.12 the effect of the variation of speed on load 

factor is shown. It is quite clear that as the speed parameter 

increases the hydrodynamic effects on the load parameter increases, 

so that the load factor wt and the bearing load increase as the 

speed increases. Also it may be seen from figure 5.12 that an 

increase in eccentricity ratio leads to an increase in hydro- 

dynamic effects which is typically what has been found by the 

hydrodynamic solution in chapter 3. In figure 5.13 the load 

factor is plotted against the speed parameter for two different 

offset ratios. As the speed parameter increases it may be seen 

that the effect of offset ratios upon the load factor decreases. 

However, at speed parameters beyond 0.09 a cross-over occurs. 

This trend in the characteristics of load factor is attributed 

to the increase in the hydrodynamic effects as the speed para- 

meter and the offset ratio increases; also this trend in the 

characteristics of the load factor is consistent with results 

which have been discussed in Chapter 3, where it has been shown 

that the bearing duty parameter (i. e. bearing load) increases 

as the offset ratio increases. 

Figure 5.14 shows the variation. of the stiffness coefficientA 

as defined by expression (5.28) with the bearing eccentricity 

ratio. Quite clearly, from figure 5.14 increasing the 

eccentricity ratio increases the stiffness coefficient, also 
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the stiffness coefficient increases with the offset ratio. 

However, because the stiffness coefficient is dependent on 

the lobe clearance, and because the offset ratio and lobe 

clearance are not variable independently the change in the 

stiffness coefficient does not necessarily imply similar 

changes in actual stiffness. 

The effect of speed parameter on the load angle Y, is shown 

in figure 5.15. When the speed parameter is zero (i. e. 

stationary journal) the load angle Y is zero for all the 

eccentricity ratio values� and the load is in the same sense 

as the journal displacement. When the speed parameter 

increases, the angle between the vertical direction of the 

journal displacement and the load direction increases. Also 

it may be seen that at speed parameters beyond 0.85 a cross- 

over occurs which may be attributed to the increase in the hydro- 

dynamic effects. 

In figure 5.16 it may be seen that an increase in the offset 

ratio increases the load angle. In both figures 5.15 and 

5.16 the load angles are comparable to the load angles for the 

self generating circumstances which have been reported in 

chapter 3. 
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Figure 5.16. Load Angle - Speed Parameter Characteristics. 
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5.8. Design procedure 

In this paragraph a numerical example will be worked in order to 

show how to predict the performance of a three lobe bearing from 

the results which have been presented. The numerical values which 

are used in this example relate to the bearing which has been 

tested. Also, the load and the displacement values which are used 

in this example relate to the functional specification given in 

table 1.1. The numerical values are: 

D=135mm L=127mm C=0.26mm 6=0.0254mm 

sO = 0.45 Wt = 22270 NN=0 -> 5000 rpm 

Oil: Te11us 37 

The eccentricity ratio E= 26 2x 0.0254 
C 0.26 = 0.1954 

The bearing eccentricity ratio eB = (lE: = (1195445) - 0.355 
-E 0 

The load factor Wt = 0.62 (Figure 5.11. ) 

PO Wt/LD Wt 0.127 x O? 135 x 0.25 2.1 x 106 Nm-2 

The oil flow coefficient, qa = 0.09 (Figure 5.10) 

0.22 at 50°(f (The operating temperature is 
considered to be 50°C). 

3' 
ga PO c 

0.09x2.1x106x (0.026)3 981000_ 
0.025Qs-1 Qa 6u 6x0.22 x 1000 x 9.81 x 10 

The total oil flow =3x Qa = 0.075 ks-1 (1.0 G. P. M. ) 

From table 5.1 and for s. = 0.355 then P* = 2.77 



The pressure at the highest pressure inlet for bearing eccentricity 

ratio of 0.355 = 2.1 x 106 x 2.77 = 5.82 x 106 NM-2 

The supply pressure, Ps = 5.82 x 106 + the pressure drop across 

constant volume flow valve. 

Ps = 5.82 x 106 + 6.67 x 105 = 6.487X 106 NM-2 

By considering the shaft is rotated at 1000 rpm: - 

The speed parameter, Sp = PMN 
(D/C? 

2 

0 

0.22 x 
10 

60 
00 

x 9.81 /13.5 \ 
_( J=0.044 

2.1 x 102 x 981000 0.026 

The load factor Wt (from tables 5.2 to 5.5) = 0.7. 

The load which may be carried by the journal at 0.355 and 

0.70 ý 
Ns 1000 rpm is = 0.62 x 22270 = 24942 N 

The load angle y= 35 degrees (tables 5.3 and 5.4) 

In chapter 3, the validity of the computer programmes which have 

been used for the self generating regime have been examined by using 

the author's programmes to solve problems where the results are 

published. With respect to the programmes which have been used in 

this chapter, there is nothing which has been published about the 

three lobe bearings as externally pressurized bearings; also there 

is nothing in the literature about the analysis of externally 

pressurized bearings which are compensated by the constant volume 

flow valves. However, the validity of the computer programmes which 

* The calculated load of 24942 N with the displacement of 0.0254 mm 
1. 8 

implies a stiffness of 9.82 x 10 NM 
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have been used in this chapter has already been discussed in 

paragraph 5.7 with the discussion of the computer programme results. 

In paragraph 5.7 it has been shown that the solutions produce a 

symmetric pressure distribution for all the three lobes, and also it 

has been shown that by increasing the speed parameter the pressure 

distribution becomes similar to the pressure distribution of the self 

generating regime. The load angle of a stationary journal is found 

to be zero; however, in paragraph 5.7 it has been shown that as the 

speed parameter increases the load angle approaches the load angle of 

the self generating circumstance. Also the load factor shows 

a similar behaviour with the speed parameter . All these 

comparisons between the output of present computer programme and the 

output of the computer programme used in chapter 3, with the results 

of the -numerical example may show the logic and the correctness of 

the results obtained from the present programme. 

As a further check upon the computer programme, the calculated oil 

flow is compared with the measured oil flow. In table 5.9 the 

calculated oil flow for an offset ratio of 0.45 and different 

conditions of operation are compared with the measured oil flow at the 

same operating conditions. Quite clearly the results show that a 

very close agreement exists which again substantiates the validity 

of the programme. 

A comparison between the results of this analysis, the approximate 

analysis (chapter 2) and the tests results (chapters 4 and 6) will be 

presented in chapter 8. 
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CHAPTER6 

MAIN TEST RIG, EXPERIMENTATION AND RESULTS 
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6. MAIN TEST RIG, EXPERMENTATION AND RESULTS 

6.1. Introduction 

The success or otherwise of the bearing which has been described in 

meeting both the low and high speed aspects of the specification can 

only be established by an experimental investigation in which the 

behaviour of the bearing assembly is tested over a wide range of 

operation. A full scale test rig for the hydrostatic and hydro- 

dynamic investigation of the three lobe journal bearing has been 

built. Speeds up to 7000 rpm have been reached. Two oils of 

different viscosities have been used and two different bearing shells 

have been machined and used in test. 

6.2. Test Rig and Instrumentation* 

A layout of the test rig is shown in Figure 6.1. The shaft 
I is 

supported by the wide speed range bearing2 (i. e. three-lobe bearing), 

and by the rolling element thrust4 with the tail bearing3 in the 

housings on the right hand side. A hydraulic ram, which is not shown, 

is used to apply a vertical load via the slave bearing? fitted to the 

overhang of the shaft. The conception of the rig is that it should 

correspond as closely as is practical with an actual machine tool spindle, 

for instance the tail and thrust races have been chosen with machine 

tool duty in mind, and are mist lubricated through the nozzle8. The 

displacement of the journal with respect to the bearing is measured 

with inductive displacement transducers9 at each end of the bearing. 

There are two pairs of transducers arranged to measure vertical and 

horizontal displacements. Measurements hava-'been made at each end by 

transferring the transducers. Thermocouplesl° are provided to measure 

oil and bearing metal temperature. Flow and pressure at both high 

pressure and low pressure inlets were measured, but the flow was 

not measured simultaneously because to reduce the provision of 

The writer designed, drew, assembled and commissioned the rig himself. 
He also carried out some machining and fitting. 
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instruments, the moving of an instrument from one position to another 

was accepted. Photographs of the test rig with instrumentation are 

shown in Figures 6.2 and 6.3. 

6.2.1. The Three Lobe Bearing 

Two test bearings have been machined to provide different diametral 

clearance and different dimensions for the axial grooves where the 

low pressure oil for hydrodynamic operation is delivered. A high 

pressure oil inlet for the hydrostatic regime is provided at the 

centre of each lobe. The main dimensions of the test bearings are 

shown by Figure 6.4. A bearing is also shown by the photograph of 

Figure 6.5. The machining of a bearing is described in detail in 

Appendix A. 4., and in Appendix A. 5 an alternative method is described 

which has been tested as a process, but no actual bearing machined 

by the process has been made or tested. 

6.2.2. The Design of the Shaft 

In the design of the test shaft it was considered that the shaft 

should be of a form as close as possible to an actual machine spindle. 

The shaft is illustrated in Figure 6.6. , The shaft was designed to 

provide an extension to carry a slave bearing for overhung loading of 
7 

the test bearing . (Figure 6.1). 

Evaluations by conventional means were made of the bending stress, 

shear stress and deflection in the shaft. The stresses are low, but 

at the position of maximum stress, where the dimensions are reduced 

for the thrust bearing, a very generous filet is provided to avoid 

any possibility of a fatigue failure. 

In a machine tool application the precise axial position of the 

cutting tool could be important, and with the notion of minimizing 

*In principle the same effect could have been achieved by reducing the 

diameter of the shaft, but it would have been difficult to modify the 

first bearing in other respects. 
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FIG-6.3 TEST RIG AND INSTRUMENTATIONS 
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DIMENSIONS ARE IN MILLIMETERS 
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FIG. 6.4 Three lobe-bearing. 

View for the bottom lobe at B. B 
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FIG. 6.5 TEST BEARING. 
First bearing - the lines in the bore and 

score marks caused by detritus in the oil ways. 
The second bearing is completely undamaged. 
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the effect upon this precison of the thermal expansion of the shaft, 

it was decided to fit the thrust bearing as close as is possible to the 

three lobe bearing. This gave rise to a reduced diameter of the tail 

to permit the fitting of the thrust. However, as will be described 

later, this was probably a mistake, as it makes the shaft more 

flexible than would otherwise be so. (The thrust and tail bearings 

are shown at 4 and 3 respectively - Figure 6.1). 

The shaft was roughly machined from normalized En8 steel, the shaft 

was heat treated for stress relieving ( 1.5 hours at 6')O°C, furnace 

cooled. Shaft rotated in heat treatment) and then it was finally 

machined to the required dimensions. The positions of the main journal 

bearing, the thrust bearing and the tail bearing were ground. 

Details of the manufacturing process are given in Figure 6.6. The 

machined shaft is shown by the photographs in Figures 6.7 and 6.8. 

6.2.3 The Design of the Thrust Bearing 

In the design of the thrust bearing, no consideration was given to a 

specific thrust load and the main criteria, for the design of the 

thrust bearing was the speed limit and the shaft diameter. It was 

found that an ordinary roller or ball thrust is not suitable for the 

required speeds, and that a single row deep groove ball bearing is 

better suited to accommodate axial loads at high speeds. A deep 

groove ball bearing of 80 mm. bore was used; this bore diameter is 

the greatest-diameter which is compatible with the maximum speed. 

6.2.4 Design of the Tail Bearing 

The required load to be supported at the position of the tail bearing 

was calculated and it was found that the load carrying capacity of the 

bearing does not introduce a problem. However, for the required 

running accuracy of a machine tool it is advisable to use cylindrical 



FIG. 6.8 TEST SHAFT WITH THE THRUST 
AND TAIL BEARINGS HOUSING. 



roller bearings. To achieve the speeds of the specification given in 

Table 1.1, a cylindrical roller bearing of 60 mm bore has been used. 

Figure 6.7 shows the tail bearing, thrust bearing and the slave 

bearing mounted on the test shaft. 

6.2.5 The Design of the Rolling Bearings Housing 

A steel housing to house the thrust bearing and the tail bearing was 

designed with the following functions in mind: 

i) 

ii) 

iii) 

6.2.6 

The outer ring of the thrust ball bearing is a clearance fit 

with the housing. The magnitude of that radial clearance 

must be greater than the shaft deflection at that point 

under the maximum load so that the bearing is subjected 

only to thrust loads. 

The outer ring of the tail bearing is an interference fit 

with the housing. However, dismounting the housing from 

the shaft could be easily made as the inner and outer rings 

of the tail bearing are separable. The roller tail bearing 

provides no constraint of axial movements due to thermal 

expansion. 

The cover plates (i. e. seals), have been machined with a 

sufficient clearance to give an adequate venting area for the 

air of the mist lubrication. The flow of air is a provision 

against the ingress of dirt. Figure 6.8 shows the housing 

assembled to the shaft, while Figure 6.9 shows the manufactur- 

ing drawing for the housing. 

The Design of the Rolling Bearings Lubricating System 

For high speed bearings, or where high bearing temperatures prevail, 

the main task of lubricant is to remove heat, and several methods of 

lubrication are available. One of these is mist lubrication in which 
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a suspension of oil in air is forced through the bearings. 

The oil mist consists of atomised oil in air and it is conveyed to 

the lubricating point where it is completely or partially precipitated. 

The size of the spray nozzles, quantity of air, quantity of oil, and 

the air pressure, are supplied by the manufacturer. 

Two oils of different viscosities have been used in the mist lubricator. 

The full specifications are presented in Appendix 6. 

6.2.7 Design of the Loading System 

To apply a radial load on the three lobe bearing, a hydraulic ram 

is employed to apply radial loads via a slave bearing, to the overhang 

of the shaft (Figures 6.10-6.12). 

In Figure 6.10 a self-aligning spherical roller bearing1, is mounted 

in a bearing housing2 and the housing is held coaxial with the shaft3 

by the rod4. The load is applied through a hydraulic rams of known 

area and pressure. The loading bearing itself is lubricated through 

the mist fitting6 which is connected to the mist lubricator by the 

plastic tube. The loading bearing was considered to be a sacrificial 

bearing, but in fact there has been no failure of it. 

6.2.8 The Design of Oil Circuit for the Externally Pressurized 

and Self-Generating Operation. 

The oil circuit is illustrated by Figure 6.13. The high and low 

pressure circuits are arranged so that they can be operated individually 

or simultaneously. However, an oil cooler is provided only in the 

low pressure circuit, but the circuit is arranged so that oil from 

the cooler is passed directly back to the sump if the low pressure 

supply to the bearing is not required, but it is required to remove 
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FIG. 6.13 Self-generating and externally pressurized 
oil circuit. 
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heat generated in the high pressure circuit. The diagram shows 

four positions for flow measurement. However, only two flow meters 

were available, and they were moved from position to position as was 

appropriate for the test to be carried out. 

6.2.9 Calibration of the Compensation Devices 

The flow characteristics of each valve were tested by measuring volume 

flows at different valve settings, at different supply pressures, at 

different back pressures and at different oil temperatures between 22 & 80°C. 

The valves were calibrated by subjecting each valve to varying back 

pressures whilst the pump line pressure was held constant. The flow 

rates were measured by using the "STOP WATCH AND BUCKET TECHNIQUE". 

The results show that the valves are working correctly. The variation 

of the oil viscosity between 250C. S and 17C. S. has resulted in a flow 

variation of 6%. However, by considering that some difference may 

occur due to the timing, the flow variation may be considered negligible. 

The valve controlled the flow rate by varying the area of an orifice 

within the valve. To nulify the effects of fluctuating back pressure 

the valve contains a spring controlled by-pass loop. 

The full calibration results are given in Appendix A. 7, while in 

Figure 6.14 a calibration chart for the oil flow against the valve 

setting is shown. 

6.2.10 Calibration of the Flowmeters 

The flow meters which were used are of the turbine type, with generation 

of frequency signal which is directly proportional to the speed of 

rotation (i. e. the flow through the pipe line) so for high viscosity 

oil such meters indicate flow rates less than the true flow rates, and 

it is necessary to calibrate them. The basis of calibration was the 
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flow associated with particular settings of the constant valves which 

had already been calibrated over the full range of viscosities by the 

"bucket and stop watch" technique (Appendix 7). But because the 

calibration was carried out in the high pressure line with constant 

flow valves already present, the opportunity was taken to check the 

calibration of the valves simultaneously. A calibration chart is 

given in Figure 6.15 where the dotted lines show the flow as measured 

by "bucket and stop watch" with the settings of the constant volume 

valve. Quite clearly it would be unrealistic to rely on the nominal 

reading of the flow meter at temperatures below 60°C, and that was not 

done. In that range, the high pressure oil flow was based upon the 

calibration chart of Figure 6.14, while the total oil flow from the 

bearing was measured by taking the drain to a bucket, and by using the 

"bucket and stop watch" technique. No internal inconsistency has ever 

arisen to bring the calibration of the flow meters into doubt. 

6.2.11. Measurements of the Shaft Displacements and the Journal 

Centre Attitude. 

