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FOREWORD

BY CONFERENCE CHAIRMAIN

It gives me great pleasure to preface the proceedings of the latest conference in a long line of international
forums. The presentation of papers and exchange of information and views by eminent researchers and
industrialists has continued unabated for twenty-three yvears. Many of the young engineers who now attend as
delegates or even submit papers were not born when the conference series started in 1960. During the early years
the majority of papers came from the UK with countries in Europe a close second. Since those days, design,
manufacturing and supply of machine tools and associated equipment has become increasingly internationai
and competitive. Such internationalism is exemplified by the fact that 45 of the 63 contributing papers for 1942
come from 21 different countries outside the UK. This vear Japan, and last year the Peoples Republic of China,
head the list of overseas contributors whom we are pleased io welcome to Manchester.

The trend from specific design studies to the wider theme of manufacturing engineering has been natural and
welcomed by both delegates and those who subsequently.-read and study the proceedings. It acknowledges
that manufacturing industry is the most important creator of wealth within deveioped countries and that a
sound industrial base is a vital element in enhancing the standard of living in countries still develoning.

Perhaps because of my own special area of interest, I particularly notz the increasing growth of research aud
development in Integrated Manufacturing Systems. Topics in this area inclade CAD, FMS and Robotics, all of
which are demonstrably efficient and economical ways of manufacturing batches of capital goods. The
manufacture of machine tools themselves is utilising these methods and stands as an example and warning to all
who are not prepared or able to innpvate.

" Despite its pioneering role with System 24 the UK has been slow to install Flexible Manufacturing Systems, but
it is a pleasure to be able to report that we now have 16 systems at various stages of development, most with the
assistance of Dol. The £60M FMS programme announced by the Minister for information and Technology in
June is particularly welcome. Through this programme UK companies can recover 50% of the cost of
consultancy from Dol up to £50,000, and up to a third of the total capital cost. Parallel developments in the
SERC are assisting universities to carry out essential related research. A

This conference contributes to a wider understanding of the problems and copportunities in this field and it dees
so without losing sight of the fundamental aspects of design and process analysis upon which new technologies
depend.

1A x;;:\)

e N Y
i W

Professor B, J. Davies
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EVALUATION OF THE DEFLECTIONS OF RADIAL ROLLING
BEARINGS BY NOMOGRAMS

M. M. A. TAHA
College of Engineering, King Abdulaziz University
Jeddah, Saudi Arabia

SUMMARY

Calculation of rolling bearing deflections is essential in the
design of machine tools to ensure their high rigidity. To avoid lengthy
calculations the process of evaluating the rolling bearing deflections is
commonly simplified, at the expense of accuracy, by making the assumption
of zero clearance. This is because the deflection of rolling bearings
with play or preload are usually calculated by solving a system of simul-
taneous non-linear equations using an iterative precess. This is a time
consuming and laborious process. The convergence also‘depends on the
initial choice of the variables. To save time and to avoid lengthy
iterative process a set of nomograms for radial ball and roller bearings

has been prepared.

The deflections of radial rolling bearings with play

or preload can be found easily and quickly by using the nomograms

presented in this naper.

The paper also shows the effect of the different

variables on the deflection of radial rolling bearings, which gives a
clear idea about the choice of the best possible operating conditions of

the bearings.

NOMENCLATURE

B Function of rolling element number
and dimensions (equation 16).
Radial clearance.

Race diameter.
diameter of rolling elements.
Modulus of elasticity.

. Load on bearing.

A function of load on the bearing

and B (equations 18 and 19).

Load distribution integral

(equation 12).

A constant.

Length of rollers,

Load on the rolling elements.

£ Load sharing factor.

A constant.

Number of rolling elements.

Deflection of bearing or rolling

elements,

€ Extent of loaded zone factor.

V] Angular position of rolling elements.

<] Lol N o e TRw ie]

OUN Y o N

Subscripts

1,2,5 Rolling element number.
£ Refers to the loaded zone.
r Radial direction.

