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ABSTRACT

The accuracy of work on N.C.~machine tools is much
more affected by weight, clamping and thermal deformations
as well as by variations in accu;acy throughout the entire
working zone than{that of machine tools using other modes
of operation.

It is therefore very important to precisely define
the concept of accuracy and the methods of testing and
evaluating it.

In this thesis the §h0rtcomings and even possible
fallacies of the classic form of accuracy evaluation pro-
cedure are discussed, together with an appreciation of re-
ceht gignificant contributions to the field which utilise
modern in!trumen;ation and high f}equency response trans-
ducers in sound’and informative experimental procedures.

A new system is developed where the problem of
formulating a comprehensive and meaningful machine tool:
accuracy capability statement is practically so&ved*by
directly relat{;g the accuracy of the machine’ tool to the

accuracy of a workpiece machined on it. This is achieved by

‘deriving a tolerance law applicable to the evaluation of :

- machine tool translatiye deviations where the law relates

-

to the practical system of tolerancing a part dimension as
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well as to the usual mode .pf use of an N.C. machine.

An extension of the basic tolerance law provides
for a comprehensive statement of accuracy achievable
throughout any defined two-or three-dimensional working

zone of a machine tool. For every type of machine tool

configuration there is a finite (minimum) number of trans-
lative deviation measurements that is required to be
evaluated only along well defined lines located at extreme
offsets of the tool with respect to each moving member of
the machine. ! |

Additionally the procedure for includiné in the
ma;hine tool capability statement the adverse "further"
effects of weight, clamping and thermal deformations is
outlined.

While it is comparatively straight-forward to
formulate tests such that the effect of weight and clamping
deforﬁ%tions may be aefined, the problem of correctly
specifying a thermal test cycle warranted a rather more
extended study. '

It is shown how the correct identification and
classification of the type of heat source affecting a
machine tool's structural components leads to a rather pre-
cise knowledge of the particularly affected translative

deviation measurements. The design of the test cycle, the

general laws governing the specification of the tests and



the test procedﬁre, are developed by reference to many
praciically)obtained measurements complemented by com-
putational studies of simplified and simulated machine
tool structures.

Two com;utational procedures are developed for
the calculation of steady-state and transient temperature
fields together with the resulting thermal deformations:
a lumped-mass/time~-continuous technique the solution of which
leads to aﬁ eigenvalue problem, and the finite-element
approach to the problem. 1In each case a step by step
solution technique is outlined,and a Fortran IV computer
program listing is included in the Appendix for the finite-
element analysis of two-dimensional structures using tri-
angular elements.

Finally, an investigation is made of new concepts

-

of errors of an axis of rotation. The. experimental

technique res%i~s in the generation of a polar trace on an

oscily ..-..— “‘Screen, the form of which relates directly to
';&Q%Qam which could be obtained from a machine
specimen ;f there were no unwanted disturbances of the
cutting process. In this way, an exact picture of the in-
fluences of spindle rotation errors on the workpiece accuracy
is obtained by an idle run test at normal spindle speeds with-
out machining; The design of a comprehensive electroﬂic in- |

strument is included in the Appendik together with details

of assoclated instrumentation.
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CHAPTER 1

INTRODUCTION

1.1. The Need for Specifications

The only internationally accepted procedure for
measuring the accuracy of machine tools is that provided by
sets of static alignment tests based on the original concept
as published by Schlesinger in 1927. Despite, however,\the
general opinion of the inadequacy of these tests as a proced-
ure for fully expressing the capabilities of modern machine
tools, especially numerically controlled (N.C.) machine tools,
no alternative set of procedures has yet been proposed which
is sufficiently comprehensive to be acceptable internationally.
In other words, machine tool makers and users have no commonly

understood and accepted means of measuring a machine tool's

ability to meet todays demands of accuracy.

1.2 The Accuracy of N.C. Machine Tools

While generally thought of as the most accurate form
of machine tool, it could be justifiably put that in fact,
N.C. machine tools may be rather the most inaccurate.

Let us compare the méthod of operation of an N.C.

machine tool with that of a manual (or conventionally auto-

matic)machine.

—

The standard mode of operation of the latter class of

machine is to pre-machine the surface concerned and to make
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the finishing cut after a corrective displacement of the
tool, or mechanical stop, is made according to some hand
inspection measurement at that particular part of the work-
ing zone concerned, in a given thermal state of the machine
afd including applicable weight‘and clamping deformations.

In N.C. machines, however, generally more compli-
cated shapes have to be machined, having a greater number of
dimensions, while the number of operator interferences for
measuring and correcting co-ordinates should be kept to a
minimum. The position measuring transducer may be remote
from the machining area of the machine yet is the only refer-
ence for dimensions throughout the entire working zone of the
machine.

It is for these reasons that the accuracy of an N.C.
machine is much more susceptible to weight, clamping and
thermal deformations than other types of machine tools and it
is much more important for them to maintain consistent high

accuracy in the whole working zone of the machine in order to

obtain precise work.

\

Let us look quantitatively at the industrial require-
ments for workpiece accurécy as established for British in-
dustry by two surveys [l]T[2].

In these;shrveys, a statistical analysis, performed
with reference to the dimensional tolerances as specified

on engineering component drawings from a cross sector of

T Numbers in parentheses [ ] refer to the appended refer-
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industry, produced results which have been summarised in
Figure 1.1 for various types of machine tools. The toler-
ances are expressed in terms of I.T. classes of accuracy
(the 1.5.0. s;stem {3])and the numbers in circles indicate
the required classes of wbrkpiece accuracy to be obtained on
the individual classes of machines, the number underlined
being the most important one.

Take for example lathes: lathes capable of pro-
ducing accuracy class IT6é are required though the most
common type should give IT8.

There is no reason to expect that these accuracy
requirements will differ greatly among modern industrialised
countries.

However, the results of a survey (4] on the accuracy
actually attained on various types of N.C. machine tools
installed in the plants of a group of Swedish companies
including Bofors, Alfa Laval and Scania Vabis produced some
interesting data, a summary of which is shown in Figure 1.2.

In a single test, a series of six standard test

workpieces, specified according to machine tool type, is

machined throughout a twenty-four hour period during which .

5;:/ L4

the machine undergoes a thermal cycle. The tests were
specified and performed in such a way as to reflect the work-

ing accuracy of the machine tools including thermal effects.

s

TN
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If Figure 1.2 is compared with Figure 1.1, a
discrepancy is seen to exist.

It may be realised that while the requirements
of workpiece accuracy are obviously being met, they are,
equally 6bviously, not being met by N.C. machine too}s,
which lack the presence of the self-adaptive operator of
a manual machiné who, by constantly making measurements
before finish machining, effectively compensates for such
errors as thermal, weight, clamping deformation or Abb€
offset errors on alignment and positioning accuracy or
tool wear.

Therefore, in degling with the problem of defining
and testing accuracy of N.C. machine tools we are looking
for such a concept of testing procedure where accuracy‘in
the whole working zone of the machine is established and
that the procedure be practical enough so as to enable the
inclusion of thermal, weight and clamping deformations in
the test cycle.

This having been done, the next stage would be to
introduce special design features to limit the occurrence of

these further effects.