The displacements of the journal with respect to the bearing were 

measured with inductive displacement transducers at each end of the 

bearing. The transducers were matched in pairs to increase the 

linearity of the output, and each pair is connected to a carrier 

frequency amplifier. The output was displayed on a digital millivolt 

meter. The electrical output from the amplifiers is either a voltage 

between ' 10V or a current between t 20 ma. The output signal for a 

given displacement depends upon the initial gap between shaft and trans- 

ducers and upon the gain of the amplifiers which can be adjusted inter- 

nally. There are no external knobs for the adjustment of the gain so 

that gain remains constant until it is deliberately changed by internal 

adjustment. 



Oil Temperature, oc 

FIG. 6.15 Variations of the flow-meter reading with the 
oil temperature. 
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The output signal can be brought to zero at will by connecting a 

potentiometer of a lOO0 to a zero external terminals, and in general 

the output was brought to zero with the journal in unloaded condition. 

The measuring circuit is shown by Figures 6.16 and 6.17. 

6.2.12. Calibration of the Transducers. 

To calibrate the inductive transducers, the high pressure system was 

engaged to locate the journal centrally within the bearing. The 

transducers were set by feeler gauges with an initial gap ranging 

between 0.1524 mm and 0.4 nun. Dial gauges were positioned as near 

as possible from the transducers. A load was applied to the shaft 

and the deflection of the shaft was measured by the dial gauges and 

the change in the output of the transducers was noted. This procedure 

was repeated at working temperatures ranging from 25°C and up to 85°C, 

the transducers were recalibrated from time to time (2 times a week) to 

ensure the accuracy of the results. Typical calibration charts are 

given in Figure 6.18. The difference between the calibration is 

attributed to the different gain settings. 

6.2.13. Pressure Measurements. 

The supply pressure of the high pressure pump, the pressures at the 

high pressure oil inlets and the pressures at the low pressure inlets 

were measured by Bourdon gauges which were dead weight calibrated. 

6.2.14. Temperature Measurements 

To monitor the temperatures of the oil at the bearing inlets, outlets, 

and bearing metal temperature, thermocouples were provided in 10 posi- 

tions. The thermocouples were connected to a 'read out' unit with built- 

in compensations. Thermometer pockets were provided in the high pressure 

line and these pockets contained thermocouples and mercury in glass thermo- 

meters. This dual provision provided a bheck upon the read out unit. 
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Inductive transducer 

K 
0 

AMP 

Digital Voltmeters 

AMP 

FIG. 6.16 The inductive transducers circuit for displacements 
measurements. 
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The transducers are set permanently at A. A and B. B. 

The transducers are moved to C. C and D. D, as the tests require. 

FIG. 6.17 Transducers arrangements of the Journal. 
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FIG. 6.18 Calibration Chart for the displacement 
transducers. 



6.2.15 The Metallic Contact Monitoring 

To monitor any occurence there might be of metal to metal contact 

between journal and bearing, and also to provide a convenient means 

of judging the maximum allowable load, the electrical resistance 

between journal and bearing was measured with a meter which imposed 

less than 3 volts across the oil film. To permit these measurements 

of resistance the parallel paths such as through the housing of tail 

and thrust bearing were insulated from the main frame. 

6.2.16 Drive Unit 

In the early stages of the design, the very approximate estimation of 

the power loss suggested that a power of approximately 40KW would be 

required to rotate the test shaft at 9000rpm. (The more refined 

calculations of Chapter 3, and the experimental test results show that 

early estimate to be too large by a factor of approximately 2). The 

provision of a variable speed electrical drive of that power was too 

expensive to contemplate, and it was decided to use an existing 22KW/150orpm 

electrical motor together with a set of timing pulleys and belt to 

provide various speeds in the range 720 to 4000rpm. The speed of the 

motor together with limitation of pulleys and belt limited the shaft 

speed with the motor to 4000rpm. In addition the starting torque 

imposed a limitation on the speed at which the shaft can be driven. 

It was seen that these limitations could be over-come by use of a 

petrol engine which could be run at 4000rpm, and which has a clutch 

to relieve the starting torque problem. Later a petrol engine drive 

was provided with belt connection to the shaft and speedsup to 7000rpm 

were obtained. The limitation on speed then became the maximum 

safe velocity of the belt itself. Because the test results up to 

7000rpm give confidence that may be reasonably extrapolated to 9000rpm, 



and because the time and additional cost which would be involved in 

reaching 9000rpm, the maximum test speed of 7000rpm was deemed to be 

adequate. The use of a belt drive directly to the end of the shaft 

inevitably introduces some vibrations, but the vibrations was never 

excessive. Some form of inline drive is obviously to be preferred. 

6.2.17 Selection of the Oil 

In the early approximate design investigation, Shell Oil Vitria 150 

with kinematic viscosity of 150 centistokes at 40°C had been assumed, 

and this oil is one of the oils which has been used in the test. In 

the test programme the disadvantage of an excessive high outlet 

temperature with this oil emerged, whilst other aspects of the test 

results indicated that it would be permissible to use an oil of sig- 

nificantly lower viscosity. For instance, in paragraph 6.3.1 to 

6.3.6 oil outlet temperatures of 72°C and 95°C are reported at 4000rpm 

in externally pressurized and in hydrodynamic tests respectively. 

Because oil temperature rise is approximately proportional to the rotational 

speed it is quite clear that an excessive oil outlet temperature would 

arise had the test been continued to higher rotational speeds. Theory 

indicates that the oil temperature rise is reduced when an oil of lower 

viscosity is employed. A second oil of lower viscosity "Shell Tellus 37" 

was employed in a further series of tests. The viscosity-temperature 

characteristics of these oils are given in Figures 6.19 to 6.20. 

6.2.18 Power Loss Measurements 

The power absorbed by a bearing has been measured in the usual way 

from measurements of oil flow and of oil temperature rise as the oil 

passes through the bearing. However a correction should be added to the 
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Shell Tellus 37. 



power loss given by that calculation which does not include the heat 

fluxes of conduction along the journal and of heat transfer to the air 

from the pedestal and journal. The correction is relatively small and 

approximate-means for its assessment will suffice. 

if the bearing and journal satisfied the assumptions of Newton's Law 

of cooling then a quantity k can be defined which is given by 

K= 
C/T '10 e- ee 

8, ^ 
Olp 

where k is the heat transfer coefficient, e is the metal temperature at 

time T, elis the metal temperature at time 0, ee is the ambient temper- 

ature which is taken as 220C and C is the thermal capacity of the 

metal which may be calculated from 

C=mCp (61 -6e) 

where, Cp is the specific heat for steel and m is the mass of the 

bearing and pedestal metal. 

The method employed to determine the correction was to take a 

cooling curve of the bearing pedestal immediately following the arrest 

of the journal, and the stopping of the oil flow. Typical cooling curves 

are shown in Figure 6.21. These cooling curves show that the assumptions 

of Newton's law of cooling do not hold because the curvature of the 

cooling curve is opposite to that which is required by Newton's 

Law of cooling. Nevertheless, the end points of the cooling curves 

have been used for the estimation of k, and of the heat loss to the 

surroundings. The thermal capacity C was taken to be the thermal 

capacity of the bearing and its pedestal and that portion of the 



- 253 - 



journal within the bearing. The cooling curves of Figure 6.21 on 

the above approximate basis gave heat fluxes of 0.397 and 0.584KW 

respectively which are respectively 9% and 15% of the heat lost by 

way of the oil itself. These percentages are consistent with a 

value quoted in the literature, e. g. references 7 and 84 

which give 15% as a correction factor for the heat lost by other 

means, and for the purpose of this investigation a uniform and conser- 

vative correction of 20% has been applied to the heat loss by 

way of the oil in arriving at the total power loss. 

6.3 Tests and Test Results of the Externally Pressurized Operation 

The following results relate to the bearing being supplied only with 

high pressure oil via constant volume control valves, and with 

shaft rotation in the range 0 to 4000rpm when the VIT 150 oil is used 

and in the range 0 to 6000rpm when Tellus 37 oil is used. 

6.3.1 Static Stiffness 

6.3.1a Test with VIT 150 Oil 

The salient dimensions of the journal and bearing used in the tests 

are given in Table 6.1. The first test carried out in the main test 

rig was to measure the hydrcstatic stiffness of the bearing, 

in much the same way as it had been measured in the static rig, and 

to compare the results with those previously obtained and which are 

reported in Chapter 4. vertical load was applied to the shaft 

over-hang by the hydraulic ram and the displacement of the journal 

was measured at both ends, both by dial gauges and the inductive 

transducers which were mounted at positions B-B and D-D. Figure 6.22 

shows the measured displacement along the axial length of the journal, 

the displacements at the AFT, MID, and the FORE planes are deduced 
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from the measured displacements at B and D. It may be seen from 

Figure 6.22 that the displacement varies along the axial length 

of the bearing. The measured displacement load relationships are 

shown by Figure 6.23. The magnitude of the displacements are plotted 

but the displacements of line AFT were in fact of opposite sign to 

those of lines MID and FORE; the change in sign reflects the bending 

of the shaft itself. However, line MID, which is the true mean line 

has been used to derive a mean stiffness which is 1.125x109Nm 1, 
and which 

is substantially the stiffness as found in the static rig (1.4xlO9Nm-1). 

The journal did not tilt in the static rig, and consequently this 

substantial agreement shows that the tilting of the journal in the 

bearing, which arose because of the bending of the shaft, has little 

effect upon the mean stiffness. 

The journal displacement was measured in the vertical direction and the 

horizontal direction. The displacements in the horizontal plane at the 

AFT, MID, and FORE planes were deduced from the measured displacements, 

and from the disposition of the planes of measurement as shown by 

Figure 6.24. 

However, for a stationary shaft, the displacement of the journal in the 

horizontal direction is negligible compared with that in the vertical 

direction. The results are shown in Figure 6.25 where the displacements 

are given in the form of a polar diagram. 

6.3. lb Test with Tellus 37 Oil 

The static stiffness of the bearing was measured in much the same way 

as it had been measured in paragraph 6.3.1a. The measured displacement 

load relationships are shown by Figure 6.26. Also Figure 6.26 shows 

the measured displacements which have been reported in paragraph 6.3.1a. 
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It may be seen that with the Shell VIT. 150 oil and at an operating 

temperature of 50°C (pp67CP) the static stiffness at the journal 

9 -1 By using the Tellus 37 oil and mid-plane was 1.125 x 10 NM _l 

at an operating temperature of 65°C (u = 13Cp) the statiC stiffness 
s -1 at the journal mid-plane becomes 8.98 x 10 Nm . However, the 

reduction in the oil viscosity by 80% leads to a reduction in the 

static stiffness by 20%. Also it may be seen from Figure 6.26 that 

at operating temperatures between 35 and 42°C the static stiffness 

given by the low viscosity oil is much the same as that given by a 

high viscosity oil. 

6.3.2. Static Deflection of the Test Shaft 

The unexpected change in the sign of the deflection over the length 

of the bearing suggested that the deflection of the shaft should be 

measured at as many axial positions as were available. The measured 

displacements are shown by the circular points in Figure 6.27, and the 

points suggest a significant bending of the shaft under the moment 

and shear forces which result from the load. A computer programme* 

existed for calculating shaft displacements at speed under the influence 

of any number of out of balance forces and out of balance moments. 

The programme is based upon the transfer matrix method of Myklestadt 

and Prohl. This programme was adapted to calculate the bending of 

the static shaft by entering an insignificant speed of rotation. The 

result of the calculation is given by the dotted line of Figure 6.27. 

The tail bearing was assumed to be connected to ground by a spring 

8 -1 
of stiffness 3x 10 Nm , and the journal bearing was represented 

by 3 springs disposed along its length with stiffnesses adjusted so 

* The computer programme has been written by Professor A. W. Crook. 
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that together their effect was equivalent to the measured hydrostatic 

stiffness of the bearing itself. It may be seen from Figure 6.27 

that there is substantial agreement between observed and calculated 

displacement and it is concluded that the bending of the shaft makes 

a considerable contribution to the total deflection at the loading 

position. The programme has been used to investigate different shaft, 

tail and thrust bearing arrangements and the results are presented 

and discussed in Chapter B. The computer programme itself with a 

sample of the output are presented in Appendix A8. 

6.3.3 The Load Speed Relationship of the Externally Pressurized 

Operation 

6.3.3a. Tests with VIT 150 Oil 

With shaft rotation the journal displacement at both the bearing ends 

was measured by the inductive displacement transducers. The transducers 

were first mounted at positions C-C and D-D and then moved to positions 

A-A and B-B (Figures 6.17,6.22 and 6.24). During each test the speed 

was brought to zero and a check upon the calibration of the inductive 

transducers against the dial gauges was made. The journal displacements 

at the AFT, MID and FORE plane positions were deduced from the measured 

displacements in their planes of measurements. The results are shown 

in Figures 6.28 and 6.29. The displacements at the AFT plane are not 

plotted because they were very small (^. a 5xl0-6 m). The test results 

are shown in the form of polar diagrams in Figure 6.28. It may be 

seen from Figures 6.28 and 6.29 that the bearing displacement decreases 

as the speed increases and that the bearing attitude angle changes 

marginally as the speed was increased from 1000 to 4000. rpm. 

6.3.3b Tests with Tellus 37 Oil 

With shaft rotation the journal displacement was measured in much the 

same way as described in paragraph 6.3. a, except that in 
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the present measurements the maximum speed is 6000rpm instead of 4000rpm. 

The results of measurements are shown in Figure 6.30. It may be seen at 4000 

rpm and with a radial force of 3xlO4N, that the radial displacement 

at the journal mid-plane is 2.65x10-Sm (i. e. the bearing stiffness is 

1.132xlO9Nm 1). The oil outlet temperature was 59°C. In paragraph 

6.3.3b (Figure 6.29) it has been shown that by using a high viscosity 

oil the radial displacement at the journal mid-plane was 2.55xlo-5m(i. e. 

the bearing stiffness is 1.176xlO9Nm-1). The oil outlet temperature 

was 72°C. However, it may be seen from this example that with shaft 

rotation there is negligible difference between the stiffness obtained 

by using an oil of high viscosity and the stiffness obtained by using 

an oil of low viscosity, but it is quite clear that there is a big differ- 

ence in the oil outlet temperature which favours the use of the low 

viscosity oil. Also it may be seen from Figure 6.30 that the journal 

displacement decreases as the speed increases. 

6.3.4 Power Loss, Oil Flow and Oil Temperature Rise for the 

Externally Pressurized Operation 

6.3.4a Tests with the VIT 150 Oil 

With a constant oil flow the variation of power loss and of oil 

temperature rise with journal speed are given respectively in Figures 

6.31 and 6.32. Power loss and oil temperature rise are given for 

various speeds as functions of oil inlet temperature in Figure 6.33. 

All measurements of power loss have been derived from measurements 

of oil flow, and oil temperature rise. Corrections were made for the 

heating of the oil due to the fall in its pressure, and for heat 

losses to the surroundings. The pressure correction was made by 

measuring the temperare rise of the oil through the bearing when 

the journal was stationary and this temperature rise was subsequently 
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deducted from the measured temperature rise when the journal was 

rotating. The measured temperature rise was approximately 40C which 

is in substantial agreement with a predicted temperature rise of 5°C 

as calculated from the condition of constant total enthalpy of the oil. 

The correction for heat loss to the surroundings was found from 

cooling curves with the journal stationary and with no oil flow 

(paragraph 6.2.18). This correction was found to be 20% of the total 

heat loss, and has been applied in the results. 

It may be seen from Figure 6.31 that there is no change in the slope 

of the log-log plot of power loss versus speed up to 4000rpm, which 

suggests no departure from laminar flow in the oil film. The plotted 

power loss is for the no load condition; limited tests have been 

carried out in the loaded condition and the results show that as the 

load increases there is a slight increase in the oil outlet temperature. 

In considering this trend it must be recalled that the oil flow was 

held constant. 

The power loss-speed characteristics of Figure 6.31 is expressed by 

Hs 3N 0.89 
. The index is lower than is usual, and the low value of 

the index is attributed to the volume flow of oil being held constant 

in contrast with the usual hydrodynamic circumstance in which the 

oil iS freely available. An effect of the constant volume of oil 

flow can also be seen in the trend of oil outlet temperature with 

load. The differences between these present results, and the corres- 

ponding results with full oil supply, are described and discussed 

more fully in paragraphs 6.3.6 - 6.4.22 following the presentation 

of the full flow results. 
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6.3.4b Tests with the Tellus 37 Oil 

With a constant oil flow the variation of power loss and of oil 

temperature rise with journal speed are given in Figures 6.34 and 

6.35. It may be seen from Figure 6.34 that there is no change in 

the slope of the log-log plot of power loss versus speeds up to 

6000 rpm, which suggests no departure from the laminar flow in the 

oil film. At 6000 rpm the Reynolds' number for the bearing is 

approximately 486 while the critical Reynolds' number is 973. There 

is some evidence that a departure from laminar conditions occurs at 

the critical Taylor number (Refs. 82 - 83) and the linearity of the 

log-log plot against speed up to a speed of 6000 rpm is perhaps to 

be expected. If the onset of turbulence is delayed until the 

critical Taylor number is reached then the flow would not become 

turbulent before a speed of approximately 8400 rpm. 

