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A. CALCULATION DATA (FORCES, VELOCITIES AND - |
POWER REQUIREMENTS DURING METAL CUTTING) i €= Herkpies .

The metal-culting process is a result of two relative movements between the cutting tool and
" the material which has to be machined. The cutting movement, i.c. the relative movement between
culting edge and workpicce material, results in an amount of metal cortesponding to the depth :
of cut being separated from the workpiece material in the form of chips; the feed movement brings “
new material in front of the cutting edge after a particular cut has been compléied. ) ;
In some cases, c.g. planing or slotting, the operation is interrupted at the end of cach cutting :
stroke and fresh material is brought in front of the cutting edge before the start of the siceeeding . -
one. In other processes, such as turning, drilling, cylindrical grinding and milling, the &utﬁh{and .
feed movements occur simultaneously and without interruption. In tbe : " Cplindrical
case of broaching, no feed movement exists; each cutting edge, i.e. each 7% G':Inding
tooth, executes only one working stroke, and new material is brought
before the cutting edges by virtue of the fact that each tooth cuts deeper —t—
than the preceding one by an amount equal 1o the required feed rate 1S

Deilling Tool . Tool

Tool Workpiece (a) and Tool (b}
or Workpicce (a + b)

(Fig. 1) il . & | '
. . S . Y Milling Tool Workpicoe
The various machxnc. tools produce the movements which are required by the different machining f
processes, and the cutting as well as the feed movements may be allocated cither to the tool or i
the workpiece (Table 1). : : - )
A kno.w!cdgs of the forces and velocities which occur during the various cutting processes is [ Workpi
the essential basis for determining the size and material of the load transmitting clements together w%({,),f”d c_:ﬁ)g{ﬁ)(’) - WoTi?;iLg)(") V

with the required driving power, in short, lor the design of machine tools, Whilst, however, the !
interest of the research worker, and to a certain extent that of the cutting tool manufacturer, is
concentrated on the phenomena which occur during cutting and on the relative influénce of various
parameters (tool, workpiece material, cutting conditions, etc.),* the machine tool designer need | be mentioned that the influence of the chip section is not considered in the Taylor equation, and
only know the order of influence of the various parameters and those results of research work | that it is necessary to allocate different values of Cy to different chip scctions.! Permissible cutting

which are esscntial for the actual design of the machines. speeds depend upon the material propertics of tool and workpiece, the
The resistance caused by deforming the workpicce material and by frictional forcgs acts in the |; shape of the tool, the cutting conditions (c.g. with or without coolant)
form of & cutting force on the tool (action), and on the workpiece (reaction). The various, parts | and the chip section.; When a tool is used in normal production the
of the machine tool (the structure, slides, workpicce and tool carriers, ete.), must be able to carry, | tool Jife is the sum of ail periods during which the tool actually cuts
the resulting loads, and the driving clements must transmit the corresponding forces and torques | i before a re-grind becomes necessary. In order to determine the eco-
at the required velocities. . . ’ Lo R nomic culting speed, it is necessary to consider the tool life and its rela-
. In general, a hyperbolic relationship exists between the cutting speed (r), which is the relative |. tion to the time required for removing, re-grinding and re-sctting the
veloc.ty of the cutting movement between cutting edge and workpicce, and the tool life (7) between tool; the tool life which has to be selected for a particular operation
re-grinds (Fig. 2). Taylor has expressed this relationship by the equation: - i oL ) ;’K;—z" (60, 240, or 480 min, are oficn recommended, see p. 5) depends,

i therefore, not only on technical but also on economic considerations.
ox IT7=Cy The feed rate, which together with the depth of cut determines the chip section, affects—according

where y is a parameter which depends on the materials of the workpicee and the .to:ol,’-: and Cy . 10 the cutting process in question—the cutting time, the surface finish, the tool life and the cutting
the cutling speed at which the tool life is one minulte, is called the “Taylor Constant™.i 1t should ! force. Recommended values have been established for use by planning.cngineers and designers.

) . . P ‘ , . P : . 7
. ® The ouestions of metal cutting research, the problems of too! and workplece materiak, of chip formation and . :iva; :;;nz‘;;;;‘c German Commitice for Economic roduction (the AWF) have issued a leaflet,; .
) . ! . . . ey i}

- machinability have been dealt with in detail in many books, see ref. 1, which recommends rake angles, cutling speeds, specific cutling pressures, etc.,

for cases of different tool and workpicce materials. With the ever-increasing application of carbide
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I tools, especially for the machining of alloy steels, these recommendations today have only limited
!, walidity. The establishment of new valuet depends upon the results of long term researches, and
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such results are not as yet available.* Hence no concise picture cxists to date. The values published
in AWF 158 provide, however, a good idza of the order of magnitude of the various parameters
® Seeref. 3. N .
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The longitudinal force is:
. P-1'152b(cl‘a°'l5+Cz.k~C,.-y_O‘.a) [kgl
The force at right angles to P which acts against the guiding faces is:

Po=115% b(Cy.a'? - Cq.y - Cy.0) [kg]
where b is the width of cut (mm)
k is the number of chip breaker grooves
y is the rake angle
a is the clearance angle
a is the depth of cut per tooth (mm).
Table 8 shows some of the constants C; to C, given by Nalchan for Russian steels.

.

TanLe 8 (MeTRIC SY¥Tin)

Materisl® G (o Cs Cy Cs Ce Cy
Steel 20 , . 113 0-060 020 012 55 0018 0-045
Stecl 35 . . 160 0080 024 13 125 0053 0-090
Steel 45 , 220 0-i08 032 014 215 0081 0117
® Russian Stechs

B. GENERAL REQUIREMENTS OF THE MACHINE TOOL

The machine tool in the workshop has to satisfy the following requirements:

(1) Within permissible limits the specified accuracy of shape, dimensional accuracy and surface
finish of the components produced on the machine must be obtainable consistently and,
as far as possible, independently of the operator’s skill,

(2) The operational speeds and rates of metal removal provided by the machine must be in

accordance with the latest developments in materials and tools and, iherefore, ensure the’

possibility of high productivity. In addition, the design must be such as to enable it to cope

with future developments in these matters in order o prevent the machine from becoming

obsolete in a short time.

(3) In order to be competitive in operation, the machine must show a high technical and

economic efficiency.
The meeting of these requirements depends on a number of factors which can be considered in
relation to each as follows: .

(Requirement 1, The machining quality depends not only upon the machine tool itself, but also
on other factors. Examples of these factors are: the tool (shape and material, rake angles, quality
of cutting faces), the tool carrier (stifiness of milling arbor or boring bar, cic., quality of tool
clamping), the workpiece and its clamping (machinability of the material, stiffness of the workpiece
and of the clamping fixture, accuracy of centres, etc.), the selected cutling conditions (cutting speed,
depth of cut, feed rate), and changes of working conditions which may occur during the operations
and may be caused by the machining processes (lool wear and crater formation, temperature
changes, etc.). :

These factors must not be overlooked by the machine tool designer, because he has to take
the necessary steps which make it possible to obtain oplitoum working conditions. He cannot
influence the shape, machinability and stiffness of the workpicce which may be put on the machine,
but he can make certain that the clamping devices have the nccessary stiffness; he cannot pre-

determine the dimensions of surfuces which have to be milled or the diameters and depths of bores -

LTI

which have to be machined, but he can arrange for the size and stificess of milling arbors and
boring bars required for certain operations to be limited only by the dimensions of the tool and
the workpicce and not by the design of the main spindle; he has no direct influence upon the selection
and maintenance of the cutting tools which are to be used in his machine, but he can design the
machine in such a manner that the best possible tools can be applicd under conditions which satisfly
the requirements of the latest developments in the field.

Fia. 33a-d

This book is concerned with the design of machine tools. As a basis for all discussions conccr'ning
layouts and considerations of power, efficiency, performance and working quality of the machines,
it will be assumed that optimum working conditions are applicable, as far as the cutting tools, the
tool carriers and the handling of workpieces are concerned. .

() The shape of the workpiece depends on the instantancous relative position of the machine
parts which carry the tool and the workpicce, When the machine is idie, deviations fron3 ‘h? geo-
metrically required relative positions of the various parts are caused only by inaccuracies in the
mantfacture of the machine. Their magnitude depends, therefore, upon the quality of wor!: pro-
duced in the workshops of the manufacturer, However, as soon as a machine tool bcgu}s. its
productive work, i.e. when it is running under load, the influence of the design becomes decisive.

Mechanical deformations, changes in the thickness of oil films in bearings and slidcrwsys, etc.,
can be caused by the operational forces and loads or by temperature changes of the various paris,

“and these together influence the relative position of tool and workpiece. The designer has to take

these deformations and changes into consideration when deciding on the shape and size of lhvc
machine parts, when designing coolant and lubricating systems, etc. Figure 33 shows an analysis
of typical measurements concerning the deformations of a lathe.?® The deformations were measured
under static Joads which represented the following cutting force components: Py = 2640 1b,




Py = 945 1b (see Fig. 3). These force components could be expected un such a machiue during

roughing operations. Figure 33a shows the deformations and displacements of machine and work-

piece at the moment when the tool is hall way between the two centres,

The deflected centre lines of the spindle (a) and of the tailstock sleeve (b) are shown as dashed
lines. The chain dotted line indicating the deflected centre line of workpiece (d) is further displaced
by an amount (c) to position (e), by virtue of the fact that the workpicce “climbs” on the tailstock
centre. As a result, that point of the workpiece centre line which lies opposite to the cutting tool

is maved away from the tool edge by an amount (k) compared with its initial position. Under the.

action of cutting force component Py the bed shears are bent in accordance with line (f), and, as
the front shear is further deformed, the total deflexion of the saddie slideway is indicated by
line (g). Moreover, backlash in the cross traverse screw and in the slideways accounts Jor an addi-
tional displacement of the tool carrier by an amount (i), so that the tool is removed from its initial
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position by a total amount (k). Under load, the distance’ between cutting edge and workpiece
centre line increases, therefore, by an amount (A + k), and the resulting increase of the workpiece
diameter becomes Ad = 2(h + k). Corresponding displacements have been estimated for positions
1. 11, HI, 1V, V of the too! (Fig. 33b and c) and the deviation from the cylindrical form of the work-
picce caused by the resulting changes in diameters Ad is shown in Fig. 33d. 1t may be pointed out
that Fig. 33d is drawn at hall the scale of Figs. 33a to 33c.

Although the forces encountered in grinding operations are relatively small, the resulting defor-
mations of the centres, the workpicce, and the spindle carrier cannot always be neglected, K. E.
Schwartz?® found deformations shown in Fig. 34 under a radial cutting force component of 66 1b
and H. Schuler®® determined the maximum deviations from the cylindrical shape (Ad), (Fig. 35)
and from the circular shape (Ak), (Fig. 36), as functions of the net reduction of the workpiece
diameter (twice the depth setting = 24). With increasing depth sctting the forces, deformations and
deviations from the required dimensions of the workpiece grow. However, the cutting forces drop
again during sparking out operations, and the errors are reduced although not fully eliminated
(dashed lines in Figs. 35 and 36). .

If a one-sided driver is used during turning and grinding operations, the transverse force (P,
which acts on the headstock centre, pulsates and rotates (Fig. 37a).?">! The irfluence of this pulsa-
tion which can be eliminated by the application of a twin driver (balancing the transverse force
component), is not considered in Figs. 35 and 36, :
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The influznce of temperature rises in various parts of the mechine has been investigated by

Eiscle, Kronenberg and others,”?

machine spindle caused by temperature rises. By
suitable changes in the design of the bearings, and
by careful selection of the lubricants, the tem-
perature riscafter seven hours® running was reduced
from 17° to 3°C,and the resultingdisplacement from
01 to 0:015 mm. In a Russian investigation®? it
was found that the error in parallelism between two
ground faces of rings, 100 mm dia., could be reduced
from 0-012 to 0-005 mm by blowing hot air through
{he bed of the surface grinding machine, thus reduc-
ing the temperature gradients and the resulting de-
formations of varjous parts of the machine.
When the designer considers these points, he
must not forget the ultimate purpose of his machine.
The tolerances which are laid down in different
acceptance test specifications concerning the accu-
racy of shape, c.g. lathe turns truc; cylindrical
surfaces machined on a milling or planing machine
are plane or paralcl, etc., refer always to finishing
operations, and the forces occurring during finish-
ing operations arc usually relatively small. On the
other hand, even today many machine tools are
used for both roughing and finishing. Table 9
shows the conditions in a first class medium size

The latter measured the di¢placements of a vertical milling

Fig.37aand b,

British machine tool factory.® The machine tool must, therefore, often be designed in such a

TABLE 9
Machine Tools Employed for
Type Number off | Roughing only | Finishing only Rn;if‘hii;xi;n:nd

CentreLathes o o v v o o o s 0 0 o o v s 34 2 — 32
Drilling Machines . . .« ¢ o o 0 o v 12 — 12 —
Horizontal Borers . . .« « - o+ - 000 19 — — 19
Cylindrical Grinding Machines . . . . .. [ — [ —
Surface Grinding Machines . . . . . . oo 6 —_ 6 —
Milling Machines . . . v « ¢ o o o ¢ . 25 —_ — 25
Planing Machines . . . ¢ -« « o+« o 8 B — —
Shaping Machines . « .« « + v o 0 o o 3 — — 3
Slotting Machines « . . « « + v o 0 o o e 2 —_— — 2
'~ Total 115 10 % . 81

=% 100 9 21 70

* H, W. Kearns & Co. Ltd,, Broadheath, Manchester,




manner that the deviations and deformations during finishing operations are within permissible
limits, although the deformations and deviations during roughing operations may exceed thess
limits. It is, however, important to ensure that roughing opcrations do not cause a reduction in
oil film thickness, which may cause metal to metal contact thus inflicting permanent damage to
the sliding surfaces, and that the highest stresses in the various parts of the machine lie well below
the elastic limit of the material, so that no permanent deformations occur. .

One limitation of these considerations must be mentioned, For certain finishing operations,
especially thase which serve for improving the surface quality, the tool may follow the shape of
the workpiece as produced by a preceding operation. In this case, a complete elimination of in-
accuracies of shape is, therefore, not possible, and the machine producing the required shape during
a preceding operation must work within the final tolerances required from the workpiece,

w (b) The dimensional accuracy of the workplece, which may be influenced by the factors mentioned
under (a), depends also upon the accuracy with which: -

(1) the relative position of the moving parts of the machine and the dimensions of the finished

surface can be measured, and

(2) the movement of various machine parts can be controlled.

The magnitude of a feed traverse is often determined by the number of revolutions of the driving
screw. If this screw rotates under load, it may be subjected to wear and its value as a measuring
device will deteriorate, The separation of measuring and driving elements, which has long been
introduced into the design of jig boring machines, is today making more and more progress in
other ficlds of muchine tool design.

However, even if separate driving and measuring devices are employed, such as a traversiog
screw and a Vernier scale or a hydraulic cylinder and an optical scale, it is not usual to take measure-
ments on the workpicce itself, but on the tool or workpicee carrier (table, cross slide, etc.). This
means that workpicee deformations and tool wear arc not covered by the measuring device. Moro-

) over, even if the actual dimensions of the workpiece

(2.1 and, therefore, the magnitude of any necessary feed

in /-—’—ﬁ- or depth setting can be dctermined accurately,

/ errors in the slideways and in the driving elements

roor for such movements will give rise to working
/ inaccuracies.

/ Schuler®® investigated the influence of the tem-

w 00016 perature rise in a cylindrical grinding machine upon

4

the dimensional accuracy of the workpicce. The
depth setting of the spindle head was determined
o0-0008 ] by a rigid stop. Due to the temperature rise, the
relative position between this stop and the work-
picce changed over a working time T and & reduc-

P 7 , r; 7  tion in the diameter Ad as shown in Fig. 38 was
T hr measured, ’
Fia. 38 (c) As already mentioned, the accuracy and

quality of a surface produced on a machine tool
depend very much upon the properties of the tool, the tool carrier, and the workpiece. In addition,
the surface quality is affected by the following factors which the designer can control:

(i) The possibility of obtaining optimum cutting conditions (cutting speed, feed rate) by the
provision of suitable speed change devices for spindle and feed drive.

(i) The stiffness of the machine as a whole, of its components (bed, uprights, slides, tables,
spindle) and of its operating clements (slideways and bearings, driving mechanisms,
ete.), :

The purely geometric influence of the cutting tool shape and of the feed rate upon the depth of

the grooves in a turned surface is shown in Fig. 39. However, optimum surfaces can only
be produced if the most suitable cutting specd, depending on tool and workpicce materizl, is

-7~ -

‘ tv:m‘;’ﬂo'ycd (Fig. 40)* and if bearings and siidewanys satisfy all rcquircrﬁcnu. For instance, the

cccentricity (e) of a milling cuter can influence considerably the geometry of the machined surface

(Fig. 413
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Fia. 40. Effect of cutting speed upon surface finish
(from  Kumar). Tool—tungsten  carbide, pegative
rake (—3°); Material—mild steclt (28 tonsfin®); Depth
of cut 0.002 in.; Feed—0.00875 in./rev.

Fi. 4. Surface machined with eccentric milling cutter: @ = dcpf.h of

cut; E = path of cutter axis relative to workpiece; e = eccentricity of

cutter; hmax = maximum chip thickness per tooth; sa = feed per revolu-
tion of cutter. Number of cutter tecth: 8.

“In addition to the conditions at the cutting edge, which affect the actual cutting process and its
contribution to the generation of the machined surfaces, the dynamic factors which cause changes
in the relative position between tool and workpicce must be considered. Vibrations of the various
components, both absolutely and in relation to each other, vibrations of the driving clements
(torsicnal vibrations of gears, torsional and transverse vibrations of shafts and traversing screws),
and vibrations in slideways and bearings will combine to create a complex vibrational system
which may produce various types of surface roughness and waviness.

The vibration conditions at the cutting edge, and their influence upon the surface finish have
been referred to (sce page 3). In addition, the periodic variation in the depth of cut caused by
vibrations of the cutting tool will create pure geometrical irregularities on the surface (Fig. 42).3¢

\\\J, b8
Fic. 42. Influence of tool vibrations on the turned surface (from Kronenberg): ——a) normal \
position of turning toal;—« =+~ b} highest position of turning tool during vibration;

- — = ¢) lowsst position of turning tool during vibration; —) turned surface. ,'

Today's requirements of the finished products (high rotational speeds of engine shafls, high working
pressures in cylinders, very high or verylow working temperatures) and the problems of manufacture,
especially with reference to interchangeability, make it essential for the designer to take fully into
consideration all these conditions which may influence the quality of the finished workpiece.
* From work carried out in the Royee Laboratory of the Manchester College of Science and Technology
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«JRequlrement 2, The requirements of productivity and economy affect the question of working |
speeds and rates of metal removal, It may, however, be appropriate to quote here a statement
made by Schiesinger®” some thirty years ago: ‘

"It is not essential for & machine 100l to produce & maximum weight of chips per minute, but
to produce as many workpicces as possible. In general, machine tools are not produced for use
N in chip factories, but for use in engineering workshops.” In other words, the task of a machine
tool is not to produce a maximum quantity of chips in a minimum time, but to produce economically
workpicces of given shapes and dimensions. ’
However, it will often be found that the rate of metal removal, in other words, the quantity
of material which has been cut from the workpiece in unit time will be decisive from the point of
view of machining economy of certain workpicces, especially in the case of roughing operations.
In such cases, it is necessary that:
(a) The cutting speeds and feed rates obtainable on the machine should satisfy the requirements
and possibilities of the best available high perfermance tools
(b) The strength and stiffness of the machine elements and of the machine as a whole should
be satisfactory under the operating forces which are likely to occur when the chip sections
are very large
() The driving elements (motors, gears, etc.), the bearings and slideways shall be adequate to
deal with the large cutting forees, and with the power required by large cutting forces and
high operational speeds
(d) Provision be made for lubrication and cooling of the cutting tools
(¢) Devices for removing the large amount of swurf produced be provided.
Whilst the points covered by (d) and (c) depend partly on the application and layout of auxiliary
equipment, points (a) to (c) can be analysed quantitatively. Apart from the maximum dimensions .