4

1.3 Machine Tool Accuracy ~ what the user wants

Many specifications already exist having been com-

piled by individual machine tool makers and national machine



tool advisory bodies and, although each one is not
comprehensive, each one can contribute to the development
of some internationally acceptable set of specifications.

{5]

It was the aim of a project at The University of
Manchester Institute of Science and Technology (U.M.I.S.T.)
to assemble and analyse these various specifications,
together with tests and experimental procedures developed
by universities and research institutes, in order to form a
soTﬁé basis from which the eventual formulation of compre-
hensive rules may be derived.

The project was established in the face of a grow-
ing demand, e.g. [6][7], from both machine tool makers and,
often disenchanted, machine tool use;s for not only commonly
accepted but scientifically supported procedures of testing
on which an\unambiguous understanding of a machine tool's
capability could be gased. -

Company interes; in Canada has likewise been
stimulated, by increasing demands on accuracy and the rapid
growth of N.C, installations in Canada. From only seven
instéllations in the early sixties, there were 500 in 1970
[8] and at the latest count, approximately 1200 diversified
machine types in early 1974 [9] located mainly in Quebec and
Ontario. _

A survey investigation {10] was performed at the out-

set of this project .to establish the significance of any




problem associated with the accuracy of N.C. machine tools.
It was fohnd that while in many instances N.C. machine tools
were used mainly because of their capability of flexibly |
automating complex operations in small lot production where
no special degree of accuracy was required, an important
group of companies existed where accuracy requirements were
at the very limit of the capabilities of their machines.

In the last group of companies considerable effort
and time was expended in regular accuracy checks and accuracy
maintenance of the machines, using the best techniques
commonly available - though usually limited to checking
straightness and positioning accuracy along single lines in
each axis. The specifications of accuracy as obtained from
the machine supplier are taken for granted and regarded as
valid for actual workpiece accuracy.

: It was established that a genuine interest in the
¥ development of advanced and reasoned technigques of specify-

ing N.C. machine tool accuracy exists.

) 1.4 Scope of the Investigation

The scope of the present investigation is limited
to those problems associated with the geometric accuracy of
maé%ine tools, excluding however, dynamic errors for which
a generally acceptable solution has been proposed elsewhere

[11].




Here, the aims may be listed as follows;

1) To formulate some definition and concept of
accuracy for the whole working zore of a machine (two or
three dimensional).

The accuracy concept should be able to accommodate
the possibility of being able to quote some definitive
statement of machine accuracy i1nclusive of the effects of
thermal, weight and clamping Qeformatlons.

On application, the accuracy assessment tests,
specified in accord with the concept as developed, should be
practical in nature and the whole test procedure should be
open to an aécelerated and automated means of data acquisition.

2) To investigate in some detail, the most complicated
of the further effects, thermal effects, in the interest of
formulating precise rules for specifying the thermal test
cycle. ‘

3) To investigate new concepts of spindle rotation
accuracy and to develop instrumentation capable of measuring
a{lxerrors associated with spindle rotation.

;f To generally develop prqgtical methods of application

of the techniques, as specified in accord with the formulated

laws, and apply these to various practical situations.
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CHAPTER 2

ACCURACY SPECIFICATIONS ~ THE STATE OF THE ART

Ve

3 —
2.1 The Current System

2.1.1 The Accuracy of the Workpiece

The accuracy of the workplece may be expressed in
purely geﬁmetric terms i.e. in terms of form (including
surface waviness and roughness) and dimensions, the accuracy
being determined in relation to tolerances on these dimen-
sions. The tolerances are chosen and applied in turn with
respect to the functional requirements of the workpiece and
with reference to some system of tolerancing.

Examples of this approach are shown in Figure 2.1
and 2.2 for the errors of rectangular and cylindrical work-
piéces respectively. 1In these Figures, the idealized forms
are sﬁown by the thick lines and the plus tolerances used
by the thin lines. Possib&e\gctual forms of acceptable work-
pieces are shown by tﬁb/éashed/dln;;\\\

Taking for exajple the workplece depicted in Figure
2.la, of sole inégfiiE/aré sides 1,2,3 and 4 and the machin-
ing of flat, parallel and mutually square surfaces, the
dimensions A and B and respective tolerances ¢, and ¢,
aﬁplyinq, as shown in Figure 2.1b. *

An acceptable form of produced workpiece may there-

w



e s

fore be as shown 1n Figure 2.1c which satisfies the given
limited requirements. The actual surfaces are not flat,
parallel or square, but they are located within the specified

limits. The form may however, be improved without modifying

¢ the basic tolerances, by imposing ‘special restrictions on the

form of the surfaces. T; Fiqgure 2.1d for example, additional

tolerance 63 places limits on the parallelism of opposite sur-
faces 2 and 4,!and tolerance 5“ places a squareness tolerance

on planes 3 and 2.

An analogous example 1s given iT Figure 2.2 for a
cylindrical workpiece which has a tolerance §, imposed on
the diameter D. Possible acceptable forms of the workpiece
are shown in Figures 2.2b and 2;2c while a further possible
restriction, in the form of additional tolerance 62, may be
introduced on the error of circularity of any cross-section.

Both of these examples necessaril& imply the
capability of the producing machine to perform within the
acceptable error deviations is imposed, involving the re-
quirements of straightness of motion and positioning
capabilities to be embodied in the machine.

The requirements of accuracy of workpieces may be
based on the ISO system [3] of limits and fits which relates
to tolerances on components and to fits corresponding to
their assembly. Here, tolerances on workpiece dimengions

are quantitatively classed in eighteen IT standard tolerance
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grades ITOl, ITO, ITl to 16, the limiting numerical values

2

being linked to dimensional size by empirical formulae .
4
calculated on the basis of former national standards.

With the exception of the three finest classes ITOl,
ITO and IT1, for which a basic relationship between toler-
ance and dimension 1s assumed, a general formula exists for
the other standard grades which takes into account that the
relationship between the values of manufacturing errors and
the workpiece dimension is approximately parabolic in nature.
Figure 2.3,reprintedafrom {3] shows the numerical values of
the standard tolerances.

This ISO recommendation was the basis for the
recently introduced British Standard of Limits and Fits [12]
from which Figure 2.4 is reprinted. It includes an adequate
illustration of the increasing significance of temperature

effects for steel workpieces via the attainment of accurfry

grades for increasing sizes of parts.

2.1.2 The Accuracy of the Machine Tool

The metrological definition of geometric accuracy
and the basic measuring methods remain the same now as in
the classic geometric accuracy coﬁcept generally attributed‘
to Schlesinger (13} and first published in 1927. The work
of establishing acceptance standards had commenced in 1901

and, in a German machine tool industry trying to establish

e e Sriata
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itself in a competitive world market the need for a
comprehensive series of acceptance test specifications
became very real. Since the original German publication,
the procedures have become generally adopted the world
over, being transfated into many languages and periodically
updated.

The original recommendations were used as a basis
for German (DIN) and Russian (GOST) standards.

Figure 2.5 is a single’example of the typical form
of Schlesinger test chart, extracted from the latest edition
in English of his recommendations [14] where a collection of
seventy test charts for diversified machine tool types is
given.