The power loss curves of Figure 6.34 were obtained without journal 

load. However, because the volume flow of oil is constant, any 

variation in power loss with journal load would become manifest 

through a change in oil temperature rise. Several measurements of 

oil temperature rise were made both with and without journal load 

and no influence of load upon temperature rise was found. However, 

it should be mentioned that at the maximum load the bearing eccen- 

tricity ratio (CB) at the journal mid-plane was 0.3. It is concluded 

under conditions of externally pressurized operation up to a lobe 

eccentricity of 0.3 that the power loss is independent of the load. 

The power loss speed characteristics of Figure 6.34 is expressed by 

1.212 
Hs = 1.15N , where Hs is in KW and N is in rpm. Again, as was 

mentioned in paragraph 6.3.4a, the index is lower than is usual, 

* Reynolds' number corresponds to the critical Taylor's number. 
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and the low value of the index is attributed to the volume flow of 

oil being held constant. It may be seen from Figure 6.34 that the 

measured power loss at 4000rpm is 6.2KW, while the measured power 

loss with the first oil was 10.3KW (Figure 6.31), (i. e. reduction of 

power loss by ti 40%) resulting from the use of low viscosity oil. 

However, it must be recalled that the drop in the bearing stiffness 

was approximately 4% at 4000rpm. Quite clearly there is very 

considerable advantage in the particular instances of this paragraph 

in the use of the low viscosity oil. 

Figure 6.35 shows the variation of the oil temperature rise with the 

journal speed, while Figures 6.36 and 6.37 show the measured power 

loss and the measured oil temperature rise with two oils of 

different viscosities. It may be seen from Figures 6.36 and 6.37 

that there is a considerable improvement in the measured power loss 

and the temperature rise by using low viscosity oil. 

6.3.5 Load Speed Relationship in Hydrodynamic Operation 

6.3.5a Tests with VIT 150 Oil 

The journal displacement with respect to the bearing was measured over 

a range of speeds from 1000 to 4000rpm. Constant vertical loads of 

5.4x10; 10.8x10,16.2x10 and 21.6xlO3N were applied at the shaft 
333 

overhang. The equivalent loads at the bearing mid-plane are 

7.5x103,1.5x104,2.25x104 and 3xlO4N respectively. 

The procedure used in bringing the journal to the desired test 

conditions was to float the journal hydrostatically, to bring the 

shaft to speed, to admit low pressure oil, and then to switch off the 
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high pressure supply of oil. This sequence was followed in reverse 

order at the end of a test. It was noticed that there was little 

change in journal attitude when the transfer was made from high 

pressure oil only to low pressure oil, and such changes as there were 

diminished as the speed of the journal was increased. 

Table 6.2 lists the measurements of journal displacement together 

with the deduced values of journal displacement at the fore and mid- 

plane of the bearing. It may be seen that the fore-plane and mid- 

plane values are in substantially constant proportion, and may there- 

fore be presented graphically simple by adopting appropriate scale. 

This is done in Figure 6.38 in which the journal radial displacement 

at the bearing mid-plane and at the bearing fore-plane is shown as 

a function of the external load at the journal mid-plane. It may be 

seen that the journal displacement decreased as the speed was 

increased (i. e. higher load carrying capacity). In Figure 6.39 the 

results of the measured displacements, load, speed and oil outlet 

temperature are plotted in a dimensionless form. The bearing duty 

parameter, which is based upon lobe dimensions, is calculated from 

1NLD (D/C) 2 
and W is load at the journal mid-plane and 4 is the 

w 

oil viscosity at the outlet. The results of the calculated duty 

parameter are plotted as a function of the tearing eccentricity 

ratio at both the fore and mid-plane of the bearing. In Figure 6.40 

the duty parameter is plotted against the speed. 

In Figure 6.41 the positior of the centre of the journal with relation 

to the centre of the bearing is shown. It may be seen at constant load 



- 280 - 

TABLE 6.2 Measured and deduced displacements along the Journal. 

Vertical Plane Horizontal Plane Radial 

SD Sg Smid 15f ore 
6C 8A Smid afore 6 mid 

afore 

x10+5m 

3.69 0.992 1.349 2.42 1.33 2.16 1.65 1.88 2.13 3.066 

4.96 1.3f4 1.78 3.24 1.72 2.8 2.14 2.44 2.8 4.056 

6.36 1.91 2.22 4.12 2.04 3.31 2.53 2.89 3.37 5.04 

7.5 2.29 2.62 4.86 2.04 3.31 2.53 2.89 3.5 5.55 

For notation see figures 6.21 and 6.23. 
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that as the speed increases the attitude angle decreases. 

6.3.5b Tests with Tellus 37-0il 

The journal displacement with respect to the bearing was measured 

over a range of speeds from 1000 to 6000rpm. The procedure used 

in these tests has been described in paragraph 6.3.5a. In Figure 6.42 

the journal radial displacement at the bearing mid-plane and at the 

bearing fore-plane is shown as a function of the journal speed. It 

may be seen at constant load of 7.5xlO3N, that the displacementsat 

the journal mid-plane are 2.85x10-5,2.4x10-5,2. Ox10-5 and 1.75x10-5m 

at speeds of 103,2x103,3x103 and 4xlO4rpm respectively. The 

corresponding stiffnesses are 2.63x108,3.125x108,3.75x108 and 4.286x108 

Nm 
1 

respectively. The required stiffness of the functional specifica- 

tion is 3.51xlO8Nm 
1 

which can be obtained at journal speeds over 

2000rpm. From the results which have been reported in paragraph 

6.3.5a the displacement at the journal mid-plane was 2.44x10-5, 

1.75x10-5 and 1.45x10-5m at journal speeds of 1000,3000 and 4000rpm 

respectively. However it may be seen from these values that by using 

a low viscosity oil the journal displacement has been increased by 

18% (i. e. the bearing stiffness has been reduced by 18%), but 

because the stiffness obtained with the low viscosity oil exceeds 

the stiffness required by the specification the fall in stiffness as 

the oil viscosity is decreased is of no consequence in the hydrodynamic 

performance of the bearing. 

In Figure 6.43 and 6.44 the results of the measured displacements, 

load, speed and oil outlet temperature are plotted in a dimensionless 
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form. The bearing duty parameter which is based upon lobe dimensions 

is calculated from NLD (D/C) 2 
and W is load at the journal mid- 

i 
plane and µ is the oil viscosity at the outlet. 

6.3.6 Power Loss, Oil Flow and Temperature Rise in Hydrodynamic 

Operation with Low Pressure Oil only 

6.3.6a Tests with VIT 150 oil 

The variation of power loss, oil flow and oil temperature rise with 

journal speed are presented in Figures 6.45 and 6.46. 

In these tests oil flow was measured directly by bucket and stop 

watch; the flow meter was operating in an inaccurate region because 

of high oil viscosity and because of low flow. 

The results of the measured power loss are shown in Figure 6.45 in 

which the circular points show the measured power loss as calculated 

from oil flow and temperature rise. The triangular points have been 

adjusted by 20% to take into account the heat loss 

from the rig. The power loss is plotted against speed on a log-log 

basis and the experimental points lie on a straight line. The dotted 

extrapolation indicates the power loss to be expected at high speeds 

for the same type of oil at the same inlet temperature. The exponent 

in the power loss-speed relationship is now 1.8 in contrast with the 

exponent of 0.89 which was found with a controlled volume flow of oil 

(paragraph 6.3.4a Figure 6.31). Limited observations were made of 

the variation of the power loss with external load and the results 

showed that as the load increased the oil outlet temperature Zell, 

oil flow increased, and the power loss also. For instance at a load 
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of 1.5 x 104N, a speed of 3000 rpm, the power loss increased by 

1? 7., over the power loss at zero load. 

Figure 6.46 shows the variation of the oil outlet temperature and the 

oil flow with the journal speed. It may be seen that the oil flow is 

generally very low and that may explain why the oil outlet tempera- 

ture in the hydrodynamic operation is higher than the oil outlet 

temperatures which were measured with controlled oil flow. For 

instance it may be deduced from figure 6.32 for which 

the oil flow was 0.19 Ls-1 that at 2000rpm the temperature rise is 

14°C at an inlet temperature of 300C, while in the present instance 

the oil temperature rise is 30°C with an oil flow of 0.015 Ls-1. 

6.3.6b. Tests with Tellus 37 Oil. 

The variation of Power Loss, Oil Flow and Oil Temperature rise with 

journal speed are presented in Figures6.47 and 6.48. The tests 

have been carried out in the same way as explained in paragraph 

6.3.6a, except that the oil flow has been measured by the flow 

meter. 

The results of the measured power loss are shown in Figure 6.47 in 

which the circular points show the measured power loss as calculated 

from oil flow and temperature rise. The triangular points show the 

measured power loss which has been reported in paragraph 6.3.6a by 

using an oil of high viscosity. However, it may be seen that there 

is no difference in the power loss because as the oil viscosity 

decreased the oil flow is increased and the temperature rise is 

decreased. With high viscosity oil the oil flow is decreased and the 

temperature rise is increased but Qx AT is constant in both cases. 
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This is in contrast with the externally pressurized instance with 

its constant volume flow in which a change in oil viscosity did lead 

to a change in power loss. Figure 6.48 shows the variation of the 

oil temperature rise and the oil flow with journal speed. It may be 

seen that the oil flow is generally low and the oil flow is increased 

by increasing the bearing load. The consequence of increasing the 

oil flow under loading on the temperature rise and power loss will be 

dealt with in the next section. Figure 6.49 shows the variation 

of the oil temperature rise and the oil flow with the journal speed. 

The results are plotted for the two types of oil which have been used 

in the tests. However, it may be seen that there is considerable 

difference in the oil flow and the oil temperature rise, and by using 

an oil of low viscosity, the oil flow increases and the oil temperature 

rise decreases. 

6.4. Tests and Test Results with the Second Bearing. 

After the investigation with the first bearing had been completed, 

a new bearing was machined with a larger lobe diametral clearance 

and with large axial grooves. This was done for two reasons, 

firstly to give a more comprehensive picture of the three-lobe 

bearings in general, together with a more adequate comparison of 

experimental with theory, and secondly to increase the oil flow in 

the hydrodynamic regime and to reduce the oil temperature rise so 

that it becomes more realistic to imagine the bearing being able 

to run at speeds somewhat higher than have been reached in the 

present tests. 

Them ng procedure of the second bearing is given in Appendix A4. 
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6.4.1 Tests and Test Results of the Externally Pressurized Operation 

The salient dimensions of the journal and bearing used in the tests 

are given in Table 6.3. 

The following results relate to the bearing being supplied only with 

high pressure oil via the constant volume control valves and with 

shaft rotation in the range 0 to 7000rpm. However, the high pressure 

oil was supplied in the first instance at mid-lobe position as was 

the design intention, and secondly the high pressure oil, still via 

the control valves was supplied to the axial grooves between the pads 

which by design intention are the low pressure oil inlets. 

Oil Shell Tellus 37 was used. 

6.4.11 Load-displacement Relationship of the Externally Pressurized 

Operation 

In the first instance the static stiffness of the bearing and the load 

speed relationship was measured in much the same way as has been 

described in paragraphs 6.3.1a, b and 6.3.2. a, b. In the second 

instance the same procedure was adapted, but of course with the 

change in the position of the oil supply. 

Figure 6.50 shows the variation of the journal displacement with the 

external load at the journal mid-plane., The results obtained in 

paragraphs 6.3.16 and 6.3.3b are also plotted in the same figure. 

Quite clearly Figure 6.50 shows the expected result 

that as the lobe clearance increases the journal displacement 

increases. At zero speed the stiffness falls from 9.98x108Nm-1 to 

8.33xlO8Nm 
1. (The specifications of Table 1.1 calls for a stiffness 

of 8.0 x1O8Nm-l). Also it may be seen that at the journal mid-plane 
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and for a load of 3x10 
4 
N, when the lobe clearance is increased from 

2.6x10-4m to 3.25x10-4m, the bearing stiffness falls from 1.13x109Nm-1 to 

9.375x108Nm 
1. in figure 6.51 the test results are shown in the form of 

polar diagrams. It may be seen that the bearing attitude angle changed 

marginally as the speed was increased from 3000 to 5000 rpm. 

In the second instance a new feature of the bearing has been tested. 

In figure 6.52 the load-displacement relationship is shown and it may be 

seen that for the same oil flow and the same inlet pressure, the bearing 

stiffness (i. e, force/displacement) has improved by admitting the oil at 

the axial grooves. It should be mentioned that the axial groove for each 

lobe is of 30 degree width in the circumferential direction and does not 

break through at the ends of the bearing. The increase in stiffness is 

probably due to the inlet grooves acting as a pressure pocket. The 

disadvantage of this method of pressurization is that as the journal speed 

is increased the pressure at the bearing inlet decreases and the oil flow 

must be increased to keep a positive pressure at the bearing inlets. 

6.4.12 Power Loss, Oil Flow and Oil Temperature Rise for the 

Externally Pressurized Operation. 

The power loss-speed characteristic is shown in figure 6.53. Lines 

A and B are both for the-second bearing (C = 3.25x10-4m) but for 

different oil flows. It may be seen that the lines are substantially 

parallel. Line C is for a lobe diametrical clearance of 2.6x10-4m, (i. e, 

the original bearing). At low speeds the increase in the lobe clearance 

leads to a decrease in the shear power loss but as the speed increases 

line A and line C approach each other and at a speed of 6000rpm the power 

loss of both lines becomes substantially the same. 
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Also it may be seen for the same oil flow that the index of the power 

loss increases as the lobe clearance increases (lines A& C). Figure 

6.54 shows the oil temperature rise-speed characteristic. The 

characteristics of the original bearing is also shown, and it may be 

seen that the increase in the lobe clearance has produced a small 

decrease in the oil temperature rise. That the decrease in the oil 

temperature rise is only marginal is attributed to that the oil flow 

was held constant over the full speed range and the oil flow was also 

held constant for the lobe clearances which have been tested. 

Figure 6.55 shows the power loss-speed characteristics for the two 

different ways in which the high pressure oil was admitted. The 

triangular points represent the measured power loss when the high 

pressure oil is admitted at the original high pressure inlets, while 

the circular points represent the power loss as measured when the 

high pressure oil is admitted at the axial grooves. It may be seen 

that the power loss is decreased when the high pressure oil is 

admitted to the axial grooves, but the difference in the power loss 

becomes insignificant as the rotational speed is increased. The 

decrease of the power loss may be understood from the following dis- 

cussion. When the high pressure oil is admitted at the original high 

pressure inlets a large proportion of this relatively cold oil is 

forced to flow in the direction of the journal rotation and tends to 

decrease the oil film temperature. The decrease in the oil film 

temperature results in a higher viscosity and somewhat greater power 

loss. When the high pressure oil is admitted at the axial grooves, 

a great proportion of the oil escapes out of the bearing from both 

ends of the axial grooves, so that the oil film temperature becomes 

somewhat higher than in the previous instance, and the power loss 

becomes somewhat smaller than the power loss of the original method of 

pressurization. 
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The oil which escapes out of the axial grooves is mixed with the film 

oil and acts as a cooling media so that the measured oil outlet temperature 

in the second case is lower than that measured with the original method 

in which the oil was admitted. When the rotational speed of the journal 

increases a great proportion of the oil which is supplied at the axial 

grooves is forced to flow in the direction of rotation due to the pumping 

action of the journal and consequently as the speed increases the difference 

in the power loss decreases. 

6.4.2 Tests and Test Results of the Self Generating Operation. 

The following results relate to the bearing being supplied only with low 

pressure oil and with shaft rotation in the range 1000 to 7000 rpm. 

Oil Shell Tellus 37 was used. 

6.4.21 Load-Speed Characteristics of the Self Generating Operation. 

The test results for the self generating operation are presented in figures 

6.56 - 6.58. In figures 6.59 - 6.60 the results have been compared with 

the test results which have been reported in paragraph 6.3 and as expected 

the increase in the lobe clearance has resulted in an increase in the journal 

displacement and consequently the bearing stiffness is decreased. 

6.4.22 Power Loss, Oil Temperature Rise and Oil Flow-Speed 

Characteristics. 

The power loss, oil flow and oil temperature rise have been measured in much 

the same way as has been discussed in paragraph 6.3. Furthermore in the 

tests with the second bearing the relation between bearing load, power loss, 

oil temperature rise and oil flow has been investigated as well as the 

relation between the supply pressure and the oil flow. Also the pressure 

and the hydrodynamic oilflows have been measured. 
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In figures 6.61-6.62, the measured power loss, oil temperature 

rise and oil flow are plotted versus the journal speed. In figure 

6.63 the power loss, oil temperature rise and oil flow at no load of 

the original bearing are plotted with measured results of the second 

bearing at no load. It may be seen that the increase in the lobe 

clearance has increased the power loss marginally and has decreased 

the oil temperature rise. The decrease may be attributed to the 

increase in the oil flow. 

6.4.23. Power Loss, Oil Temperature rise and oil flow-load. 

Characteristics. 

The variation of power loss, oil flow and oil temperature rise 

with journal load for the second bearing are shown in figures 6.64- 

6.65. Varying the journal load between zero and 22500 N at journal 

speeds of 3000 rpm and 4000 rpm., resulted in a slight increase in 

the power loss with increase of the load. The oil flow increased, 

also the oil temperature rise decreased, but again started to 

increase as the load was increased over 1.5 x 104N. 