N of the workpieces which have to be machined, the capacity specification of & machine must cover
the following: '

L)

(a) 1. The optimum cutting speeds and feed rates corresponding to the cutting tools to be
used and the materials to be machined.

4 2. The spindle speeds (or table speeds where applicable) and feed rates available on the
machine, . ’

(b) The permissible maximum values of cutting forces. These limit the maximum chip sections
which can be machined on the various materials, and depend on the strength and stiffness
of the workpiece and also of the machine.

{c) The forces, torques and powers which are to be transmitted by the driving motors and
driving gear and carricd by bearings and slideways. .

The various relations between these factors can be shown graphically in what are termed per- -

formance nomograms. These not only help the planning engineer in determining the optimum

conditions for employing his machines in the workshop, but also enable the designer to determine
the basic parameters of his design.® ’

In order to develop such nomograms the following infermation is required:
(2) Workpleces '
{. Materialg .
2. Maximum and minimum dimensions
(b) Cutting tools '
1. Materials ,
2. Shape (rake angles, dimensions, ete.)
3. Required life
(c) Chip section
{. Depth of cut
2. Feed rate

d) Speed change devices ' .
@ 1.pSpihd1c specds or, in the case of straight line movements, working speeds
2. Feed rates

(¢) Drive
1. Power
2. Efficiency (see page 37)

Design elements of the machine )
® Pcm;gissiblc maximum loads (forces, torques) on the structure, the tool and workpicce

s ion in the following manner:

ay be made of this inforination in the following ner: ) ) )

USC(;’; I{rom the information concerning the workpieces, 1t 15 possible to qclcrmmc t:c s;tcc‘xf;cf

cutting resistance (material), and the cutting forces which are pcrm:ssnblc'ff'om ‘l c pom‘bl

view of workpicce strength (workpicce material and dimensions). In af!dluon, it is possi ;

10 determine the dimensions of those parts of the machine tool which carry or suppo

the workpiece. ) i ) ) )
(b) The avail‘;blc tool materials and the workpicce materials which h'avc to be machl;wd ict:;_

mine the cutting speeds and fecd rates. With knowledge of&; dimensions of tool or wo

i i > i be calculated.
respectively, the corresponcing speeds can ] )

(© 'l;'lhuc:cchipp::dion (feed rate x depth of cut) is used for the c?lcu]a(}or) of th? cutting f(;(rcx.

{d) After a range of spindle or working speeds has !xcn cstabh‘s}'lcd, it is possible to make &

" ¢ritical comparison of the required and the obtainable t:,ondxuons. e cutting odge

(¢) By using the values obtained under (2) to (c), the rcqmrcd' net power z:-}l] c ct ! aﬁd lae

can be caleulated. 1f, in addition, the eficiency of th.c drive between the moto -
cutting edge is known, the power required for the driving motors can be ?clcrmt;: Ch.u:kOd

(f) Finally, the strength and stiffness of the various parts of the machine tool can

inst the conditions previously mlculam’ ) ) ) .

As :f:mplcs for the layout and application of (yplca.] nomograms, in whlc}:ilhclzh:;bl;)vacr;n:;.u:g):;
relations are shown graphically, two types of machines may be dxsm}ss.c1 “cdc e
importanse in the average machine shop. For the first the centre lathe s se c:tb. T e e
malﬁﬁnc for producing rotational components. The second type sclected is the slab milling

hi oduces plane surfaces. o
wm;:‘i;s’rnot imc?udcd however, to cover all possible cases, but todshovzaonlisﬂ:; }:liscxi}innggz
icd i It is advantagco

i n be applicd when developing such pomograms. : ; ble
rg;;f:‘mﬁnic syslfr;:\. because in it most relationships appear as straight lmc[sl; For. rzszou:rggns;& n
plicity of presentation, preferred numbers have been used for the scales of the vario ‘

of the nomograms.

1. CENTRE LATHE

The parametcrs are:
(a) Workpleces .
1. Materials
2. Dimensions: Turning diameter (d), length between centres O]
(b) Toeols
1. Materials
2. Rake angles . )
. 3. Llife ‘ -
(¢) Cutting conditlons T
1. Cutting speed (v) ’
2. Feed rate (5) .
3, Depth of cut (a). 7~ L T o o
R LA T SIS ¥ S LS



Recommended cutting speeds can be taken from Table 7. In the top left-hand corner of the
nomogram (Fig. 44), the cutter diameter d (horizontal lines) and the cutting speed v (straight
lines sloping at an angle of 45° downward from right to left) are plotted in such a manner that
their intersections determine the spindle speed, n = ofnd (vertical lines). These vertical lines are
intersected by the less sloping lines for the number of teeth n, and from these intersections are
plotted the lines (sloping downivard from left to right) which represent the product n.n,. In the
top right-hand corner the intersections between the vertical lines for the depth of cut a, and the
horizontal lines for the cutter diameter 4, represent the values of /(a/d) (lines sloping downward
at 45° from right to left). From the intersections of these sloping lines with the (1 X n,) lines in
the middle of the nomogram are plotted the lines indicating values (1/n.n)J(a/d), which slope
downward at 45° from left to right. The intersections of these lines with the horizontal lines, which
indicate the feed rate s, determine the position of the vettical lines for the middle chip thickness
by = (s/n.n)J(ald), in the middle and at the bottom of the nomogram. Values of ky, for different
malterials are then plotted as functions of the middle chip thickness hy (see Fig. 22a). At the
right-hand side of the nomogram the vertical lines, which indicate the depth of cut a, and the hori-
zontal lines, which indicate the width of cut b, intersect at points from which lines indicating the
product a.b stope downward from left to right. From the intersections of these sloping lines with
the horizontal lines for the feed rate s originate the lines sloping downward from right to Ieft,
which indicate the rate of metal removal ¥ = a x b x 5. At the intersection of these lines with
the horizontal lines for k,, vertical lines are plotied, and these indicate the net cutting power
ax b x s x ky in the right-hand bottom corner of the nomogram.

The use of this nomogram may also be shown through a simple example. A workpiece of mild
steel, 3 in. wide, is to be reduced in thickness by a cut 0-16 in. deep, with a 4 in, dia. milling cutter
having 8 tecth. The cutting speed is to be 100 ft/min (shown as 1200 in/min in the nomogram)
and the feed rate 6 infmin. The spindle speed is obtained from the cutting speed and the cutter
diameter (1 = 100 rev/min) (Lines [). These lines (f) are continued from left to right and give,
together with lines (/1) starting at the top right-hand corner J(a/d), the feed rate (s = 6 in/min)
and the ky line () (for mild steel) the value for k, at the bottom. The vertical line representing
a = 0-16 in. is continued downwards and the values for b = 3 in. and s = 6 in/min show the rate
of metal removal to be ¥ = 29 in*/min, (Lines IIT), and this results in a net cutting power of
22 XW (Line IV).

The net cutting power is not directly proportienal to the rate of metal removal, It depends
upon the composition of volume ¥ and is influenced in particular by the chip thickness (see
page 12). 11" the same volume (29 in®/min) is removed by doubling the depth of cut and halving
the feed rate, the net power required would be 25 kW (Lines ¥, VI and ViI), whilst it would drop
to 20 kW if the depth of cut is halved and the feed rate doubled (Lines VI, IX and X).

Requirement 3.’A knowledge of the net power at the cutting edge as already discussed is not
the only parameter which must be known for determining the required power of the driving motor
for the machine tool. As the input power is equal to the net power divided by the efficiency, it is
important to know the efficiency of the machine drive. Schiesinger'© has established power balances
from which the effect of the various driving elements upon the total efficiency can be deduced.
However, this efficiency depends not only upon the loading of the machine but also upon the output
speed, the influence of which may be considerable in view of the large speed ranges available in
present day machines.

The net power for the fecd drive is proportional to the product of feed rate and the cutting
force component acting in the direction of the feed movement. It is, however, relatively small
compared with the total power required. In the case of rurning operatlons, the cutting force com-
ponent in the direction of the fced movement P, is rarcly grealer than half the tangential force
component Py, i.c. P, < 0-5P,.

The ratio between feed rate v, (in/min) and the cutting speed v (in/min) will rarely exceed 0-01:

ie. ofo <006

L .

.. The ratio between the net power values for the feed drive N, and that for the spindle N, is then

Ne P2 o5 40010 % 100 <05%
N, P

In the case of milling operations, the tangential force component is approximately equal to the
cutting force component acting in the direction of the feed movement, and the ratio between feed
rate s and circumferential speed of the cutter v will not be more than 002, i.c. s/v < 0-02 The
ratio between the two net power values is, therefore, Jess than 2 per cent.

The ratio between the corresponding power input requirements would not be quite as fow as
that of the net power values because of the relatively low mechanical efficiencics of the usua‘l feed
drive gearboxes, Ratios upto 5 per cent in the case of a centre lathe and up to 20 per cent in the
case of a milling machine have been found. Nevertheless, it can be safely said that as far as the
total efficiency of the drive is concerned, the drivé for the cutting movement is the decisive factor.

In the case of spindle drives with wide speed ranges and a large number of steps, the power
required for idle running of the machine is often considerable, It can be up to 50 per cent of the
total power requirements.** In the Machine Tool Laboratory of The Manchester College of
Science and Technology, M. M. Sadek investi-
gated the efficiency of a production milling

. 15 )
machine (speced range 19-1700 rev/min, /
driving motor power 5 kW) and found the 128
conditions shown in Figs. 45 and 46. H. Stute /r
and E. V. D. Linde?® found that the following 0 L y
relationship existed for main drives using ball t ’ i A /‘
and roller bearings: o73] 7 -
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le— Speed range I— Speed range X—
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1T TN
50 AN
N 3125
. Niling Modhins,
# \\ "~ Lathe
(K. Stutel
’E " ’ “rm
S 3
L Speed range I—~  f—Speed ronge X— f
2
’ I
£
v VT Esmsu 5 16 5 o 30 95 R0 R 0 Tpm : Yoy —
. . n =
Fro, 46 o Fra. 47

-12-



They also found that the value of a appears to be generally between 115 ond 1-25 (Fig. 47). How-
ever, this range may be wider in the case of very large speed ranges. In the case of the milling
machine used by Sadek, the following conditions were found for the case of maximum Joad and
maximum spindle speed (n = 1700 rcv/min):
Nigpt = SKW § Ny = 23kW
Niating = 14 kW, a-5_1'4
Rverehy : 23
and in the case of minimum spindle s
(n = 19 rev/min): : i
Niopee =4KW § Npy=28KW

Niaig = 0SKW;  @moiod

' e s e - (g shrots —
a

= 156

= 1-25

In the case of machines with reciprocating

0 movements, the power required for the feed
. | drive is of secondary. importance because the
" feed movement does not take place simul-
%) xm— Wark done during mm'n,/my,ma _ tancously with the cutting movement, However,
Hork input the power required for the reversing and for the
return movement of the table represents a con-
25 } 1 ! siderable wastage. Figure 48 shows the power
i Work done on refurn stroke .00 requirements of a planing machine drive. As the
L Work input reversing power varies considerably, it is better
20 . to establish a balance for the planing machine
on the basis of the work done. It is then pos-
Cutting work sible to determine the efficiency of the machine
1 /’— thd"ﬁﬁlﬁpj,?’"””' as & function of the work done during & cut-
ting operation. over a given length of stroke
| (Fig.- 49). The ratio between the work done
0 20 7 ) 20 g during reversing and the total work decreases
Chip seciion in % of maximum with increasing stroke and the total efficiency
. Fra. 49 i rises. In the case of a shaping machine,
Schlesinger found a maximum efficiency of

50 — 60 per cent (Fig. 50).4°

The final assessment of the performance of &
" machine tool is determined by its economic effi-

;/a //‘

\ / ciency and not only by the optimum use of the
| . available driving power, the static and dynamic
- / Joad carrying capacity and the performance of

2 the cutting tools. Inorder to obtain the highest
_ possible overall efficiency of a machine tool in
production, the following points must not be

A ;,7 %0 50 700 overlooked:
% of maximum (2) The operator must be able to set up
Fia. 50 and control the machine rapidly, safely

i and with the minimum amount of fatigue,
(b) It must be possible to carry out maintenance and any necessary tepair work without diffi-
culties and in the shortest possible time, ‘

The factors and general considerations which control these specific points may be grouped in
the following manner:

(s) Standards concerning the iogical arrangement and direction of movement of operating

handles, wheels, etc., have been introduced all over the world§ ™ - b .

. : )
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. 1. STIFFNESS AND RIGIDITY OF
THE SEPARATE CONSTRUCTIONAL ELEMENTS '
AND THEIR COMBINED BEHAVIOUR UNDER LOAD

The question of stiffncss (a term somctimes confused with that of rigidity)* is often more
important in the design of metal cutting machine tools than that of load carrying capacity, because
the stresses which correspond to the permissible deformations are generally far less in value than
those permissible for the various materials. . ;

The idca of using stiffness or rigidity as a design or performance parameter was first proposed
by Krug® who suggested that stiffness in this connexion should be measured by the ratio Jordin ke .

However, the problem is not only one of deformation under static load, such as the weight of
the workpiece plus a cutting force which is assumed to act as a static load. The dynamic perform-
ance of the machine under the influcnce of pulsating cutting forces ard inertia loads, which arise,
for instance, during rapid control operations, is of extreme importance. .

Moreover, it is necessary for the designer to examine and consider not only the stiffness of
single elements, but also the cumulative stiffness of the groups and systems formed by these clements.
The cumulative stiffness of the machine parts, the clements which join them (bolted connexions, oil
films in bearings, slideways, etc.), of the driving elements (oil columns, feed screws, etc.), and of
the resulting combinations of these must be such as to ensure that the resulting static and dynamic
relative displacements between tool and workpicee are within permissible limits.

The term “stiffness™ has to be considered, therefore, from the following points of view:

(a) Static stiffness against deformation under static loads;

(b) Dynamic rigidity, i.c. behaviour during vibrations under pulsating and inertia foroes.

These will now be discussed: '

(a) Amongst the static deformations, the more important are perhaps those which are caused
by bending and torsional loads because these produce misalignmeats and displacements of the
guiding clements and thus working inaccuracics of the machine. The forces which produce such
loading conditions and deformations are: .

1. The weight of moving parts of the machine. - o B

2. The weight of the workpiece. '

3. The cutting force.

It is not sufficient to determine a single value of stiffness. The variation of the deformation
conditions depe~ds not only upoa the magnitude and direction of the forces, but alse upon the
instantaneous positions of their points of application and any change of these conditions is of great
importance because it influences the type and magnitude of the various deformations which affect
the working accuracy of the machine. However, the parts of the machine which are subjected to
these forces must not be considered only as complete units (beds, uprights, slides, ctc.). The defor-
mations of their wall pancls must also be studied because, for cxample, the deformation of a side

® The terms “rigidily” and “ytiffness” are not always clearly dissinguished in literature snd speech, Whilst the
author prefess the term “stiffness™ for the ratio d—}‘;—:;\'_‘:—:-:—; and the term “rigidity™ for the vibratioa behaviour, be
has not changed the terminology of various research workurs when quoting verbatim from their wock,
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wall In a headstock which carrics a main spindle bearing may considerably affect the pusition of
the spindle and, therefore, again the working accuracy of the machine.

In the case of bending the “spring constant”, sl which determines the stiffness value (¢))
is proportional to the product of Young’s Modulus E and the second moment of arca L In
the case of torsion the value for the stifness is taken as ¢, = mpoSfimge The stiffness is thus
influenced by the material, the size and the shape of the section under Joad. S

A comparison of the stilfnesses of four cross-sections of equal height & and of equal cross-
sectional area (i.c. of equal weight per unit Jength of & beam) is given in Fig. 54.2 .
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Fra. 84, Bending and torsional stiffness of different cross-sections. e»,—Bending stiffncss of section I3

34— Bending stiffness of section §13 ere—Torsional stiffness of section 11; ca;—Bending stiffness of section I

ey—Torsional stiffness of section 1113 cag—Bending stiffness of section 1V; cr—Torsional stiffness of

section [V,

Withia practical limits of the ratio width-to-height (k), i.e. k = 0-5 to 1'5, the closed box cross-
section appears most favourable because, compared with the tubular section, the slightly lower
torsional stiffness is more than compensated for by the increased bending stiffness. In addition, the
ratio between free length and cross-sectional area is important and has to be given special con-
sideration having regard to the propertics of the material emplo;-ed. This becomes particularly
important when for certain reasons not only the stiffness but also the strensth has to be considered
and when, for instance, a choice has to be made between the use of cast iron or a welded steel
fabrication for & machine structure. )

Krug has pointed out the possibility of saving material by using rolled stecl instead of cast iron;
Yuung's Modulus E for steel is almost twice that of cast iron and the permissible tensile and beading
stresses for cast iron may be 30 to 60 per cent of those permissible for ordinary mild steel. Krug
has also shown that if both strength and stiffness of the material are to be fully exploited, consider-
. ‘able savings in material are possible if, for example, in the case of 2 rectangular base subjected to

bending, an optimum ratio between depth and free length of the beam is chosen.
However, the simple ratio between the depth and free length of the beam suggested by Krug is not
_ decisive. This can be shown if a calculation is made of the minimum volume of materjal required
for a beam which is freely supported at the ends and loaded at the centre (Fig. 55) this representing

a simplified form of & machine bed with two side walls. e~ B E DT R

- . [N T | -
SRl R
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: -joint increases considerably with the pre-load, whilst the torsional stifiness ‘is only slightly affected.

Apart from the stiffness of single parts and their arrangement in a machine structure, thc‘cﬁ'cct J/
of the joining elements upon the total stiffness is important. Deflexion of fanges, elongation of
fastening bolts, variations in the play between parts and deformations of the load carrying elements
(balls, rollers, oil films) in slideways and bearings all play their part. .

4 : .

Fia. 62. Exampkes of bolted joints in machine tool structures. a—Radial dr.ill.ing machjnc; b—Centre lz_zlhc:

c—Horizontal boring machine; d—Vertical slotting machine; ¢—Plano milling machine; l‘—Mulu-‘spl.ndk:
drilling units.