The measurements depicted are basically measurements

-

of parts of the machine tool e.g. guideways, tables, etc.f
and the tolerances are those‘gerived from practical dchiev-
ability..

The system however, does not show any direct relation
to the accuracy of the workpiégii (However, the tests were
and still are of g;eat value to the plant engineer in
connection with the initial installation, maintenance and
overhaul of machine tools in his care).

\ Schlesinger was aware of this limitation, reasoning

however that the direct test consisting of actual machining

tests would often not be practical because of high costs and
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that it would be difficult to cover the full range capacity
of a machine tool.

Salmon [15] on the other hand provided for the
application of direct tests by proposing a series of
practical tests (épreuves pratiques) for each machine tool
type, backed up by a series of geometric inspection pro-
cedures (vérifications géométriques). The change in
emphasis is significant for in the Machine Tool Test Code
IS0 R230({16), which is probably the ultimate refinement of
the classic approach to geometric accuracy testing, it is
stated that if geometric tests and practical tests having
the same objective are applied to a machine and the results
differ, then the results obtained by making practical (i.e.
direct) tesgs should be accepted.

The classic geometric accuracy tests have great
drawbacks and\in some cases the procedures lead to incorrec£
conclusions.

Figure 2.6 will serve to show how the incorrect inter-
pretation of data may result: ’

Figure 2.6a refers to the basic proéedure of measur-
ing the angular deviations occuring in a machine tool slide
motion i.e. pitch, roll and yaw (analogous to the motions
of a ship), a test which is commonly misrepresented as a
check of straightness of motion. Sometimes even pitch alone

is taken to be indicative of straightness while it is seen in

T izt
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Figure 2.6b that even if no pitch is indicated on the level,
a roll motion could occur about some point O resulting in an
up and down motion of the table and causing a great error of
straightness of motion.

Figures 2.6c¢c,d show that even if no roll,pitch or
yaw motion is indicated, up and downwards motion or sideways

motion may occur and the motion certainly is not straight.

However, it should be said that measurements of

. angular deviat{;ns are very valuable in evaluating the motion
: of some point P located above the_ table surface, once the

; error of straightness motion in the plane of the table is

* , ‘

\ » known.
The next series of diagrams in Figure 2.6 refer to

|
the correct measurement of straightness of a motion.
The straight-edge should be located on the stationary

pofﬁion of the machine while the gauge is fixed to the moving

f member as shown in Figure 2.6e. Thus the measurement of

/
straightness of motion in a lathe is a correct one, the

mandrel held between centres and the gauge being held in the

traversing carriage.
However, for some types of machine, the configura-

tion of the machine prevents this ideal set up and the

e ey

straight-edge has to be located on the moving member. In

this case, in order to avoid the occurremce of the situation

14
.-“4
shown in Figure 2.6f where the gauge indicates no error, the
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measurement has to be complemented by the measurement of
the pitch motion, this test corresponding to Figure 2.64g.
In a similar way for horizontal measurements of straight-
ness, a combination of measurements of straightness and yaw
motion should be made using for example an autocollimeter
for the angular deviation measurement. These are correct
procedures limited however in their validity only to the
plane in which the straightnéss measurement is made.

While the utilisation of two straight-edges A, B
as in Figure 2.6j would identify the presence of roll,
pitch and yaw motions having instantaneous centres of
rotation in the points of either gauge will remain undis-
covered. deing the additional straight-edge C does not
help much, the only conclusion being that straight lines
in the X direction may be generated‘all over the working
zone if the tool works in the plane of the gauges as for
example wouid be the case for a horizontal boring machine.

Again, measurements of pitch and yaw are additionaly
required. ‘

Now, since the measurement of a moving straight-edge

with a gauge in a fixed position in the place of a tool gives

proof of generating straight lines in the plane concerned, the
common method used in grinding machines (seé‘Figure 2.6k) 1is
correct for confirming the cylindricity of ground work pieces,
althohg? the longitudinal movement of the table need not be

straight.
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The table may perform both roll and yaw motion
with instantaneous centres of rotation at the point of
contact of the grinding wheel with the workpiece and it
may‘glso pitch without affecting the cylindricity of the

workpiece. By this concept of straightness of motion as

opposed to straightness of a guideway the classic approach

has been refined, as previously mentioned, and a useful
guide to the correct application of geometric tests as
well as to the choice of conventional test equipment is
given in ISO R230.

The samé principles are embodied in their final
form in thg.more recent ISO recommendations particular
to specificﬂmachine tool groupings [17] [18] for which

r

ISOR230 is a hand in hand reference manual.

However, in the final analysis of sgortcomings of
the present system, while the accuracy of the workpiece is
expressed in solely geometric terms, the accuracy of the
machine tool is covered not only by geometric aspects but
by‘ﬁinematic and functional ones related to the machining
movements and affected by the machining process.

So for example, if thermal effects are taken into
consideration, the deviations from a prescribed geometric
form should be considered in a predetermined range of thermal

states of the machine. Also, especially for N.C. machines,

displacement accuracy should be considered taking into
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account the kinematic errors of the machine and the dynamic
errors of the control system. Additionally, such effects as
weight and clamping deformations should be considered. The
accuracy of spindle rotation requires a precise definition

also, as will be seen in a later chapter.

2.2 Significant Attempts to Solve the Problems

Summarising the preceding paragraph we can see that
the fundamental limitation of the classic concept of
geometric accuracy as created by Schlesinger and further
developed by national and international authorities is the
fact that it is based on a "steady and balanced" thermal
state of a machine., Such a. state actually never exists in a
working machine. Besides the fact that it does not provide
a definition of machine accuraéy throughout the entire work-
ing zone, it does not allow for dynamic errors, thermal,
weight or clamping deformations or for spindle rotation "
errors, each of which may have.a decisive influence on the
geonetric éccuracy and quality of a ﬁachined surface.

A number of recent significant developments have
contributed to the developing concept of what constitutes

a modern comprehensive approach to the formulation of

machine tool accuracy specifications.

(

2,2.1 Three Dimensional Accuracy Specifications




(a) First, consider the practical approach of the
Dixi company in the té;t.charts for a Jig Boring machine
(19].

An extract is shown in Figure 2.7 where it is
apparent that their approach is much different from the
classical approach of clear separate definitions of
straightness and squareness errors.

Here, a cylindrical square is moved into three
positions longitudinally and three positions transversely.

In each position the dial indicators attached to the spindle

slide up and down with the headstock along the master

. cylinder.

v

In case 7, dial indicators fixed to the table at
three different heights slide along the extended spindle in
two places during the longitudinal motion of the table.

On realising that the main function of the machine
is primarily to borejholeé, having straight axes parallel
to each other, all over the working zone, the practical

aspects of the tests become apparent. That is, the test is

not too time consuming and the result bears an integrated

direct relationship to the errors of a machined workpiece
since anyway, the errors of the workpiece will be the non-
separable tolerance combinations of the effégls of straigﬁf— .
ness and parallelism.

AN
(b) A further significant development is the working zone
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concept which has been well formulated by Erikson [20],

and applied by the Sundstrand Corporation {21] in the
evaluation of accuracy of their range of Omnimill Machining
Centers. The philosophy is ultimately passed on to their
customers [22].