6.4.24. Oil Flow-Inlet Pressure Characteristics. 

The effect of varying the oil inlet pressure on the oil flow is 

shown in figure 6.66, for a journal speed of 4000 rpm and zero 

journal speed. The measurements were made with no load on the 

4 
journal and with, a journal load of 1.5 x 10 N. At no journal load, 

increasing the oil inlet pressure resulted in a substantial increase 

in the oil flow, and it is quite clear that the pressure flow is 

exceeding the hydrodynamic flow. At a journal load of 1.5 x 104N, 

increasing the oil inlet pressure resulted in a substantial increase 
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in the oil flow, but the hydrodynamic oil flow is also increased 

and becomes the predominant oil flow. In figure 6.6, the pressure 

flow at 4000 rpm was 0.038 is-l, while at zero speed the measured press- 

ure flow was 0.0252s-1; however, it may be seen that the pressure 

flow increases as the speed and the oil temperature increases, as 

has been considered in chapter 3. 

6.5. Discussion of Test Results 

The discussion of test results which is given below relates 

principally to the tests which have been carried out on a 135 mm 

diameter x 127 mm three lobe journal bearing which has a lobe 

clearance of 0.26 mm. and an offset ratio of 0.45 (the first bearing). 

The test results from the second bearing are introduced in the 

discussion of the effect of the lobe clearance on the bearing perform- 

ance. 

6.5.1. Externally Pressurized Operation with Stationary Shaft. 

The tests which have been carried out with three lobe bearings 

and without shaft rotation have shown clearly that a stiffer spindle 

should be used if the capability of the bearing is to be realised 

fully. Despite the bending of the shaft the experimentally determined 

performance measured at the journal mid-plane, substantially matches 

or exceeds the functional specification of table 1.1; for instance 

the stiffness at the bearing mid-plane is 1.125 x l09 Nm-1 (figure 

6.23), which is substantially the stiffness as found in the static 

test rig (chapter 4), which exceeds the functional specification 

requirements for a stiffness in finishing of 8x 108 Nm-1 at low speed. 



The above results were obtained with Shell VIT. 150 oil 

(ý = 150 CS. at 40°C), but tests-were-carried out also with Shell 

Tellus 37 oil (v = 37 CS at 40°C). With this lower viscosity oil 

the bearing stiffness at the bearing mid plane was found to be 

9.98 x 108 (figure 6.26), which is approximately 88.6% of the stiff- 

ness with the first oil. 

Increasing the lobe diameteral clearance from 2.6 x 10-4m to 

3.25-4m (the offset ratio decreased from 0.45 to 0.35) resulted in 

a decrease in the bearing stiffness from 8.98 x 108 Nm-1 to 

8.33 x 108 Nm 
1 (figures 6.26 and 6.50). 

6.5.2. Externally Pressurized Operation with Rotating Shaft . 

Increasing the journal speed from zero to 4000 rpm resulted in a 

small increase in the bearing stiffness. For instance the bearing 

stiffness increased from 1.125 x 109 Nm 1 
at zero speed to 1.176 x 109 

Nm-1 at 4000 rpm (figure 6.29). Also increasing the journal speed 

resulted in an increase in the power loss and in the oil temperature 

rise. At 4000 rpm the power loss was 10.3 KW., and the oil 

temperature rise was 32°C (the oil inlet temperature was 40°C - VIT. 

150 oil). 

Increasing the oil inlet temperature resulted in a decrease in 

the power loss and in an increase in the oil outlet temperature, 

whereas, by using a lower viscosity oil (Tellus 37) the power loss 

and the oil outlet temperature substantially decreased. At 4000 rpm 

the power loss decreased from 10.3 KW to 6.2 KW, and the oil 

temperature rise decreased from 32°C to 19°C (figures 6.36 and 6.37). 

Increasing the lobe clearance resulted in a marginal decrease 

in the power loss particularly at low speeds but as the speed increases 
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the power loss is much the same as found with the original bearing. 

Also, increasing the lobe clearance has little effect on the oil 

temperature rise (figures 6.53 - 6.54). 

6.5.3. Self Generating Operation 

In the self generating regime and with Shell VIT. 150 oil, 

and at a speed of 4000 rpm and a load of 7.5 x 103N, the journal 

displacement at the bearing mid plane was found to be 1.45 x 10-5m, 

which corresponds to a stiffness of 5.19 x 108 Nm 
1. 

Also at 

4000 rpm and with no load the power loss was found to be 3.2 KW., 

the oil flow 0.03 9s-1 and the oil temperature rise was found to be 

57°C. 

By using a lower viscosity oil and at 4000 rpm, the journal 

displacement at the bearing mid-plane increased from 1.45 x 10-5 m 

to 1.71 x 10 5m (the stiffness is descreased from 5.19 x 108 to 

4.26 x 108 Nm 
11 Also, at 4000 rpm the oil temperature rise 

decreased from 57°C to 40°C, but because the oil flow had increased 

from 0.03 9s-1 to 0.039 2s-1, the power loss is much the same as the 

power loss measured with the first oil. 

Increasing the lobe diameteral clearance from 2.6 x 10-4m to 

3.25 x 10-4 m decreased the bearing stiffness from 4.26 x 108 Nm-1 

8 -1 
to 3.58x10 Nm , the power loss waslittle affected, but the oil flow 

increased and at 4000 rpm the oil temperature rise had decreased 

from 40°C to 33°C (figures 6.56 to 6.63). 

Varying the journal load between zero and 2.25 x 104N at journal 

speeds of 3000 and 4000 rpm, resulted in an increase in the power loss 

with increase of journal load. The oil flow increased and the oil 
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temperature rise decreased initially with load, reaching a minimum 

at a load of 1.5 x 104N, then increased but still remained lower than the 

oil temperature rise at zero load (figures 6.64 and 6.65). 

Increasing the oil inlet pressure resulted in a substantial 

increase in the oil flow. At no load the presse flow represents a 

substantial proportion of the total oil flow, whereas at a load of 

1.5 x 104N the hydrodynamic oil flow became dominant. 

The test results are summarized in table 6.4, and the following 

salient factors are drawn from the table: 

I. The maximum stiffness at zero speed is 1.125 x 109 Nm-1 and the 

minimum stiffness is 8.98 x 10 Nm-1. 

II. In the externally pressurized regime and at 4000 rpm the 

maximum stiffness is 1.176 x 109 Nm-1, the minimum stiffness is 

9.375 x 108 Nm 
1, 

the maximum power loss is 10.3 Kw, the minimum 

is 5.5 Kw., the maximum oil temperature rise is 32°C and the 

minimum is 17.5°C. 

III. In the self generating regime and at 4000 rpm, the maximum 

stiffness is 4.286 x 10 Nm-1, the minimum is 3.21 x 108 Nm-1, 

the power loss is 3 Kw., the maximum oil temperature rise is 

51°C and the minimum is 29°C. 

IV. At 6000 rpm and with externally pressurized operation the power 

loss, oil temperature rise and the bearing stiffness are 10.5 Kw., 

32°C and 1.39 x 109 Nm 
1 

respectively, whereas with the self- 

generating operation these became 6.7 Kw., 46°C and 5.34 x 108 Nm-1 

respectively. 
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Table 6.3. continued 

** Test Condition A: D= 135 mmL= 127 mmC=0.26 m m. 

E=00.45 a= 160 

Oil: Shell VIT. 150. 

Test Condition B: As above except that, 

Oil: Shell Tellus 37. 

Test Condition C: D= 134 mmL= 127 mmC=0.325 mm 

e=0.35 
0 a= 30° 

Oil: Shell Tellus 37. 

Figure in brackets is the pumping power. 



CHAPTER 7 

ON THE DYNAMIC CHARACTERISTICS OF THREE-LOBE 

JOURNAL BEARINGS FOR SELF-GENERATING AND EXTERNALLY 

PRESSURIZATION. 



7. 

ON THE DYNAMIC CHARACTERISTICS OF THREE-LOBE 

JOURNAL BEARINGS FOR SELF-GENERATING AND 

EXTERNALLY PRESSURIZATION. 

7.1. Introduction 

Throughout Chapters 2 to 6, the experimental work and the 

theoretical analysis have been devoted to the steady state running 

of the three-lobe journal bearingsin both the self-generating and 

the externally pressurized regimes. Dynamic characteristics have 

not been calculated comprehensively nor have any tests been carried 

out. The object of this chapter is to outline how the dynamic 

characteristics might be calculated, and to comment upon the dynamic 

implications of such relevant information as has been gathered. 

in this chapter a general discussion on the dynamic characteristics 

of journal bearings is briefly presented with special reference to the 

method used for the calculation of the dynamic coefficients. The 

dynamic characteristics of the control device, (i. e. constant volume flow 

valves) will also be considered. The way in which the computer 

programmes might be modified to yield the dynamic coefficients is 

outlined. In chapter 8, the required modifications of the test rig 

will be discussed. 

7.2. Dynamic Characteristics of Journal Bearings. 

One of the vibration problems which are associated with journal 

bearings is oil whirl. Oil whirl is a self excited vibration in which 



the vibration is almost exactly half the journal rotation speed. 

Another type of the self excited vibration is known as oil whip 

(ref. 2) or as low-frequency whirl (ref. 10) which is a shaft 

vibration occurring at the natural frequency of the shaft when the 

rotating speed of the shaft is approximately two or more times the 

natural frequency. Oil whirl has been the subject of many investi- 

gations (references 71 to 80). These kinds of vibration are 

normally associated with high-speed lightly loaded bearings. The 

bearing dynamic characteristics play an important role in the 

stability of high speed machinery. However, stability is determined 

by both the dynamic characteristics of the rotating parts and by the 

dynamic characteristics of the journal bearings. Consequently, 

several bearing designs have been introduced to reduce and to delay 

the tendency for a shaft to whirl in a bearing. These designs 

include elliptical bearings, pressure bearings, longitudinal-groove 

bearings, pivoted-shoe bearings, nut cracker type bearings and the 

three-lobe bearings (reference 58). In all these designs the bearing 

bore is far from a complete circle and the surface is always interrupted 

by axial grooves, which may be used to admit the oil or to act as relief 

grooves. 

In references (10-74-76) the dynamic characteristics of full 

circular bore journal bearings are presented. In the analysis, it is 

assumed that the dynamic characteristics with respect to a journal motion 

of a small amplitude can be represented by linear force displacement, and 

linear force velocity relations. It is assumed that the force displace- 

ment terms can be calculated, as for zero squeeze velocity, by differentia 

tion of the conventional steady running characteristics, and that the 
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force velocity terms can be calculated, as for zero displacement*, 

from the squeeze effects in the film with boundaries fixed as for 

steady running conditions. 

With this assumption and with reference to figure 7.1 the 

dynamic characteristics can be expressed in the dimensionless form. 

P* = all x* + a12y* + bll(x*/W) + b12 (Y*/W) 
x 

Py = a21 x* + a22 y* + b21(x/W) + b22(Y*/w) 

where, 
x *=PP P* =Y Px 

W'yW 

X* _X C Y*=y 'c 

x* /=x y*/ =y 
w cw 'w cw 

all, .... * and a22: are the displacement coefficients. 

bll, and b22: are the velocity coefficients 

pX and Py, are the disturbance forces. 

W: is the steady load 

C: 

and 
W: 

is the lobe radial , clearance, 

is the angular velocity of the journal. 

(7.1) 

(7.2) 

In references (10-74-76) the displacement coefficients of the 

full circular bore bearings have been calculated from the steady running 

characteristics and the velocity coefficients have been calculated from 

the results which have been obtained by solving Reynolds' equation 

The displacement from steady running position. 



OB Bearing centre 

0J Journal centre steady state 

O" to if 
J 

Figure 7.1. Force and displacement characteristics. 
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which includes the squeeze term as will be explained below. 

For the three-lobe bearing, it has been shown in chapter 3 

that at higher values of eccentricity ratios the calculated 

attitude angle and duty parameter are nearly the same as for a 

circular bore bearing. However, because both the velocity 

coefficients and the displacement coefficients are functions of the 

attitude angle and the duty parameter, the dynamic characteristics 

may be expected to be the same as those calculated for a circular 

bore bearing. With smaller values of eccentricities, substantial 

pressure is created in both the bottom and side lobes with consequent 

effects on the attitude and duty parameter. In Chapter 3 it has also 

been shown that at small values of eccentricity there is substantial 

difference between the three-lobe bearings and the full circular bore 

bearings with respect to the attitude and the duty parameter and this 

difference increases as the offset ratio increases. In consequence, 

for a lightly load three-lobe bearing, the dynamic characteristics 

may be expected to differ from those calculated for a circular bore 

bearing. 

In chapter 3, Reynolds' equation for the steady running condition 

of the three-lobe bearings has been solved. The attitude angle has 

been found for a vertical load where the results for different values 

of L/D, Eo, EB are tabulated in tables 3.4 and 3.5. Those results 

may be differentiated by a method similar to the method described in 

references (74-76) to find the displacement coefficients for the three- 

lobe bearings. 
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For the calculation of the velocity coefficients Reynolds' 

equation, which must now include the squeeze term, may be written 

as 

a/aX( ü3 - äX> +zC u3 
" 

ä2) 
= 6cý + 12ät (7.3) 

Equation (7.3) may be expressed in a dimensionless form and 

then this equation may be transformed into a finite difference form 

by the same procedure as has been described in chapter 3. 

In reference (10), it has been pointed out that the solution 

of equation (7.3) for zero velocity and by using the conventional 

assumptions of boundary conditions which have been described in 

chapter 3, will give dynamic characteristics which are linear and 

which are consistent in their force-displacement terms with the 

terms obtained by differentiation of the steady-running character- 

istics of the bearing. When the squeeze term is not zero the 

conventional assumptions no longer define the actual boundary 

conditions, but the effect of using the conventional assumptions 

on the dynamic characteristics is, however, very small for perturbing 

velocities of small amplitude. However, equation (7.3) can be 

solved by using the same boundary conditions which have been 

described in chapter 3. The Computer programme itself can be used 

and the only modification required in the computer routine is to 

include the squeeze term in the main finite difference equation 

(equation 3.7). 

The velocity coefficients may be calculated from the outputs 

of the solution of equation (7.3) by a differentiation procedure 

similar to that described in references (74-76). However, because 



in Chapter 3 it has been shown that at small and moderate values 

of eccentricity the three-lobe bearings has attitude-duty 

parameter-stiffness characteristics better than that of circular 

bore bearings or of longitudinal groove bearings or of elliptical 

bearings, it may be expected that the three-lobe bearings will have 

improved dynamic and damping characteristics. 

The same procedure can also be used with respect of equation 

(5.5) to calculate the dynamic characteristics of the three-lobe 

bearings with external pressurization. 

7.3. Dynamic Characteristics of the Compensation Devices. 

The performance of the three-lobe bearing as an externally 

pressurized bearing depends on the characteristics of the external 

compensation device. In the experimental work which has been 

described in chapters 4 and 6, the bearing has been compensated by 

constant volume flow valves. Also in the analysis which has been 

described in chapter 5, the calculations were based upon a constant 

volume flow delivered to each lobe. Throughout the experimental 

investigations only a constant undirectional load has been applied 

on the test shaft. With a constant load it has been found that 

the control valves perform satisfactorily, and deliver a constant 

volume flow providing that there is a minimum pressure difference 

of 6.67 x 105 Nm 
2 (100 psi) across the valves. 

If a machine tool instance is considered in which a milling 

cutter with 12 cutting edges is rotating at 1000 rpm, then the load 

on the bearing will change 12,000 times per minute so that the 



pressure in the bearing lobes and at each high pressure inlet wil- 

fluctuate at the same rate. In Appendix A7 it has been shown that 

the flow through the valve is kept constant by movement of a spool. 

However, when the pressure is fluctuating at 12,000 times a minute, 

the spools would also have to move at the same rate to keep the oil 

flow constant. The constant volume flow valves have not been 

subject to any dynamic loading so that the dynamic response of these 

valves is unknown yet. But, if the test results prove that these 

control devices do not perform satisfactorily under fluctuating load, 

the constant volume flow valves may be replaced by a constant volume 

flow pump which would be insensitive to the fluctuations of the load. 



CHAPTER 8 

Discussion, Conclusions and Recommendations. 
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8.1. Introduction 

Discussion, Conclusion and Recommendations. 

in Chapters 2,3 and 5 the theoretical analysis of the three 

lobe bearing has been presented and discussed. The comparisons 

between the results of the theoretical analysis and the test results 

which have been reported in Chapters 4 and 6 were made when it was 

necessary, to make an immediate comparison between theory and experiment. 

In this chapter a more comprehensive discussion and comparison will 

be made. Suggestions are made for future work. These include a 

re-designed system permitting a stiffer shaft to be used, bearings 

of modified geometry aimed at higher stiffness, lower power loss, and 

a lower oil temperature rise, and test and theoretical work to explore 

more thoroughly than has been possible in this thesis, the dynamic 

characteristics and stability of the bearing. 

8.2. Externally Pressurized operation. 

The results of the approximate analysis which has been 

reported in Chapter 2 and the results of the numerical analysis which 

have been reported in Chapter 5, will be compared with the test results 

which have been reported in Chapters 4 and 6. 

Figure 8.1 shows the calculated total oil flow and the 

calculated lobe pressure as functions of lobe diameteral clearance. 