Reduction in stiffness caused by joints in a structure (Fig. 62)* can be restored, at least partially,

.*» by a suitable arrangement of fastening bolts. For instance, an accumulation of bolts on the

compression side of a flange joint subjected to bending is less favourable than a uniformly dis-
tributed arrangement, whereas an accumulation on the tensile side may have favourable cffects.
If a flanged joint is subjccted to torsion a uniform distribution of the bolts along the circumference
provides optimum conditions. If pre-loads dre relatively small the bending stiffness of the flanged




If the pre-lond exceeds the minimum value which. would be required to prevent opening of the
joint under maximum load, a further increase in the pre-load has only little effect oa the bending,
sliffness and no effect whatsoever on the torsional stiffness. The joint faces of two flanges should
be as large as possible, plane and of a high surface finish. The stiffness of the flanges contributes,
of course, considerably 1o the bending stiffness of the joint. 3

By changing the distribution of fastening bolts from the original arrangement of i2 to 10 whichr e

provided better load distribution, and by stiffening the flange (two, four or six stilfeners), the stiffness
of an upright and its flange joint (Fig. 63) could be increased by almost 50 per cent.” Although the

e
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Fia. 63. Effect of flange design on stiffness (from Bielefeld).
increase in the flange thickness increases its second moment of area, the elongation of the necessarily ~

longer bolts also becomes greater, and this results in an increased danger of the flange lifting of

its supporting surface. ‘
The designer will always endeavour to join the various parts of a machine structure as rigidly

as possible so that they work together as a single unit, examples being found in the bed of a lathe
with hedd and tail stock, the base plate of & radial drill with column, radial arm and spindle head. °
Different problems arise, however, when the operation of a machine requires its parts to move
relative to each other, asis the case with spindles in their bearings, slides moving on their slideways, etc.
Many years ago, Kickebusch® investigated the conditions of a main spindle in a Jathe headstock.
From a practical point of view the spindle is ncither rigidly clamped, nor can it be assumed to be
frecly supported in its Pearings. The deformation of a spindle depends, therefore, not only upon
its own stiffness, but also upon the inclinations of its
bearings under load and, therefore, upon the stiffness
of the bearing carrying structure, in this case the head-
stock, the bearing itsell (bush or ball bearing), and its
location in the structure, In a recent investigation, '
K. Honrath!® found that the main components in the
displacement of a-spindle are the defiexion of the spindle
(50 to 70 per cent) and the deformation of the bearing
(50 1o 30 per cent). He confirmed Kiekebusch's ohserva-
tion to the effect that with growing load, the rate
of deformation is at first high and . decreases later
(Fig. 64). This may be explained by the fact that with
growing load and thereby increasing deformation of the
® See ref, 28 Part

l— A —-

Fira. €4, Deflexion of lathe spindle.
P—Transverse force acting on the spindle
nose; 5 —deflexion measured at the spindle
nose; Pi—recommended preload.
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! qu. 67. Static spindle defiexion at different values of

bearing elements, the load becomes more evenly distributed over the various ;;um of the bearing
so that the specific pressures on the elements deerease, (Fig. 65).!° Morcover, it is possible that
the bearings excrt more and more a “back bending effect” so that the conditions change from thoss
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F1a. 66. Stiffness as a function of
play in & roller bearing (from
Honrath).

b
¢ Fio. 65. Load distribution in a ball bearing {(from Hoorath),

of a freely supported to those of a clamped beam. This may also be the reason for the stiffosss to
t¢ influenced by the play in the bearing (Fig. 66)'° especially if such play becomes negative when
a pre-load is applied. -, - - i ’

The results of measurements by Honrath reproduced in Fig. 67'% showed that the share of the
bearing in the total deformation could be reduced from 16 p in the case of a bearing without pre-
load to 5 pt when the bearing was pre-loaded to an interference of minus 15 y. The clamping mome=t
which the bearing also exerted on the spindle resulted in a reduction of the spindle. deflexion
from 14 p to 11 p so that the total displacement
of the spindle nose was reduced from 30 u to
16 j1. In the case of a spindle supported in plain
bearings, it is often difficult tc predict accurately
the effective length between the bearings and
the back bending and reinforcing effect of the
bearing bushes. If a spindle is supported by ball
or roller bearings, however, its bending deflexion
can be determined with good approximation by -
means of Mohr's graphical method (Fig. 68)'°.

The distance between two spindle bearings
is, of course; an important desiga parameter.
Figure 69'° shows the spindle deflexion in p/kg

~5p play 4R ES
] =~ \7’“4 .1}" at the point of application of a force P as a func-
tion of the ratio Bearnplinenced :
: The straight line indicates the contribution
-15p play EL({_ of the spindle defiexion x;, to the total de-
5 S - —-—"‘"7"4 ¥ flexion and the hyperbola the contribution of the

. | it bearing deformation x,. By adding together these

two curves the total displacement is obtained,
and the position of the minimum determines the

play (frore. Honsath),
o P
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optimum ratio, which for this example is bfa = 3, ilonrmh found that this ratio
between 3 and 5, but it may drop to 2 when the spindle has long overhang. -
The sillfacss of balls and rollers in anti-friction bearings corresponds 1o the stiffness of ofl films .
in plain bearings and slidewnys. Apart from the viscosity of the oil, the oil film stiffness iwrcamsc:
generally with higher oil pressure and decreases with increased film thickness (see also page 263)
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Fra. 68. Comparison of measured and graphically deter-
mined spindle defiexion (Mohr's graphical method) (from

Fia. €9, Determination of optimum beaming
Honrath), -

spacing (from Honrath).
In the case of pressure lubricated bearings it is possible, therefore, to vary the stiffness of the oil
film by changing the oil pressure. It must be remembered, however, that the high stiffoess which |
can be obtained with & minimum oil film thickness bas to be paid for by high manufacturing cost_
of the bearing surfaces and by increased cost for pump, filter, cooler, elc. because increased film
thickness and increased pressure require more oil. S o

After the discussion which deals with super-imposing the stiffinesses of different parts of a
machine, it is immediately evident that a further case is of interest. In this the point of Joad appli- ~
eation varies and the relative effects of parts having different stiffnesses also change in such 2 manner
that their influence upon the effective stiffiness of the whole cannot be neglected. This can be shown
for the simple example of a workpiece held between the centres of a centre lathe!! with particular -
reference to the effect which the change in stiffness conditions has upon the working accuracy. The
slideways for the saddle and the workpicce are assumed to be of infinite stifiness, so that only the
displacements of the centres under the effect of a constant cutting force component, moving from
right 1o left parallel to the axis of the workpiece, have to be considered YFig. 70).

The forces supporting the workpiece at the: :

centres are

Py~ P.(l ,;_‘)
and

Py = r.: PR

lL (b) Dynamic rigidiry. The everirising working speeds made possible by the development of

tools and of machining processes, and the increasing requirgments concerning the surfuce finish of
machined workpieces demand machine tools which have high dynamic rigidity especially under
transverse and torsional vibrations.

The properties which a machine and its clements must possess in order to reduce or prevent
unfavourable vibrational efiects, are determined by the types and modes of the vibrations which
may occur, Impact Joading, for instance, due to sudden entry of the tool into the workpiece or to
the cutting edge meeting a hard spot in the material, can produce free vibrations, whilst forced
vibrations may be gencrated by harmonic oscillating forces (e.g. unbalanced parts rotating at high
speed)!? or by non-harmonic forces (e.g. cutting forces during milling). The cutling process itself
can generate sclf-cxcited vibrations'? without additional encrgy being introduced from outside,
The frequency of these lies near the natural frequency of the structure. ]

The vibration problems in a machine 100! which concern the production engineer, are diﬂ'cr?m
from those facing the designer, because the production engineer must accept an existing mact'u.nc
and obtain optimum results. Tobias and Fishwick!* have given a method for plotting stability”
diagrams. It is possible to determine for a particular machine with the aid of such diagrams the
working conditions (cutting speed, spindle speeds, depth of cut, feed rates, etc.), which must be -
cither applied or avoided so that no detrimental vibrations occur even if under certain conditions
the machine is liable to chatter or to other vibration phenomena. The designer does not usually
endeavour to determine the capacity or the weaknesses of an already cxisting machine. He develops’
new designs and must choose the design parameters in such a manner that the machine is free from
any vibration phenomena over as wide as possible a working range. It is, of course, possiblc.to
experiment with existing machines and to determihe the relative influences of different machine
clements and of their combined effects within a dynamic vibration system which consists of tool,
workpicce, machine snd foundation. *

The parameters which influence the vibration behaviour are: i o

1. The vibrating mass m . : . LT NT

2. The static stiffiness (see page 43), which can be expressed by the spring constant ¢

3, The damping factor ¢ .

4. The natural frequency ®o. i .

The deflexion §,,, which occurs under & static load P is inversely proportional to the spring
constant ¢. o - LA . LT

c

If an oscillating force P,,, cquivalent to the static load, is applicd, the deflexion (the amplitudf:
of the vibration) is increased by a magnifying factor Y. : o

Saum ¥obum

..yf_iz:
¢

o

ey . L
¢/ ¥ can be called the dynamic spring constant Cyype -
P L . ';'\.x
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¥ is a function of the damping factor ¢ and the ratio n = w/w, between exciting frequency @
and natural frequency wo. When the amplitude of the exciting force is independent of the exciting
frequency, then:®’ o - : -

1 .
Y, v
7 I = )+ (2em’]
When the exciting force is generated by the unbalance of an clement rotating at high speed,
the amplitude depends upon the speed of rotation, i.c. the exciting frequency, and:
. . 1 : .

Yy 2'1: 7
_ JI=n1')" + (2em)’]
The dynamic spring constant reaches 8 minimum when @ = @, (7 = 1, resonance condilion).

Cdynpta ™ 20¢

In Figs. 73a and 73b, the ratio ¢/caya is plotted for different values of the damping factor g and -

as a function of the frequency ratio i = w/wo. Figure 73a shows the case of the exciting force
amplitude being independent of the exciting frequency; Fig. 73b is applicable when the exciting
{requency determines the amplitude of the exciting force (unbalance of rotating parts).
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It is possible to obtain high dynamic stiffness, i.e. a low value of ¢/cs,a by

(i) Arranging for the exciting frequency 1o be as far as possible cither below or above the
natural frequency; . :

(i) Alming at the highest possible damping.

As far as (i) is concerned, working speeds of modern machine tools vary in accordance with -

the required cutting conditions, As speed ranges have often to be very wide (see page 70) and top
speeds rather high it would be difficult, if not impossible, to arrange for exciting frequencies to be
so far above and below the natural frequency that w never lies too close to wy. It is, therefore,
safest to aim at a natural frequency which is so high that even the highest exciting frequency lies
far below . The higher w, in refation tow the smaller will be 7 = wfw, and in the case of Fig. 73s,
the value ¢fc,,, approaches 1. In other words, the dynamic spring constant is not much smaller
than the static stiffness. In the case of Fig. 73b, ¢/cays 2pproaches the value 0. The natural frequency
is proportional to J/(¢/m). This means that the natural frequency increases with growing static
stiffness and with decreasing mass. Jligh static stiffness is important for other reasons which have
been discussed under (a) earlier, and if the mass is reduced, it is possible to further increase the
natural frequency and with it the dynamic stiffness. This, in fact, was realized for the first time

by ‘Krug' and as a result he designed his grinding machines in the so-calied “lightweight construc-

tion", .
B * For the case where the damping Is proportional to the velocity. Further details and derivations of the equations
. mentioned will be found in text books onvibmtions, andespecially:S. A. Toaias, Schwingungen an Werkzeugmaschinen,
'Cul Hanser Verlag, Munich, 1961, _ S . : T

‘ -
oL PP .

If a machine tool has a relatively small speed range and works exclusively at high speeds (for P
instance, a grinding machine), it is possible to work at the other side of the frequency ratio (7 > 1)
provided that w is very much greater than wo. In this case it will be necessary to aim at a natural
frequency which is as low as possible, because the exciting frequency is again determined by the
working conditions and cannot be greatly influenced by the designer, It is, of course, necessary to
make certain that the work speeds are not in resonance with natural frequencies which are higher
than the lowest. :

The permissible minimum value of static stiffness is limited by various other considerations,

and in order to obtain a fow natural frequency it is necessary to make the mass as large as possible. - - '

This condition is applicd, for instance, in the design of “heavy”
grinding machines. However, attention must be drawn to the
fact that the cucept of “heaviness™ is often confused with those
of “stiffness” and “rigidity”. It is important to have a clear
conception of these facts, because it is not necessary for a
machine to be “heavy” in order to be “stifl”" or “rigid™.

Another example . for relating the natural frequency to the
possible exciting frequencies as a design criterion was shown by
Pickenorink'?® in an investigation into the torsional vibrations
of milling cutters. -The natural frequency of a milling arbor can Fia. 74
be reduced from wo ; 10 wo (Fig. 74) if 2 heavy mass is arranged :
on the arbor. If the exciting frequency @ (vev/min of the milling cutter x number of tecth) is
very high, any reduction in the natural frequency of the arbor will have a favourable cffect, because
the greater difference in frequency from resonance conditions will result in smaller vibration
amplitudes. If, however, the exciting frequency o, lies below the patural frequency, a reduction in
the natural {requency will increase the danger of resonance and should be avoided.

Apart from the absolute values of forces and deformations, their relative phases are important.
The exciting force precedes the deformation by an angle which depends upon the exciting frequency
and the damping factor: .

Amplilude

b

Freqangy o=

tang = rzf—'-;—, (Fig. 75
In the vector diagram (Fig. 76), the deformation 8, is drawn vertically upwards. The vector of the
exciting force P precedes the deformation & by an angle ¢, and the spring foree ¢ X & acting against
the deformation is directed downwards, The inertia force m % & precedes the damping force g8
by /2 and the spring force ¢ x & by =

* 9-01]
£ B A
B7.¢ e < — \
3 Eaaal S
/ ///P" : %
’ X ? md
o f \ » o4
% | "
e-0 o8
0 oz of o8 08 1 12 H B M 2 2 o Fia. 76
: 7—
Fia, 75

For very small values of n = w]w,, i.e. for small values of ¢ (sce Fig. 75), inertia and damping
forces are small, It depends on the value of @ (see Fig. 76), whether the exciting foree is more or
less in cquilibrium with the spring force. A high spring force (static stiffness) in the range below
the natural frequency (7 < 1) is important, With increasing frequency {increasing and increasing

. ) the amplitide of the damping force grows, until in the case of resonance (7 = 1), the amplitude
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of the damping force Is equal to that of the cxciting force and the amplitude of the inertia forcs Is
equal to the spring force, When resonance occurs (w = /2), the damping and exciting foroes will
be so to speak in equilibrium whilst at frequencies above the natural frequency, the inertia and
exciting forces are approximately in equilibrium, : .

In order to obtain a picture of the exciting frequencies which arise in a machiae, Kienzle has
suggested a diagram (Fig. 77) which is similar to the spindle speed diagram (sce page 82). The
logorihmie ——-sm
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Fa. 77, Kienzle diagram,

diagram shows the exciting frequencies which are generated by the rotating parts in the drive of
the machine. By careful consideration of the various natural frequencies, it is possiblc for the
designer to avoid the danger of inadmissible vibration amplitudes and resonance conditions.

(iiy High damping not only influences the rapid decay of frce and self-excited vibrations, but also
increases the dynamic stilfness under forced vibrations (see Fig. 73). The inherent material damping
in cast iron, which is usually considered to arise from the mechanical friction of fine necdles of
free graphite in the materjal'® because the damping increases with the graphite content, is greater
than that of steel. This deficiency in steel can be, however, easily more than compensated for by
suitable design measures (see page 61).

From the theoretical viewpoint, the vibration problems which occur in machine tools bardly
ever conform with the more casily understandable conditions of systems with one or two degrees
of freedom. A purely theoretical calculation of natural frequency and damping for the case of the

complex shapes of different machine tool elements is often not only difficult but also impossible.
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However, simplified considerations may help in understanding the problems which arise and in

improving detailed design elements. Experiments carried out with existing machines may often " “This is cven more pronounced if the spindle speed range forms an arithmetic progression (Fig. 105).
help in providing the necessary information. As an example, Tlusty and Polacek*? developed a In this case, the lower limit v, for the cutling speed must fall with increasing diameter if the upper
method for recognizing the reouired design modifications in existing machines, the method being fimit v, is constant. Arithmetic progression of spindle speeds, therefore, reduces the possibility
based on an evaluation of yibration tests carried out on these machines. More basic problems can of working at cconomic cutting speeds.

be solved with the help of model experiments.'” In both cases—model experiments or tests with Kronenberg?® suggested a Jogarithmic range of spindle speeds in which the ratio nJo, is &
existing machines—it is essential to determine, qualitatively and quantitatively, the influence of ~ function of the diameter. This is shown in Fig. 106 in which o, is held constent. :

shape, size and layout upon the following.

. Second moment 5
Ne, Dercripics Sketeh of beam and of ares Naturzl Joint Increass ta .
. beam joints N compared frequency damping .
with Jo s - % % -

1 Single bar 10 mm thick }:ﬁ Jy e — —

2 | Double bar not joined g | o n=2n - free 0

3 | Spot welded bars }____.——:_—_.___ﬁ; Sy Sy | 142ee | free |7 O
1. 4 Spot welds _

4 | 2 25pot welds }:f'—__—:““‘:E Jy o 61Je | 160e | touching | =100

[ N

nN
E’-‘—

5" | 3. 8 Spot welds ;?z__—-ﬂ?ﬁ‘ Ju= 6T | 175w | touching | =200 L v Fio. 105, Saw diagram (arithietic progression).
Fusion welded bara . ' ;}:?
6 | Fillet welded joint ]EE—E Ty 560 | 1-Tws free o o
Bars only 9.5 mm thick! # . (e Uy

7 | Butt welded joint ‘FEEE Jo = 52s | 1:66ws | touching | 6400 . ey
. . _
8 | Solid bar 20 mm thick 3:—___——__—:3 Jr = 8Ty L — 0 ‘

Fio. 80. Rubbing effect and second moment of area, Single and joined bars, ) .

(1) Static stiffntess, which has an indirect Influence upon the dynamic S1ifness Capn ™ Coud Vo

() fom e o ot

The influence of the design elements upon the static stiffness has already been discussed in the ] A d;
previous chapter (sec page 43). R d i
(2) Natural frequencles. L Fio. 106, Saw diagram (logarithmic progression).

The natural frzquency is influenced by mass and stiffness. By suitable
design shapes, optimum ratios between weight and stiffness can beobtained
(sec page 56). Bielefeld®? has shown the effects which the shape and the
arrangement of stiffeners have on lathe beds and the influence of aperturcs
and cover plates in the casc of box sectioned structures (Fig. 78; sc¢ also

page 47).

The geometric progression, which is also used in the system of preferred numbers, is now v
generally accepted, because it is advantageous not only for reasons of easy calculation, but also
from kinematic and design points of view. Some of its advantages are as follows:

Wl (1) If from a geometric progression having the ratio @ members are removed in such & manner
Fia. 81 (3) Damplng. that ?nly every x-th m.embcr remains, the n:.maining an"leI‘S form a new geometric pro-
: Heiss!® investigated the effect of design details, clamping and Joading N gression having the ratio @ Lo . :
wis e (2) By multiplying members of a geometric progression by a factor ¢” the whole series is shifted
o byy members, - -

_'._'upon the damping of beams (Fig. 79). He has pointed out the importance of “rubbing faces

e
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(3) By multiplying the members of a geometric progression by a constant value ¢, a new geo..
metric progression is obtaincd having the same ratio as the original one, but whose initia}

[TpRt]

member is *c” times greater,

(4) If any two members of a geometric progression, which contains the value 1, are multiplieq

by cach other, the products are again members of the same geomelric progression.

(5) In the decimal geometrical progression, the same numerical values occur in each decima) T

group. -

1t is, therefore, possible to obtain the spindle speed of a geometric progression by arranging in .

series various driving elements and by providing suitable gear ratios, back gears, cic., thus alwayy
obtaining standard spindle speeds. .

Tanee 11

STANDARD SPINDLE Srirps Unoix Loap Accoroing 10 DIN 804

Range

Busic Range Range Range R 20/4 Rasmpe

R 20 R 2012 R 20/3 ¢=16 R20%
¢ 142 ¢ - 125 PERE g2
(1400) | (2800)

100 1000
12 12 12 112 112
125 128 :
140 140 1400 140 1400
160 16 .
180 . 180 180 180 158
200 2000
224 224 24 224 24
250 250
280 ° 280 2800 280 2800
1S 3t-5
358 358 358 358 355
400 ’ 4000
450 450 45 450 45
500 500 .
560 560 5600 560 5600
630 63 .
710 o 710 o 710
300 8000
900 900 50 900 %0
3000 1000 l

The system of preferred numbers in general, and of standard spindie speeds in particular, has
been described in numerous publications (a bibliography of these will be found in Kienzic).’® The
standard spindle specds are established for full load conditions, so that in general, machine tool
spindles and other shafts run slightly faster than the nominal values of the speed tables. This is
important from the point of view of picce-work time calculations, because the operator cannot
incur a loss due to 8 machine spindle running more slowly than originally estimated by the rate
fixer. The motor shalt speeds of a.c. synchronous motors under full load are contained in the
standard speed ranges, in ord=r 1o make possible the direct drive through a rotor incorporating the
spindle. In order to allow also for speed changes duc to pole changes of motors, the ratio 2 must
be available. As /2 = /10 =~ [-25, this condition is also satisfied in the normal ranee (R20/2,
@ = '%/10). This range has 10 steps in cach decimal group and is considered the main spindle-
speed range. Siandard steps and spindle speeds are shown in Table 11, 1t will be noticed that for

7=

he step @ = 16 (R20/4), two ranges are provided, one of which contains a speed under load'of
: rev/min, and the other a specd under load of 1400 rev/min, thus catering for a.c. motors with
; ur polet,
[WOT‘;]rc?ccd x:80((: can be referred cither to the spindle speed (in/rev), as in the case of turning, drilling
or boring, or—independently of the spindle speed—to time (in/min)., as in milling. In order to
determine the time required for turning or drilling & certain length, it is necessary to know the f?od
rate per minute, which is equal to the product of spindle speed (n) and fccfi rate ({) per rcvquu'on
of the spindle. If not only values for i but also values for s are standardized as in the preceding
paragfaPhS: their products, i.c. the feed rates per minute, become sta'ndard val.ucs (Tab_lc'IZ). It
is also possible to use standard speeds (rev/min) for the rotating parts in feed-drive mechanisms, as

Tanre 12
STANDARD FEEDS ACCORDING TO DIN 803 (MILLIMETRES)
¢ 112]p = 125 e 14 ‘w-—l'G ‘ e~2
1 1 1 1 1
112 112
1-25 1-25 0125 0125 i
14 14
16 16 16 16 16
18 018
2’ 2 2 2
2-24 24
25 25 025 2-5 0.25
28 28 -
315 315 315 31-5
3-58 0-355
4 4 4 4 4
45 43
5 5 s3] o5
56 56
63 63 63. |. 63 53
71 (3]
8 8 3 8
9 %0
10 10 1 10 1

long as their dimensions (pitch of lead screws, diameter and number of teeth of feed drive pinions,
etc.), are sclected in compliance with these speeds.