INTRODUCT ION

Rolling bearing deflections have to be
evaluated frequently during the process of
optimisation in machine tool design. To
save time in this process of evaluating the

rolling bearing deflection, it is frequent-

ly assumed that they have zero clearance at
the expense of accuracy. This is because the
calculation of bearing deflection with play
or preload involves the solution of a ser-
ies of simultaneous non-linear equatioens,
using a time consuming iterative process.

When this method has to be repeated frequ-
ently for the optimisation of the bearing
assembly (e.g. spindle-bearing assembly of
a machine tool), the calculation of the
bearing deflection takes up the major por-
tion of the time.

The iterative method together with its
theoretical back-ground to determine the
rolling element load distribution and bea-
ring deflections taking into account the
radial play or preload that may be present
in the bearing is reviewed in this paper.
A method has been presented to prepare a
series of nomograms and graphs to solve
these equations. Considerable time and
labour can be saved by using the nomograms
and graphs which are presented for both
radial roller and ball bearings.

The nomograms can also be used to exa-
mine the effect of play or preload on the
radial deflection of bearings at different
loads. The effect is shown clearly in this
paper by drawing a three dimensional surf-
ace for deflection against load and clear-
ance,(ch)r. The choice of best possible
operating conditions of the bearings can
easily be obtained from this (&Fc)r surface.

AN ITERATIVE METHOD FOR BEARINGS WITH
PLAY OR PRELOAD.

When a radial rolling bearing is loa-
ded by a radial load F,. the inner ring will
deflect from centered position in the outer
ring by &, and deform the rolling elements
in the loaded zone ¥V as shown in figure 1.

~The deflection at the peak rolling element

position (for whichy =0 ), is given by
&1 =&, - ¢ (1)
The deflection at any rolling element‘
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1

Figure 1. Roller load distribution in a
radial rolling bearing.

position j is given by
85 =48, cosyj - ¢ (2)

where ¢ is the radial clearance in the
bearing.

Equation (2) can be rearranged using
equation (1) as follows

5 = 51[1_ié_(1-cos ¥3)] (3)
where, € =1 (1 - &) 4)
2 br

€ depends on the extent of loaded zone
as shown in figure 1, and is the ratio of
the projected load zone (€D;) on the inner
race diameter to the inner race diameter
{(Dj). For positive clearance bearing €€O.5
and for negative clearance bearing €>0.5.

If, €1, then the loaded zone covers
only part of the circumference,
if, €21, then the whole circumference

is loaded,”

if, €=0.5,then half the circumference is
loaded (as for zero-clearance
bearings).

The angular extent of loaded zone can
be found from equation {(2) by putting 6j= 0

Y, = cos'l( % ) (5)
r

The load-deflection relationship for a
rolling element loaded between the races
can be expressed as [l1] follows,

P = K &t (6)

where K is a constant depending on the
material and geometry of the contacting
bodies and t represents the non-linearity
of the load vs. deflection curve. For point
contact t = 1.5 and for line contact t=1.11.

From equation (6)

P &
3 j .t
5= (0= (7)
Pl P é]_ .
Substituting equation (7) in equat-

ion (3)
P; = Py[l-—= (1 - cos¥<)1t (8)
For equilibrium, summation of the
vertical components of the rolling element
loads must be balanced by the radial load
cos ¥ § (9)

Equation (9) can a{so be written in
the integral form

wg' Pj D.
F. = X =
o J-y, mDi p)
L T

\
= 7P, x L o 1 t
lxﬂ [1- E(l—cosw) |

cos'v avy

v, A
x cosy d¥ (10)
or Fp = ZP] Jy(€) (11)
1 “ 1 t
h , J_(E)= = - -
where r(€) > _wgtl e x(l~cosvy )1
x cosPy Ay (12)

The values of the load distribution
integrals are given in table 1 for line
contact (t= 1,11) and point contact (t=1.5).

From equation (1), (6) and (11)
Fp= ZK(8, - )% J,.(€) (13)

When F. and ¢ for a radial rolling
bearing are knowh, the bearing radial defl-
ection &, can be found by trial as follows:

(a) assume a value of €,

(b) find the value of J(€) from table 1,
if necessary, by interpolation.

(c) substitute these values. in equation
(13), and calculate the value of §.,

(d) calculate the value of € from equat-
ion (4) with the new value of &,

(e} if the new value of € is different
from that assumed before, repeat the
process with the new value of € or
some other more resonable value of €.