" Erikson states quite correctly that the current
procedure of concentrating on checking the alignment of
guideways has no significance for the customer and mis-
directs the attention of the manufacturer away from the real
problems.

Figure 2.8a is a partial example of how the magnifi-
cation of errors can occur in the working zone because of
Abbé offsets and this applies in fact not only to the posi—
tioning errors as depicted, but also to errors of straight-
ness of motion if other angular deviations are considered.

The dimensions of the‘working zone, as shown in
Figure 2.8b, are defined by Sundstrand in each application
and this is subdivided into primary and secondary work zones,
the primary zone being established on a basis of where most
of the machining work would be accomplished.Having predeter-
mined the dimensions of the primary zone, measurements of
straightness deviations'and the displacement accuracy, as
experienced at the tip -of some mean length of tool,‘are made
by locating straight~édges or lug bars along each of the

three mutually perpendicular lines passing through the center
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of the working zone (i.e. the Mean Work Zone) and tracing
these reference surfaces using a gauge located in the
spindle nose. -

In order to extrapolate these results to other
parts of the work zone, the angular motions of pitch and

yaw are simultaneously measured.

2.2.2 Master Part Trace Testing = /

e

A further trend is in the use of autoﬁétic record-

19

ing and integrated testing technigques and in the development

[

also of techniques for automating and accelerating procedures

and the computer evaluation of test results.

(a) The master part trace test of Bryan [23] from which

Figure 2.9 is reproduced is an example of an automated,
accelerated and integrated test procedure, the expression
"integrated" being used because instead of any component
errors, only{Eheir resulting effect on the accuracy of the
workpiece is measured.

Choosing a shape and size of workpiece representa-
tive of the work to be carried out on a particular machine
tool is the first step in the production of a master work-

piece of known accuracy. This master component is clamped

in the place of the workpiece and the tool is replaced by a

displacement transducer. The transducer is moved under con-

trol of a tape program and its signals, representing the

resulting effect of the machine tool and the control system,

/
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are recorded for subsequent coxputerised analysis. It is
obvious that in an ideally accurate machine the signal of
the transducer would stay constant throughout the tests,

(b) Kirkham [24] has described an integrated procedure
not only for assessing the accuracy of a machine tool but
also for deteérmining, from the test, the individual com-
ponentg of the geémetric errors of the machine.

Considering two-dimensional positioning accuracy
only, the master part consisted of a rugged plate having
holes %f one inch diameter randomly placed in it. It is
ﬁé{»ngdessary to accurately machine the holes in precise
locations as long as the coordgpate locations of the holes
have been carefully calibrated using the best possible
measuring geéhniques. The plate dis mounted on the machine
table perﬁéndicular to the spindle axis and a tape, made‘*in
accord with the calibrated locations of the holes, is used
to move a gauging probe into each hole in random sequence,
the probe consisting of a tool holder carrying two gauging
heads at right angles.

The indicated deviations, in two céérdinate direc-
tions, from the calibrated positions are recorded and pro-
cessed. The final computational analysis gives data on
positioning accuracy as well as the out-of-s3quareness and
parallelism errors of component motions.

The accelerated and automated technigues involved in
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the master part trace test are also especially suitable for
geometric accuracy tasts where functional effects are to be
included, for the techn}gue 1s fast. For example, the tests
may be repeated at variouq\Qtages in a thermal duty cycle,
each set of da%a being repreégnted as that specific to one
instant in time. 'jt,

y
i

2.2.3 Positlonlnq’Accurqu
7

Displacing a bédy along a line to a target 1nvolves
in all cases several characteristic types of errors, the
basic components of which are;

(1) Cumulative error - a systematic error over a certain
length of travel or over the full length of travel. &
portion of this error may be indentified as a cyclic error.

(2) Scatter -~ a random error characterizing the accuracy
of repeated positioning to the target.

(3) Dead zone - defined as a difference in final position
attained when approaching the target from two different
directions.

(4) Least possible displacement.

Two major specifications for evaluating the position-
ing accuracy of N.C. machine tools have been issued, by Verein
Deutscher Ingenieur (V.D.I.) in Germany [25] [26] and the
National Machine Tool Builders Association (N,M,T.B.A.) in
America [27].

(a) N.M.T.B.A. [27]
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A definitha of N.C. machine tool accuracy has been
proposed by N.M.T.B.A. as follows:

"Numerical control system accuracy at a point is
defined as the sum of the signed value of the difference
between the mean and the target at any point plus the value
of the dispersion at that same point which gives the largest
absolute sum”.

The following example will illuétrate the technique
adopted. A machine slide is commanded to move from 1ts zero

position to a target through a prescribed displacement. The

actual position attained by the slide\will generally differ
/
from the target position and if the command is repeated a
number of times, the difference between the target position
and the mean of the attained positions AX may be evaluated.
The repeatability of the positioning system has been
additionally defined by N.M.T.B.A. as "the expected diversion
on each side of the mean resulting from a series of trials
when approaching any given point under the same conditions".

Adopting standard statistical practice, the expected

deviation is 30 where,

where X = mean attained value
X = actual attained value
N = number of trials
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The accuracy 1s then defined as
A=AX+ 30
The procedure is 1llustrated in Figure 2.10 where the
accuracy of a linear measuring system has been determined
at a number of points along 1ts traverse.

The value AX has been evaluated at every target
position and a mean line constructed through the calculated
points. At each point also the disbersia\i 30 has been
calculated enabling the constiuction of an envelope contain-
ing the AX + 30 values to be formed.

The system accuracy may be quoted as a plus or minus g
figure having equal values, the syrmetry of the graph being
achieved by shifting the zero on the ordinate as required.

As a conseguence of dead zone, recognition has been
given by N.M.T.B.A. to the evaluation of bidirectional as
opposed to unidirectional positioning accuracy where, while
in the former the accuracy evaluation is based on approach-
ing the target from only one direction, the latter includes

approaching the target from two directions.

(b) V.D.I. 3254 [25]

The experimental procedure is virtually identical to
that of N.M.T.B.A. though the terminology differs. V.D.I.
have dispensed with the term positioning "accuracy" in
connection with any quantitative statement, replacing it by

positioning "tolerance"”.
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- The mean position attained at each point is deter-
mined and compared with the commanded position and the
errors plotted as shown in Figure Z.11, giving the "mean
position deviation" similar to the theoretically perfect

target of the N.PhT.B.A. specification

|
(0]
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The position scatter width kp is defined as + 30
but in this case,0 is calculated taking into account the
entire set of results and is thus constant over the whole
traverse range.

For 5 samples at the target point, as in Figure 2.11,

o =R
2.326

where R =

<
)
W

M = number of target points

R.= variation width at target i = ijax— ijin

xj= the deviation from a given target.

Finally, the positioning tolerance T_ is given by,

E
Tg = Xpax = Xmin ¥ 89
Recently a revision of V.D.I.325 [26] was issued which brings

it much more into line with the N.M.T.B.A. proposal in that
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the influence of dead zone and hence the specification of
bidirectional and unidirectional accuracy is now included,
as well as finally expressing the tolerance in an identical
manner.

