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List of symbols
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h = Film thickness
6 = Angular go=ordinate measured from LAttitude Line’
e ¥ Distance between shaft centre and journal centre
c = Radial clearance
;€ = Fecentricity ratio = %
| o % Attitude angle
W ; Load per inch of bearing
U % Surface speed of rubbing
Z ; Co~ordinate direction in axis of sh;ft and Jjournal
P = Pressure in lubricant film
| = Viscosity of lubricant
R1 é Radius of Journal
Rs = Radius of shaft
R = (R, + Ra)
D = Diameter of shaft/journal
L % Length of bearing
A ; Sommerfeld Number = %ﬁr<%i>2

=  Minimum film thickness = c(1 -¢)




1. Introduction
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"BS1916 limits and fits for engineering is based on ISA bulletin 25
hich was first issued in 1921 and designed for use with the metric system.
It provides a wide range of tolerances for holes and shafts from which it
is possible by suitable selection to satisfy a wide range of engineering
requirements. '

The basic principle underlying the system is the allocation of letters
to signify the magnitude of the displacement of that part of the tolerance
one which is nearest to the basic size and a number to indicate the
magnitude of the tolerance. Capital letters are used for holes, small
etters for shafts. The numbers referred to as fundamental tolerances
‘are common to holes and shafts.

In applying the system to inch sizes care was taken to ensure that

fit combinations (H6/kh) would provide the same type of fit in the inch

stem as was established in the metric system throughout the whole of the

size range. It was also recommended that a unilateral hole basis be

opted in which the hole is the standard member and the tolerance specified
s a value from nominal to plus an amount determined by the number signi.

fying the magnitude of the tolerance. ifferent types of fit are obtained

selecting from the standard shafts available the one whose fundamental

eviation from basic size is considered to be the most suitable and

allocating to it a suitable. standard tolerance.

When ISA bulletin 25 was issued great care was teken in selecting

he disposition of the sizes allocated to standard shafts so that when one
tandard shaft was used with one standard hole it would provide a fit which
ould be functionally similar throughout the complete range of sizes.

he decision of I.8.0. and B.S.I. to extend the size range from 20 inches
+tc. 200 inches causged reasonable doubts to exist about the reliability of
his simple rule that one fit combination would be functionally similar
hroughout the whole of the extended size range. As this problem was
camined in more detail cases were found where the above rule was not
satisfactory over the extended or the smaller size range covered by the
iginal standard (0.04L0" to 20). '

, In considering the possibility of applying theoretical analysis to

his problem it was clear that the most difficult section was that concerned
ith the selection of clearance Tits for hydrodynamically lubricated plain
earings. The present paper is a preliminary survey into this problem and
he detailed analysis is restricted to the application of lubrication theory
o the gelection of what appear to be oOptimum clearance fits for hydro=-
dynamically lubricated bearings and the means that may be used for comparing
these results with the recommendations of I.5.A. bulletin 25 and BS1916.

- Pigure 1 is a simplified representation of a plain bearing operating
under conditions of hydrodynemic lubrication.




When an ideal bearing is working under the conditions for which:
it has been designed, the shaft is supported by an oil film which
ensures that no metallic contact takes place between the mating members.
In a practical situation the problem is more complex than as shown ig
Figure 1, because errors of roundness, parallelism, aligmment of axis
of shaft with axis of hole, foreign matter in lubricant etc., create
conditions which make the gap separating the shaft from the hole smaller
at particular places in the bearing assembly than the mean gap.

To avoid metallic contact between the mating surfaces in this more
cemplex arrangement the minimum oil film thickness must be large enough
to cater for the geometric and other errors as enumerated above. To
meet this condition it is necessary to ascertain the conditions which
will provide the maximum value for minimum oil film thickness and from
this, establish tolerances for mean size of shaft and hole and the
tolerances for errors in geometric shape alignment, etc.

2. Bearing theories

R ]

The theory of hydrodynamic lubrication wes first proposed by Osborne
Reynolds in 1886, but the full solution of Reynold's equations for
journal bearings was not completed until 1949 by Cameron and Wood (1).
Following this paper an approximate theory which was very close to the
exact theory was proposed by Ockvirk (2) which applied to journal bearings
of short length. , ‘ .