EXAMPLE

It is required to find the radial defl-
ection of a bearing having Z= 25 rollers,
each 2= 11.4 mm long, a radial interference
of ¢= -0.015 mm, under a radial load, F, =
17.8 kN.

Fr= 2K (¢ - o)t g, (€) (13)

Taking the value of K from equation
(20) given later and the data given for 2z,
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TABLE 1. Values of load distribution
integral J,(€) for radial rolling bearings
with line contact and that with point
contact.

€ Line Point

Contact Contact

1/2 1/%

0.1 0.1268 0.115¢
0.2 0.1737 0.1590
0.3 0.2055 0.1892
0.4 0.2286 0.2117
0.5 0.2453 0.2288
0.6 0.2568 0.2416
0.7 0.2636 0.2505
0.8 0.2658 0.2559
0.9 0.2628 0.2576
1.0 0.2523 0.2546
1.25 0.2078 0.2289
1.67 0.1589 0.1871
2.5 0.1075 0.1339
5.0 0.0544 0.0711
oo 0 ’ 0

2, ¢ and F, the above equation reduces to

Fy= 17800= 7.83x10% (8 .+ 0.015)1 11
X J,(€) (13a)
€ = % (1 - §¥) (4)
= % (1 + 9;§§§ ) (4a)

Iteration number 1

(a) Assume the initial value for €= 1.0

(b) From table 1, J_(1,0)= 0.2523,

(c) Substituting this value of J,(€) in
equation (13a) the value of gr obt-
ained is

8y= -0.000631 mm
4y cannot be negative. So the proc-
ess is repeated with a new value
of €, .

Iteration number 2

(a) Assume, € = 2.0,

(b) From table 1 by interpolation,
J,-(2.0) = 0.1385

(c) From eqguation (13a) with this value
of Jy, &, = 0.00966 mm

(d) From equation (4a) with this value
of &, € = 1.276; which is not the
same as € = 2.0 assumed earlier.

Iteration number 3

(a) Assume, € = 1.5,

(b) From table 1 by interpolation,
Jy(1.5) = 0.1787

(c) From equation (13a) with this value
of J., 6, = 0.00461 mm

(d}) From equation (4a) with this value
of 8., € = 2,127. 2.127 # 1.5,

Iteration number 4

(a) Assume, € = 1.8,

(b) From table 1 by interpolation,
Jy(1.8) = 0.1508

(c} From equation (13a) with this value
of Jr, 8, = 0.00784 mm

(d) From equation (4a) with this value

© of &y, € = 1.457. 1.457 # 1.3,

Iteration number 5

(a) Assume, € = 1,65,

(b) From table 1 by interpolation,
Jr(1.65) = 0.1612,

(c) From equation (13a) with this value
of Jp, &y = 0.00651 mm

(d) From equation (4a) with this value
of ., € = 1.652, which is nearly
equal to the assumed value of €=1.65,

Obviously, this method needs a number
of iterations for convergence. To save
time and labour the deflection of a radial
rolling bearing can be found, when Fr, ¢©,
Z and rolling element dimensions are given,
from the nomograms given in the later
sections. Two sets of nomograms (one for
line contact and the other for point conta-
ct) were constructed using procedure given
in the next section. Considerable time and
labour can be saved by using these nomogr-
ams. If very high accuracy is required, the
values of € obtained from them may be used
as the first estimate in the iterative
method. This will reduce the number of
successive approximations.

After finding &, the load distribution
in the bearing is then evaluated from equ~
ations (2) and (6).