2.2.4 Spindle Rotation Accuracy

In the standard machine tool testing procedure,
spindle rotation accuracy is assessed with a dial gauge
clocking on to a precision mandrel, fixed in the taper in
spindle nose, and positioned close to the nose. The limita-
tion of this method is that any eccentricity in the
location of the mandrel is included in the reading. Also,
ho recording facility is available and the method is limited
to low speeds of spindle rotation.

Alternative methods of measurement have been proposed
recently utilising electronic displacement transducers with
associated recérding facilities.

Because these new procedures are the subject of
analysis ih a later chapter in the course of designing an
instrument capable of measuring all spindle rotation related
errors, a detailed analysis of the various proposals is de-
layed until then.

Suffice to say for&he time being, that a common
feature of all these methods is the éi5p1ay o% the measure-
ments in the form of a polar diagram, the significance of

which is the same as that of a standard Talyrond diagram,

-
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tﬁe shape of which is directly analogous to the shape

of a machined workpiece.

Oy
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{\ CHAPTER 3
~ THE NEW SYSTEM

3.1 The Conceptual Approach to a New System

*

The problem of formulating a comprehensive and
meaningful machine tool accuracy capability statement may

be reasonably put as how best to define and test the

accuracy of a machine in such a way that it directly relates

4
to the accuracy of a workpiece machined on it.

3.2 Geometric Accuracy : the inter-relationship of factors

affecting it

Figure 3.1 is a generalized diagram showing the inter-
relationship of factors affecting the machined workpiece ac-
curacy. _ v

The accuracy is directly influenced by the environ-
mental co;ditions, tool wear, workpiece clamping and temper-
ature changes in the workpiece due to the machining operation
and by the geometric accurac& of the machine tool. It is
however, indirectly influenced by the further effects of
weight deformations, clamﬁing deformations and thermal dis-
tortions which affect the finy \Séfpéoduct accuracy only

through their influence on the geometric accuracy of the

machine tool which is itself related to the accuracy of its

~

27
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component parts,
The significance of the influence of the further
effects is determined then by built-in design factors.
The errors generated in the machine tool may be
subdivided into three groups:

(a) Reference surface accuracy This accounts for the

geometric errors of the reference surfaces of the machine
L%

tool to which the workpiece or tool may be clamped.

(b) Spindle rotation accuracy This covers errors of

roundness of surfaces (either internal or external).

(c) Displacement accuracy This is affected by errors

of straightness, positioning and (control originated)
dynamic errors.

In this chapter attention is directed solely to

!

group (c), this being especially important to N.C. machine
toolgé though excluding the effects of dynamic errors,

additjonal checks being necessary to determine them. This

28

latfer group of errors are those occuring in servomechanisms

controlling the co-ordinate motions e.g. those caused by
different velocity gain in the individual axes, overshoot

and undercut.

The various errors inherent in spindle rotation are

explained in Chapter 5 together with the associated measur-

\

ing techniques and procedures for analysis and definition of

these errors.
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With reference again to Figure'B.l we see that the

geometric accuracy of a machine tool may be isolated, and

hence defined as follows.

The geometric accuracy of a machine tool is that

- : . 14
accuracy which is determined by the errors of a general

workpiece which would be obtained if all other influences

P

but that of the machine tool are excluded.

This definition justifies the adoption of the
"master part trace technique" introduced by Bryan [23],

since it is a technique which permits the required isolation.

3.3 Basic Translative Deviations

Figure 3.2 illustrates the measurement of the three
basig_translative errors, associated with the movement of
a ma:;;Ae table, along some defined line in the plane of the
table.

The measurements are associated with the X co-ordin-
ate movement of the table and are made along a line parallel
with the motion X. They consist of two measurements of
straightness and one of positioning, the former made by gauges
trécing an accurate master part consisting of a straight-edge,
Figure 3.2a, and the latter by utilising one of three possible
means, a line standard and telescope, a laser and target or

an accurate lug bar as shown respectively in Figure 3.2bl,

3.2b2, 3.2b3.

A
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These three measurements can be interpreted as
checking the accuracy of position of points situaﬁed on
the chosen line, the position of which is fixed in Y and
W directions. The position of each of these points is
identified by a corresponding X co-ordinate.

The three readings represent deviations in the
three co-ordinate directions of the individual points and
for example, during the motion X, these readings become
functions of X. *

Let us choose to refer to thése deviations as

| 3
(a) 6, (%) (b) Gy(x) fc) 6x(x) (3.1)

It is understood ‘that three analogous deviations will occur,
for the appropriate machine tool slide motion, in the
other co-ordinate directipns. A generalised nomenclature

2
for translative error deviatioms can then be derived as:

b . .
dm(n) A translational deviation, where m=X,y,2z and

n=x,y,z. The form is interpreted as a
deviation measured in direction "m" while

traversing in axis "n".

When m=n, dm(n) is a measurement of positioning accuracy

while if mxn, 6m(n) is an error of seraightness.

3.4 Comparison of No-load Test with a Machining Test

While having justified previously the adoption of the

~~
i
b
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master part trace test as a valid procedure in order to
isolate and identify thé geometric accuracy of the machine
it in the absence

tool, it is necess "to further

of a cutting force\as is present the direct test.

There are a sons for avoiding the
machining test because,
(a) it is more expensive and time consuming since for
statistical reasons, several te workpieces have to be
///\
made and subsequently measured, and,--

(b) the effects of tool wear and wo ece distortio;)

~

Therefore, if the indirect (non-wachining) test may

cannot be separated from those of machine inaccuracy.

be arranged so as to give results for the w ole working zone
and include thermal, weight and clamping effects, it is un-

doubtedly preferable.

t

The questfg? of the influence of cutting force (or

lack of it) could however arise. Firstly, no one should
expect good workpiece accuracy to be achievable during a
heavy roughing cut, when significagpt deformation of the
workpiece may occur, finished accuracy only being aghieyable
after a light finishing cut. )

The only possible significant influence of ‘even a
very light cutting force may be to cause some transverse

motion of the slide, limited by the motion available within

the slide gib adjustment, during the longitﬁdinal Motion of
/
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the slide.

HowéVar, the same effect may occur naturally
through a combination of the weight of the .sliding body
with the friction forces and it follows then that the
master part trace technique is still a valid approach if
the measurements of straightness and parallelism of

motions are made in both directions.

3.5 The Tolerance Laws

3.5.1 Rules Expressing the Relationship between Error

and Distance

With manuially operated machines it may be assumed
for example that the tolerance A2 on a workpiece of diameter
Dz, Figure 3.3b, will increase with its size, being small for
a small diameter Dx' the reason being that the error is
determined solely by the error of measuring the diameter
before taking the final cut, and the measuring gauge error
will i%crease with the size measur&d.” This same principle
will apply to an N.C. machine tool if the tool position is

corr7éted on t?é\spindle axis.

;- However, in an N.C. machine tool the tool position

i
F

{ﬁéy in fact be corrected t§ an intermediate diameter Dk.
Néglecting the error of the correction, now, while digmeter
D“ will be machined withou£ error, both the larger and sma;l—
er diameters, D5 §nd D3, will have errors A5 and A3 respec-

tively.