Before the designer can lay out a gearbox which will provide the required spindle spesds an.d
feed rates, it is necessary first of all to determine the speed range, the number of steps and the ratio
between the steps, For this purpose, not only technical but also economic considerations must'bc
borne in mind. If the varicty of materials which have to be machined and the range of }vorlung
diameters to be covered require a large speed range (c.g. in the case of radial drilling machmc.s, sce
page 70), and if it is essential to obtain speeds which are as close as possible to the theoretically

. required values, very fine steps (close speed tolerances between n, and v, sec page 70) must be

" provided, and these result, of course, in a large number of steps, and considerable cost of the gear-
box. Itis not always necessary, however, to choose the limits r, and r, very close together, especially
if the feed rate can be set independently of the spindle speed, and if the machining time is, therefore,
independent of the spindle speed (milling machine). In sych cases, a rcla}ivc]y coarse stepping of
the spindle speeds may suffice. However, the feed drive must be more finely stepped.

RN a -




On l'_ﬁwolhc; hand, it may be necessery to reduce the diameter range, or the variety of materialy
which are to be machined, il it is essential that oplimum speeds be obtainable within fine limits,
It is then possible to provide a fincly stepped range without too large a number of steps. The rela.

tions between specd-range ratio B, step iatio ¢ and number of steps z for gear drives have been *

establiched once and for all by the speed standardization, They are:

n n
B.._"l".“_; 'nm-"..;.qu("”; QJ“—”- ™. B

Nua Moin

Through a graphic representation (Fig.
107), it is possible for the designer to view 2
these relations quickly and clearlyand toweigh : ‘}Q
up various solutions at his disposal. » A

With (z — 1).log @ = log Band z = 1 + 4 &
fog Bjlog ¢,z becomes a linear function of B S Vi ‘é‘
for each standard step ratio ¢, il the speed- I / }{6‘
range ratio is plotted logarithmically as the b 4 B
abscissa and the number of steps linearly as // v‘/ ‘F‘“
the ordinate, t s 7 g peld ®

After the speed range, numberof stepsand & " / LA '-5\[“’
step ratio of a gear drive, have been estab- . | /:/ .2
lished by the designer, it is still not possible to P H AT 1T '

/
develop the actual layout, determine the load ;7 o=
carrying capacities and the dimensions of the u}z"'; 1
wheels, calculate the space requiredand design IN2ETRS g__’_: IR UL
the control mechanism until considerationhas g, 107, Relation between speed-range ratio B, number
been given to the following:® of steps z at standard ratios ¢.

(1) Establishment of gear ratios, ’
(2) Layout of the intermediate reduction gears,

(3) Calculation of transmission ratios and pulley diameters or numbers of teeth,
These will now be discussed in detail.

(1) Establishment of gear ratios. The basic unit of a speed change device, is the two-axes drive -

(Figs. 108-112). Between the input shaft (axis /) and the output shaft (axis M), different trans-

ip

|
1 Xt
H

’- ' BN

Fra. 108

Fro. 109

Fa. 110

mission ratios can be engaged so that at constant speed of the input shaft, specific required speeds -

of the output shaft are produced. The torque can be transmitled either by means of belts or gears.

* In this conncxion, a Paper by H. Sch8pke is intcresting, entitled Stufengetricbe von Woerkzeugmaschinen,

Indusirie-Anz., 22, February, 1957,

4

When using belts, conée pulleys (Fig. 108) can be fitted. For gca:ing.. the use of sl.ip gears (i.c. 'intcr-
changeable ‘gears which can be fitted to.cnch shalt l.Jy hand,ns rrquxrcd.) u' the simplest solution of
{he problem. "Fhis method is, however, time-consuming and is only a;.)phcd if the speed of the output
shaft can remain unaltered for a lang time, so that the setting-up lime docs not r_cprcscnt.a great
loss. This is the case when, for example, special-purpose machines are working in quaqtlty pro-
ducnglunivcréal machines which are used for various operations during the machining of small
quantities of workpieces, the spindle speeds and feed rates have to be changed rather frequently,
and in this case for feed drives Norton type (Fig. 109), and draw-key type (Fig. 110) gearboxes are

used whilst for both cutting and feed drives the clutch type (Fig. 111) or stiding gear boxes (Fig. 112),
are in more general use.

Fro, 113

Fia. 111

In the case of all two-axes drives, the ratio between the speeds of the output and the input sha.ft
is inversely proportional to the diameter of the corresponding driving clements (pulleys, chain
* sprockets, gears), so that: :

m 4 (Fig 113)
ny "

In the case of several pairs of elements, 1, 2, 3 (cone pulleys, gear blocks, ete., see Figs. 1087112).
the transmission ratios are: .

My, dy,
M np 1
d,
IR BT Wi ot } )
s ) ny  diy
n d
uy = H - 13
ny  dy,
Hawy d’.-|
Upey ™ d
. ny Hu-t
1
L
i n d
. u, = Ha o Gla
ny  dp,

When the speeds of both the driving and the driven shaft are parts of a standard range, then:

n .
ugm =gy
n ET




Tanee 13

Geax COMBINATIONS WHICH PRODUCE TRANSMISHION RATIOS AND TrExerore OuTrur SPEEDs wincH Lie WimHIN THE Lo<ms
AULOWED sy DIN 804, AND WITH WHICH THE PERMISSIBLE TOUERANCES ARE Nor Exczrorn®

Rvoarel \ 1120 = 1 | $02 = 1A2| 1120 = |-n\ 128 e 1] 0120 = 16| 1128 = 18| i = 20| 112 = 224} i< 23 | R =28 | 120 - 313 ‘ 14121 = 333 \ R SR
ot [ Number of Tecth of the Wheel
16 : 16 18 20 n | o2 1 12 6 | 4 FEENEEEIEE
17 : 17 19 21 24 27 30 34 38 \ <42 43 48 ‘ 53 54 60 61 67 68
. 18 : i3 20 23 25 29 32 36 40 41 ‘ 45 45 50 31 56 57 S8 |63 64 65 7 7; -
t‘: 19 : 19 21 24 27 30 34 38 42 43 I 47 43 53 4 59 60 61 67 68 ) 75 16 T
. 20 : 20 22 25 28 32 36 40 44 45 50 si 56 37 62 63 6 {70 71 72|79 B0 38l
2t : 21 24 26 30 3 37 42 47 52 53 58 59 60 66 67 74 75 76|83 B4 85
22: 22 25 28 i 35 39 44 49 50 55 36 61 62 63 6 70 T 18 19 88 89
23: 23 26 29 32 33| 36 37 41 46 51 52 57 58 64 65 66|72 73 74 (81 %22 |91 92 93
24 : 24 27 30 M 38 42 43 43 $3 54 |59 60 61|67 68 69|75 16 T &4 85 94 95
’ . . . 8 &7 9% 97
¢ From E. Stervan: Optimale Stufenradergetricbe [ir Werkrengmaschinen, Berlin/Gottingen/Heidelberg: Springer 1958.
Tastz 14
Numsers OF TEETH AND Sums OF NUMBERS OF TEETH TOR STANDARD TRANSMISSION RaTios
(For the sake of this example, the table covers the sums of numbers of teeth from 100 to 109)°
Transmbsaion Ratlo 1: i 12 125 14 16 18 20 2:24 2-5 28 313 3-55 40
" Sum of Numbers of Teeth Numbers of Teeth — Pinion : Wheel
100 - 50:50 47:53 44:56 39:61 36:64 31:69 26:74 | 24:76 | 22:78 2:80
. 0! 51:50 451356 42:359 39:62 36:65 34:67 3170 29:72 24:77 | 22:79 | 20:81
Y 102 Si:Si | 48:54 | 45:57 | 42:60 | 37:65 | 34:68 29:73 | 27:75
!T) 103 52: 51 43:60 40: 63 37:66 32:71 ) 27:76°| 25:78 21:82
o 104 52:52 49:55 45:58 43 :61 4C: 64 35:69 32:72 27:77 | 25:79 | 23:81 21:83
105 - 53:52 4] :64 38:67 35:70 30:75 25:80 | 23:82 | 21:84
Y 106 53:33 50156 47:59 44:62 41 :65 38:68 1313 30:76 | 28:78 23:83 | 21:85
"7 54:53 47:60 44:63 41:66 ) 36: 71 33:74 28:79 | 26:81
108 54:34 51:357 48: 60 45:63 42:66 39:69 36:72 33:75 3177 28:80 | 26:82 | 24:84 | 22:86
09 55:54 51:58 48:61 45:64 42:67 39:70 34:78 3t:78 . 26:83 | 24:85 | 2:%7

® From R. GERMAR: Die Getriebe flir Normdrehzahlen. Beslin; Springer 1932




For the 12-specd genrbox, the following speeds (9 = 1+4) may be chosen (see ’l"nblé 1)
} 31.5, 45, 63, 90, 125, 180, 250, 355, 500, 710, 1000, 1400
© and for the 18-speed gear box (gyy = 1-29): LR _

35:5, 45, 56, 11, 90,'1 12, 140, 180, 224, 280, 355, 450, 560, 710, 900, 1120, 1400, 1800. -

The design of the gearbox is shown in Fig. 124, The reversing drive between shafis 1, 17 im.d.ll/ :
is obtained by means of the three-gear block on shaft 111, in such a manner that the largest gear
(34 teeth) drives the spindic forward and the smaller gear (30 tecth, difference in the number of

Milling spindle

' . e 8
Splined shatt @ [CRTE

) 3 AR

/:‘\‘\\ - —
S = Ol
i r—— - -z—-1
; . 4
: . Anfermedoh gear— %]
I Driving shaf}
K Inferchongeable gears |

“eeth 4, see page 86), drives the spindle in reversz by means of the intermediate gear on shafy If
(both transmission ratios 1 :1). In order to reduce the number of relatively high-cost splined shafs
to & minimum, the two sliding-gear blocks for the first (shafts I and 7V) and second (shalls IV

and V) part drive are arranged on shaflt /V. The speed level of shaft V is relatively high so that’ ‘

' for a given power smaller torques have to be transmitted between shafls 7 and V. A constant

. reduction between shafts ¥ and ¥/ lowers the speed level sufficiently for the required output speads

of the milling spindle (shalt VII) to be obtainable by means of a third part drive (shafls VI and

Vilywithout the final reduction being greater than | 2 4. The gearratio for the higher speeds 2:24 1 1

<+ is & little higher than the value 2 ¢ 1 previously quoted (see page 77). However, the diameter of the

- farger gear is still smaller than that of the largest gear wheel on the milling spindie, so that the space
£.¢¢ required is readily avajlable.

“33-

The minimum permissible centre distance between shafts 1V and V s, thcrcfox'*é:." .
dy +d., L

2
and is, therefore, less than the existing centre distance of — =T . Lo e

Finally, the exact values of the output speeds of the two gearboxes must be caleulated and
compared with the exact values of ihe standard speed ranges (Table 15). Most of the deviations
of the actually obtainable speeds from th= standacd ones are negative. In contrast to the case of
the lathe, the productivity of the milling machine is independent of the spindle speed (see page 74).
It is, therefore, advantageous to avoid positive deviations, because if the cutting specd is slightly
lower than the recommended one the tool life will be increased. In only three cascs is the permissible
error of two per cent very slightly exceeded.

When the Germar tables are used there is a danger that the actual output speed may be outside
the permissible limits. Although the values given by Germar result in transmission ratios which
are within +1-5 per cent, or in the case of very high ratios within 2 per cent of the standard
ratios, the arrangement in seres of several gears may result in excessive inaccuracies of the final
output specds. A sct of tables developed by Jaekel®? is designed less for obtaining standard ratios
within the part drives than for reducing the deviations of the output speeds 1o a minimum. They
make it possible to compensate deviations in one part drive by corresponding deviations in the

next one. Such problems are discussed in detail in the book by Stephan.”

&/ 3. ELECTRICAL, MECHANICAL AND HYDRAULIC DRIVES
FOR THE OPERATIONAL MOVEMENTS

In gencral, the electric motor serves for driving the various operational movements of a machine
tool. In the arrangement which was used frequently in the past where a relatively large motor
drives a battery of machines via line shafts and belts, the advantage lies in the fact that the motor
is subjected to a relatively even load that is near its maximum capacity, and thercfore, works at a
high efficicncy. This advantage is, however, more than offset by the incvitable disadvantages, such
as limitations in the possible arrangement of the machine tools, long distance energy transmission
with loss in mechanical efficiency, ete. For this reason, the single motor drive has been developed
to such an extent that in many applications not only does one motor drive one machine, but also
scparate motors, sujtably interlocked and controtled, are employed for driving different operational
movements of one machine, In this manner, the length of mechanical clements for transmitting
power and control movements can be considerably reduced. ’ -

The energy provided by the electric motor must be transmitted to the driving elements and the
tool and workpiece carriers in such a manner that at any given time the rotational movement of the
motor shaftis transformed into operational movements of the required type, direction and speed. For
this purpose, the machine tool designer has at his disposal drives and driving elements which may be:

I. electrical, :

I1. 1. mechanical, and

2. hydraulic.

If the operational movements are rotational, the length of the energy transmission can be
reduced to a minimum by arranging for the energy to be transmitted directly from the motor on
to the machine spindle. Frequently, however, mechanical or hydraulic slements are inscricd between
the motor and the tool or workpiece carrier. For 1, the operational movements have to be controlled
clectrically by means of appropriate cquipment, whilst for 1T, clectrical, mechanical, hydraulic,

" hydromechanical, electromechanical or clectrohydraulic control equipment is being used.

1. Electric Drive and Control Equipment

The performance specifications of the driving motors are influenced not only by the operational
conditions but also by the requirements of controlling the machine tools. If a clutch is arranged
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between motor and main gearbox, the motor can start under practically zero load, If, on the other

hand, no mechunical clutch separates the motor from the various machine elements which have to
be accelerated, such as spindle, table, etc., and if the operational movements of the machine are
controlled merely by swilching the driving motor on and cff, then the inertia forces caused by
accelerating the moving parts and the idling resistances in the gearboxes must be overcome. Under
these conditions the motor has to start under load and needs a high starting torque. For the type
of operational movement which has to be produced, and depending upon the transmission which is
arranged between motor and tool or workpiece carrier, the driving motor may have to run:
(i) With constant speed

(8) in one direction

(b) forward and reverse,

(ii) With two constant speeds, forward and reverse, i.e. slow spccd forward and fast speed re-

verse, or vice versa,

(iti) With a stepped or infinitely variable speed which may be set either before the stdrt or be

adjustable during running
(a) forward or reverse
(b) forward and reverse.

Apart from these specifications concerning power, torque, speed and direction of movement,
the design of the motor must satisly the working conditions (open, protecied, splash-proof, dust-
proof, etc.), and the possibilities of connecting it to the machine tool (lange motors, built-in motors,
ete.). For economic reasons the machine tool designer will endeavour to use standard motors as
far as possible. It is often advisable, therefore, to provide suitable adaptor pieces which facilitate
the use of standard motors under varying conditions of application.

As far as the designer is concerned, the motors which are generally used can be classided in
accordance with the following:*?

(1) Starting characteristic

(2) Behaviour during running

(3) Power and torque characteristics as a function of speed

(4) Speed adjustment

(5) Possibility of braking (rapid braking, inching, etc.)

(6) Efficiency (electrical or mechanical) and power factor (cos @)

(7} Frecdom from vibrations.

The average workshop is usually equipped with three-phase a.c. supply for reasons of simplicity
and reliability of the motors. Three-phase a.c. motors are, therefore, installed either for driving
the machine tools directly, or for driving Ward-Leonard sets (see page 98), and in this latter case
the machine tools are driven by d.c. motors.

Amongst the three-phase a.c. motors available the squirrel-cage motor is widely used. The
starting torque is about 60 to 100 per cent higher than the nominal torque, and when running the
torque increases with speed until a tnaximum is reached, afler which it drops rapidly. The nominal

torque is usually reached at about 94 to 97 per cent of the synchronous speed. If the load exceeds .

the nominal torque the speed will drop, and if the maximum torque is excceded the motor stalls.
If such motors are switched on dircctly the current will rise to above five to seven times the nominal
value. In many cases, this may be permissible, If the starting current is inadmissibly high, star-
delta starters arc used, which are controlled either manually or automatically. By inserting a
resistance into one phase during the starting period and automatically shortcircuiting this by means
of a relay as soon as the nominal spccd is reached, the starting torque of the motor can be reduced
and smooth starting obtained.

In the case of slip-ring motors, the terminals of the rotor winding arz connected over slip rings
with an external adjustable resistance. This is made operative during the starting of the motor,
in order to increase the rotor resistance, and is short<circuited when the nominal speed is reached,
- thus keeping the starting current and the starting torque within permissible limits. The use of
cddy—currcnt otors results in higher rlarting torqucs and lower starting currents, and motors thus
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equippzd are purticularly suitable for starting under load. Motorx using & rotor resistance, due (g
their higher starting torque and low starting current, arc especially suitable for frcqucnt starting
and stopping conditions.

The direction of rotation can be reversed by exchanging two connexions, The synchronouyg

speed 11, depends upon the supply frequency f, and the number of polcs p:
60.fo '
pl2

Hy = (no in rev/min; f, in c/fsec),

By changing the number of active poles (2, 4, 6, 8 or 12), through suitable switching devices, it i V

possible to obtain, with a supply frequency fo = 50 c¢fsec, synchronous speeds of 3000, 1500, 1000,
750 or 500 rev/min. The corresponding standard speeds under load are then 2800, 1400, 900, 710
and 450 rev/min.

If the driving motor has to be directly connected with the main spindle of the machine tdol, ie.
without an intermediate mechanical or hydraulic transmisston, and if spindle speeds of more than
3000 rev/min are rcqum:d high frequency motors are used. Their speed can be varied by means
of frequency variation.** A standard (50 ¢/scc) a.c. motor is rigidly coupled with a 3-phase a.c,
generator, the stator winding of which is supplied with the normal mains frequency of 50 cfssc,
The speed of the motor (1) and the gcncralor dcpcnds therefore, upon the number of polcs (rad
of the motor: .