Line A and line C have been calculated from the results of the 

numerical solution (paragraph 5.8, Chapter 5), whereas lines B and D 

have been calculated from the approximate analysis (paragraph 2.11, 

Chapter 2). It may be seen that lines A and B are in substantial 



agreement. However, this agreement is perhaps fortuitous because 

the approximate calculation in line B includes both the circumferential 

flow as would be obtained in infinitely wide bearing together with a 

side leakage flow based upon very approximate assumption. In fact 

the oil flow should be the side leakage flow alone and on that basis 

the substantial agreement between the two curves would no longer exist. 

With reference to lines C and D, both methods predict the lobe pressure 

correctly in order of magnitude but the more exact numerical 

solution shows a fall in lobe pressure with increased lobe diameteral 

clearance, whereas the approximate method has the opposite trend. 

Line C, the numerical solution, shows the trend also shown by the test 

results (figure 4.7, Chapter 4), and the trend which one would expect. 

In table 8.1 calculated and measured flows are compared. Both . 

the measured and calculated oil flows were carried out for an unloaded 

journal which is centred in the bearing. It may be seen that there 

is a good agreement between the measured and numerically calculated 

oil flow whereas the oil flow calculated by the approximate method is 

approximately 70% of the measured oil flow. 

Figure 8.2 shows the variation of the measured and calculated 

load factor with the bearing eccentricity ratio. The load factor 

has been calculated numerically in Chapter 5. At low values of 

eccentricity, there is a good agreement between test and theory but 

at higher values of eccentricity the theory predicts a somewhat higher 

load factor. 

The variation of the load angle with the speed parameter is 

shown in figure 8.3. The solid line relates to the numerically 



"T_sö 
1 OT x MOTS TTO TE401 

O 
Ln 

,. ý E 
10 

ý 

tn N 
" 

" r-I 
ý' II 
ýý, a 

E 
LI 

E ýO 
ý 0 

ýx 
Ln Ln 
tl1 M 

N r-I 
II p 

ýo 
-q 
Z 
o aý r-1 U1 

"rl x0 
Pi M 

MN 

NO 

II II 

Wý 

0 ý 0 N 0 
r-i ui . M ýo 

r-q 

x 
a) U 

Ln 
N 

" ý1 
M 

a) 
r-I U 

td 
O $1 
ri 

a) 
1J a) 

., ý 

LO a) r- A 
N3 

N 

14 
C8 
Ul 
ia 

., ý w 

1n 
pj x a-Tnssai qa 



v 
ýi N O t- 0 

43 t0 , -I r le O O 
l0 U 1 N N N N N 

r-1 "rl Ul " . " . . 
1-1 O O O O O 

U aý bý ot 
UZ 

. Ö 
rl 
' ä iD ý ý v ä N i aO ä H . -i r-1 r"1 H 

ä ö ö ö ö ö 

4-) ý ý ' ö ý ý Co 
. U) a U . . . . 

O o ö O o ý ä 
U 

rd 
v 
ý ý ý 

r-I o 0 lO Co 
ul 1 . -I N N 1-1 ri b 41 ul . . . . (Di ot 0 0 O O O 

ul M 1- cV) 1- 
-l 1- 0 N 0 t0 0 N ý-1 N r-I rI 
a . " . 

O O O O O 

ul 1- 00 tn 0 
". i Ln un d' /fl N 
ý . . ro a 0 ö ö 
ý ý U 

ý 
Rf O O O 

rl r-1 
`i 

j j 

ý 

: : 

: b 

ý 
1) -1 1-1 

x x x x k 

`ý o M c 
y Ul " 

44 
0 
U) . tO ö 0 " - - - - rl r-1 N 

x "r1 ý U 
0 
U 

ui 

cýl 0 

aý 

0 
r-4 G4 

ý 
., ý 
0 

'd 
a) 

ý 

U 
ý--1 

ri 

aý 
rI 
ý 



1.4 

1.2 

1.0 

3 
0.8 

aP 
0 a 

3 0.6 

s4 
0 ý U 
id 
w 
, 0.4 
ý 0 a 

0.2 ý 

I 
C=2.6x104m 

I I 

e=0.45 0 

180 degrees 

P=1.66 x 107 UM 72 
s 

Qt = 0.2ks-1 

Tý 50°C 

Calculated 

1 -- -I 

0 

(. ) Measured 

I{III 
0.1 0.2 0.3 0.4 0.5 0.6 

Bearing Eccentricity Ratio, e8. 

Figure 8.2. Load Factor - Bearing Eccentricity Ratio 
Characteristics. 



- 340 - 

calculated load angle (y) whereas the circular points relate to the 

measured load angle at the bearing mid plane. In deducing the 

the speed parameter from the test results, oil viscosity was taken 

as the viscosity at tha oil outlet. Despite the assumptions which 

have been used in the numerical solution, the variation of journal 

displacement along the axial width of the bearing in the test, and 

the assumption that the effective viscosity is the viscosity at oil 

outlet, it may be seen from figure 8.3, that there is a good agree- 

ment between test and theory. 

8.3. Power Loss and Oil Temperature Rise in the Externally 

Pressurized Operation. 

The computer programme which has been described in Chapter 3 

(the design programme), has been used to calculate the power loss and 

the oil temperature rise in the externally pressurized regime, simply 

by inserting the total oil flow rate and by setting the offset ratio 

to the required value. 

The power loss and the oil temperature rise in the externally 

pressurized regime have been calculated by setting the total oil flow 

at 0.2 ks-l. This value has been chosen because it has been 

commonly used in the experimental work. In figure 8.4 the calculated 

power loss for the first bearing, together with the measured power 

loss as reported in Chapter 6 are shown as functions of journal speed. 

The circular points relate to the power loss as deduced from measurements 

of oil flow and of oil temperature rise, whereas the triangular points 

relate to the total power loss which has been found to be 1.2 x the 

deduced power loss (Chapter 6, paragraph 6.2.18). It may be seen 

that measured and calculated power losses are substantially the same. 
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Figure 8.5 shows the variation of both the calculated and 

measured oil temperature rise with the journal speed. The results 

are plotted for oil inlet temperatures of 30,40 and 50°C. It may 

be seen that the maximum difference between measured and calculated 

oil temperature rise is approximately ± 3°C, and a close agreement 

exists over the full speed range and for all the oil inlet temperatures. 

Calculated and measured power loss and oil temperature rise for 

the second bearing are shown in figure 8.6. as functions of journal 

speed. The calculated and measured power losses are much the same 

up to a speed of 5000 rpm, whereas at speeds over 5000 rpm the 

calculation gives somewhat less power loss, but the maximum difference 

does not exceed 15%. 

In order to consider this difference between calculated and measured 

power loss further, the Taylor's criterion for the onset of Taylor's 

vortices has been calculated for the bearing. The critical Reynolds' 

number is given by Re = 41.1 (D/C)I, where 41.1 (D/C)l is the onset 

of Taylor's vortices and pertains to a journal running centrally in a 

circular bore bearing. In the instance of the three-lobe bearing, the 

clearance to be taken in the calculation of Reynolds' number and 

the viscosity of the fluid which is to be taken have to be decided. 

The decisions made are that the clearance is the lobe clearance, and 

that the oil viscosity is the viscosity of the oil at outlet. The 

Reynold's numbers calculated in that way are shown as a function of 

journal speed in figure 8.7. on the same figure the Reynolds' numbers 

corresponding with Taylor's criterion are marked as transition 

Reynolds' numbers, and it may be seen that a transition is not to be 
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expected at speed sbelow 7000 rpm. This is a speed higher than the 

speed at which the calculated power loss falls below the measured 

power loss, and it is concluded that the difference is not due to a 

transition from laminar to turbulent flow. 

8.4. Self-generating Operation 

Figure 8.8 shows a comparison between the measured duty 

parameter and the calculated duty parameter from the numerical 

solution. The results of the measured displacements, load, speed 

and oil outlet temperature are used to calculate the duty parameter 

(Chapter 6) and the duty parameter was plotted as a function of the 

bearing eccentricity ratio at both the fore and mid plane of the 

bearing. This was done because the bending of the shaft brings 

ambiguities into the eccentricity ratio pertaining to the test 

results. This has been dealt with by plotting the test results for 

the eccentricity ratios on both of the fore and mid pla. ne. It may 

be seen from figure 8.8 that the calculated duty parameter is 

between the measured duty parameters. At low values of 

eccentricity the measured duty parameter at the bearing mid plane is 

close to the calculated duty parameter, whereas at higher values of 

eccentricities the duty parameter measured at the bearing fore plane 

becomes closer to the calculated line, but generally there is a 

reasonable agreement between test and theory. 

In figure 8.9, measured and calculated attitude angle are 

shown as functions of the duty parameter. The calculated curve 

pertain to an offset ratio of 0.45, the offset ratio of the test 
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bearing, and the calculation was drawn from the results of numerical 

calculation (Table 3.5). The figures show a substantial difference 

between calculated and observed attitude angle which is due to the 

bend of the shaft, which increases the vertical displacement and 

consequently decreases the attitude angle. 

Figure 8.10 shows the variation of the hydrodynamic oil flow 

coefficient with the duty parameter. The solid line relatesto the 

numerically calculated flow coefficient whereas the points relate to 

the oil flow coefficient as found from the experiments. It may be 

seen that a close agreement is obtained between test and theory. 

Figure 8.11 shows the variation of both the measured and the 

calculated stiffness with the journal speed. The measured stiffness 

at the bearing mid plane is reproduced from figure 6.42, whereas 

the calculated stiffness is obtained from the design programme simply 

by running the programme for a journal displacement of 1.27 x 10-5m 

and for an offset ratio of 0.45. The measured stiffness is somewhat 

greater than the stiffness as predicted by the design programme but 

the maximum difference between measured and calculated stiffness is 

approximately 20%. 

In figures 8.12 and 8.13 the measured and the calculated power 

loss, oil temperature rise and oil flow are plotted versus the 

journal speed. The method which has been used in the calculation 

has previously been described in paragraph 3.8. It may be seen from 

figures 8.12 and 8.13 that there is close agreement between the 

measured and calculated power loss, oil flow and oil temperature rise. 

The agreement implies that laminar conditions persisted throughout, 

and indeed calculations of the Reynolds' number according to the 
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onset of Taylor's vortices (figure 8.14) indicatesthat the 

transition occurs at speed§ exceeding the maximum test speed. 

However, there is an indication that transition may occur before 

the maximum speed of the specification (9000 rpm) is reached. 

In table 8.2 the measured and calculated performance 

parameters are listed with the type of agreement which has been 

achieved between test and theory. It may be seen that a close 

agreement has been achieved between test and theory for the 

parameters which have not been affected by the bend of the shaft 

whereas a reasonable agreement has been obtained when the test 

results have been affected by the bend of the shaft. A big 

difference between test and theory was only found with respect to 

the measured attitude angle. 

B. S. Modification of the Test Spindle Assembly. 

The design of the spindle used in the test was greatly 

influenced by the choice of rolling bearing elements for tail and 

for thrust. This choice has the advantages of cheapness and of 

minimum power loss, but the rolling elements capable of running up 

to 9000 rpm, at the required duty, demanded that the diameter of 

spindle should be substantially reduced outside of the main bearing 

itself. As has been shown in Chapter 6, the spindle itself bent 

considerably at the greatest test load and this bending has the effect 

of reducing spindle stiffness well below the inherent stiffness of the 

bearing itself, and also it has the effect of greatly complicating the 

interpretation of bearing behaviour with respect to such quantities as 

eccentricity ratio and attitude angle. 
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TABLE 8.2 Agreement Between Test and Theory 

Parameter Self- 
generating 

Externally 
pressurize 

Power loss �� �ý/ 

Oil Temperature Rise �� �ý/ 

Oil Flow �� �� 

Hydrodynamic Oil Flow Coefficient �� 

Total Oil Flow Coefficient (Chapter 6) �� 
_ 

Pressure Oil Flow Coefficient (Chapter 6) �� 
- 

Stiffness 
� 

Load Factor -- 
� 

Duty Parameter � 
_ 

Attitude Angle X 
_ 

Load Angle 

Journal Deflection (Chapter 6) - �� 

* 
��Close 

agreement 

� Reasonable agreement 

X Dig difference 



- 358 - 

The existence of a computer programme for the calculation of the 

elastic bending of the shaft, and which has already been referred to 

in Chapter 6, makes it easy to consider the effects of various 

redesigns of shaft. The redesigns which have been considered are 

shown from B to D in figure 8.15 and the deflection of the redesigns, 

together with the actual test shaft which has been used (A) are given 

in figure 8.16. It can be seen that the significant matter is to 

maintain the diameter of the spindle at its full value right down to 

the tail bearing. In the machine tool context the problem then 

arises of differential thermal expansion of the shaft relative to the 

frame of the machine from the thrust face to the cutting tool. In 

design Da sliding thrust bearing close to the main bearing is 

suggested. 

8.6. Three Lobe Bearings Versus Circular Bore Bearings 

The question always arises, is a multi lobe bearing necessary or 

would a bearing of plain circular bore suffice? To find an answer 

to this question a comprehensive study of the behaviour of journal 

bearings which have an offset ratio between zero (circular bore bearings 

and circular bore bearings with three axial grooves) and 0.8 (three lobe 

bearings) has been presented in paragraph 3.9 where it has been shown 

that for bearings of the same minimum clearance the three lobe bearings 

have the following advantages over the full circular bore bearings. 

The advantages are: - 

Higher stiffness. This may be seen from figure 3.26a in which 

the stiffness increases as the offset ratio is increased (an offset 

ratio for zero is a bearing of circular bore). 
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II. Great load capacity. It may be seen from Figure 3.25a that 

the load given at constant minimum film thickness increases 

with offset ratio. 

III. Lower oil temperature rise. It may be seen from Figure 3.23 

that the oil temperature decreases as the offset ratio increases. 

The above advantages exist together with a power loss in the 

three lobe bearing which is substantially the same as the power loss 

of a bearing of circular bore (3.22). The power loss of the three lobe 

bearings becomes significantly greater than the power loss of circular 

bore bearings at offset ratios exceeding 0.6. 

8.7. Three lobe bearings for Very High Speed 

It became of interest in another context to employ the analysis 

for a three lobe bearing to predict the behaviour of bearings for a 

journal of 5.08 cm (2") run up to speeds between 2x 104 rpm to 

3x 104 rpm. The results of calculation are presented in figure 

8.17 which also includes a result for a bearing of circular bore 

(CO = 0). Quite clearly figure 8.17 shows that to achieve a higher 

bearing load with the minimum possible oil temperature rise, a three 

lobe bearing with high offset ratio has to be used. 

8.8. CONCLUSION 

The initial objective of the work described in this thesis. 

was to establish the feasibility of a wide speed range bearing which 

satisfies the specification given in table 1.1. With the exception 
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of the speed range of the test rig which has been restricted to 

7000 rpm, instead of the 9000 rpm in the specification, feasibility 

has been established. Tests have been carried out with two bearings 
4, 

of different detailed design and with two oils of different viscosity. 

In general the preferred arrangement is the first bearing with its 

high offset ratio combined with the oil of lower viscosity, and with 

both high and low pressure oil inlets at the conjunction of the lobes 

as has been tested with the second bearing. 

The test work has been paralleled by analytical and computational 

work which has been checked against the test results and also against 

published material, particularly upon bearings of circular bore. The 

computer programmes which have been developed have allowed predictiona 

to be made for a wider range of variablesthan it has been possible to 

test. A suggestion from this computer work is that the optimum three 

lobe bearing with respect of combining stiffness with minimum oil 

temperature rise and with minimum power loss would be with an offset 

ratio of 0.6 and with the least possible minimum clearance. 

There are, of course, aspects both of the bearing as a bearing 

and as a bearing in a machine tool spindle context which have not been 

tested. The loading of the bearing has been limited to a steady load 

and the field of the dynamic performance of the bearing has not been 

investigated. The test speed was limited to 7000 rpm due to the use 

mf a belt drive, and it is suggested, particularly if higher speeds 

are to be attempted, that the final drive of the shaft should be in 

line. The fitting of a roller element thrust close to the main 

bearings has produced difficult shaft deflection. A fitting of a 

thrust in that position is necessary, and clearly much greater 



consideration than has been possible should be given to the provision 

of a sliding element thrust which can be combined with maintenance of 

full spindle diameter back to the tail bearing. It is possible 

that the thrust could be combined with the main bearing by making 

the main bearing of double conical form. The test bearings have been 

made by elaborate machining and the elastic distortion method, which 

has only been briefly described, might be pursued. Clearly there is 

nothing sacrosanct about the precise way in which the profile of the 

bearings differ from the circle in the sense that the fourier compo- 

nents provided by the machining method might be replaced, equally 

effectively, by a different set provided by various means of elastic 

deformation. By adapting the computer programmes which have been 

developed, the characteristics of bearing profiles produced by more 

convenient routes could be predicted. 
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A. l. la. SAMPLE OF THE OUTPUT. 
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A1.2 A COMPUTER PROGRAMME TO CALCULATE THE OIL FLOW, 

SUPPLY PRESSURE, STIFFNESS AND PUMPING POWER 
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APPENDIX A2 

A2.1 A COMPUTER PROGRAMME FOR THE NUMERICAL SOLUTION OF 

REYNOLDS EQUATION 
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The following subroutine can be used with the main computer 

programme to solve for non-zero boundary conditions at the low 

pressure inlets. The solution is required to calculate the total 

oil flow coefficient. 
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A. 2.1a. SAMPLE OF THE OUTPUT. 
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A2.2b SAMPLE OF THE OUTPUT FOR THE 

EXTERNALLY PRESSURIZED OPERATION. 
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APPENDIX A. 3. 