~
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These errors will increase or decrease then with

the differences, (D5 - D“) and (D“ - DB).
"\ Additionally it is shown in Figure 3.3d how the

error in a diameter (dimension in X) dependgjnot only on
the size of the diameter, but also on the length of that
diameter (dimension in Z). Consequently, if it was desired
to machine diameter D6 which has the same nominal diameter
as Ds a larger tolerance AG,'larger than As, would have to
be allowed for.

3.5.2 The N.M.T.B.A. Tolerance Template

The foregoing principles governing the concept of
N.C. machine tool displacement accuracy are inherent in the
form of tolerance template, Fiqure 3.4, (the so called bow
tie template) as proposed by N.M.T.B.A. [27], and adopted
also now by V.D.I. [26], for evaluating the positibning
accuracy of N.C. machine tools.

The template T is illustrated in its application to
a typical graph of positioning accuracy, the error 6x being
a function of distance travelled X. The thick full line

-

depicts the mean positioning error achieved during a series
—
o

prasses, the hatched area showing the positioning error

fikld ‘including scatter.

/J% The design of this template permits a constant error
Afx to exist along some basic distance b and it allows also

for an additional error increasing in proportion to the
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distance additional to b.

The template is applied to the graph in such a way
that the whole figure of the error field must always be
enclosed in the template while the template is shifted in
the direction of the X axis and at the same time is freely
moveable parallel to the direction of the éx axis. (It may
not be rotated however).

Its significance is as follows:

The relativity of the error is expressed. That is, in
relation to both distance travelled X and the error Gx,the

error is taken as relative only between any two points.

3.5.3 A Modified Form of Tolerance Template

A simplification of the N.M.T.B.A. template form is
proposed, as shown in Figure 3.5, where the basic distance b
is diminished to zero. In fact, it is difficult to appre-
ciate the reason for this basic distance anyway.

The use and significance of this modified form of

template as regards the relativity of error and distance

remains.

[}

Let us examine this form of template in relation to
the IS0 system of tolerancing. 1In Figure 3.6 the values of
permissible tolerances are plotted against dimension for the

IT5 class of accuracy.

It is seen that the relationship given by the result-

ing curve a is non linear and that for dimensions approaching
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zero the tolerance approaches a certain minimum value.

Except for the three finest classes ITOl, ITO and IT1

where the relationship lg linear, the same formula exists

for all other IT tolerance classes but for the scale of §.
It is proposed to linearize the ISO curve, and the

least squares fit straight line 1is given by line b which in

fact does not differ from curve a by more than 2 um except

-

~ 4 : :
+for small dimensions.

\ : e
The characteristic_featufes of this modified
(linearized) IT curve are embodied in the proposed template
form of Figure 3.5 if the tolerances and dimensions are

taken as being relative.

A mathematical expression for this template can be

formulated:

Syl ) -6 x|« AL+ K lxz - xll (3.2)

where xl and x2 are the co-ordinates of any two points along
an axis X and Gx(x) is the error in the direction X of the
points Xx.

The expression (1) may be translated as:
‘The absolute value of the error of the distance of two points
{(whether the error is positive or negative, i.e., whether the
actual distance is greater or smaller, is not relevant) may be
eéual to or less than some constant value Axx plus an addi-

tional value proportional by Kxx to the distance (while it is
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irrelevant which direction is taken as positive).

3.5.4 Extension of the Tolerance Laws to a Three

Dimensional Working Zone

The next step will be the consideration of positions
of points 1n a three-dimensional zone depicted in Figure 3.7.
Basically, the dimensions of workpieces are distances of two
points and this being so, let us consider two generally
located points 1 and 2.

Thé accuracy of the position of a single point is
determined by the deviations §_, 6y and § ffom its ideal
position.

The distance between the two points may be deter-

mined by means of the three coordinates by,

(x2 - xl). (Y2 - y)), (w2 -w ) (3.3

1

and the component errors of the distance as,

(6, -6, ), (6, - Gy ), (Gw - 6w ) (3.4)
2 1 2 1 2 1

It is proposed to consider the component errors

(3.4) as dependent each on the total distance of the two

/‘
points as expressed by the components (3.3).

This approach is justified if the generation of
errors is considered as the tool moves from point 1 to point
2 in the work zone. Section 1 to 1' comprises motion in the
X co-ordinate motion, 1' to 1" in the direction W and 1" to

2 in direction Y.
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If we consider only one of the component errors
éx, this is generated in parts as: the positioning error
over the distance (x2~ xl), a straightness of motion error
in direction X in moving in W over the distance (wz— wl)
and a further straightness of motion error in direction X
is moving in Y over the distance (yz— Yx):

In an analogous way, the errors Gy‘éqd éw are

~

; generated in all the component motidns.
An expression for the error in X may then be

derived as:

' ze— 6x1 XX XX lxz— xll P Ayt ny lyz- yll

"
>
+
%)

+ A W - W l " (3.5)
1

+
Xw Kmlz
In order to generalise this formula we may derive

the following:
- g + - + + ’ ~
%™ Cm | € A * | =, - %, |+ Ay * Say] Y, yll

U S mel.wz'wl l , (3.6)

where m = x,y,w
ﬁence, the relative component errors of any two points are
permitted to be equal to a constant value plus a sum of
values proportional fo the component co-ordinate distances
of the two points.

[y

’ The error is seen to consist jof three parts

i
?
!
i
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(3.7)

where m = x,y,z and n = x,y,2, and the constants Amn and
Kon 2re chosen with respect to the significance of the
motions in the individual directions.

These components all have the same form as (3.2)
meaning that we accept the same form for the errors of
straightness of motion as has been proposed for the position-
ing error. )

This is justifiable siﬂce as far as lateral devia-
tions of a moving body are concerned (i.e. deviations of
straightness of motion) there will always be a basic error
Amﬂ due mainly to backlash in the guideways and repeata-
bility of measurement, as well as a deviation Kmn that will
increase with distance travelled due mainly to the error of
squareness of theé basic co-ordinate motions.

The forms of the relationships (3.6), (3.7) signify
that in this way, tolé%ances may be expressed for the three
basic translative measurements depicted in Figure 3.2,
wherever in the working zone and along whatever line in that
zone the measurements are made.

It is of course unrealistic to make an infinite
number of measurements along an infinite number of lines in

the working zone. There is however a minimum necessary

number of measurements which may be specified according to
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the application of the rules in the following paragraph,

3.6 The Primary Effects of Angular Deviations

Considering the motion in X of the table of a
horizontal boring machine as in Figure 3.8, there are
three unwanted angular deviations associated with this ’
motion besides the three basic translative error deviations.
These are the angular deviations of roll, pitch and yaw, the
terminclogy being analogous to the motion of a ship as
previously noted.

Denoting an angular deviation by ¢, the angular
deviation being a function of the distance travelled in X;

we have,

exYx) -~ roll
. R ey(x) ~ yaw
ez(x) - pitch (3.8)

or, generally, the nomenclature for angular deviations may

¢

be established as;

em(n): An angular deviation, where m=x,y,w and

! n=x,y,w, the form being interpreted as the

<

angular deviation occuring around axis "m"

T

" "

while traversing in axis "n".

i

Now let us consider the Primary Effects of Angular Deviations
“

occuring during a co-ordinate motion, these being defined as
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the effects of angular deviations on translative deviations
measured during the same co-ordinate motion.
This type of effect is illustrated in Figure 3.8

»
where the angular motion of the table of a hgrizontal boring

\.

machine ;s considered. So that the illustration be as gen-
eral as possible, the existence of two spindles is assumed.
The basic translative error deviations 6x(x), Gy(x) and
éw(x) are measured along some line P, the gauge being fixed
in spindle number 1.