- 50 100
e o2 [r.cv/scc]
The frequency f produced by the generator depends upon the genzrator speed, the number of poles
of the generator (p,) and the direction of the rotating field in the stator winding (f = 50 ¢/sec),

relative to the direction of rotation of the motor, (If it is in the opposite direction, it is positive,
. and if it is in the same direction it is negative). ’

f=".-&ifo=50&i50=50(&i1)
2 Pu P
The speed 1 of any motor (number of poles p) supplied from the gencrator is

Y10,
s el

With the exception of the speeds in the Iower range, the same speed range can be obtained when
generator rotor and rotating field are rotating in the same directicn or in opposite directions, so
that rotation'in the same direction need not be considered.®® Therefore:

6000
ne= T(z’ + l) [rev/min]  (Table 16).

The safety of the operator and the requirements of the working conditions make it necessary
in many applications to provide for the motor 1o be stopped rapidly and safely. When mechanical
friction is used, for instance, by solenoid-operated brakes, the brake materials are subject to wear,
This can be avoided by applying an opposing current, e.g. by reversing two connexicns or by
appropriate switching through which the stator winding is suitably excited. In the case of reverse
current braking, it is necessary to provide a circuit which prevents the motor from starting to run
in the opposite direction.

Efficiency and power factor of 3-phase a.c. motors increase with the ratio At Whilst,
however, the cfficiency changes only slightly, even if the actual load drops 1o about 40 per cent of
the nominal value, the power factor drops relatively fast, when the load is only slightly less than
the nominal one,

Speed adjustment within very fine limits is possible with d.c. shunt wound motors. If lhcsc
motors are started directly, & peak current occurs which is not permissible except in the case of
very small motors. For this reason, a starting resistance in serigs with the rotor winding is used
for larger motors, and this limits the peak value of the starting current, The size and type of the
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tarter depands upon the requirements of the motor (starting under lond, short or long starting

- period, etc.).
- With increasing forque, the set speed of & shunt-wound motor drops slightly, the drop being

far greater in the case of smaller motors than for larger ones.
".'.

Tasrz 16
Number of Poles Motoe Driving lb::;hw Tool . :
— T o | P [ hepme | Srgmer | TR
:I'.' . P Py ! » - At
e Hz rev/min revimln
2 100 6000 5300
_ 4 150 9000 8000
6 200 12000 10600
; 2 8 250 ] 15000 121200
J 10 30 | 18000 16000
}‘ 12 350 21000 18000
‘ 14 400 24000 21200
{; 16 450 277000 | 2600
i z 75 4500 4000
¥y 4 100 6000 5300
é 6 128 T Tis0 | 6700
g 4 ] 150 2 9000 8000
%} 10 178 10500 | 9500
'ﬁ 12 200 12000 10600
z'. 14 225 13500 11800
? 16 250 15006 13200
b
o ® At double slip; see O, KIENZLE Normungszahlen,
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The speed can be adjusted by varying cither the rotor current or the field current. Insertion of 2
in & lower rotor current and reduced speed. This adjustment

resistance in the rotor circuit results i ¢
is, however, obtained at the expense of the eMciency, because part of the energy supplied to the
he rotor voltage (see Ward-

*  motor is transformed into heat in the inserted resistance. By changing t
Leonard set), it is possible to vary the speed at constant torque, i.c. the power increases of decreases
with the speed (Fig. 127). By weakening the field (shunt adjustment), it is possible to increase the
speed practically without josses, as the power remains constant (Fig. 128). Such an arrangement
enables o’ speed range of about 3:1 to be obtained economically.

A wider speed range can be obtained with a Ward-Leonard set (Fig. 129). A motor A drives
d.c. generator B and an exciter C, which provide the supply for the motor D driving the machine
tool. By varying the resistance E, the terminal voltage of the generator B and, thercfore, the voltage
of rotor D can be adjusted between z¢ro and a maximum value, and the speed of the motor can,
- thesefare, be varied continuously within wide limits and at constant torque. :
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If, in addition, the ficld is weakencd (resistance F), it Is possible to increase the speed of motor
D even further, at constant output power. This results in 2 speed range of up to 20 : 1 with con-
tinuous control over the working range (Fig. 130). However, the ficld weakening has the disadvan-
tage of giving low torque at high speeds. Moreover, the maximum permissible speed may also,te

limited by the centrifugal force acting upon the rotor winding.
t i '
~ ~
= > | \7-\
‘ \"-1‘—-
n—
Fia. 127. Speed adjustment of the d.c. n ~——s
shunt motor by changing the rotor F1o. 128, Speed sdjustment of the d.c.
voltage. shuntmotor by changing the ficld curreat.
' .
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~
-
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Fia. 129. Circuit of 2 Ward-Leonard set.: F1a. 130. Speed adjustment of the Ward-
Leonard set.

The minimum spzed may be limited by the cooling requirements of the motor, since below a
certain motor speed the cooling effect of the fan may be insufficient. In the case of very low speeds,
stick-slip phcnomena may also cause irregularity of rotation, and it may be necessary to provide
control equipment which serves not only for varying the motor speed, but also for guaranteeing
that the speed, once set, remains constant.®®

Reversing of shunt-wound motors is usually obtained by reversing the current in the rotor.
This can be achicved in the Ward-Leonard sct by reversing the current in the generator field.
Apart from solenoid-operated mechanical brakes (see page 97), it is also possible to brake the
motor by making it act as a gencrator through suitable switching. The motor will then run until
its momentum is absorbed, Another means of braking consists in switching off and short-circuiting
the rotor through a resistance.

The efficiency of d.c. shunt-wound motors is reasonably good cven at low loads {(down to
30 per cent of the nominal Joad).

The design of manually or relay operated control equipment for starting, stopping, speed adjust-
ment and reversing of motors will not be discussed here as these problems do not really concern
the machine tool designer, However, the designer must consider the arrangement and the hiter-
relation of such equipment, especially in cases where electrical or mechanical devices work together
as parts of a large control system in a machine tool.>® Problems of this nature become of paramount
importance in fully automatic controls, which are to be discussed in a separate chapter (see page 161).
However, some of the problems are encountered in manually or semi-automatically operated
machines, and the following examples may be cited. ' :

One of the advantages of electrical controls lies in the fact that levers, gears and shafls which
{ransmit movements and forces and in which relatively large mechanical losses are often unavoid-
able, are replaced by current conductors which have no mass and can easily bridge long distances.

The centralized arrangement with a single driving motor for various elements necessitating the
7\cngagcmcnt and disengagement of clutches for starting and stopping, is replaced by a separale

=



The power transmission from an electric motor to the machine tool cnn be conxinl, Le. by rigid
or clastle coupling or by means of a clutch, or two-axial, by means of a belt, chain or gear drive,
The choice will often depend upon the various possible ways of arranging the motor and upon the
most economic motor speed. In the case of high spindle speeds, the coaxial direct drive simplifies
the design considerably, 1n the case of relathvely low spindle speuds, a speed reduction from a high-
speed motor to the driving shaft is preferable, as low-speed motors are gencrally expensive. If the
motor cannot provide the torque necessary for starting the machine, a clutch has to be inserted
between the driving shaft in the machine and the reduction gearbox. Otherwise, a direct drive using
an clastic (especially if alignment between motor and gearbox input shaft is difficult or if impact
loads are likely to occur) or a rigid coupling can be provided. In special cases, the rotor of the
clectric motor can be mounted directly on the driven shaft (see ).

The clastic transmission of impact loads is possible not only with elastic couplings, but also
with a belt drive. If the centre distance between motor and input shaft of the machine is small,
and especially if high torques have to be transmitted without slip, a positive chain drive may be
the best solution. Although this is more expensive than a belt drive, it has a higher cfficiency and
can work at lower circumferential specds. Between the flat belt and the chain drive lies the Vee-belt
drive with which larger power can be transmitted and which shows a certain elasticity in transmitting
impact loads, although its slip is negligibly small. Smooth driving conditions without vibrations
can be obtained with Vee-belts, endless silk or nylon belts. The latter are often used in grinding
machine drives. Morcover, whilst chain drives require suitable provision for lubrication, the Vee-
belt drive does not need this, and it is, therefore, today perhaps the most frequently used energy
transmitting element between motor and machine tool.

 IL Mechanical and Hydraulic Drives

Mechanical and hydraulic drives can be divided into two groups. These are: (1) Drives for
producing rotating movements, and (2) Drives for producing rectilinear movements. The first group
includes devices which transform the rotation of an input shaft driven by an clectric motor into
rotation of an output shaft (main spindle, cam shaft, etc.), at the required speed and in the desired
direction. The devices of the second group transform a rotational input movement, usually
produced by a drive of the previous group, into a straight line reciprocating movement of a
table, ram, ete,

(8) Drirves for Producing Rotational Morcments

Stepped drives. The stepped speed range (see page 71) of the output shafl can be produced by
various types of mechanical devices,

Slip gears can be fitted to shalts with fixed centre distances if the total number of teeth of all
meshing gears is constant, Such slip gears are used in machines which necessitate few speed changes
and only a limited number of different rotational spceds or in cases where the accuracy of the
output speed is not critical, This applies, for instance, in the case of many single purpose and
special machines,

I a large number of very finely stepped rotational speeds is required and if the actual speed
values must be accurate within fine limits (for instance, in drives for lead screws and dividing heads),
slip gears (Fig. 143) are arranged in such a manner that between the fixed axes of the driving (1)
and the driven (/11) shalt, an adjustable intermediate shaft (/!) is provided. The position of the
latter on A carrier {quadrant a) can be varicd by either lincar displacement or by swivelling
the carrier round axis JI1. Shalt I serves not only for carrying intermediate gears 2, 3 and thus
for obtaining large reduction ratios, but also for compensating the differences of centre distances

betweer, wheels of different sizes, Scts of slip gears are usually so chosen that practically 8ll required |
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" the screwed ends of peg 1 a

R

H j ined. The quiadrant a has to cover the full range of slip gear com-

S Salo?nrg‘(;?:rcw?lgrtif,(::::mrr;:iijal :lol g must be of a Jength which cerresponds to the required
bma'ﬂom- and minimum distances between axes /7 and 111 of wheels 3and 4, anc} the quadranl. a‘must
mammuT swivel through an angle which corresponds to the required maximum and muzxmum
b? able ?xtwccn axes [ and J7 of wheels 7 and 2. This angle is imited by the lc.n.gih of'thc'cm:ular
d;swnw;_hc axle peg d for wheels 2 and 3 is clamped in the radial slot b in a position which is deter-
SI?t i} by the centre distance between wheels 3 an 4, and the centre distance between whu.:ls 1 and
mfnch yad'uslcd by swivelling the quadrant around the axis 111 of the wheel 4. Af_lcr ad;us.tmcnt,
(zh’:c;u$rax1“l ais clamped in position by stud e, which is fixed to the bed of the machine, the circular

slot ¢ riding over this peg.

transii

Fia. 143, Slip gear quadrant,

If the transmission ratio produced by the slip gears

[T My
nyy My,

serves for cutting an inch screw thread with a metric Jead screw or vicc'vc:';a. ads?yﬁ)":dmc,—zn;;?}:oi:
i i i tric threa
ith 127 teeth (5 in. = 127 mm) is used. 1f, for mstancc,'a'mc : ' T s
f;al;c‘zixl?\:ilh ac?cad( screw cf § in. (12.7 mm) pitch, the transmission ratio between the main spindle
{7, Fig. 143) and the lead screw (1], Fig. 143), must be
mym, 1 _10 2025

= i 12712 50127

In other words,
n, =20

n, =50 .
n, =25 and ny, =127 ((hc'convcrsion gear).

i i i can be considerably reduced if the diameters of -
T O ot pes. Ch:Sg;}:gf:sh;S:ngdwlrlsl, which serve for clamping the gears by means of
mension across corners of the clamping
shers () are used instead of standard
he small clamping nut g comp]clclyr

washers and nuts, are chosen in such a manncr‘lhat the di
nut is smalier than the bore of the slip gears, and if C-shaped wa
washers (Fig. 143). In this case, lhcrp is no need to removet
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The change gears can be withdrawn over the clamping nuts after these have been slightly loosened
and the C-shaped washers laterally removed. . .
Advantages of the Norton-type gearbox (Fig. 144) are the compact arrangement of the gear |

block a, the possibility of very fine stepping (the stepping of the numbers of the gear tecth is equal
to the stepping of the output speeds, see page 84) and ths fact that only those gears are in mesh . I
which are actually required to transmit the torque. However, the unavoidable weakness of these ) FiG. 146, “Meander™ gearbox.
gearboxes is the lever b carrying the intermediate gear, and for this reason, Norton-type gearboxes
are used only for low power transmission (for instance, feed drives in centre lathes).

An interesting development is shown in Fig.
145,* in which special gear profiles and a special
arrangement of spring loadzd clutches in gear
block 3 enable the transmission from a splined
shait / over a sliding gear 2 directly on to a
steppe? gear block 3 on shaft # and from there,
via bevel gears S and 6, a clutch or a back gear 7
on to the output shaft 6,

In the Norton-type gearbox, the transmission
ratios between driving and driven shafY are deter-
mined by a single pair of gears via the movable
intermediate gear, The maximmum transmission
ratio is, thercfore, determined by the space avail-
able for the largest gear, the minimum ratio by . .
the permissible minimum number of tecth of the Fig. 143. Sliding m@g";&:“k” Instrument,
smallest gear,

.The speed range of a Norton-type gearbox can be increased considerably if instead of a single .
pair of gears for producing different transmission raliosiqscvcral pairs can be arranged in series. Tt has been shown carlier (sce page 77) that in a driving mechanism which produces a gcometric
If such a train of gears is arranged on two axes, and if a Norton carrier can be used for “tapping™ . ratios
one of the axes at different positions, the so-calied *Meander™ drive (iig. 146) is obtained. The ;frogresswn of output specds, the
“Meander™ drive differs from the Norton-type gearbox in that all gears remain engaged and, ) My U2 My
therefore, rotate continuously, although they are either heavily or lightly loaded according to the ) Uy Uy Uy
“tapping point"”, This fact has an unfavourable efiect on the working and running accuracy of the
drive, The transmission ratios between shafts 7 and 7V in the “Meander” drive (Fig. 146) are:

(I, is an intermediate gear only, and its number of tecth drops out of the cquation).
X .

My

Uy =
"m’x

ey Mary My Ny Mgy
Uy = e
Ropgy Pupy Muagvy M, Mgvy
- My Mary Thia

Mgy Thry Mavy

Moy Mgy Mae Mose Mgy
Mgy My Mary, My Mavy

- My ‘nlllg‘nlfn Megte ete.

Mgy Tepy Morry Nuvg

Uy

u n u [ nyy
Yy Moy M3 Mo Ma o Ty Ja DD g
Uy My, Uy My, Ua My Us T,

etc., must be equal a.nd constant, and that for this reason the ratios of the numbers of tecth must
b'" also be equal and constant. -

My Manny Ty . .-
uy = : = - : R ’ . ey Margy  Nuy  Mary st
PBarry Mavy  Nuvg : o - . r. . St et e elc, = con
* From Stanki { Instrument, December 1958, L C R - LA a1y Mg ) LTI
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Morcover, it is necessary that:

n
iy P = Ry Ny g nyy, e, e const,

Furthermore
Rypy = Nyg, ™ Ny, ctc,
and
ny, = Ny o= 0y clc,
- Hence ' S " ' '
. - . ) - \
Ny, =1
and o % Typpy = My ™= Ny, cle,

Mgy = Mypy == My, = My, clC,
The twin gear blocks /-7y, I,-1I,, T,-T
] cks Iy-Iy, Is-Ta, Is=Tg, ctc. and J1-11 -
box is relativery caty o miodes oo Iy=T ; =11y, 1y-11,, ete. are all equal and the gear-
In the t.invcs which .havc been described an intermediate gear on a pivoted carrier provides the
compensation for lht.dlﬂcrcnl centre distances between gears with different numbers of teeth. Such
an intermediate gear js not required in clutch-type drives, where all gears are continuously in- mesh,

Fia. 147, Draw-key type gearbor,

the set of gears required for producing a particular transmission ratio being connected with the
gu(Pul shaft by means of a suitable clutich. An application of this idea, which makes possible a
esign of s_mall length, even in the case of a large number of steps, is the draw-key drive (Fig. 147
see also Flg.'HO). In this device, a number of gears run idly on a shaft. Any one of these én bé
connected with the §haﬂ by a key (the draw-key), which can be axially moved to engage one of the
gears l!lrough a radial spring operated movement. The required transmission ratio between drivin
a:d driven shaft can thus be obtained, However, a certain play between the movable draw-key o§
;\;onc ha ndhand the kcywa.y if’ the shaft as well as the slot in the gears is necessary and unavoidable,
andr:::\;cr, t lc: :‘oad transm'uung surfaces 9r draw-keys cannot be very large for obvious reasons,
e T‘,rcsu t raw-k.cy drives can transmit only relatively small torques and loads which fluctuate
fitle. Tacey are occasionally used for the feed drives of small drilling machines.
.H.owcvcr. greater power can be transmitted by clutch-type gears in which axially controfled
positive, e.g. dog clutches, or friction clutches are employed (Fig. 148). The gear block (gears

and J) is again keyed to the driving shaft /. The meshing gears 2 and 4 are idling on the driven .

:::2 l,;. 'ang can bc connected with it b?' clutch X;; on the left (K},)) or on the right (X)), so that
iy is driven cither by gears /-2-ciutch K),, or gears 3—4~clutch Kj,. If at all possible it is
'vamagcous to arrange the clutches on the driven shaft, because otherwise the idling gear would be
driven by the ﬁxcd'gcar block at an excessive relative rotational speed on its shaft,
. ‘(J:]:l:l(jcl:l)/t);:c dm'cs. are panicul.arly suitable for preselector gearboxes, because the clutches
dr?\'é : 31'](: ' c;(;.)crauvc l'or.a particular output speed can be set ready for engagement, while the
engnsin :h: olr 11?18'“ a px:cwous oul;?ut speed. At the moment of speed change only the mechanism
o cngaggod‘ clutch is put 1nto.opcrahon and the gcar.scls oroducing the desired transmission ratio
. . - )

4300

e iz, o However, the assumption of constant power transmission over a
whole speed range results frequently in excessive safely factors because, e.g., the spindle driveof s
milling machine will rarely have to transmit the full maximum power when the spindle revolves st
its Jowest speed, ) .
If the torque transmitted by the output shaft must remain constant over the full range of output
speeds, the power increases with the output speed (see Fig. 127). In this case, the driving motor

must be able to provide the power required when the output shafl runs at its top speed:

X M[Hm}( Hoes
P~.""‘u = —q 550: . [kW]

This means that a limitation of the motor power by means of an overload relay or similar device,,
or a limitation of the input torqué in the case of a constant input spzed, would not protect the
mechanism against an overload which might occur at the lowest output speed. A protective device
which limits the output torque is then necessary on a shaft whose speed ratio related to the output
shaft is constant (sce Fig. 137, f and h), i.e. a slipping clutch on a shaft, which lies behind the last
speed change device in the gearbox.

1t may also be possible to combine the {two conditions in such 2 manner that both the maximum
power of the motor, as well as the maximum torque of the output shaft, are limited by protective
devices. The application of such an arrangement will make the full power of the motor available
down to a certain oulput speed below which the torque of the output shaft will be limited. Such
an arrangement is, for instance, used in the Ward-Leonard sets (see page 99, Fig. 130). '

(/’— Stepless Drives.*? Electrical; mechanical or hydraulic devices may be P
u

sed for producing spced ranges with infinitely fine steps. The electrical
drives have been discussed carlier (see page 97). A discussion of the :
mechanical and hydraulic drives will follow. : ‘1 ‘

Mechanical drives. The most clementary type of gear is the friction
drive (Fig. 163), in which a friction roller (diameter d) drives a large disc,
By axial displacement of the friction roller, the effective diameter D of the
disc is changed, so that the ratio d/D can be varied in infinitely small o - 1
steps. If the power, contact pressure, friction force and cfficiency arccon- | 11 |
stant, the output torque is inversely proportional to the speed of the output
shafl, in other words, the torque decreases with increasing spesd.