A. 3.1" A COMPUTER PROGRAMME FOR THE NUMERICAL SOLUTION 

FOR THE THREE-LOBE EXTERNALLY PRESSURIZED JOURNAL 

BEARING . 

"THE HIGH PRESSURE OIL IS ADMITTED AT THE CENTRE 

OF EACH LOBE". 
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A. 3.2. A COMPUTER PROGRAMME FOR THE NUMERICAL SOLUTION 

FOR THE THREE-LOBE JOURNAL BEARING . 

"THE HIGH PRESSURE OIL IS ADMITTED AT THE CONJUNCTION 

OF THE LOBES (i. e. AT THE AXIAL GROOVES). " 
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The following subroutine can be used with the computer programmes 

which are given in Appendices A. 2 and A. 3 when a solution is 

required for a vertical force which is applied upwards and also 

this force can be swung +600. 
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APPENDIX A. 4. 

THE DESIGN OF THE BEARING SHELL BY 

THE MACHINING METHOD. 



Appendix A. 4. The Design of the Bearing Shell by the 

Machining Method. 

A. 4.1. Introduction 

The two bearing shells which have been tested were manufactured 

by cutting a hollow cylinder into three segments. The segments were 

then assembled together with shims between them and the assembly was 

bored circular. The required shape of the bearing shell was then 

obtained by removing the shims. 

Theoretically this method should produce the exact shape 

proposed for the bearing. However, it was found that the segments 

have to be butted very accurately to obtain an accurate form. 

A. 4.2. The Bearing Shell material. 

The first bearing shell was machined from a cylinder of 60/40 

brass which was cast in the Brunel University foundary. Problems with 

porosity and inclusions were recognised and attempts were made to 

alleviate them. 

The second bearing shell was machined from a cylinder of gun 

bronze known commercially as Jml. The metal was stress relieved and 

tested for porosity by the manufacture. 

A. 4.3. The Manufacture of the First Bearing Shells. 

The bearing shell was machined in six stages, as follows: - 
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Stage 1. 

The brass cylinder was roughly machined. The screw and dowel 

holes were drilled into the brass cylinder on a vertical milling 

machine and in conjunction with a universal dividing head. The 

recesses for the screw and dowel holes were then milled using slot 

drills and a ball nosed slot drill. 

Stage 2. 

The brass cylinder was milled into three equal segments using 

a slitting saw, a horizontal miller and a universal dividing head. 

Stage 3. 

The three segments were de-burred and assembled together with 

the 0.102 mm (0.004") thick shims and the screws. Standard silver 

steel dowels were then fitted. After boring and removing the shims, 

the resultant shape was found to have large steps at the joints. 

To remedy the situation stage 3 was recommenced. The faces of the 

segments were scraped and lapped to obtain good mating surfaces at 

each joint. The bearing shell was assembled again by means of the 

screws, and oversize dowel holes were reamed, the shims were tested 

for constant thickness, inserted between the segments, and the bearing 

was then assembled with oversize dowels. Chucking of the assembly 

would have brought distortion so the bearing was mounted on a lathe 

face plate and bolted in place (figure A. 4.1. ). Finally the shell 

was bored to a surface finish of 22 micro inches and by means of 

"Roundness Measuring Machine" it was found to be circular to within 

± 20 micro inches. For the good surface finish required (in the CLA 
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from 6 to 12 micro inches) it was decided to use a diamond tool 

to bore the shell. However, the best CLA value obtained was 15 

micro inches. 

Stage 4. 

The shims were then removed and the bearing shell re-assembled 

After extensive inspection, the shell was partially disassembled to 

mill the low pressure oil supply grooves with an end mill. 

Stage S. 

The outside diameter of the shell was machined to obtain 

0.051 mm interference for the shrink fit. The shell was again 

mounted on a face plate, with locating spigot, to prevent distortion 

from a chuck. Finally, pressure relief grooves were machined on 

the outside of the bearing shell. The aim of these grooves is to 

prevent oil infiltrating the joints and causing them to separate. 

Stage 6. 

Due to the high pressure required to operate the bearing at the 

extreme design conditions, a substantial bearing body was envisaged. 

A mild steel cylinder of 356 mm. diameter was used. The shell was 

shrunk into the steel body by heating up the steel body to approximate- 

ly 200°C. The bearing shell was suspended above the bearing housing 

and lowered into it. To keep the brass cool until it was in position, 

the bearing was packed with solid CO2. The high pressure inlets were 

drilled into the housing and bearing. 
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A. 4.4. Inspection of the Bearing Shell. 

At the end of stages 4 and 5, the bearing shell was tested 

again on the "Roundness Measuring machine" and a typical result is 

shown by figure A. 4.2. From this figure it is found that the 

average lobe depth is 0.029 mm. (0.0011511). 

The full bearing dimensions are listed in table 4.1 (Chapter 4), 

and the bearing was tested on the simple test rig (Chapter 4). 

At this stage the bearing was not provided with the low 

pressure oil inlet, and it was judged that the axial grooves for 

the low pressure oil were too small. The bearing shell was then 

removed from its housing by cooling and by utilizing the differential 

expansion between brass and steel. The axial grooves were machined 

to dimensions given in table 6.1. Some difficulties with steps at 

the joints arose and the bearing was treated from stage (3) onwards. 

The full final dimensions are given in table 6.1. The bearing was 

then reassembled in the housing, the journal of the shaft was ground 

to suit the bearing and the bearing was tested in the main test rig, 

(Chapter 6). 

A. 4.5. The Manufacture of the Second Bearing Shell 

The first bearing shell suffered from an inadequate appreciation 

by everyone of the great care required at each stage of manufacture, if 

the intended result is to be obtained clearly, and without remedial 

action which can never be fully satisfactory. This lesson had been well 

learnt when the second bearing came to be manufactured and the careful 

attention given to the fit at the butts, and to the fit of the dowels, 

produced a sequence of manufacture ending in the intended 
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FIG. A4.3 Profile of finished bearing. 
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result, and without any back-tracking (Figures A. 4.3 - A. 4.6). 

This second experience demonstrates that there is nothing 

impracticable about the method of manufacture, all that is required 

is an appreciation where extreme care has to be taken. The form 

achieved is shown in figure A. 4.7. The bearing shell was shrunk 

into the steel housing by freezing the bearing shell to around 

- 50°C for about 5 hours. 

The second bearing shell was tested on the main test rig 

(Chapter 6). 
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APPENDIX A. 5. 

THE DEFORMING METHOD FOR THE PRODUCTION 

OF THE THREE-LOBE JOURNAL BEARING. 



Appendix A. 5. The Deforming Method for the Production of a 

three-lobe Journal Bearing. 

A method of manufacture described in Appendix A. 4 has 

produced a very satisfactory form but a simpler method is clearly 

desirable. A method which has been tried only experimentally is 

illustrated in Figure A. 5.1. It comprises the elastic distortion 

of the bearing ring within three jaws of a chuck. To give the 

closest approximation to circular lobes the bearing ring is made 

less rigid in bending at three places by axial grooves. The 

distorted ring is machined circular, and then released, and its 

outer surface is then turned circular. A roundness trace from an 

experimental ring of 4 mm wall thickness cut from a piece of steel 

tubing is shown in figure A. 4.2. The experiment shows promise. 

This method of elastic distortion has also been tried with a 

circular ring with no axial groove. The theoretical analysis of 

this situation had suggested that a form of three-lobe could be 

achieved. However, the experimental test was not a success. The 

point can be made that the lobes themselves do not necessarily have 

to be circular and that forms including terms beyond the second 

degree, such as produced by elastic distortion, might also give 

satisfactory hydrostatic and hydrodynamic performance. This matter 

has not been investigated, but the finite difference method does 

provide a means by which other forms could be examined numerically. 
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FIG. A5.1 Jig for manufacturing method. 
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APPENDIX A. 6. 

THE DESIGN AND THE SPECIFICATION 

OF THE MIST LUBRICATOR. 



Appendix A. 6. 

A. 6.1. SPECIFICATION of the Mist Lubricator 

The venting area for each bearing is given by: 

A= II, /16 (D2- d2) 

where 

D is diameter of the cover plate bore 

d" if " IS shaft at the cover plate. 

And the venting diameter is given by 

Dv = V4AVIII 

Dv 'a The recommended venting diameter for the selected fittings. 

A. 6.1. Recommended mist fittings. 

1. Tail Bearings and Slave Bearings. 

MIST fitting No. 381290-4 

Venting diameter = 1.575 mm. 

AIR FLOW FOR EACH BEARING AT LINE PRESSURE OF 20" HZO 

= . 00452 m3 min-1 

TOTAL AIR FLOW = 0.00805 m3 min -1 

2. Thrust Bearing 

MIST fitting No. 381290-6 

Venting diameter = 1.981 mm. 

AIR FLOW AT PRESSURE LINE OF 20" H02 = 0.0068 m3 min-1 
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A. 6.3. The Design Factors on which the Fittings were selected. 

Mist line pressure = 20" H2O 

Mean bearing shafts diameter = 80 mm. 

Light/medium operating conditions. 

A. 6.4. Setting the lubricator for operation. 

The air pressure gauge (4) should be set at 15 psi (- 1 atm), 

initially, by using the reducing valve (3), with the oil 

regulating screw half turned open. 

- Unless a manometer is installed in the mist line, for the 

20" to be set by the air input valve, the indication of 

correct system is 

a) No excessive emission of mist from the vents, (bearing 

in mind that revolving bearing balls will knock the 

majority of oil from the mist and so reduce the vented 

material). 

b) Overheating of bearing housing. 

A. 6.5. Lubricating oils 

i- High speed oil VIT"21 ( \ic. s. at 40°C) 

ii- Low speed oil SHELL Vit. 25 (v - 25 c. s. at 40°C). 
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1. Compressed air pipe line 7. Oil regulating screw 

2. Air filter 8. Oil filter 

3. Reduction valve 9. Oil mist pipe line 

4. Pressure gauge 10. Water separator drain cock 

5. Atomiser nozzle 11. Oil suction pipe 

6. Air control screw 12. Oil container 

FIG. A. 6.1 Diagram of oil mist lubricator. 



APPENDIX A. 7. 

SPECIFICATION OF THE CONSTANT VOLUME 

FLOW VALVES. 



Appendix A. 7. Specifications of the Constant Volume Flow Valves. 

Three constant flow valves were needed to couple the high 

pressure pump to the bearing. 

These control the flow rate by varying the area of an orifice 

within the valve (see table 1.1). To nullify the effects of 

fluctuating back pressure the valves contain a spring controlled 

by-pass loop. 

Three valves of this type, "Keelavite" hydraulics VFS1/1000 

valves were provided. The Manufacturer would not provide performance 

details for these valves but a data sheet was obtained from them. 

The valves were subjected to varying back pressures whilst 

the pump line pressure was held constant. The flow rates were 

measured by the "bucket and stop watch" technique, and the results 

showed that the valves were working correctly. Tables of the 

results obtained are given, and these show that the valves are 

controlling the flow despite the variation in the back pressure or 

the oil temperature. 



TABLE 7.1 Specification. of Keelavite constant volume valve (VFS1/100) 

Maximum pressure 2.04 x 107 Nm 2 

Flow Range 0 3.6 gpm(O. 273 Ls l) 

Pressure drop across valve (assuming 
1 02 x 106 Nm- 

normal temperatures) . 

Error in flow setting Error ± 1% 

Filtration required for valves 15'-+20 microns 

Frequency response 60 x 10-6 sec. 



TABLE A7.2 Results of tests on the flow control valves. 

Valve No. 3 Valve Setting: 2 Volume: 7.5 litres 

Pump Press. Back Press. Oil Temp. Time Flow Flow 

10-7 Nm 2 
x10-7 Nm 

1 0C Second L S-1 GPM x 

0.0667 0.132 26 462 0.0163 0.214 

0.264 "28' 461 0.0167 0.220 
0.396 30 461 0.0167 0.220 

0.528 31 461 0.0166 0.218 

1.334 0.132 27 462 0.0163 0.214 

0.264 30 462 0.0163 0.214 

0.396 31 462 0.0163 0.214 
0.528 34 462 0.0163 0.214 
0.667 36 462 0.0163 0.214 

0.792 39 459.4 0.01633 0.215 

0.924 41 456.3 0.01644 0.217 

1.056 43 456.3 0.01644 0.217 
1.188 47 453 0.01654 0.218 

. 2.000 0.132 50 461 0.0163 0.215 
0.264 55 461 0.0163 0.215 

0.396 55 461 0.0163 0.215 
0.528 63 452 0.0166 0.219 

0.667 78 452 0.0166 0.219 

0.792 80 449 0.0167 0.22 

0.924 88 449 0.0167 0.22 

1.056 88 449 0.0167 0.22 

1.188 90 438 0.0171 0.225 
1.320 92 438 0.0171 0.225 

1.452 93 438 0.0171 0.225 
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TABLE A. 7.3 Results of tests on the flow control valves. 

Valve No. 3 Valve Setting: 3.5 Volume: 7.5 litres 

Pump Press. Back Press. Oil Temp. Time Flow Flow 

x107 Nm 
2 

x10-7Nm 
7 °C Second L S-1 GPM 

0.667 0.132 24" 119 0.063 0.831 

0.264 '35' 118 0.0636 0.839 

0.396 27 118 0.0636 0.839 

0.528 28 118 0.0636 0.839 

1.334 0.132 27 119 0.063 0.831 

0.264 30 118 0.0636 0.839 

0.396 35 118 0.0636 0.839' 

0.528 37 118 0.0636 0.839 

0.667 39 118 0.0636 0.839 

0.792 41 118 0.0636 0.839 

0.924 43 118 0.0636 0.839 

1.056 45 118 0.0636 0.839 

1.188 47 118 0.0636 0.839 

1.7 0.132 32 118 0.0636 0.839 

0.264 37 118 0.0636 0.839 

0.396 45 118 0.0636 0.839 

0.529 46 118 0.0636 0.839 

0.667 48 118' 0.0636 0.839 

0.792 52 118 0.0636 0.839 

0.924 54 118 0.0636 0.839 

1.056 57 118 0.0636 0.839 

1.188 57 118 0.0636 0.839 

1.320 57 118 0.0636 0.839 

1.452 57 118 0.0636 0.839 



TABLE A. 7.4 Results of tests on the flow control valves. 

Valve No. 3 Valve Setting: 5.5 Volume: 7.5 litres 

Pump Press. Back Press Oil Temp. Time Flow Flow 

L S-1 GPM 

" 
0.667 0.132 34 56.23 0.133 1.76 

0.264 37 5.83 0.134 1.77 

0.396 39 55.83 0.134 1.77 

0.528 41 56.0 0.134 1.77 

1.334 0.132 38 57.4 0.131 1.726 

0.264 39 57 0.1316 1.734 

0.396 40 56.42 0.133 1.753 

0.528 41 56.42 0.133 1.753 

0.667 42 56.42 0.133 1.753' 

0.792 44 56.42 0.133 1.753 

0.924 50 56.0 0.134 1.765 

1.056 54 56.0 0.134 1.765 

1.188 59 56.0 0.134 1.765 

1.88 0.132 30 57.0 0.1316 1.734 

0.264 40 56.91 0.132 1.738 
0.396 45 56.81 0.132 1.738 

0.528 50 56.61 0.132 1.746 

0.667 53 56.61 0.1325 1.746 

0.792 55 56 0.134 1.765 

0.924 55 55.83 0.1342 1.77 

1.056 57 55.83 0.1342 1.77 

1.188 58 55.63 0.135 1.78 

1.320 59 55.63 0.135 1.78 

1.452 61 55.63 0.135 1.78 

1.584 63 55.63 0.135 1.78 
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TABLE A. 7.5 Results of tests on the flow control valves. 

Valve No. 3 Valve Setting: 7 Volume: 7.5 litres 

Pump Press, Back Press. Oil Temp. Time Flow Flow 
L S-1 GPM 

0.667 0.132 25 42.7 0.176 2.32 
0.264 27 42.5 0.176 2.33 

0.396 30 42.1 0.178 2.35 

0.528 32 41.7 0.179 2.37 

1.334 0.132 34 42.0 0.1786 2.35 

0.264 35 42.0 0.1786 2.35 

0.396 37 42.0 0.1786 2.35 

0.528 38 41.5 0.181 2.37 

0.667 39 41 0.183 2.4 

0.792 41 40.7 0.184 2.43 

1.056 42 40.7 0.184 2.43 

1.188 44 40.4 0.186 2.45 

1.88 0.132 39 42.9 0.175 2.31 

0.264 41 42.7 0.176 2.32 

0.396 42 41.5 0.181 2.37 

0.528 44 41.2 0.182 2.4 

0.667 45 40.73 0.184 2.43 

0.792 46 40.73 0.184 2.43 

0.924 46 40.73 0.184 2.43 

1.056 47 40.52 0.185 2.44 

1.188 48 40.52 0.185 2.44 

1.326 50 40.33 0.186 2.45 

1.452 52 40.33 0.186 2.45 

1.584 55 40.33 0.186 2.45 



TABLE A. 7.6 Results of tests on the flow control valves. 