The geometry of a journal in a bearing is as shown by Figure 2.

Since the lubricant film is thin compared with the Journal radius,
the film may be assumed to be unwrapped as shown in Figure 3, and the co-
ordinates may be taken as x in the circumferential direction z in the
direction of the journal axis, y in the radial direction from the centre
of the bearing.

The Reynolds equation, relating the film thickness h, the pressure D,
the velocity of sliding U and the fluid viscosity n for an lncompr6851ble
fluid is given by:

b’ dp dp oh
<'q 3% az<n oz :6U§§

Since x = Re, this equation becomes:

12 (k2 o\, n® 9p\ _ U (1)
R2 06\ i 06 BA n oz R 06

The film thickness, from the geocmetry of Figure 2 is given by:




h=c¢+ecosf =Ry ~Ra+ e coso

(2)

e(l + ¢ cos 6)

i}

e . . C sl .
== 18 defined as the eccenctricity ratio.

Substituting equation (2) into (1) gives:

i
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is equation cannot be solved by simple methods, but Cameron and Wood (1)
sed the relaxation method on a computer and obtained an exact solution,
shown by Figure ., The .poundary conditions to be satisfied by equation

were stipulated to be:

p=0 at &6 = 0
éﬁ
p=ae=0 at 8 =q +t 0o

2se boundary conditions are known as Reynold's conditions. It is known
t the pressure in the £ilm falls to zero at some co-ordinate x + ¢, and
or angles greater than s + ¢, the pressures remain at or very near zero.’

o = 0 ab 6 = g + g were changed to

s given by Scmmerfeld (3) would
1 £ilm v
and cavitation

he boundary conditions - that p =
at 6 = 0, 2x, a dublous theory
T, This would predict large negative pressures in the ol
£ it is known that liquids cannot sustain such pressures,

The solution ag given by Figure i shows the variation of

akes place.
/length ratio for the bearing for different

‘,ntricity ratio € with diameter
ues of the reciprocal of the Sommerfeld number t%). It is noted that

theory is the only exact theory for journal bearings where the .0il flow
oth the axial direction and the circumferential directions have been
1 into account. From this figure, it is possible to calculate minimum
£ilm thicknesses in a beaving at any given conditions of load, speed,

engions etc.

 Minimum f£ilm thickness caiculations

vt'n;ﬁ-m.ﬂq-ann!n-ﬁlmuwmmnnﬂmnmmmnmtx‘-nnnmn
o in. diameter bearing 1 in. long, running

An example was taken for a
The effect of diameter clearance on

200 1b/in. load at 2000 R.P.M.




the minimum film thickness is shown in Figure 5. The calculations are
summarised in the following Table No. 1.

Table 1 w

- o .

o Jdiameter bearing, 1 in. long, 2000 REM (U = 210 in/sec.)
Viscosity of oil = k.65 x 10" Reyns, Load = 200 1b/in.

Diametral clearance

2¢ 1077 in. 1.0 2.0 3.0 6.0 12.0 17.0 24.0

Somuerfeld No. A L0858 L343 .77 3.08 12.3 2hk.7 k9.2
i- 11.65 2.92 1.3 325 .0812 ..0405 .0203

Bocentricity ratio e  0.11 0.35 0.55 0.78  0.93 0.96 0.98

Minimn Cln thicksess 45 65 675 6.6 k2 3.4 2.k

From Figure 5, it is seen that the minimum oil £ilm thickness falls
with clearance as the diametral clearance is greater or less than 0.003 in,
Tn the case of increasing clearance, the eccentricity ratio of the bearing
increases to 1 whilst in the case of decreasing clearance, the eccentricity
ratio decreases to zero. Thus the minimum film thickness, as the diametral
clearance tends to zero, tends to half the clearance. It is seen that
although the film thickness does not fall away very rapidly as the diametral
clearance increased, the optimum clearance is 0.003 in. to provide for the
meximum lubricant film with the minimum of eccentric running of the shaft.