The friction material of the driving roller should be softer than that of
the driven disc, in order to ensure that theformer remains round, even L_ _
if the driven disc is stalled by an overload. The driving roller is, there-
fore, often covered by a leather or fibre ring, whilst the disc is made o
of stecl. ' . Fia. 163

In view of the relatively small area over which the friction force be- :
tween the roller and the disc is transmitted, and because of the finite width of the driving roller, a
certain amount of slip cannot be avoided. For this reason such drives are only suitable for trans-
mitting relatively small torques, and are limited to reduction ratios of not more than 1 : 4. '

Greater reliability and safety, longer life and higher efficiency can be obtained with more claborate
friction drives, some of which will now be described.*?

In the driving mechanism of William Prym (Fig. 164), a ground conical casting / drives a ring
of synthetic material 2, which is held ina metal carrier. The latter is connected to the shaft 3 and via
the gears 4 and $ drives the output shaft 6. The transmission ratio depends upon the axjal position
of cone / relative 1o the housing and this can be swivelled around shaft 6. Its position determines
the diameter d, against which ring 2 (diameter d,) is pressed on to cone J under the effect of the
torque acting on gear 5. An important fealure of this device is the fact that the pressure between the
friction elements is thus proportional to the output torque; this keeps the slip and possible wear
low. : .
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Whilst the largest speed-range ratio of this drive {s about 4, a speed-range ratio of up to 10 can -

be obtained in the more ¢laborate Prym drive (Fig. 165). Here, input and output shafts arc coaxial
the torque being transmitted via two driving cones (I and 3) having variable cflective diameters d'
and d,, and two driven friction rings (2 and 4) with constant effective diameters d, and d,. Thé
transmission ratio can be changed by simultancous variation of 4, and d,, because the shaft 5 with
the ring 2 and the cone Jis carried in a drum which is eccentrically supported relative to the axis of
the drive. This drum is rotated by means of the hand-wheel 6, the worm 7 and the worm
wheel segment 8. Under the effect ~f the transmitted torque, the right- and leNt-handed threads
(9 and 10) axially displace ring 2 and cone 3 towards the outsides of the drive, and in
this manner adjust again the pressure as a function of the load. These drives can transmit up to
about 6 kW. . -t .

Intermediate members between the driving
and driven elements are used in the friction drives
(Figs. 166 to 169). In the “Heynau™ gear (Fig.
166) the hardened and ground ring 3 made of
high alloy steel is in contact with the tapered sur-
faces of two twin cones, la/lb and 2a/2b, respec-
tively. By simultancous axial displacement of the
cones Ja and 25, it is possible to vary the trans-
mission ratio between input shaft 7 and output
shaft // from an initial speed reduction ratio
(Fig. 167a), to a 1 : 1 transmission (Fig. 167b) Fic. 167. Working principle .of the Heynau drive.
and toa speed increase (Fig. 167c). The maximum {--Driving shaft; }/--Driven shaft.
ratio between the effective diameters of the two .
cones being 3 :1, it is possible to cover a transmission range of from 1: 3103 : 1, e aspeed-
range ratio of 9.

Fia. 168. Working principle of the Willfel-Kopp Tourator,

In the Wiilfel-Kopp Tourator (Fig. 168)** whose speed-range ratio is about 9, the cflective
diameters d, and dy of the discs / and 2 on the driving and driven shafts are constant, the steel
spheres 4 supported on the shafts 3 acting as intermediate members. By changing the angular
position of the shafts 3, the effective driving radii r of the spheres are varied. The transmission ratio
between driving and driven shall is then:

-

and with d, = dy

n-(b-a fanw)cos &
n~(bta fanae)cos &

_h.btatana
TR T bmatana

oL -
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The transmission ratio is, therefore, independent of the cffective disc diameter and dcpcr{ds
entirely upon the angular position (a) of the shafts 3 which carry the spheres 4 (Fig. 169). With

ri=(b~atana) x cosa
and
ry={(b+atana) x cosa

ry, b+atana
“ry b—atana
The transmission ratio is, therefore, not directly proportional 1o the angle .
In the five drives previously described the torque transmission is not positive. This means that
slip may o~cur, a fact which in certain cases is not permissible. An infinitely variable spzed drive
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Fia. 170. P.LV. drive: I—Driving shall (input); //—Driven.
shafl (output), . L
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with posmv'c torque (.rnnsmission is the P.I.V. drive (Positive Infinitely Variable). In this drive

:rr;fjlcsls?(c)hm; transmits the torque between two chain wheels with variable pilct‘x circle diamc\::

20;/5.!, ). -n'c'h chain wheel consists of & pair of cones which can be axially displaced (/af1b and
, respectively), The tecth of the chain wheels are produced on the conical surfaces by the

machining of radial grooves (Fig. 171). The two i
! . . cones f:
in such & manner that the tceth are displaced by half acing each ofher on cach shafl e e

a pitch relative to each other, so that a tooth on one M /Dﬂfm\ Pﬁ'ﬂ\
cone I‘a'cc.sngaponlhc other. Each link of thetorque 1 = L
transmitting chain consists of a frame which holds 1 T - T
u certain number of laterally displaceable steel H—l 1T L . I 1 -
!amcllac. These are pushed by the teeth of one cone Ll 1 i . - i
'"‘,o the gaps facing them on the other, and they H o 1 . IJ‘]
adjust themselves, therefore, to suit the width of the w “f)&{mﬁ

l?clh in action at the wheel diameter which is cffec-

tive for any given setting (Fig. 172). The efective Fio. 112

gtamclcrs, and with them .lhc transmission ratios between shafts 7 and /7, are changed by axial
l‘spl?ccmcnt of the twochain-wheel halves relative to each other. A rotation of the hand-wheel 4 and

with it the screw 5 carrying a right- and a lefi-handed thread (52 and 5b), moves the levers 6a andrél\b

%
N

'Ill-llélilll

v
R

a

b .

. . c

Fig. 173, Working principle of the P.LV. drive. a—Speed increase; b—1:1 transmission; c—Speed
reduction, -

and through them the chain wheel cones la/lb and 2 i
. a/2b (Fig. 173). i ion { intai
by spring loaded jockes A, /2b (Fig. 173). The chain tension is maintained
The eficicncy of a P.1V. drive is high, Fi i i ' peed
. RN gh, Fig. 174 showing typical efficiency cugves, and s
;angcls ra;;ms. of up l'o 6 are obtainable. As both pairs of chain wheel concs are d?signcd to have
qual effective maximum und minimum diameters, the speed range lies symmetrically around a

mean transmissi i : i
. ssion ratio of 1 : 1. Al constant input speed a,, the variable output Speed is

1
n,,=-?-xn,
Py : .
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such arrangements would not require additional energy for the reversing action. IHlustrations can
be found in the crank drives discussed carlier, in some hydraulic reversing devices and in some
clectrical drives (Ward—Lconard control and shunt adjustment of d.c. motors). .

The values given above represent, of course, only the theoretical encrgy requirements during
the reversing action. In addition, friction losses in drives and mechanisms and heat losses in ¢lec~
trical supply lines must be considered. They result in a lower overall eficiency, but the general

result remains vachanged.

Fio. 204. Backlash climination in the transverse feed
of the Schaerer lathe. (Industricwerke, Karlsrube,
Germany). After loosening screw 1, the wedge
3 is drawn upwards by tightening screw 2. This
results in the movable portion of the nut 4 being
pushed 1o the left. When the backlash is thus re-
duced to the permissible minimum, screw 1 is
tightencd azain. Part 5 of the nut it held in its
axial position by spigot 6.

F10. 203. Recirculating ball nut.

The efficiency of screw drives is gcncrallyvralhcr low, especially if they are irreversible, i.e. if
their helix angle {«) is small. If the friction angle is g (friction coefficient p = tan o) the cfficiency is

tan «

"ulan(a + @)

In certain cases irreversibility is desirable, for instance, when the axial load on the screw should
pot be transmitted to the driving elements (se¢ Fig. 211). In general, however, low friction and the
resulting increase in mechanical efficiency are preferable. Even in cases where, for instance, the
screw drive is to be reversed and the friction assists the decelerating action before reversing, it
opposes afterwards the acceleration in the opposite direction. The efficiency of a normal single
start screw and nut is of the order of 30 to 50 per cent.

Frequently, a reversing action of screw drives is unnacessary, for instance, after screwculting
with a Jead screw on a lathe the tead screw nut can be opened and the quick return is obtained by
means of a rack and pinion. ) i

An interesting design with considerably higher efficiency incorporates the recirculating ball nut,
(Fig. 203), in which the load between the flanks of the screw thread a and the nut b is not trans-
mitted by direct contact, but through the intermediary of balls c. The balls roll between the flanks
of the threads (arrows d) in a similar manner as they do between the outer and inner races of balt
bearings. When the balls leave the nut at onc end (side e) they are returned through a channel f
to the other side g, where they again re-enter the nut and continue the operation. Such screw
drives have an efficiency of about 93 per cent. 1t is, of course, necessary to consider that their stiffness
is slightly less than that of ordinary screw drives of equal size, because of the insertion of an inter-
mediate elastic member in the form of the load transmitting balls.

The unavoidable play between the flanks of screw and nut drives results in a certain amount of
backlash which, in many cases, is not only undesirable but also not permissible. Should such back-
Jash become excessive due to inaccurate manufacture or wear, it can be reduced from time to time
either by axial displacement or by relative rotation of two nuts acting on one screw. After such
adjustment, the two nuts can then be locked in position (Fig. 204). However, cuch manual adjust-
ment can only cover the minimum play which exists in any part of the screw, and not the most
heavily worn part of a lang screw drive, because otherwise the lesser worn parts of the screw would
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not be able to rotate in the nut which had been adjusted to climinate larger play. If. therefore, such -

inanual adjustment is insufficicnt, an automatic backlash eliminating device may have to be provided

The simplest design would consist of two nuts which are axially or rotationally pre-loaded against

each other, by means of an clastic member, ¢.g. & spring. The spring pre-load must be greater thap
the maximum axial load or torque respectively, as otherwise undesirable vibrations could occur,
In the case of recirculating ball nuts (sce Fig. 203), the loss in stiffness, which could be caused by

the use of springs, has been reduced by axially clamping two nuts together, the pre-load being -

produccd by the insertion of shims between the nuts. The disadvantage of such arrangements lieg
in the fact that the pre-load produces frictional forces which have to be overcome even if the drive

is not heavily loaded. In the case of recirculating ball nuts such friction losses are, however, very |

small,

Fia, 208, Backlash climinator in the feed drive nut of a milling machine table. (The Cincinnati Milling
Machine Company, Cincinnati, Ohio, U.S.A.).

Figure 205 shows a device which permits manual as well as automatic backlash elimination. The

two nuts b and ¢ can rotate in the housing a and carry pinions b, and ¢;. A torque which acts
on one nut is transmitted by the pinion via the crown wheel d; on to the other nut, which is thus
rotated against the first one, the resulling pre-load being proportional to the load transmitted by
the screw drive. Moreover, crown wheel d, is part of pinion d. This can be rotated by rack e which
is pre-loaded by a compression spring. The pre-load of the spring is manually adjustable and helps
in reducing the load on the screw thread under small Joads.

When using a nut which can be displaced by the axial component of the tooth pressure acting
on a helical gear, the pre-load can be kept proportional to the torque transmitted. Such an arrange-
ment is shown in Fig, 206. Worm wheel 7 drives via clutch 2 two pinions (spur gear 3 and helical
gear 4), which are rigidly located in the axial direction and keyed to the driving shaft. The spur
gear 3 drives via spur gear 7 one nut which is rigidly held in the axial direction between pre-loaded
ball thrust bearings 5 and 6. The helical gear 4 drives the helical gear 8 on the second nut, which is
axially unrestrained and can, therefore, be displaced relative to nut 7. Nuts 7 and 8 are both on the
lead screw 9, which is fixed and secured against rotation in the moving part of the machine (in this
case, the table of a milling machine). The axial component of the tooth pressure between gears 4
and &, which is proportional to the torque transmitted between these two gears, displaces nut -8
axially as soon as play appenrs betwaen its flanks and those of the lead screw, This play is thus
automatically reduced. If the play decreases over another part of the screw, an axial displacement
in the opposite direction is produced, as the gear teeth slide accordingly.

The length of stroke of a screw and nut drive is limited, because with increasing length the sag
of the screw increases and its stiffness decreases. If Jong strokes and drives with high degrees of
stiffness are required, singly or in combination, the ordinary screw and nut drive 1nay be replaced
by & worm and a nut-type rack (Fig. 207), or by a worm and a rack with inclined tecth (Fig. 208).
The Jatter arrangemens allows the axis of the worm to be inclined relative to the rack. This enables
the driving mechanism for the worm to be arranged outzide the rack, so that the length of the driving

49—

N can be kept relatively short and independent of the length of the working stroke of the drive.
8

‘h . N . .
The cficiency of these drives is similar to that of a screw and nut.
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Fi6. 206, Backlash climinator in the feed drive nut for the table of the milling machine (Fig. 133).

Higher efficiency valucs can be obtained with a rack and pinion drivc' (Fig. 209, sce also Fig. 192i
If arge forces have to be transmiticd, it is often advisable to use large dlz-xmclcr gears, so that sevel
teeth are in mesh simultancously. Large diameter gears also ensure quicter and sn;loolhcr running
than would be possible with smail pinions. Backlash in th‘csc types of drwcs again can be detri-
mental to their working cfliciency. Figure 210%¢ shows an interesting design of a pinion and rack

Fic. 208

drive with backlash climination. The two pinions I and 2 are
driven by two gear trains in which the helical pinions 4 and §
are displaced axially by bellows 3 (which provide an axial pre- .
Joad under air pressure), and rotate the two gear wheels which
are driven in opposite directions by the helical pinions. Thisresults
in the tecth of the pinion 1 bearing on one side, those of the
other pinion 2 bearing on the other side of the rack rooth flanks
and this in turn climinates any possible backlash.

(b) The advantages of hydraulic drives (see page 125), espe-
cially the possibility of smooth reversing and quict and vnbra.-
tion-free working, are particularly useful when rcctilincar. reci-
procating movements have to be produced. The hydraulic motor is usuall): a cylindcr.and piston,
the cylinder being fixed 2nd the piston moving, or vice versa. The mcchan{cal connexion l?etwecn
the hydraulically moved elzment (piston or cylinder), and the actual m.achmc part which is to be:
moved (1able, slide, saddle, etc.), can be rigid and direct or through intermediate members (for

: * For a detailed study of these drives see reference 44,



that the resulting relative movements between the different slides satisfy the accuracy requj 4
of the operation, This cnsures that at any moment the slides will be within the required Ill"“?mh.‘
their positions which are determined by the required relative position between tool and \-.'o],:“%‘ °r£|
_ In order to obtain completely satisfactory conditions, the misalignments of cach slide mupneq"_
corrected in three dimensions. For the purpose of simplicity, however, the idea may be ox ]‘P h‘i
with the help of 2 two-dimensional example. Figure 293 shows in schematic form a milling nﬁ’azgﬁil
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Fis. 293

table and spindle head. It is required to move the table by an amount x, in the direction of the -
x-axis, whilst the spindle slide, which can be moved in the direction of the y-axis should remain
in its position ‘(milling of a straight line groove or edge). In other words, the axis of the milling
cutter js to move from point A to point B along the centre line of the table (distance AB = x,),
It may now be assumed that due to inaccuracies of slideway manufacture or for any other reason,
the 1able which ought to move in a direction paralle! to the line X-X is laterally displaced by an
amount measured at the two points 7 and 2 and cqual to the y<oordinates y; and y;. This
means that after traversing the distance x, point B arrives in a position B'. In order to maintain
the required relative position between the milling spindle I and the table (point B), the table must
make an additional movement —x' and the spindic head a correcting movement +)'. The
magnitude of these movements can be determined by the computer on the basis of the measurement
signals y, and y, and in accordance with the theoretical position of the table relative to the
cutting edpe. Corresponding signals must now be transmitted to the devices which control the feed
drives in the direction of the x- and y-axes and superimposed on to the existing signals.

In order to make full use of this idea, the position of each slide ought to be measured at three
points in the direction of the two axes (in the case of the table the y- and r-axes, in the case of the
spindle head, the x- and z-axes). This will make it possible to cover not only lateral displacements |
in the direction of the two axes, but also rotational displacements around the three axes. It would
also, il necessary, be possible to cover the position of the spindle in its bearings in a similar manner.
How far one has to go in each case is a question of practical requirements and these have 1o be
investigated from case to case. For a portal milling machine produced in accordance with normal
commercial acceptance tolerances, which has to work within an accuracy of 0-000! in., D. L. Leete?
has determined the required measuring accuracies by means of statistical methods (Table 20).

The practical exccution of this idea necessitates the solution of optical, clectronic and mechanical
problems. )

]

™
vV DESIGN OF CONSTRUCTIONAL ELEMENTS

1. MACHINE TOOL STRUCTURES

The beds, columns or frames form the backbones of machine tools. They have 1o transmit the
weights of various parts (headstocks, slides, etc), on to the supports (foundations, supporting

~-5]-

wedges), and they have to close the flow of the opcrational forees which are exerted between work- "

picce and tool carrier during cutting operations, .

The power capacily, the required working aceuracy and the ability to produce & machined surfuce
of the quality specified by the designer of the workpitce determine the necessary static and dynamic
stiffness (sce page 43); the operating and loading conditions and the arrangement of the various
parts of the machine tool (tool and workpiece carrieis, gearboxes, control equipment, motors)
affect the shapes and layouts of the design. The basic principles which have to be considered in
order to obtain the required static and dynamic stilfness, have alrcady been discussed (see page 43).
They have to be correlated with the required Jayout of the machine as a whole, the ease of its manu-
facture, assembly, maintenance and operation, the requirements of the working conditions (lighting,
inspection, chip and swarf removal, etc.), in such a manner that the finished dcsigq is not only
technically acceptable, but also acsthetically satisfactory.

In order to satisfy all these requirements, it is necessary not only to consider basic principles
which are determined by the type and operation of particular machines (lathe, drilling machine,
milling machine, planing machine, ctc.), but also to investigate and specify the following:

(A) Installation ’

(B) Power requirements and loading conditions (forces and velocitics)

(C) Points of application and direction of the forces which are transmitted by various parts of

the machine on to the structure

(D) Stresses and deformations

(E) Materials of the structural componznts

(F) Shapes and quantity of the chips.

These will now be discussed in detail.

g
[ J
' ! V= 20" fo -0
Fio. 294 Fia. 295

(A) Machines which have to satisfy requirements of high precision are usually freely supported
at three points without restraint. The vestical supporting forces (example of a grinding machine,
Fig. 294), are the reactions to the weights of the machine bed and the machine parts carricd on the
bed (headstock, slide, grinding wheel, workpiece, etc.). The supports cannot and do not transmit
any other forces exerted on the machine bed, such as centrifugal or cutting forces. As these latter
are, therefore, not transmitted to the foundation, it is rot permissible to consider in any way a

stiffening effect which the foundation may have on the bed. The bed itself must be capable of trans-.

mitting these forces satisfactorily, i.c. in such a manner that it would perform its dutics even if it
were suspended from a crane. .

If three-point suppart was to be applied to very long beds, it would be necessary to provide for
very deep and stiff cross-sections in order 10 obtain the necessary stiffness. For this reason, long beds
of precision machines usually rest on more than three points. In order to facilitate the Jevelling and
aligning of such machine beds, they are often supporied on wedges placed about 2 ft 10 3 ft apart
(Fig. 295). Assoonas theyare satisfactorily levelled, they are grouted in, so that not only the wcighff'
but also the deforming working forces are transmitted to the foundation. If, in addition, the bed is
tightened to the foundation by means of anchor bolts, not only compressing but also tensile fo.rCCS
can be transmitted, and the stifiness of the bed is thus increased. As an example, the deformations
of a basc plate for a radial drilling machine were found 1o be reduced by 30 per cent when the base
plate was grouted and bolted to a suitable foundation.