Valve No. 1 Valve Setting: 5.5 Measured volume: 7.5 litres 

Pump Press Back Press Oil Temp. Time Flow 

L S-1 

Flow 

GPM 

1.334 0.132 41 56.1 0.134 1.77 

0.264 44 56.1 0.134 1.77 

0.396 47 56.1 0.134 1.77 

0.528 51 56.1 0.134 1.77 

0.667 53 56 0.134 1.77 

0.792 56 55.6 0.135 1.78 

0.924 58 54.6 0.137 1.8 

1.056 61 54.6 0.137 1.8 

1.188 64 54.6 0.137 1.8 

Valve No. 1 Valve Setting: 5.5 Measured volume: 7.5 litres 

ps P. T °C Time Flow 

L S-1 

Flow 

GPM 

1.334 0.132 22 41.7 0.18 2.37 

0.264 29 41.7 0.18 2.37 
0.396 32 41.7 0.18 2.37 

0.528 32 41.7 0.18 2.37 
0.667 33 41 0.183 2.4 

0.792 35 41 0.183 2.4 

0.924 40 41 0.183 2.4 

1.056 44 40.4 0.186 2.45 

1.188 50 40.4 0.186 2.45 

Results in Table A8.1 were obtained by using Shell Vit (150) oil. 



TABLE A. 7.7 Results of tests on the flow control valves. 

Valve No. 2 Valve Setting: 3.5 Volume: 7.5 litres 

Pump Press. Back Press Oil Temp. Time Flow Flow 

1.334 0.132 43 118 0.0636 0.839 

0.264 45 118 0.0636 0.839 

0.396 50 118 0.0636" 0.839 

0.528 54 118 0.0636 0.839 

0.667 56 118 0.0636 0.839 

0.792 57 118 0.0636 0.839 

0.924 60 118 0.0636 0.839 

1.056 62 118 0.0636 0.839 

1.188 62 118 0.0636 0.839 

Valve No. 2 Valve Setting: 7 Volume: 7.5 litres 

ps Pi T °C Time Flow 

L S-1 

Flow 

GPM 

1.334 0.132 38 43.0 0.174 2.3 
0.264 40 42.8 0.175 2.3 

0.396 42 42.7 0.175 2.3 
0.528 45 42.7 0.175 2.3 
0.667 47 42.1 0.178 2.35 

0.792 47 42.1 0.178 2.35 

0.924 49 42 0.178 2.35 

1.056 51 42 0.178 2.35 

1.188 53 41.70 0.18 2.37 
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TABLE A7.8 Results of tests on the flow meters. 

Valve Setting: 3.5 

Oil Viscosity: 37 C. S at 40°C 

Measured volume: 7 litres 

Pump 
Pressure 

x 10-7 Nm 
2 

Differential 
Pressure 

x 10-7 Nm-2 

. 
Oil 

Temp. 
0c 

Time 

Sec 

Measured 
Flow 

GPM 

Flow Meter 
Reading 

1.334 0.33 22 111 0.83 0.55 
25 111 0.83 0.61 
34 110 0.84 0.7 
40 110 0.84 0.73 
51 110 0.84 0.795 
60 110 0.84 0.82 
70 110 0.84 0.84 

Valve Setting: 4.5 

Pump 
Pressure 

x10-7 Nm 
2 

Differentia 
Pressure 

x10-7 Nm 2 

Oil 
Temp. 

°C 

Time 

Sec 

Measured 
Flow 

GPM 

Flow Meter 
Reading 

1.334 0.33 20 68 1.44 0.9 
25 68 1.44 1.11 

30 68 1.44 1.17 
35 68 1.44 1.3 
45 68 1.44 1.4 
50 62 1.49 1.41 
55 62 1.49 1.44 
60 62 1.49 1.49 
70 62 1.49 1.50 



APPENDIX A. B. 

A COMPUTER PROGRAMME FOR 

THE CALCULATION OF SPINDLE 

DEFLECTION. 
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A. 8.1. SAMPLE OF THE OUTPUT FOR THE TEST 

SPINDLE . 



RESPONSE TO UNBALANCE FORCES AND IMPRESSED MOMENTS 

S. I. UNTTS. 

TO AVOID RE-ENTRY OF DATA RUN 510, 
INSERT SPEED Z IN R. P. M. IN LINE 510. 
ENTER DATA AS NP E THEN L, R, K, M, M1 , F'1 , F'2, IIELTA (M*R) , F(JR EACH STATION 
DATA STARTS ON LINE 1540 
SUB ROUTINE FOR BEARING SUPPORT ON LINES 1510,1520. 

DATA 
NUMBER OF STATION 27 
YOUNGS MODULUS 210000000000 

STATION NO 
BRG STIFFNESS 
1 
0 
ý .ý 
0 
3 
0 
4 
0 
5 

0 
6 
300000000 
7 
600000000 
8 
300000000 
9 
0 
10 
0 
11 
0 
12 
0 
13 
0 
14 
0 
15 
0 
16 
0 
17 
0 
18 
0 
19 
60000000 
20 
120000000 
21 
60-00-0000 - 22 

SEGMENT LRA Ii 
MASS 

. 016 . 0275 

. 1485 

. 04 . 03 

. 259 
. 02 . 045 
. 607 
. "0375 . 0675 
2,556 
. 0375 . 0675 
a. 12 
. 0435 . 0675 
4.49 
. 0435 . 0675 
4.86 
. 0435 . 0675 
4.86 
. 0375 . 0675 
4.49 
. 0375 +0675 4.12 
. 02 

. 0475 
2.61 
. 007 
. 687 
. 007 
. 274 
. 007 
. 274 

. 04 

. 04 

. 04 

. 032 . 04 
1.262 
. 076 . 0375 
2.435 
. 076 . 0375 
2.62 
. 076 

. 0375 
2.6? 
. 007 
1.387 

. 007 

. 154 

. 007 

. 15 4 

. 03 

. 03 

. 03 

. 03 

. 03 



- 514 - 

V 
"ý3 ý 
0 
°'4 ý 
0 
25 

0 
26 
0 
''7 ý 
0 

. 408 

. 011 
, 433 
. 033 
. 372 
. 033 
. 54 
. 033 

. 54 
0 
. 27 

. 0275 

. 025 

. 025 

. 025 

. 025 

STATION NO 
BASE MASS 
1 
0 
0 3 
0 
4 
0 
5 
0 
6 
0 
7 
0 
8 

0 9 
0 
10 
0 
11 
0 
ý 12 

0 
13 
0 
14 
0 
15 
0 
16 
0 
17 
0 
is 
0 
19 
0 
''' 0 ý 
0 
21 
0 
22 
0 
23 
0 

Ii IST 
0 

, 016 

. 056 

. 076 

. 1135 

. 151 

. 1945 

. 238 

. 2815 

. 319 

. 3565 

. 3765 

. 3835 

. 3905 

. 3975 

. 4295 

. 5055 

. 5815 

. 6575 

. 6645 

. 6715 

. 6785 

. 7085 

ACCMASS 

. 1485 

. 4075 

1.0145 

3.5705 

7.6905 

12.1805 

17.0405 

21,9005 

26.3905 

30.5105 

33.1205 

33.8075 

34.0815 

34.3555 

35.6175 

; 38.0525 

40.6725 

43.2925 

44.675"5 

44.8335 

44.9875 

45.3955 

45.8285 



24 
0 
25 
0 
26- 
0 
'' 7 ý 
0 

STATION NO 
DELTA(M*R) 
1 
0 
2 
25000 
3 
0 

OUTPUT FOR 0 

STATION NO 
M_-0 m 
xi IST 
BASE/ROTOR 

556515500.3511 
1275789797.457 
1 
0 
0 
0 
2 
0 

. 016 

0 
3 
1000 

. 056 
0 

4 
1500 

. 076 
0 

J 

2437.5 
. 1135 
0 

. 7194999999999 46.2005 

. 7524999999999 46.7405 

. 7854999999999 47#2805 

. 8184999999999 47.5505 

MOMENT P1 MOMENT P2 

00 

00 

00 

0 0 
P. ý" 

DISPLACEMENT 
SHEAR 

B Fi GF 
EFF STIFFNESS 

ý' S L_ 0P 

1.1 NBAL ý 

7345162035.561 

. 0001838713537495 
0 
0 

86114845.94315 

--. Qt)f)8: L6471742C353: L 

0 
0 

. 0001708078058638 
0 
0 
0 

-. 000(316471742 (3531 

25000 

. 0401357649257449 
25000 
0 
0 

. 00011961216129439 
25000 
0 
0 
8.96264708777E-05 
25000 
0 
0 

6 5.9831088313: 15'"-05 
3375 25000 

. 151 17949.32649394 
0 300000000 

-#0007762181640291 

0 

-,, 0007879: 140072017 

0 

-*0007879756453739 

0 

-+00077776425484(32 

0 
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7 
3681 . 70497513 
. 1945 
0 
8 
3291.688288616 
. 238 
0 
9 
2955.614469863 
. 2815 
0 

10 
2665.895660593 
. 319 
0 

11 
2376.176851323 
. 3565 
0 

12 
2221.660153046 
. 3765 
0 

13 
2167.579308649 
. 3835 
0 
14 
2113.498464452 
. 3905 
0 

15 
2059,417619855 
. 3975 
0 

16 
1812.190902611 
. 4295 

0 
17 
: 1.225.027449158 

. 5055 

0 
18 
637.8639957046 

. 5815 
0 

2.669426461343E-05 -. 0007390164555891 
7050.673506055 
16016.55876806 0 
600000000 

-4.133501160469E-06 -. 0006869374216548 
-8965.885262001 
-1240.050348141 0 
300000000 

-3.284536628204E-05 -. 0006445462495068 
-7725.83491386 
0 
0 0 

-5.602770768468E-05 -. 0006030603471776 
-7725.83491386 
0 
0 

0 

-7.786385354282E-05 -. 0005687491537998 
-7725.83491386 
0 
0 

0 

-8.84147827905E-05 -. 0OO5004590382484 
-7725.83491386 
0 
0 

0 

-9.165679010469E-05 -. 0004450175231723 
-775.83491386 
0 0 
0 

-9.451384645897E-05 -. 0003904730497032 
-7725.83491386 
0 
0 

0 

-9.69922311446E-05 -#0003368256178409 
-7725.83491386 
0 
0 

0 

-, 0001047628401985 -. 000: I 710010E38: '7; 3c5 
-7725.83491386 
0 
0 

0 

-. 0001017923220599 . 0002046958512815 
-7725.83491386 
0 
0 

0 

-7.547050076203E-05 . 00044350693170f31 
-7725.83491386 
0 
0 

0 
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19 
50.70054225117 
. 6575 
0 
20 
11.82399151756 
. 6645 
0 

21 
2.659635356395E-08 
. 6715 
0 

22 
2.556203071435E-08 
. 6785 
0 

23 
2.11300994124E-08 
. 7085 
0 
24 
1.950505793502E-08 
. 7194999999999 
0 

25 

1.462993350287E-08 
. 7524999999999 
0 

-3.62006991986E-05 . 0005454321530063 
-7725.83491386 
-2172.041951916 0 
60000000 

-3.220542766981E--0`5 . 0005714026742878 
-5553.792961944 
-3564.65132037E 0 
120000000 

-2.815: 36069031 E°-0 5 *0005791128772086 
-1689.141641567 
-1689.141641419 0 
60000000 

-2,, 409857054985E--05 . 000579112B772106 
-1.477310433984E--07 
o0 
0 
-6.725184233426E--06 . 00057911: 87721b5 
-1.477310433984k--07 
0 
0 

0 

-3.549425840234E--07 #0005791: 128772197 
-1.477310433984E-07 
00 
0 
1.875578236441E--05 +0005791120772293 
-1.4773104339841'-. '-07 
0 
0 

0 

26 3.7866r0731311E-05 . 0005791.: L:? f: 37'"723F. >5 3+. 7; a809070727E--09 -1#477310433984E--07 
. 7854999999999 0 
00 

27 
4.87968463858E-09 
. 8184999999999 
0 

28 
4.87968463858E-49 

0 

5.697723226202E-05 #00057911287724: 1: 1 
-1 . 4773104339f34E--07 
0 
0 

0 

5+697723226202E--05 . 000, -.; 791128772421 
-1 . 4773: 104339E34E"-07 



A. 8.2. SAMPLE OF THE OUTPUT FOR A CONSTANT 

DIAMETER SPINDLE. 
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RESPONSE TO UNBALANCE FORCES AND IMPRESSED MOMENTS 

S. I. UNI7S. 

TO AVOID RE-ENTRY OF DATA RUN 510. 
INSERT SPEED Z IN R. F. M. IN LINE 510, 
ENTER DATA AS NYE THEN L, R, K, M, M1, F'1, p2, DEI_TA(M*R), FOR EACH STATIOf 
DATA STARTS ON LINE 1540 
SUB ROUTINE FOR BEARING SUPPORT ON LINES 1510,150. 

DATA 
NUMBER OF STATION 27 
YOUNGS MODULUS 210000000000 

STATION NO 
BRG STIFFNESS 
1 
0 
2 
0 
3 
0 
4 
0 
5 
0 
6 
300000000 
7 
600000000 
8 
300000000 
9 
0 
10 
0 
11 
0 12 
0 
13 
0 
14 
0 
15 
0 
16 
0 
17 
0 
18 
0 
19 
300000000 
20 
600000000 

SEGMENT LRA Ti 
MASS 

. 016 .2 7.84 

. 04 .2 27.44 

. 02 
29.4 
. 0375 
28,175 
. 0375 
36.75 
. 0435 
39.695 
. 0435 
42.64 
. 0435 
42.64 
. 0375 
39.695 
. 0375 
36.75 
. 02 
28.175 

. 007 
13.23 

. 007 
6.86 

. 007 
6.86 

. 032 
19.11 

. 076 
52.92 

. 076 
74.48 

. 046 
59.74 

. 0417 
42.93 

. 0417 
40.86 

. 
Ai 

V 

# 

"2 

.2 

m. 

ý Ai 

.2 

f2 

f a'ý.. 

.2 

.2 

"» 

f2 

.M 

.2 
ý AM 

.2 

.w 
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21 . 0417 
300000000 40.86 
22 . 0132 
0 26.9 
23 . 0132 
0 12,94 
24 . 0132 
0 12.94 
25 . 0132 
0 12.94 
26 . 0132 
0 12.94 
27 0 
0 6.47 

" aý1i 

.2 

ºi 

4 

# 

"2 
+ �.. 

"ý 

STATION NO DISTACCMASS 
BASE MASS 
107.84 
0 
ý ý 
0 
3 
0 
4 
0 5 

0 
6 
0 
7 
0 
8 
0 
9 
0 
10 
0 
11 
0 
12 
0 
13 
0 
14 
0 
15 
0 
16 
0 
17 
0 
18 
0 
19 
0 
20 
0 
21 
0 
22 
0 

. 016 35.28 

. 056 64.68 

. 076 92.855 

. 1135 129.605 

. 151 169.3 

. 1945 211.94 

. 238 254.58 

. 2815 294.75 

. 319 331.025 

. 3565 359.2 

. 3765 37.43 

. 3835 379.29 

. 3905 386.15 

. 3975 405.26 

. 4295 458.18 

. 5055 532.66 

. 5815 592.4 

. 6275 635.33 

. 6692 676.19 

. 7109 717.05 

. 7526 743.95 



3 ý 0 
'' 4 ý 0 
25- 
0 
''b ý 
0 
'' 7 ý 0 

STATION NO 
DELTA(M*R) 
1 
0 
2 
30000 
3 
0 
4 
0 

- 520 - 

. 7658 756,8899999999 

. 779 769.8299999999 

79 2__ 7132#7699999999 

. 8054 795.7099999999 

. 8186 802.1799999999 

MOMENT P1 MOMENT P2 

00 

00 

00 

00 

500 
0 600 
0 
7 
0 
8 
0 
9 
0 
10 
0 
11 
0 
.ý 12 

0 
13 
0 
14 
0 
15 
0 
16 
0 
17 
0 
18 
0 
19 
0 

0 ý 
0 
'' 1 ý 0 
2'' 
0 23 
0 
: 24 
0 
2J 

o0 
00 

00 

0 

0 

0 

0 
0 
0 

00 

0 0 

0 

o0 

o0 

00 

0 0 
o0 

o0 

00 

o0 
o0 
00 



OUTPUT FOR 0 

STATION NO 
M0M 
Ii IST 
BASE/ROTOR 

-913807607.0668 
-1017597909.298 
1 
0 
0 
0 

2 
0 
. 016 
0 
3 
1200 
. 056 
0 

4 
1800 
. 076 
0 

5 
2925 
. 1135 
0 

6 
4050 
. 151 
0 

7 
4857.222289705 
. 1945 
0 

8 
4775.954554561 
. 238 
0 

9 
4303.533623489 
. 2815 
0 

10 
3896.274200151 
. 319 
0 

R. F. M. 

DISPLACEMENT 
SHEAR 

SRGF 
EFF STIFFNESS 

-2300215632.271 

5+254708103785E-05 
0 
0 
0 

5.101597262956E-05 
0 
0 
0 
4.71894148397E-05 
30000 
0 
0 
4.52784107994E-05 
30000 
0 
0 

4.170335089419E-05 
30000 
0 
0 

3.81438858463E-05 
30000 
11443.1657539 
300000000 

3.404176340419E-05 
18556.8342461 
20425.05804252 
600000000 

2.997342497532E-05 
-1868.223796414 
8992.027492596 
300000000 

2.593888219426E-05 
-10860.25128901 
0 

0 
2.248573321257E-05 
-10860.25128901 
0 
0 

SL0 F' E 

UN Et ALF 

-260745191.6254 

-9.5694275518268-05 

0 

-9.569427551826E-05 

30000 

-9.560328370753E-05 

0 

-9.548954394411E-05 

0 

-9,515365620525E-05 

0 

-9.465782192409E-05 

0 

-9,392332054101E-05 

0 

-9.312895598095E-05 

0 

-9,238024932386E-05 

C) 

-9.179734669764E-05 

0 



16 
2696.216432715 
. 4295 
0 

17 
1870.83733475 
. 5055 
0 

18 
1045.458236785 
. 5815 
0 

19 
545.8866774945 
. 6275 
0 

20 
159.72i1476685 
. bb92 
0 

n1 M 

2.324668457732E-08 
. 7109 
0 

ý? 
ýý 
2.573506208137E-OB 

. 7526 
0 

23 
2.652338007465E-08 
. 7658 
0 

24 
2.731169806793E-08 
. 779 
0 
25 
2.810001606121E-08 
. 7922 
0 

26 
2.88883340545E-08 
. 8054 
0 

27 
2.967665204778E-08 
. 8186 
0 
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Appendix A. 9 Metallic Contact Monitoring 

In the hydrostatic tests in the simple test rig (chapter 4), 

the need arose for a device which would indicate whether the shaft 

was supported by an oil film or was supported by metal to metal 

contact. With no load on the journal a metal to metal contact 

may arise due to a blockage in a high pressure line or in a constant 

volume flow valve. It was suggested that a measurement of the 

electric resistance due to the oil film should be monitored. That 

idea was used on the simple test rig and was also used on the main 

test rig (chapter 6). 