Tt should be noted that the theoretical assumptions do not include all
the important parameters when the diametral clearances are very small.
Heating due to friction should be considered. As the temperature of oil
increases the viscosity will decrease until a stable operating temperature
igs established.

A second example for an 8 in. bearing is shown in Figure 6, where the
same type of curve as in Figure 5 is obtained. The calculations for this
bearing are summarised in Table No. 2.




Table 2

S W G0 e

8" diameter bearing, U4 inches long, 1200 RFM
Viscosity of oil = 4.65 x 107® Reyns Load = 2000 1b/in

jDiametrgl clearance
2¢ 1077 in. 2,0 4.0 6.0 12.0 2k, 0 48.0

Sommerfeld No. A 0535 .21k 481 1.92 7.7 30.8

% 18.7 .67 2.08 0.52 0.13 .0%2k
Eecentricity ratio e 085 .2k .Mk 0.75  0.89  0.96
Minimum film thickness 9.15 15.2 16.8 15 13.2 9.6

107* in,

: It is seen that an optimum dismetral cleararce ab 0.008” is obtained.
Thus from the two cases considered as examples the optimum diametral
clearances for the minimum eccentricity of shaft to hole with the maximum
value for minimum oil film thickness is between 0.001” to 0.0015” per inch
of besring diasmeter. This is in agreement with the simple rule of 0.001”
per inch of bearing diameter used extensively in practice. Further
~diagrams showing the change of minimum oil thickness with change of clearance
for various operating conditions are given in Figures 7, 8, 9 and 10.

L. Clearance Ffits for pressure lubricated bearings

The curves giving minimum oil film thickness to clearance ratio
illustrated in Figures 7 to 10 show that film thickness is reduced as
_gpeed 1s reduced.

: In cases where speed and loading are variable and combinations of low
spead and high loads may persist for long periods, hydrodynamic lubrication
is not satisfactory and must be replaced by a pregsure fed system providing
hydrostatic lubrication. -

o . The ideal clearances for pressure fed lubrication systems is not the

same for the whole of the size range as that required for hydrodynamic
lubrication and further work which is outside the scope of the present
_paper is required to provide design data for this type of bearing.
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5;, Effect of clearance on stiffness of hydrodymamécally lubricated bearings

~ The stiffness of the hydrodynamic bearing at any given clearance may
_be obtained by plotting the minimum film thickness against Hﬁ .
‘ n




From Figure 9, we have the following results:

(a) Diametral clearance 10 x 10 > in.

e G T B M O Bk BB Gch o R B o R S aD 180 B R KO8 I WA A e AR S Db e ond ov8

Minimum film thickness 10 2 in. 'B.hS 3.2 2.85 2.545
%ﬁ 108 513 .855 1.28 1.7

(b) Diametral clearance 20 X 10 > in.

ook ) e B D A By SN G B g B o R 506 T) TM) PO B UL U SD9 WEE O3 et SN NN O 4D WY £ WY e

Minimum film thickness 102 bk 3,56 3,0 2.k
%ﬁ 108 .513 855 1.28 1.7

(¢) Diametral clearance 30 X 10~ in.

W o o G T Bt o IR e S DAL e B b W e 2R G5S GAE PR LD A BTD D N PO S BV %, % e o 858

Minimum film thickness 10"3 in. 4.6 3.55 2.5 2.0
W , p | , —
w0 ; 10 - 513 855 1.28 1.7

The above tables (a), (b) and (c) are plotted in‘Figure 11.

dku_
EIL AT
dh

Il

Gradient of graph in Figure 11
aw

Stiffness of bearing = an

Thus stiffness = nU X grqdlent of graph

W
a(==) .
For dismetral clearance = 10 X 1077, -%%— = 1.1 x 10°

Assuming that n = 4.65 x 107© Reyns

10° in/sec.

o

U

Stiffness = 1.1 % 109 X 4.65 x 1076 x 10 = 5.1 x 10° 1b/in.
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6. Appllﬂatzon of clearance fits to bearings

From the above theoretical analysis it 1s seen that a characteristic
curve of the type A.B.C. shown in Figure 12 is obtained for the relationship
‘petween clearance and minirmum oil film thickness. For the ideal bmarlng
it would seem desirable t¢ maintain minimum oil filnm thickness at the
largest possible value in order to ensure full fluid lubrication and no
metallic contact between shuft and hole.
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The diagram Figure 12 also shows:

1. Tdeal clearance is that which gives the largest possible value
for minimum oil film thickness.

2 At a predetermined value for minimum oil film thickness which is
less than the maximum, it is possible to gpecify the extent to
which actual clearance may depart from the ideal and by this

means establish the fit tolerance for a specified set of conditions.