Instcad of using simple wedges, it is possible to provide at cach supporting point two holes,
one plain and one tappcd, and these can serve for one tension and one compression screw rc'SPCC‘.
tively. Instcad of driving or withdrawing a wedge, it is then possible to lift the particular point of

s . .
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the bed by tightening the compression screw, or to draw it down against the foundation by tightening
the tension screw which is anchored in the foundation. In the grinding machine bed (see Fig. 331),
twelve such supporting points are provided, and at cach of these two such holes are arranged at
about 3} in. centre distance, a tapped hole (3 in. dia.) for the compression screw and a plain hole
(4 in. dia.) for the tension screw.

Fio. 296

Some deformations may occur with time even if a bed is grouted o the foundation, They may
reach excassive values, especially in cases of precision machines, such as precision planers. The beds
of such machines are usually supported on adjustable wedge units (Fig. 296), so that the beds can
be tested from time to time (every one to two months), and their levelling re-adjusted if necessary.
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The wedge units, in which a supporting block is displaced along a sloping surface by means of 4
serew, thus varying the height of the supporting face, are usually grouted to the foundation. ANér re-
alignment, the bed can be tightened against these supporting faccs by means of anchor bolts.

(B), (C), (D) The cutting and operational forces have to be determined in accordance with the
working conditions (sce page ! ef seq.). Their reactions and the resultant forees transmitted upon the
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structure must be analysed, If the masses of certain parts are to move at relatively high speeds, itk"'
also necessary to consider the cfect of inertia forces, not only upon stresses and deformatioos,’
but also upon the vibration conditions (sce page 55). The magnitude of stress is, however, usually,
less important, because the requirements of stiffiness necessitate cross-sections and Jeyouls which!
result in low stress levels, . 3
The magnitude of the permissible deformations is determined by the required accuracy and;
surface quality (sce page 23). An accurale calculation of the deformations is often difficult of;
even impossible, because the shapes of beds, columns and frames are usually relatively comples
and it is not casy to determine with any degree of accuracy, the exact type of load application’
(concentration, distribution over a certain length, ctc.), between the various parts of the machine
structure. For the theoretical analysis, certain assumptions must, therefore, be made and although
these may not produce accurate results, they provide important indications which the designer can
use during his work. The conditions of force application may be studied for some typical examples.-
(i) Centre lathe, In Fig. 297a, the forces acting on the workpiece are shown, The cutting force,
is resolved into three components (Py, Py, Py, se¢ Fig. 3). These components are exerted by
the tool edge on the workpicce (length ) at a varying distance x from the headstock centre
and at a diameter d. They are kept in cquilibrium by the supporting forces which act at the
headstock Py x (! — x)/I; Py x (I — x)/l + Py x df2] and P, and tailstock centres Py x xffi,
Py % x[l — Pyd[2l and by a torque which is exerfed by the driver on the spindle nose T =Py X df.
As the difference in diameter of the machined and unmachined lengths is relatively small, it is
assumed that the weight of the workpiece (1) is cvenly distributed over its Jength and held i
cquilibrium by two cqual supporting forces ¥/2, one acling at each centre. The axial pre-load §
is exerted by the centres onto the workpiece. The forces which act on the spindle nose, the tailstock
and the tool rest on the saddle are equal and opposite to those exerted on the workpicee (Fig. 297b),
and thus determine the forces which are excried by the headstock, the tailstock and the saddle on
the bed (Fig. 297c). The part 7 of the bed surface is covered by the headstock. The tailstock i
usually held down at the front by one or more clamping bolts, and the area // is that between the
centre lines of these bolts and the rear edge of the tailstock. The area I is that part covered by
the saddle. The feed force component Py of the cutting force acting on the saddle at the height
of centre (/1) is held in equilibrium by an equal and opposite force which acts on the feed pinion at
the pitch line of the rack (distance hy below the bed surface). This results in a tilting moment
Py.(h + hy) which hasto be counteracted by the saddleslideways. In Fig. 297care shown the lorces and
moments which are exerted on the bed by the headstock, the tailstock and the saddle. They form an
cquilibrium system excepting that the weight ¥ of the workpiece is transmitted directly to the legs
and the foundations, together with the weight of the machine. With this exception of ¥, the flow of
forces is, therefore, closed within the bed which is thus stressed in tension (very slightly by P; and
), vertical bending (upwards at the front ends of headstock and tailstock, downwards under the
saddle), horizontal bending (similar to vertical bending) and torsion. An analytical or graphical
determination of the deformations under the assumption that the cross-section of the bed and the
magnitude, direction and points of application of all forces are known, is relatively simple and need
not be discussed in detail. It is, however, necessary to consider the relative importance of the various
deformations,
In Fig. 298, lct

H = height of workpicce axis above axis of bed
d = machined diameter of workpiece :

- § = displacement of cutting cdge arising from deformations of the bed
&, = this displacement in the vertical plane (Fig. 298a)

8, = this displacement in the horizontal plane (Fig. 298b)
&, = this displacement due to torsion (Fig. 298¢)

If it may now be assumed that §, = &, = &,, then it will be clear that the deformation in the vertical
plane has less effect upon the diametral error Ad, than the deformation in the horizontal plane
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The design of slideways
agpects!
(A) Shapes of the guiding elements and arrangements of their combinations
(B) Effect of material and working conditions upon the guiding accuracy (wear)
(C) Friction conditions and load carrying capacity (roller bearings,

for tables, saddles, cross-slides, elc., will be discussed under the following

lubrication, etc.).

(A) Slideways have to satisfy the following requirements:

(1) To give exact alignment of the guided parts in all positions and under the effect of the
operational forces

(2) There are to be means of compensating for possible wear

Fro, 343

(3) There must be ease of assembly and cconomy in manufacture, i.e. possibility of adjusting the
alignment in order to allow for manufacturing tolerances ’

(4) To allow frcedom from restraint

{5) There must be prevention of chip accumulation and ease of removal of any chips

{6) Effective lubrication must be possible.

The design of slideways is usually based on one or several of the
can be arranged in different positions and combinations:

(a) The Vee, Fig. 43a

(b) The fiat surface, Fig. 343b

(c) The dovetail, Fiy. 343¢

(d) The cylinder, Fig. 343d.

following elements, and these

Fio. 34S. Protected stideway for a grinding machine table (The Churchill Machine Tool Co. Ltd., Man-
. chester}, a—Oil channels; b—Prolective cover. .

The Vee (Fig. 343a), may have its apex upwards (see Fig. 344), or downwards (sce Fig. 345), and
with it the positions of the guided part are determined in two dircctions, in the example of Fig. 343a,
vertically and horizontally in the plane of the picture, In order to satisfy the requirement of unre-
strained guidance, it is usunl to combine one Vee, either symmetrical (Fig. 344a) or unsymmetrical
(Fig. 344b), with a flat slideway (Fig. 343b). Figures 344 and 345 show such combinations. However,

]

-55-

T gt
SRS PRV JORP J P LT PRt Lt

cven today some centre lathes are ¢ sped with two Vee slides for the saddle (see Fig- 321).
Although in this case it is theoretically possible yet practically improbable that all four faces of the
Yee are in perfect contact and carry the forces acting on them, some designers prefer this azrange-
ment because of the reduced wear effects (sce page 250), upon the working accuracy.*?

One advantage of the Vee lies in the fact that it is scll-adjusting under the weight of the guided
part, 50 that even after wear or other sonditional changes, play cannot develop. The Vee which
points upwards also prevents accumulation of chips on the sliding surfaces. The Vee which points
downwards and is usually found in planing and grinding machincs, cap contain the lubricating oil.

. {

Fic. 346

1t is, however, necessary 1o give it carcful protection (Fig. 345),
(ion, unless the design of the bed is such that the slideways are
covered by other parts of the bed (sce Fig. 321).

The combination of several flat slideways is often used for transmitting high supporting forces
on long slideways (Fig. 346). The locations in the horizontal and vertical dircctions are them inde-
pendent and the alignment and fitting of slides thus lacilitated, because an adjustmentin one direction
does not result in a displacement in the other, as in the case of Vee slides. Guiding surfaces for
Jocation in the sccondary direction (vertica! faces in Fig. 346) are suitably arranged as close topether
as possible (distance a), in order to prevent skewing or jamming. Play adjustment or wear commpensa-
tion is not automatic as in Vee slides, and it is therefore necessary to provide an adjustabliz strip.

in order to prevent chip accumula-
outside the range of falling chips or

Fic. 347

This can either have parallel faces, being adjustable by means of laterally arranged screws (Fig.
347a), or it can be wedge shaped and adjustable by longitudinal displacement (Fig. 347b). In the
case of Fig. 347a, where the adjustment screws have to be tightened separately, the tightenimg force
depends upon the operator’s touch and will hardly be uniform. In addition, such strips are defiected
at the points of screw application and do not, therefore, carry the loads unifcrmly. Moreower, a8
the tightening screws must keep the strips in positicn (counter bore x, Fig. 347a), it is possible that,
during the longitudinal movement, the screws work loose unless they are sccu_rcd by lock mugs. In
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order 1o avoid excessive stressing of the adjusting screws, such strips are usually arranged on that vertical line of action through point B, a tilting couple (P x x) creates instability. Long slideways

side of the slideway which is not exposed 1o heavy loads. ! are, therefore, often equipped with two taper strips (Fig. 351). Another solution which is even more
The slightly more expensive taper strip (Fig. 347b) bears on s whole length and therefore pro. favourable in the casc of dove-tail slideways makes usc of a wedged (Fig. 352) and not parallel (Fig.
vides better conditions. The bearing area is independent of the positional adjustment and with the 348) cross-scction for the strip, because in this case the wedge effect of the cross-scction counteracts
usual tapers of 1 in.in 5 ft or 1 in. in 8 f1, finc adjustments are possible, Care must be taken that {he tilting couple (P x x).

the heavy mechanical advantage provided by the wedge cffect does not create considerable lateral
stressing. The tightening of the taper strips must, therefore, be carried out with great caution. In
addition, taper strips must be prevented from undesirable longitudinal displacement, for instance
under the effect of friction forces, which may cither loosen or tighten them. The provision of twn; _________________________
adjusting screws (one at each end, Fig. 347b), or a stud with a nut and Jock nut (Fig. 347c), may s i i ' {
serve this purpose. If very Jong taper strips are necessary, the required minimum thickness at the :
thinner end may result in a weakening of the guided part at the thicker end of the strip. This weaken-
ing may be excessive, ¢.g. in the case of a taper of 1 in.in 5 ftand a 22 in. long slide, the thickness
difference at the two ends of the taper strip is almost § in.! If the transverse position of a slide
relative to its direction of movement must not be affected by play adjustment—for instancs, in the
case of turret head slides where the turret head axis must be aligned with the spindle axis—two
adjusting strips arc usually provided (Fig. 347d).

Fia. 351 Fia. 352

The detailed parts which make up the foregoing designs can be assembled cither by sliding them
together in the direction of their intended working movement, or by tilting the guided part into
position (Fig. 353). The former method of assembly is possible only when sufficient space in the
lohgitudinal dircction is available and the sliding parts are relatively light. The second method is
permissible only if the lower cdge of the taper strip need not be too far away from the guiding
surface (Fig. 350).
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Fia. 348 Fia. 353 Fio. 354

In the case of very heavy parts (such as milling machine knees), neither of the two methods is
really suitable, and a wedged strip (Fig. 354) is often applied. The moving part such as the knee a
can be fitted 1o the slideway b at any point of its traverse and the strip ¢ can be inscricd afterwards.
In order 1o make such an assembly possible, the angle = and the dimension x must be so chosen
that x > y. By tightcning the screws d the play can be adjusted, and by providing two clamping
screws, it is possible to clamp the moving part, i required. As the stecper side of the wedged strip

is sloping outwards (x = 5 to 10°), the strip will be moved from right to left, when it is tightened.

Both the Vee (Figs. 321 and 344) and the flat slide (Fig. 346), secure the vertical Jocation only
in the downward direction, i.e. under the effect of the weight of the guided part. If these guided parts
are heavy, as, for instance, the tables of planing or grinding machines, this should be sufficient. 1f,
however, forces or couples occur which may tend to lift or tilt the moving paris (scc page 215),
holding strips have to be provided (Fig. 346). These must be carefully adjusted in order to ensure
that the play in the vertical dircction is not excessive. For this reason, it is advisable to scparate the
sliding face (x) from the fitting face () by a groove, so that the fitter files or scrapes only onc or the
other and knows exactly how far he has to go on each face, .

The shape of dove-tail slideways locates the guided parts horizontally and vertically, the latter
both upwards and downwards, Either the inner (Fig. 348a) or the outer (Fig. 348b) faces serve for
carrying the vertical load. Play adjustment in two
directions (vertical and horizontal) can be carried
out by the use of only one strip (sece Fig. 348).

Fic. 358 Fio, 356

Adjustment by means of sct screws (Fig. 349a) has :
the disadvantages which have already been men- Ttis theralore necessary to provide corresponding play in the clearance holes for the tightening screws.
tioned, The strip can be held in place vertically by ! Fitting and scraping must be very accurate, so that the strip bears well on the sliding surfaces, even
R using a “hooked™ profile (Fig. 349b). : after adjustment for wear., .
P _. i t,Thiokners o Fpor Shrip It has alrcady been mentioned that taper strips The use of cylindrical guiding elements enables the designer to apply kincmalic':ally determinate
ez _:l’ "”/”""""’r"” " for long flat surfaces must be so designed that the . and restraint-free slideway arrangements, However, the manufacture of the various components
"'Z’?h‘??ii-n",ffl‘:}""’ wall thicknesses of cither the guiding or guided . must be very accurate because cylindrical slideways aredifficulttoscrapeorfit. Theycan be extremely
Fia. 350 parts are not excessively weakened at the thicker end stiff and are, for instance, used as overarms for milling machirnes. Other examples are the column
of the strip. A further difficully arises when taper for the radial drilling machine, the drilling spindie sleeve, the tailstock slceve for a Jathe, etc. The
strips are used on long dove-tail slideways. Here the thickness of the strip may teach a value al guiding device using two cylinders (Fig. 355) is not frec from restraint and must be manufactured A\
with great care. A combination of a cylindrical and a flat slideway which is often uscd in optical B )

which the stability of the guiding action is reduced (Fig. 350). If point A lies too far outside the
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length L,) by an amount / equal to the total movement (Fig. 374). This results in the slideway
surfaces always being covered by the moving part. 1f it is impossible 1o design slide and slideway in
this manner, the length of the moving part can be extended by the application of cover plates, which
do not do any operational work but form a contiruation of the moving part over the slideway, This .
solutioa is, for instance, applicd to the 1able slideways of the milling machine (Figs. 133 and 134).
Hawever, such a cover is fully effective only if the covering surface is in close contact with the guiding
surface, as otherwise dirt may get underneath the cover and from there, between the working surfaces.

.

F1G. 3177, Protection of slideways by means of telescopic cover plales on a Plauert-Wetzel horizontal boring
machine (Yercinigle Wetkzeugmaschinenfabriken, Frankfurt a.M., Germany),

Another design solution is the provision of covering devices which surround the otherwise open
guiding clements and scal them off hermetically. Such devices have to act either telescopically, by
becoming lengthenced and shortened, as required, during the movement (sce Fig. 377), or they can
be of the concertina-type (Fig. 375). Covering belts may also be arranged above the guiding surfaces
and these are either kept in 1ension by spring-loaded rollers (Fig. 376), or they cover the whole length
of the fixed guiding surface and are lified off over the length of the moving part (sce Fig. 345).
Figure 377 shows an application of telescopically arranged cover plates. In these designs, hermetic
sealing is, of course, not possible. .

’

Fio, 379

L

The provision of simple felt seals (Fig. 378) is not advisable. as these are subject 10 wear and lose
their effectiveness. Under such circumstances, it is betler to combine the felt seal o with a rubber
seal b {Fig. 379).*? In order 1o ensure the required pressure between the seal and the guiding surface,
1 keafl spring b can be arranged beiween the cover strip a and the scal itselfl (Fig. 380)."% An even

better protection of the seal is provided by a spring loaded brass strip (o, Fig. 381),*2
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lnslcad of exposing the accurately ground or scraped slideway surface to wear, an Intermediate
clastic member can be inserted between the gmdng and the guided surface, for instance, a thin steel
tape held tight by a tensile preload. This hardened tape attaches itself tightly to the shape of both

Fi;, 381

Fio. 380

surfaces and, being of constant thickness within very fine limits, keeps the distance between the guiding
and the guided surface constant. In the design (Fig. 336), such a steel tape can be scen under the
roller bearings which carry the spindle head of a radial drilling machine. Apart from the protection
of the cast iron sliding surface against dirt, the insertion of the hardened stcel tape has a double
purpose:

(i) The wear is less than that of an unhardencd cast iron surface, and the surface pressure acting
on the cast iron surface is evenly distributed over a greater length and therefore reduced.

(if) 1f the steel tape should become damaged, it can be more easily replaced than a cast iron
surface,
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Fig. 382. Arrangement of scrapers on flat slideways (Scharmann). a—hardened steel tape; b—slideway

casting; c—lateral stecl strips; d—scraper fitted without play between ¢; e—"hydrofit™ seal scrapef.

In the case of the example shown in Fig. 382,%° the upper surface of the protective stecl tape (a),
which covers the cast iron slideway (b) and lics between the two steel strips (c), is protected against
dirt by a spring steel scraper (d) and a seal (e).

(C) The friction conditions in slideways are important not only from the point of view of wear.
The forces and powers required for moving the various parts and the accuracy of their control are
very much affected by the kind and magnitude
of friction resistances. Of particular importance

02
| { is the so-called “'stick-slip™ effect, which is caused
015 /4 by the fact that in many cases the cocfficient of
To \_‘// I ! i I static friction (friction coefficient at speed ¢ = 0)
- i s i is higher than that encountered at a definite low
X l | speed ¢ < r,. The friction coefficient g increases,
00 1 i of course, again with further increasing velocity
i ] | r > r, (Fig. 383).°% Over the range v < 1. the

Cus & 12w 0 2 24 x ¥ 40 friction has therefore a negative damping cffect:
Fic. 383. Fricti mv-' be he slid /™A Jf at the beginning of a setting movement the
. . riction cocllicient tween the shideway ng’ng c]emcnls havc 1o bc s‘ra‘nCd un“l lh: dls_

and the saddle of a horizontal boring machine, as
a function of the saddle speed. . placement force necéssary to overcoine lhc static
FRICT N '
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friction (at p = 0) is renched, and if then the frictioaal resistance drops as soon as the movement
starts, the energy initially stored in the strained driving members is suddenly released and drives the
moving part beyond the intended distance, This makes accurate sctting somztimes difficvlt, if not
impossible, especially if the total setting movement is small. )

Apart from the application of diffcrent materials for the slideways (cast iron, steel, bronze, plastic,
clc., sce page 143) and the use of suitable lubricants, it is possible to influence the friction conditions
by appropriate design measures.”® The sliding speeds usually encountered in machine “ools are too
low to obtain hydrodynamic lubrication conditions. If the designer can, however, ensure that a

certain minimum oil quantity is supplied between the moving surfaccs cither by automatic means or -

by the operator, and if fubrication grooves are arranged in such a manner that the oil is distributed
over these surfaces without breaking the oil film (Fig. 384), & state of semi-fluid friction may be
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FiG. 384, Arrangement of oil grooves
in the sliding surfaces of  horizontal 0 A & & by sec &
boring machine (H. W, Xeams & Co, t
Lid., Broadheath). Depth of groove Fic. 385

1 in; Width of groove ] in.

obtained, which whilst not ensuring perfect working conditions makes them at least reasonable. It
must be remembered in this connexion that under such conditions, the coefficient of static friction
Ho depends upon the time interval between the latest supply of oil and the initiation of the move-
ment. Under the weight of a stationary slide, the oil between the sliding surfaces is sfowly squeezed
out, so that with increasing time intervals 1, the coefficient of static friction jig increases (Fig. 385).%%
Under such conditions, the value of the frictional resistance is, therefore, not constant but depends
upon the sliding specd and the time interval between the oil supply and the start of the working
movement. Such a variation of the [rictional resistance can sometimes give rise to greater difficulties
than its absolute value, .
Low friction resistance and constant friction conditions can be obtained by the application of
anti-friction bearings (roller bearings, ball bearings, etc.), or by pressure lubrication of the slideways,

F13. 386. Accurate setting made possible by roller-slides of a centreless grinding machine (Herminghausen),

(i) Anti-friction bearings for slideways have been used for some time in instrument technology,
Particularly when the loads to be carricd are small. They have also been used in machine tools when
very fine 1ouch during setting operations was important and either the working loads were relatively
small (c.g. grinding machines, Fig. 386),"! or before any cutling forces were exerted, the full opera-
lional loads being taken by ordinary slideway surfaces (Fig. 387).