RO Now, if machining takes place, or if the measure-
ment be made, along some line other than P, offset with
respect to the moving body, e.g. line Q offset in W, or if
the measurement is made along the same line P but from the
other spindle, i.e. spindle number 2, the translative error
deviations obtained will be different.

In Figure 3.8c the error deviations Gw(x) and dy(x)

are affected by the roll ex(x) and the offsets b and c

respectively according to;

ool
Gy(x)Q Gy(xhﬁ + ex(x).s

éw(g)R Sw(x)I> + ex(x).b (3.9)

In Figure 3.8d, the pitch sw(x) affects the deviations

Gx(x) and Gy(x) by offsets b and a respectively.
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§ (X)), = 6§ (x)y + £ (xX).b

6y(x)P(Spindle 2)" GY(X)P(Spindle l)+ ew(x).a

Finally, in Figure 3.8e, the yaw ey(x) affects the deviations
6w(x) and Gx(x) by offsets a and ¢ respectively.
6x(x)Q = 6 (x)p + cy(x).c
(3.11)

8w ¥ p (spindle 2)7 %w®)p (spindle 1)* &y (¥) -3

From the foregoing formulae it may be realised that
the differences between two translative deviation measure-
ments made at different offsets are caused by angular
deviations.

These differences will increase as the offset in-
creases and will be extreme for extreme offsets. Measure-
ments made at offsets smaller than the extreme one may be
found by a linear interpolation between the two extreme
measurements.

Therefore, if measurements of translative deviations
made along two T%%s extremely offset to each other both
satisfy a given 5ﬁerance, then the measurements along all
intermediate lines between the two offsets will also satisfy
the tolerance.

This has great significance for it enables a

quantitative and comprehensive evaluation of accuracy in a
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two or thrdae dimensional zone to be arrived at by checking

only the tolerance of measurements of translative devia-
,{"

tions made along those lines, extremely offset to each

other, which define the specified working zone.

3.7 Specification of a Basic Minimum Number of Required

Translative Deviation Measurements

3
Let us now utilize the principles of the preceding

paragraph in specifying the required measurements for
describing the accuracy of a horizontal floor-type boring
machine (plate I, pg.43) equipped with a bed plate and a
rotary table attachment.
Consider sepa}ately two modes of operations with
this machine corresponding to: ’
Model A - machine used with bed-plate, and,
Model B - machine used with rotary table attachment.
The first step in the procedure is the determination
of the extreme offsets along which the basic translative
error deviations will be measured.
We may proceed by remembering the definition of an
offset. -

An offset is a variation of the distance of the tool

N
point taking place with respect to the moving body.

The detailed procedure may be followed by reference
to Figure 3.9.

A, Model A: Boring machine used with the bed-plate
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Each co-ordinate motion is taken in turn.

(a) & motion: Considering the X traverse of the column
along the bed, the maximum offsets of the tool with
respect to the moving body (i.e. column) are given by
lines A,B (maximum offset in Y), D {(maximum offset in 2)
and C (maximum offset in 2 and Y).

The necessary error function measurements are

therefore;

(1) Straightness errors: Gy(x), dz(x) along line
A, and for the ?ffect of roll ex(x), Gy(x)
also along line D and éz(x) along line B.

(2) Positioning errors: éx(x) along line A and,
for the effect of pitch ez(x), dx(x) also along
line B, for the effect of yaw ey(x), Gx(x) along
line D. Additionally being affected by both
pitch and yaw motions, éx(x) along line C.

(b) Y motion: With respect to the moving body, here the
vertical movement of the headstock, an offset may only occur
in the Z direction according to extension of the spindle
carrying ram or the spindle itself. (An additional offset
may be the varying length of the tool but we may normally
assume so&e constant mean length).

Accordinély lines E and F correspond to the extreme

offsets of the tool point and extensions of the ram, Zmin

and Zm respectively.

ax
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The required error functions then are;

(1) Straightness errors: §,(y) and §_(y) along
line E, and for the effecg of "vertical pitch"
ty(y), 6X(y) also along line F.

(2) Positioning errors: (y) along line E and

5
Y
for the effect of "vertical yaw" ex(y), éy(y)
also along line F.

(c) 2 motion (i.e. spindle extension)

There is no offset of the tool with respect to the

moving body since the tool moves with it (again assuming
a constant mean tool length). Therefore, the basic measure-
ments of translative error deviations need only be performed
along any s\ingle line, say G.
The Xequired error functions are;‘
(1) Straightness errors: 6x(z), 6y(z) along line G
(2) Positioning errors: 62(2) along }ine G
(d) W motion (i.e. ram extension)
Derived in an identical manner as for spindle
extension, the error measurements for the ram extension are;
(1) Straightness errors: 6x(w) and Gy(w) along the

same line G

(2) Positioning errors: Gw(w) along line G also

B. Model B: Boring machine used with the rotary tablecsattach-

ment

-

All of the previously determined offsets and basic
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T e

to include the working zone over the rotary tabl

-—

neasarements apply, lines A,B,C and D being extended so as
W motion: The maximum offsets of the tHol with
respect to the motion of the table are lines H,J

| y

offset in X, L (maximum offset - Y) and K (maximum offset =

X and Y).

Thus, the additional tests specific tg\g motion

e

——

are; (

(1) Straightness errors: GX(G), Gy(ﬁ) along line
H and, for the effect of roll ea(ﬁ), Gx(ﬁ)
along line L and Gy(G) along line J.

(2) Positioning errors: GG(G) along line H ahd,
for the effect of yaw sy(@), §5(w) along line
J, for the effect of pitch ex(ﬁ), Ga(ﬁ) along
line L. Additionally, affected by both pitch
and yaw motions &Q(G) along line K.

This set of measurements will be performed for some

constant extension of the spindle.

3.8 The Secondary Effects of Angular Deviation

These may be defined as the effects of angular motions
occuring during a co-ordinate motyon on translative deviations
measured during another co-ordinate motion.

These effects are secondary in name only and not

necessarily in magnitude. Also, it may be shown that these
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effects do not affect measurements of positioning accuracy.
¢

{\ Now, in the preceding section 3.7, the minimum
\'\\ng@ber of measurements has been defined as a series of
tr;Kflative error deviation measurements. However a common
procgdure is to measure the basic translative error devia-
tions along only a single line in each axis, complementing
these measurements with measurements of pitch, roll and yaw
in each axis.

In this way, the other required translative deviation
measurements may be derived, according to the principles of
section 3.6, as a sum of the basic measurement and an addi-
tional component due to the angular error motion ag magnified
by the appropriate offset into an error of translation.

This is a useful procedure avoiding problems of
fixturing especially with the type of large machine we con-
sider here, depicted in Figure 3.9, as an example of the
application of the rules. It also provides directly however
the angular motion data required to compensate the trans-
lative motion errors for the secondary effects of angular
ﬁotion, the occurrence of which we consider next.