- From the diagram it will slso be seen that the ideal clearance is not
n the centre of the tolerance zone but nearer the minimum clearance value.
(his indicates that in the production of shafts and holes for bearings

the ideal size is nearer maximum metal thaen minimum metal conditions.

. With the above method as a basis for estaplishing it clearance the
haft and hole tolerances for a specified set of operating conditlions

r a wide range of sizes can be selected. The Tollowing is suggested
- a recommended method of procedure.

1. Specify the operating conditions.

o, From the specified conditions calculate and finally draw a
family of curves of the type shown in Figure 12 for a number of
suitably distributed sizes in the size range to be covered.

3. From the above dlagrams declare for each of ﬁhe‘selected sizes.

I. Tdesl clearance (D. Figures 12 and 13)

TT. Minimum clearance (E. Figures 12 and 13)

TTT. Maximum clearance (F. Figures 12 and 13)

TV. Fit tolerance (G. Figures 12 and 13)

V. Maximum velue for minimum oil filnm thickness (H. Figure 12) i
VI. Minimum value for minimum oil film thickness (7 and V. Figure 13)
VII. Errors of geometric shape in hole (Ku Figure 1%)

VIII.Errors of geometric shape in shaft (L. Figure 13)

TX. Errors of aligmment between shaft and hole (M. Figure 13)

X. Maximum size of foreign matter in oil (M. Figure-l3)

XT. Meximum distortion due to loading (P. Figure 13) ~

XTT. Maximum distortion due to heating (R. Figure 13

YITI.Ideal mean size of hole (S. Figure 13)

XIV. Tolerance for hole (T. Figure 13)

XV. Tdeal mean size of shaft (W. Figure 13)

XVT. Tolerance for shaft (X. Figure 13).

 When the above values have been established further curves can be
avn showing relationsnip between nominal size of bearing and the following




1. Tolerance and idesal mean size of hole in relation to basic
size (T and § Figure 13).
2. Tolerance and ideal mean size of shaft in relation tq'basic

size (X and W Figure 13). »
5 Tolerance for errors of geometric shape in hole.
L, Tolerance for errors of geometric shape in shaft.

When calculating the tool errors from the individual errors of
geometric shape etc., the individual errors should not be added algebraically
because these vary independently.and the maximum probable error due to
these causes is given by the square root of the sum of the squares of the
individual errors. '

Probable maximum error = ¥J2 + K2 + L2 + M® + N® + P?

When the-values for 1 and 2 above have been established and plotted
it will be possible to superimpose the curves showing these values on charts
showing the recommended values as given in I.5.0. and B.S.I. publications.
It is known that some differences will be found. These can be investigated
by field work designed to collect data from existing good practice and
followed by some experimental work on any particular arrangement for which
additional data appears to be necessary. g

From a programme of the type described above it should be possible to
issue a gerieg of recommended tolerances for holes and shafts to suit a
wide range of engineering requirements over a wide range of sizes. From , .
the wide range of fundamental deviations and fundamental tolerances ;
available in I.S.A. bulletin 25 and BS 1916 it should be possible to select ;
standard holes and shafts to satisfy the fit conditions established by the
above analysis, . :

7+ Interference fits

The problems associated with caleculating the amount of interference
necessary for particular design requirements is much more simple than that
required for clearance fits because a sound theoretical basis for determining
the optimum amount of interference for different types of fit and different
sizes is well established. In spite of this,additional work is still
required to provide the designer with easily assimilated information on the
selection of interferance Tits for different requirements and for comparing
the theoretically calculated values with good current practice.

Further work as suggested above is under consideration as phase two
of the present programme.
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