GRAPHICAL SOLUTION FOR RADIAL ROLLING
BEARINGS

The deflection - -of radial rolling bea-
rings, even with the assumption of rigid
races, depends on factors such as bearing
geometry, number of rollers, material,
external radial load and clearance as shown
in the previous section. Construction of
nomograms for solving the equations (4) and
{13) simultaneously to get the deflection
of rolling bearing can be achieved as
follows:

Using eguation (4), eguation (13) can
be written for positive clearance as,

Fy t €t
- = cC ( —— J.. (€ (14
S [ 0.@)) )
and for negative clearance as,
t
Ir= (o) 12" 51 as)
B 2€-1
where, B = Z x K (16)
Equation (14) and (15) can be written
as,
F* = £1(c) x £,(€) (17)
F
where, F* = Er (18)

and fy and f
respectively,

are functions of ¢ and €



8-

74

DEFLECTIONS OF RADIAL ROLLING BEARINGS

]
(4]

2
1)
J

i
w
[o}

RN NSNS SUNEE FUUEE SN B

-20-

N
~
L1y

saalassals

0
‘» B

T VT N VYT Y Y Y Y TN Y YT YT TTY

8 3

w
o

— 40
+C
AL

- 50
LF Figure 2. Nomogram for
'6‘ determining F* from %, 2

and F, for radial roller
bearlngs.

e Figure 3. Nomogram for determining the

extent of loaded zone factor €, from ¥* and
72¢ radial clearance, c of radial roller
bearings.

Alignment charts of the form '2' w
constructed to solve equations (16), (1%
and (18) for €. After finding €, the rad.
deflection &, of the bearing can be found
easily from equation (4), except for the
value of €= 0.5 i.e. when c= 0. A nomocgram
could be constructed for this purpose, but
obvicusly this would not give deflection at
€= 0.5. To avojd this difficulty another
nomogram was consfructed to find the radial
deflection from F° and €. This nomogram was
again constructed from equation (13), ,which
for this purpose can be expressed in the

form,
t
F* = &y [(26)F a (e)]
= £3(8,) x f4(€) (19)
where f3 and f, are functions of &, and €
respectively.

SOLUTION FOR RADIAL ROLLER BEARINGS

The deflection of radial roller beari-
ngs with rigid races may be found from the
nomegrams given in figures 2, 3 and 4,
which were constructed taking,

K = 3.60 x 10% 2872 and t=1.11 (20)

where, 2 is the length of the rollers in
mm, or the effective length for crowned or
end-relieved rollers. Figure 5 gives the
variation of load sharing factor ( which is
the radial load component of the peak roll-
er multiplied by Z/F,.) and the factor
(P1Z/Fy) with loaded” zone factor €.
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Sample Solution

The example involving the radial
roller bearing given for the iterative
process is solved again using the nomograms.

1. Enter the nomogram in figure 2 with
the values of Z, ¢ and F., joining these
points with straight lines to meet at a
common point on line B, as shown. Obtain
F'= 3.2, in this case. » -

2. Enter the nomogram in figure 3 with
values of F° and ¢, obtaining € = 1.65,

3. Enter the nomogram in figure 4 at
previously determined values of F and €,
to obtain the radial deflection 6r= 0.0065
mm. This deflection is that of the inner
race from the centered position within the
outer race.

The total peak roller load and the
radial load component on the peak roller
can now be found. Read the values of
(P12/F,) and Sg corresponding to the value
of € from figure 5. In this case they are
6.25 and 2.05 respectively.

ro

C Figure 4. Nomogram for determi-
K ning the radial deflection &y of
-5 radial roller bearings from F*

- and the extent of loaded zone

i factor €.

[ Note: &, is the radial deflect-
.0 ion of a bearing g%ven by the

N deflection of the inner race

L from centered position in the

- outer race. For positive cleara-
- nce bearings, to get the radial
~15  deflection after the peak roller
i is loaded the radial clearance c
[ is to be subtracted from o,

[ obtained from the nomogram.

—20

s

25

30

|-35

- 40

r

MM

Thus, total peak roller load =
7 py = 6225 X 17.8 _ 4 45y
. 25
Radial load component on the peak
2.05 x 17.8

= 1.4 N.
55 1.46 k

roller =

SOLUTION FOR RADIAL BALL BEARINGS

The value of K taken in the construct-
ion of nomograms for this case is for
bearings with standard groove radii (i.e.
inner race groove radius at 52% of the ball
diameter, and outer race groove radius not
greater than 53% of ball diameter) and is
approximated by

K = 9.79 x 103 a'/2 and t= 1.5 (21)

where d is the diameter of the ball.

The graphical solution is presentod i
nomograms in figures 6 to 8 and curves ol
figure 5.