In chapter 6, it has been described how the shaft was insulated 

from the bearings and from the frame, to make possible measurements 

of the resistance of the oil film. Duruing the assemply process 

the bearing housing and the brass shell were cleaned and every care 

had been taken to ensure that no swarf remained on the warp. 

After some tests, it was found that the resistance reading was always 

zero. Several attemps were made to find the reason and finally the 

shaft was taken out of the bearing. It was found that the journal 

and bearing surfaces were slightly damaged due to the presence of 

some metal swarf which had hidden in the high pressure passages. 

When the high pressure system was operated, that metal swarf came 

into contact with both the journal bearing surfaces and caused some 

scoring. The journal was lapped and the bearing was dressed. 

The bearing and journal were tested for a long period. High 

oil film resistance was always observed and no evidence that operation 

was affected by the scoring. The journal and bearing were removed 

to fit the second bearing, the surface of the first bearing and the 
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surface of the journal were as they were after dressing. Figure 

A. 9.1 shows a photograph for the first bearing shell after long 

operation. 

That experience showed the usefulness of the metallic contact 

monitoring. It can be seen that without this safeguard the bearing 

and the journal might be rendered useless. It also emphasized that 

one cannot rely upon shop statements that components have been 

thoroughly cleaned. 

ý 
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APPENDIX A. 1O 

A COMPUTER PROGRAMME FOR THE NUMERICAL SOLUTION OF 

REYNOLDS EQUATION FOR THE FULL CIRCULARE BORE JOURNAL 

BEARING (360° JOURNAL BEARING). 
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DEVELOPMENT OF A BEARING FOR A WIDE SPEED RANGE WITH 

REFERENCE TO MACHINE TOOLS APPLICATION 

A. W. CROOK* and T. M. SALEM** 

The paper describes work carried out in the development of 

a bearing for a wide speed range, and of high stiffness. 

The intended speed range is from zero to 9000 rpm, and the 

intended load capacity is approximately 6.6x104N in the low 

speed range and 4. OxlO3N in the high speed range. 

The bearing is conceived as a hydrostatic bearing at low 

speeds, and as a self generating bearing at high speeds. 

The bearing is of three lobe form with the intention of 

enhancing stiffness in the self generating regime. High 

pressure inlets with no pockets are provided in the mid lobe 

positions, and low pressure inlets are provided at the apices 

of the lobes. 

A development bearing of 135 mm bore and 127 mm width has 

been made and is being tested. Hydrostatic tests without 

rotation of the journal have shown the stiffness to be satis- 

factory and substantially as predicted from the analysis of 

the bearing. Tests with rotation of the journal are currently 

in progress and tests have been carried out up to a speed of 

3000 rpm. The measured power loss and temperature rise are 

substantially those which had been expected. 

* Professor of Mechanical Engineering at Brunel University. 

** Research Student, Department of Mechanical Engineering, 

Brunel University. (Formerly with Helwan University, Egypt). 



1. Introduction 

The development work described in this paper was originated by an 

enquiry for a machine tool bearing of 152 mm diameter and with the 

specification given in Table 1. 

It seemed possible, from a feasibility study, that the specification 

could be met by a bearing which operates hydrostatically at low speed, 

and which becomes self generating as the speed is increased. In a 

self-generating bearing of circular bore the stiffness of the 

bearing arises in the locality of the position of minimum film 

thickness, and the remainder of the surface contributes little to 

stiffness but a great deal to the loss within the bearing. However, 

if the bearing is a multi-lobe bearing then there is a position of 

film convergence at each lobe, and each lobe contributes to the 

overall stiffness. By adopting a multi-lobe bearing it was 

considered that the required stiffness in the self-generating regime 

could be obtained at a lower power loss than would be possible 

with a bearing of circular bore. This concept reacted upon the 

design of the bearing in its hydrostatic aspect. 

In a bearing which is entirely hydrostatic the advantages of pockets 

are well known, but as reported by SHELDON et al 
1, r 

, and ROWE, 

KOSHAL, and STOUT 
(2) 

the consequent removal of surface greatly 

diminishes the load carrying capacity of the bearing as a self 

generating bearing. Furthermore, turbulence within the pockets 

increases the loss. Consequently it was decided that the bearing 

would be designed without pockets, and that the required character- 

istics in the hydrostatic regime would be obtained by employing 

a sufficiently high inlet pressure. 

* Numbers in parentheses refer to the References at the end of the paper. 



Regime Speed rpm Maximum Deflection of Mean stiff- 
bearing 

ressure Nm- 
spindle m ness 

-1 p Nm 

Low speed 8- 40 3.86 x 106 Unimportant - 

Roughing 40 - 80 3.86 x 106 Unimportant - 

40 to 1800' 1.18 x 106 2.5 x 10-5 8x 108 

High speed 1500 to 9000 2.34 x 105 1.25 x 10-5 3.2 x 108 

For the above bearing pressures maximum loads for a bearing of 

135mm diameter and 127 mm long become 6.6 xlO4N, 6.6 x 104 

2.0 x 104N and 4.0 x 103N respectively. 

Table 1. Specification 



2. Notation 

C 
Diametral clearance m 

Minimum diametral clearance m 

Maximum diametral clearance m 

p Lobe diameter m 

d Shaft diameter m 

F External load N 

H5 Power loss KW 

L Bearing axial width m 

N Rotational speed rpm 

P Hydrostatic supply pressure Nm-2 

CI 
Total rate of flow litres s_1 

Z Absolute viscosity cp 

Qr Offset m 

3. The Bearing 

The concept of the bearing is illustrated by Figure 1. The 

bearing comprises three lobes of circular bore with the centre of 

each lobe displaced from the axis of the bearing. With no 

external load, the axis of the journal and bearing will be co-linear, 

but the journal will be forced to run eccentrically with respect 

to each of the three lobes. Bearings with three lobes have been 

analysed by PINKUS(3). They have been proposed as having good 

anti-whirl properties, and as having high stiffness. 

A high pressure oil inlet for the hydrostatic regime is provided at 

the centre of each lobe, and a low pressure inlet is provided for 

the self-generating regime at each conjunction of the lobes. 

3.1 The development bearing was made by splitting a brass cylinder 

into three segments, by reassembling the segments but separated by 
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Steel housing 

2 Brass shell 11 

High pressure inlet f i 

Low pressure inlet 

FIG. 1 Three lobe-bearing for hydrodynamic and hydrostatic operation 



shims, by boring the assembly circular, by removing shims and 

finally by turning the outer surface circular. The thickness of 

the shims was calculated to provide the required offset of the 

centres of the lobes (Figure 1). Particular care had to be taken 

with the abutments of the three segments so that no bending was 

introduced on tightening. The dimensions of the bearing are 

given in Table 2, and the form achieved by the process is shown 

by the roundness chart of Figure 2. The departures from the 

intended form are negligible. 

4. Hydrostatic Tests 

4.1 Test Rig 

The bearing as arranged for hydrostatic test is shown in Figure 3. 

The rig does not permit continuous rotation, but the effect of 

applying the force in different directions with respect to the 

lobes was tested by rotating the bearing in its frame. The force 

was applied by a hydraulic ram, the movement of the journal with 

respect to the bearing was measured with dial gauges, and the 

absence of metal to metal contact between journal and bearing was 

monitored by measuring the electrical resistance between journal 

and bearing. High pressure oil was supplied to the high pressure 

inlets via individual volume control valves. Volume control 

valves were chosen in contrast with orifice plates or capillaries 

to minimise the loss and therefore the pump power, to minimise the 

pressure of the pump, and also as reported by Malonski and Loeb 
(4) 

to provide a greater stiffness. The supply pressure from the pump 

was measured and oil flow, oil temperature and pressure were 

measured downstream of each of the three volume control valves. 
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I 
I 
t 
1 

Designatirn 

of 

bearing 

D* 

m 

d 

m 

r 

.m 

c 

m m m 

1 1.352x10 
1 

1.349x10 
1 5.75x10 

5 
2.6x10-4 . 45x10-4 . 025x1o 

4 

2 135.2x10 
1 

1.3487x10 5.75x10 5 3.0x10_4 . 85x10-4 . 425x10 
4 

3 135.2x10 
i 

ll. 
348xlo 1 5.75x1o 3.7x10-4 . 55x10-4 . 175x16 4 

* L/D = 0.94 

TABLE 2 DIMENSIONS OF TEST BEARINGS 



FIG. 2 PROFILE OF FINISHED BEARING 
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4.2 Results of hydrostatic tests 

The tests were carried out with an oil of viscosity of 2Ocp at 

75°C (SHELL VITREA 69 - Industrial Oil). Typical conditions of 

test were a supply pressure of 1.7xl07 Nm 
2, 

a total volume flow of 

0.122 litres s-1, a pump power of 3KW and an oil temperature at 

bearing inlets of 500C at which the oil has an absolute viscosity 

of 65cp. A typical result is a stiffness of 1x109 Nm-1, and 

absence of metal to metal contact up to the maximum load which 

was applied of 5.6xlO4N. 

Specific test results are shown in Figures 4 and S. In Figure 4 

displacement is shown as a function of load for three rates of oil 

flow. In all tests the supply pressure was 1.7x107Nm-2 (170 bar). 

The results show that the displacement load relationship is not 

exactly linear and that an increase in volume flow produces an 

increase in stiffness provided that an adequate pressure drop is 

maintained across the constant volume valves. Figure 5 shows some 

test results at three different diametral clearances (clearance 

based upon lobe and journal diameters). The stiffness falls 

rapidly as the diametral clearance is increased despite the increase 

in volume flow. The interrupted line shows calculated stiffnesses 

for the conditions of the tests, and is based upon the infinitely 

wide bearing theory. However, as may be derived from Figure 4, 

a stiffness of 1.2xlO9Nm-1 was achieved at a load of 6.4x104 N with a 

supply pressure of 1.7xl07Nm-2, a total volume flow of 0.185 litres s 

and with a pumping power of 4.5KW. The diametral clearance was 

3x10-4m. There was no metal to metal contact. 

-1 

The experimentally determined performance exceeds the specification 
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for stiffness in finishing (1.2xl09Nm 1 from test cf 8x1O8Nm-1), 

and also closely approaches the specification for pressure on 
6 

projected area in roughing (3.38x1ONm_2 in test cf 3.86x10 6 
Nm-2). 

5. Tests with Rotation 

5.1 Test rig 

A layout of the test rig is shown in Figure 6. The shaft is supported 

by the wide speed range bearing, and by rolling element thrust and 

tail bearings in the housing on the right hand side. The hydraulic 

ram on the left is employed to apply side load, via a slave bearing, 

to the overhang of the shaft. The conception of the rig is that 

it should correspond as closely as is practicable with an actual 

spindle; for instance the tail and thrust races have been chosen 

with machine tool duty in mind, and are mist lubricated. The 

displacement of the journal with respect to the bearing is measured 

with inductive displacement transducers at each end of the bearing. 

Thermocouples are provided to measure oil and bearing metal tempera- 

ture. Flow meters and pressure gauges are provided at each high 

pressure oil inlet. A photograph of the test rig with its instru- 

mentation is shown in Figure 7. 

5.2 Tests and test results 

In the first instance the rig was used for tests without rotation of 

the shaft. A load was applied to the shaft overhang by the hydraulic 

jack and the displacement of the shaft was measured at the available 

axial positions. The measured displacements are shown by the circular 

points in Figure 8. The crosses show displacement as calculated 

by means of a computer programme in which the wide speed range 

bearing and the tail bearing were represented by springs of 

appropriate stiffness. There is substantial agreement between the 
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FIG. 7 TEST RIG AND INSTRUMENTATIONS 
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observed and calculated displacement. An implication of Figure 8 

is that the extension of the shaft to the tail bearing should be 

made considerably stiffer because much of the stiffness. of the 

wide speed range bearing is being lost in the flexibility of 

the shaft itself. The reason why the shaft extension was made 

with a reduced diameter was to allow a rolling element thrust 

bearing to be used. 

The measured displacement-load relationship, again without 

rotation, is shown in Figure 9. The magnitudes of the displace- 

ments are plotted but the displacements of line A were in fact 

of opposite sign to those of line C; the change in sign reflects 

the bending of the shaft itself. However, line B may be used 

to derive a mean stiffness which is 1.2x109Nm-1,. and which 

equals the stiffness as found in the static rig. 

The power loss in the bearing when the shaft was rotated has 

been assessed from the oil flow through the bearing, and from 

the rise in temperature of the oil. An assessment of the heat 

loss to the surroundings was made by taking cooling curves. 

The results are shown in Figure 10 in which the triangular points 

show the measured power loss as calculated from oil flow and 

temperature rise, and the circular points have been adjusted 

to take into consideration the heat loss from the rig. The loss 

is plotted against speed on a log log basis and the experimental 

points lie on a straight line. The dotted extrapolation indicates 

the power loss to be expected at high speeds. At the time of 

writing very limited tests of the stiffness of the bearing when 

the shaft is rotating have been made. The results indicate a 

somewhat greater stiffness when rotating than when the journal 
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is stationary and supported only hydrostatically. For instance 

at a speed of 1000rpm a mean stiffness of 1.25x10Nmý1 9 
has been 

found. 

6. Manufacture 

The method of manufacture outlined in paragraph 3 has produced 

a very satisfactory form but a simpler method is clearly desire- 

able. A method which has so far been tried only experimentally 

is illustrated by Figure 11. It comprises the elastic distortion 

of the bearing ring within the three jaws of a chuck. To give 

the closest approximation to circular lobes the bearing ring 

is made less rigid in bending at three places by axial grooves 

machined in its outer surface. The bore of the distorted ring 

is machined circular, the ring is then released, and its outer 

surface is turned circular. A roundness trace from an experi- 

mental ring cut from a piece of steel tubing is shown in 

Figure 12. The experiment shows promise. 

7. Power Loss 

It is inevitable that the power loss in the bearing should be 

very considerable at high speed. The measured power loss over a 

limited range of speed has been presented already in Figure 10. 

Predicted power losses as calculated by the Petroff relationship 

are given in Figure 13. The calculations were carried out itera- 

tively so that the power loss and the viscosity of the oil at 

its outlet temperature are self consistent. The measured power 

losses are shown by the crossed points in Figure 13, and are 

substantially in agreement with the predicted losses. 
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A principal point of the three lobe bearing in contrast with a 

bearing of circular bore is to achieve the required stiffnesses 

with the least possible power loss. A comparison of three lobe 

and circular bore designs of the same mean stiffness has been 

carried out on the basis that if a particular oil outlet 

temperature is permissible with a bearing of circular bore then 

the same oil outlet temperature is also permitted with a three 

lobe bearing. The comparison indicates that the power loss in 

the bearing of circular bore will be approximately 1.5 times 

greater than the loss in a three lobe bearing of the same mean 

stiffness, that the oil inlet temperature of the circular bore 

bearing would have to be impracticably low, and that small clear- 

ances difficult to provide would be necessary. 

8. Conclusion 

From the tests which have been carried out with the three lobe 

bearing in its hydrostatic regime and without rotation of the 

journal, and from the limited tests of the bearing with journal 

rotation which have been carried out upto the time of writing, 

it seems probable that the three lobe bearing will substantially 

satisfy the onerous functional specification of Table 1. A 

point which has become emphasized by the work is that with a 

bearing of such high stiffness the flexibility of the shaft 

may become the predominant factor, and shafts of very high stiff- 

ness have to be provided if the capability of the bearing is to 

be realized. 
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