In the latter example, the freedom from play in the slideways is not critical, as the working
accuracy is determined by the sliding surfaces and not by the roller bearings. If, however, the anti-
_fnclion roller tearing arrangement serves for transmitting the full working load during operations,
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the requirements of accuracy must be fully satisfied and this can be obtained by adjustabiiity, or
preloading, or other arrangements. Roller bearing slidewsys can be divided into two groups,®?
i.¢. slideways for limited traverses and slidewsys for unlimited traverses. An example of the former
is the luyout shown in Fig. 388, in which the rollers are normally held in a cage and traverse only

Fi6, 387. Spring loaded rollers carry the Jathe saddle, whilst the cutting force compresses the springs and
is thus taken by the Vee-stide (Dean, Smith & Grace Ltd., Keighley). -

half the distance which the slide B covers on the fixed slideway A. The cage strip C must be shorter
than the fixed slideway by an amount cqual to half the traverse / (Le = Ly — If2, Fig. 388a). If
the slide B is in iis centre position, the roller bearing cage C must be in the middle of the fixed slide-
way (distance //4 from cach end, Fig. 388b). ‘
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Balls, needles, or, for higher load carrying capacity, rollers are used and these run between
hardened guiding strips (Hx = 60 to 62 C) which are suitably shaped. Play can be climinated by
making one of the guiding strips adjustable. Open (Fig. 389), or closed arrangements (Figs. 390 and
391), are used. The ball bearing arrangements shown in Figs. 389a and 390 serve for Tight loading
conditions when the supporting forces can be taken simultaneously in two directions at right angles
to each other. In the case of ncedle or roller bearing arrangements, other steps are necessary, such
as a selting of the roller axes at 45° to the direction of loading (Figs. 389b and 391} In such an
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a

Roller siide (W,

Fio. 391,
Schneebesger AG.,  Berm,
Switzerland). a3 and  ar—
hardened and ground races;
b—Adjusting screw.

Fig, 390, Ball slide (W.
Schneeberger A.G., Bern,
Switzerland) a1 and ar—
hardened and ground races;
b—Adjusting strip.

Fic. 389. Open 2rrangement. ) Ball and roller

slide (Robent Kling, Weizlar, Germany);18)

Needles of different diameters (Industric Werke
Schaeffler, nr. Nirnberg, Germany).

arrangement the diameter of the needles can be less than that of necdles loaded at right angles to
their axes (sec Fig. 389b). .

Instead of using needles the axcs of which tie at 90° to each other and in two different cage strips
(Fig. 389b), it is also possible to employ rollers in a crossed arrangement and in one single cage strip
(Fig. 391, see also Fig. 394). '

If the stroke becomes too long compared with the length of {he stide, cither normal ball or roller
bearings, solling on hardened rails or recirculating clements, such as used in recirculating ball nuts
(see page 148), can be applied. A combination of both ideas is shown in the arrangement (Fig. 392),
where the guidance in the horizontal planc is
provided by two bearing sets a and b and in the
vertical plane by two recirculating sets of rollers
cand d. The rollers ¢ and d are carried in chains
which act as recirculating cages ¢ and fand are
tightened by pulleys g. After their disengage-
ment at one end of the sliding surface the rollers
are thus guided to the other end, where they
again enter the sliding surfaces and continue ¢
their function.

For fine adjustment or fitting, the ball bear-
ings are Jocated on eccentric pins. However, ; . R
standard ball bearings provide only line contact . N e M I
between their outer races and the sliding surfaces : < ;
and they are unable, therefore, to carry heavy NN
loads. In order to make use of the relatively i g RSV B
higher load carrying capacity of rollers, for a : e 0
two-directional slideway, the SKF has developed
& so-called cross roller chain which, differing from
ordinary roller chains (Fig. 392), carries rollers . AR
whose axes lie alternately at 90° to each other
(Fig. 393).°* The rollers are guided over the full T :
length of the slideway (not only at the point of ' ;
reversal ms jn Fig. 392) on a guiding rail of
adjustable length (Fig. 394) and this (a, Fig. 393)

I .t
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Fro. 392, Ball and roller bearing slides with prc_cision
roller chain (Ludw, Locwe and Co. A.G., Berlin).
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- sizes into one spindle. Figures
,adaptors 2 and centres 3.

the spool valve is controfled by the bearing pressurc in such a manner that the ratio po/p; and with . ‘
it the bearing gap (the oil film thickness A) is kept consiant.

When spool valves, however, are used for controlling the oil film thickr;css, some undesirable
characteristics arise which limit their application. These are spool stiction, leakage, especiglly when
low viscosity fluids are employed, manufacturing problems, and slow dynamic response.

In order to overcome this difficulty, M. E. Moshin has developed a control device (Fig. 403a),
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Fia, 403c,

which acts as a restrictor and controls the oil flm thickness in the hydrostatic bearing. The resistance
of the control device is determined by the deflexion of a diaphragm. This deflexion changes with the
bearing pressure in such a manner as to permit just the desired amount of oif discharge thus ensuring
8 practically constant gap h of the bearing.

The lubricant flows at a constant supply pressure to the bearing through the gap of the circular

_sestrictor @ This restrictor is located at the centre of a circular diaphragm &, which is rigidly fixed -

at its periphery. At atmospheric bearing pressure (p = 0), the gap of the restrictor is adjusted to
a set value by means of the low stiffness spring ¢. If a load is applied to the bearing the pressure
pwill increase to py, deflect the diaphragm and thus increace the gap of the restrictor. This will result
in an increased flow Q.

The design proportions of the restrictor can be chosen so that the oil film thickness h remains

. almost constant over a wide range of load values (see graph in the corner of Fig. 403a). Figurc 403b

shows the static and Fig. 403c the dynamic characteristic (oil film thickness h as a function of

3. SPINDLES AND SPINDLE BEARINGS =

load P).”*

The main spindle serves for centring and holding the cutting tool (drilling, grinding, milling)
or the workpiece (turning) under the effects of weights and cutting forces on the one hand and
driving forces and torques on the other. It fulfils, therefore, two functions, i.e. it not only locates
the tool or workpiece respectively but also drives and guides them with the required accuracy and
stiffiess in their operational movements (rotation and sometimes axial feed movement).

The ceniring elements usually arranged at the front end, the spindle nose, are cither external or
internal cylinders or tapers. When cylindrical centring devices are employed, thrust faces have to
be provided in order to determine the axial position of the located part. The taper, which alone
ensures backlash-free centring, determines also the axial position, although not positively because

. this depends upon the relative sizes of the male and female tapers.

Both the metric (exactly 1:20) and the morse tapers (approximately 1 :20) are practically irrcver-
sible, They can transmit frictional torques up to a certain magnitude and are, in most cases, separated
easily by un axial impact. Intermediate adaptor picces can be uscd in order to fit tapers of various
404 and 405 show lathe spindle noses cquipped with taper bores 1,
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A long taper is especially suited for the lathe spindle because the centre is loaded not only axially,
but also radially (see Fig. 297). In drilling and boring machine spindles (Figs, 406 and 407), it is
. frequently found that the 1:20 taper is used for trans.

mitting the torque to a limited extent. However, in
drilling spindles, driving flats (2, Figs. 406 and 407) are
added at the rear end of the taper 1 for light Joading
and special flats (3, Fig. 407) st the front end for heavier
loads, in order to prevent foosening of the taper under
the effect of Jarge torques and possible vibrations. This
js important because looscning or slipping in these
tapers would Jead to damage of the tapered surfaces,
urate locating and possibly seizing. Relatively small tapers can be assembled securely by a

Fia, 404

to inace
light axial blow, whilst for larger tapers, special tightening devices (a, Fig. 407) arc often provided
.'>.'ed/'nnA-l
g
1
]
i
K
%.
i

Fio. 405b, Spindle nose with short taper
and “camlock” for the driving flange
(Schacrer lathe).

Fia. 408a. Spindle nose according 10 DIN 55022 with driving plate
(Schaerer lathe).

by the designer. Il the spindle is hollow, it is possible to loosen the taper by a sharp axial blow on
a bar (4, Fig. 404). Otherwise wedges (4, Fig. 407), acting through slots (2, Figs. 406 and 407) are

employed for this purpose. )
Driving plates or chucks are often located on an external cylinder (5, Fig. 4C4), the driving plate
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Fia. 407. Patented spindis nose of a horizontal boring

Fio. 406
machine (Cotlet & Engeclhard, Offenbach, Germany).

-65- ' V

or the chuck being held axially against a shoulder 7 by a screw -ﬂ{cad 6. It Is important that the
screw thread 6 does not interfese with the centring action of r/:y]indcr 5. The screw thread must,
therefore, be stoppy rather than too tight. Any play in the screw thread appears, in any case, always’
on one side only by virtue of the axial pressure against shoulder 7. Loosening of the thread i1,
therefore, prevented. The centring by means of an external cylinder on & spindle nose cannot be
without any play, and the fitting of a heavy chuck on a spindle nosc with & tight cylinder fit and 2
screw thread is fatiguing and time-consuming.

. For this reason, spindle noses of hcavy lathes are frequently designed for locating and fastening
the chucks by means of an external taper and a ring nut (sce Fig. 424a). Figure 405a shows an external
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Fi6. 409, Milling spindle tuper.

fapcr location with bayonet fixing, in which the adaptor plate for the chuck or the driving plate 4
xs.locatod by the taper 5 and held axially by four bolts 6 in slots 8. These bolts are held in the bayonet
disc 9, which is guided by two pegs 7. The torque is transmitted by bush JO.

An even morc'rapid ﬁxing d.qvioc for the adaptor plate 4 on the taper 5 is shown in Fig. 405b.
I;:r;;;.::;zlgzxt;o:uxs;cld in position by the eccentric pegs 6, which engage in semi-circular slots of

.Conocnfricity of Jocation is of particular importance when grinding wheels are fitted to their
spindles (Fig. 408, see also Fig. 433). The grinding wheel is fitted to an adaptor /, which is pressed
on to the external taper 4 of the spindle 2 by means of a nut 3, and thus Jocated accurately and
held tightly.

The location and fastening of milling arbors and cutter heads must be able to resist the pulsating
and frcquentl'y }_1igh cutting forces. Even the shallow taper (1 in 20) could not possibly transmit the
‘lo_rqucs by friction alone., Morcover, such a taper is more liable 10 seizure than a steeper one, For
this reason, the steep taper (3% in/ft, Fig. 409), originally introduced in the U.S.A.,, has now been
accepted gcncra.lly and standardized for the internal centring in the milling spindle nose.

The torque is transmitted by means of two tenons which are fastened by screws to the spindle

nose. As this taper is not irreversible, it is held axially in the spindle by means of a screw thread.

Thc fastcr.'dng bar which passes through the full Jength of the milling spindle (/, Fig. 410) is held by
O o -66-". ~ : CL



a ccllar 2, against a shovlder 3 of the spindle bore. It can also be used for cjecting the taper by
unscrewing it against the shoulder of collar 4, :
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Fia. 410; Milling spindie.

If a spindle is very long, > ing to i o,
of draw bars and may even Jead to accidents. The difficulty is avoided in the quick change devict
(Fig. 411),'°® developed by the Cincinnati Milling Machine Company,

i i Sei i i 3 vith flange and driving “ %
AT Ml ndle nose. [—Driver with machm.cd slots for _2. 3 arbor wit
Fro. 4t Tne w tongue 4 machined from solid; S—Clamping nut. X

holding flznge and driving flaps machined from solid. This results, hochc.r, in rather high materia

and manufacturing costs. In a less costly version, pegs with rsachined driving faces are fitted to the

arbor (Fig. 412).'°° : .

Section In direcfforn A ;
H

4

Eection in direction B

. " . L : ., s S Clamp-
- il indle nose. J—Driver with machined slots 2; 3 Arbor with driving peg 43
Fio, 412, Milling spindle e ot s it

In & manner similar to that of the driving devices shown in Figs. 411 a.nd 412, cutter heads are
usually located on the external cylinder of the spindle nose and fa.stcncq ax:a'lly to the ffont fa‘cc‘by
means of clamping screws (Fig. 413). The ccmring _accur;'ac.y achfcvcd in this manner is, hov.nu?,
frequently insufficient for the requirements of precision milling with lar;c cutter heads, and for _b:
reason internal centring (Fig. 414) is sometimes preferred. More rapid 1ool changes are possi
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it may be cumbersome and time-consuming to fasten the arbor by means
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into the headstock (a and b respectively). The outer races of the two needle roller bearings (¢ at the
front and d at the end) are carried in slotted tapered rings e and . These can be axially displaced
in the housing bushes a and b, thus providing the possibility of radial play adjustment,

. Another method of play adjustment for needle roller bearings, which avoids the danger of dis-
torting the races by the tapered adjusting rings, is the application of an elastic outer race whose
internal diameter can be reduced by axial pressure (Fig. 429).1°° The
use of an clastic outer race requires, however, a very stiff housing, as
otherwise the stifiness of the arrangement as a whole would suffer.

(2) Plain Bearings''®

Due to the great variation inworking conditions encountered in spindle
bearings, it is impossible in many plain bearings to avoid lubrication con-
ditions in which metallic contact occurs between the moving parts. Under
. ) these conditions, the spindle climbs up the inner wall of the bearing ina
i direction opposite to its rotation and then drops from a height which is determined by the so-called
i sliding angle (Fig. 430a). With varying lubrication conditions, this angle changes and with it the

'
'
H
i
I
'

i displacement of the spindle axis, resulting in unstable running. Whilst the amount of this movement

Frxa. 430

can be kept within permissible limits by appropriately small play in the bearing, the change to hydro-
dynamic lubrication and vice versa causes changes of the friction resistance and of the direction of
displacement (Fig. 430b) and this again results in unstable running. One of the main requirements
for a plain bearing is, therefore, that the lubrication condition at a given speed should remain
unchanged, .
i EWM'—‘ b The adjustment of the play in the bearing is therefore
i — most important. Even to-day, bushes with cylindrical
bores and external tapers are used for this purpose, the
adjustability being obtained by the provision of slots
(Fig. 431). Such adjustment can be carried out enly by
very experienced fitters if to-day’s requirements are to be
satisfied, When the play has to be reduced and the bush
is pressed into the conical housing the segments are
deformed and the originally circular bore takes on a

Fia, 431

. triangular or other shape, according to the number of slots. This means that the bearing ought to
" be rescraped after each adjustment. It is also important to make certain that the bearing bush cannot

“collapse™ on to the spindle and clamp it. For this purpose, separating screws or shims (a, Fig. 431)
made of leather or wood, are usually provided. It would appear advantageous to place the open
slot at the top of the bearings, so ihat the lubricating oil cannot escape. However, the radial load
of the bearing must not be directed against the slots. The adjusting nuts b, and &, at the ends of
the tapered bush, which serve for axially displacing the bush, must b¢ provided with rectangular

threads, as otherwise radial forces are excrted oa the male thread and these may make the bush
collapse on to the spindle. .
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Bearing bushes without slots and with tapered bores are used for adjusting the play by axial
displacement of the bush on a tapered spindle. This design is more expensive to manufacture and
requires great care during adjustment, because of the danger of pressing the bush too far on to the '
spindle, However, the load carrying capacity of such bearings is higher than that of slotted bushes :
and their circular shape is ensured, Figure 432 shows such a bearing which is provided with & flooded

i dy
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Fia. 432

Jubrication and was used by the author in a heavy turret lathe. The ring nut a serves for adjusting
the play and can be secured in any position by the bracket b. The adjustment of the radial play is
independent of that for the thrust bearings which is carried out by the nut and Jock nut ¢. An oil
tank with a capacity of about 12 gal is arranged in the basc of the machine and lubricating oil (about
4 gal/min) is delivered to the inlet 4 by a pump. This oil surrounds the bearings coa‘inuously }
(circular groove, €) and runs back to the tank through bores fand £. Asa result, the oil level, which
can be observed through the window g is kept constant. The oil reaches the bearing surfaces via

Fio. 433. “Hydraulo” grinding spindle bearing (The
Churchill Machine Tool Co. Ltd,, Manchester).
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bores §; and 7, in the quantities which are required at any moment and is distributed over the whole
length of the bearing by grooves k, and k. According to the spindle speed, boundary or semi-

hydrodynamic lubrication is obtained. At the same time, the continuous supply of fresh oil surround- o

ing the bearing maintains the temperature almost constant.

A plain bearing with automatic play adjustment is the **Hydrauto” bearing (Fig. 433), in which
a loose segment a is held against the spindle d with minimum possible play, by means of piston
b and springs ¢. Oil is supplied, under pressure, via non-return valve ¢ to the piston b, which thus
prevents the lifting of the segment and with it the spindle. A pump f supplics the pressure oil for
the bearing adjustment (pipeline k) via filter g and pipelines & and { and also the lubricating oil for
the bearing (bore [).* . . .

The growing requirements concerning the running quality of main spindles, the spindle speeds
and the life of the bearing underline the necessity for using hydrodynamically or hydrostatically
lubricated bearings, in which the position of the spindle axis changes very little or not at all. The
design of hydrostatically lubricated bearings, which in principle work similarly to the hydrostatically
lubricated slideways described earlier (sec page 259) is still undergoing development. If single surface
bearings (sec Fig. 430b) are used, the position of the rotating shaft in the bearing varies with the
speed and the transverse load. This positional change would not be permissible in machine tool
spindles. The difficulty is avoided in the multi-surface bearing (Fig. 434), in which the oil pressure

. FiG. 435. Mackensen bearing.

is applied in four directions and thus holds the spindle in its central position,!*! Even if the play in
the bearing is very small (0-0002 to 00004 in.), hydrodynamic lubrication is obtained over a wide
speed range,!*? and the heating remains within permissible limits. If the spindle axis is horizontal
and the weight of the spindle is the main part of the total bearing load, it is advantageous to design
the bearing in such 2 manner that the load is taken by two surfaces which lie at angles of 45° to the
direction of loading (see Fig. 434).

In order to ensure the small play which can be obtained with multi-surface bearings, it is usual
1o fit the shafts to the bearing bore by a lapping process. Under hydrodynamic conditions, metal
contact and wear cannot occur and it is, therefore, not necessary ta provide means for adjusting such
a bearing once it has been correctly fitted. However, in some cases adjustability may be preferable
to fitting by lapping, if only for cconomic reasons. The designer of the Mackensen bearing (Fig. 435)
oblains the desired effect by allowing an elastic bearing bush a, whose elasticity is increased by the
provision of nine longitudinal grooves distributed nver the circumference, to deform into a triangular
shape. As a result, three wedge-shaped oil pockets are generated, which initiate the formation of
load carrying oil wedges. The radial position of the three supporting points of the bearing in the
housing b, can be changed by axial displacement of the bush (ring nuts ¢; and ¢;) in a tapered

-, bore. This adjustment makes it possible to reduce the minimum play in the bearing down to about

* This bearing has proved very valuable for grinding operations, when the weights of the grinding spindle and the
grinding wheel are considerably greater than the grinding force compon2nt acting in the opposite direction. In recent
years, however, the requirements of productivity and working speeds have been greatly increased, demanding high sur-
face quality even at maximum rates of metal removal. The Churchill Machine Tool Company considers that under
these conditions. which result in considerably higher grinding forees, an undivided bearing bush is prefcreble, and for

this reason, all Churchill grinding machines are today equipped with such bushes. .
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