It is important to remember that the striightness
measurements are made for example by a gauge tracing'a master
square which is aligned as far as possible to the.co-ordinate
motion of the machine by typically locating it again&t pro-

vided reference surfaces. N

N o
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The measurements therefore will be composed of two
parts which are;

(a) the deviation of straightness proper, and,

. (b) the deviation of the direction

Now, the contribution of the latter will vary
according to the relative position of the moving bodies.
Consider for example Figure 3.10 where the measurement of
straightness 6y(z) has been made by tracing, with a gauge
located 1n the spindle nose, a master square located on our
rotary table at position;<F.

Suppose however, the measurement is repeated with
the square at position>:F', the column having been moved te
xp" to bring the gauge opposite the spindle again.

The two measurements, let us call them Gy(z)F and
6y(z)F", will vary by virtue of a changed direction deviation
caused by the roll of the column ex(x) (also possibly by poor
reference surface accuracy and by location of the table in the
w direction and the pitch motion EX(G)),

This change in angular deviation given by e, between

F and F would be;

\ e, = e_(x)
| F X F
&

Let us now determine those measurements which are

- e (x)g” (3.12)

affected as a consequence of the secondary effects limiting

ourselves to those measurements which measure deviations in
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the X and Y co-ordinate directions, the primary purpose
with this type of machine being accurate positioning in
these directions. |

Model A: Square located on the bed-plate

Gx(y) affected by +_(x)

I/
. §. (2z) " . Egﬁ%)
Y . (3.13)
6x(z) " ' cy(x)

Model B: Square located on the rotary table

6y(z) affected by ex(x)

éy(z) " " ex(w)
6x(z) n n Ey()()
Gx(z) n ” Ey(w)
dy(x) " " c;(w)
" " (3.14)
6x(y) cz(x)
GX(Y) “ " e;(w)

It ma§:gg_isi£ifed that there will be two extremes

3 of this directional deviation corresponding to the maximum

and minimum angular deviation from that corresponding to the
recorded position of the master square in the initial mea-
surement.

/

These extremes will be found at some position of the
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moving member not pormally known in advance.
Returning to the measurement 6y(z)F made in
accord with the required tests for Model B, it is seen
fr&m the above table, that 1t is affected both by
e, (x) and zx(ﬁ;f\\\
Having made\ggg/ easurement of the two angular
deviations involved, we may determine the position at
which ex(x) and Ex(ﬁ) reach their maximum and minimum values.

i.e. for Lx(x) the maximum and minimum wxl) be

-

given by

ex(x)Ex+ and ex(x)Ex_ (3.15)

Correspondingly, for the motion EX(G) we have for

the maximum and minimum

£, (W) -
x "TExt and e (w) _ (3.16)

The two extreme error functions will therefore be given by

i

6y(z)Ex+ - 6y(Z)F +{:(€x(x)Ex+ - Ex(X)F) ol Wpe,

- ex(w)F):].z (3.17)
and,
.JSy(z)Ex__ = Gy(z)F + [(ax(x)Ex_ -e )+ (e (Whp

- exmp)] .2 ) (3.18)
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N.B. the deviation 6y being a function of the distance z,
the contribution to the basic translative error of the
added angular deviation 1s also a function of z.
Accordingly, by analogous means, upper and lower
bounds for each of the similarly affected measurements may
be calculated. Thus, the parameters of the template
describing the accuracy of the individual error motions may

be correctly derived so as to reflect the worst situation

.occuring in the working zone.

Using this approach, i.e. combining measurements of
translative error deviations and angular deviations, it is
comparatively easy to calculate the minimum number of trans-
lative error deviations required for a definition of machine
accuracy. Referring again to Figure 3.9 and the measurements

specific to Model A and Model B mode of utilisation of the

machine.
A. Model A: use of the machine with the bed-plate '
; N
(a) X motion: . . \\\\\\
S (x), = 6 (x), + (x) o
X)g = 6, (), + ¢ (x).a
Gx(x)A + Ej(x).b .
x(x)A + cz(x).a + ey(x).b (3.19)

6z(x)B z(x)A + ex(x).g\
§ (X). = 6 \(x) + € (%) .
Yy D Y \\fL’/,ﬁ___/p

&

-~
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(b) Y motion: P

i

GY(Y)F Gy(y)E + ex(yf.b

6x(y)F Gx(y)E + ey(y).b (3.20)

(c) Z motion, W motion require no derived measurements

B. Model B: use of machine with the rotary table

e —

W motion:

/ ’ 6—(6)' = 6-(w), + e€_(W).a

W L W H X :
* GG(G)J = 6Q(G)H * éy(v-v).c o R
GG(W)K = 6G(W)H + sx(w).a + ey(w).c
- - - . (3.21)

dx(w)L = 6x(w)H + e;(w).a
6y(w)J = Gy(w)H + E;(w).c

In a similar way as previously demonstrated, those
measurements affected, according to (3.14), will have to be

modified for the secondary effects of anqular deviations.

3.9 Design of a Master/g;}t ~ the integrated test procedure

It is possible (i) incorporate all the desired measure-

LY

+ments in some form of master part. 1In this way all the

»

specified translative error deviation measurements can be
. : . . I~ .
obtained taking into account the primary error motions.

Figure 3.11 shows a master workpiece designed for
X checking a horizontal boring machine. Typically it consists
: -
AN of a combihation of straight-edges and stepped bars (or a.
i ’ )




53

series of accurately spaced holes).
The data obtained from tracing such a master part

is of “course integrated data and the angular deviations

ol
-

will have to be calculated by comparing pairs of measure-
ments, this procedure being necessary dn order to calculate
the secondary effects of angular deviations.

Another master part [28] designed for an N.C. lathe
is shown in Figure 3.12. It consists of a base plate
attached to the end of the spindle of the Eested machine.

Attached to the plate are the X step bar and the X
straight-edge and, in a plane perpendicular to this one,
the 2 step bar. ’

The Z straight-edge is materialised by the mandrel
clamped in the spindle nose.

The fixture is swiveled during the test cycle
subsequently into the A,B,C and D positions so that position-
ing and straightness measurements ca:?Le made at the
appropriate offsets.

In order to take into account the extreme possible
tool positions, the master workpiece is traced subsequently
by Qauges attaéhed to the tool post in positions corres-
ponding to the miniﬁum;and maximum extreme tool lengths.

For largesmachines however, such a master part is

not practibal and the "flexible" master which is the laser

beam is much preferred.
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3.10 Extension of the Tolerance Laws to include further

o

effects

Whichever method is used, i.e. the direct measure-
ment of translative error deviations or %he combination of
translative and anqular error deviations to give the desired
translative error motion at other offsets of the tool, the
various measurements may be checked directly against the -
prescribed tolerance rules using the method illustrated in
Figure 3.5.

The results however, show only the accuracy of the
machige in its state during the measurement. The accuracy
is affected by what we choose to call "further effects", i.e.
clamping, weight and thermal deformations.

The influence of these further effects may be
accommodated in the design of the tolerance template Figure
3.13 in accord with the following principles;

(1) Clamping deformations As clamping deformations are

gbose displacements of the moveable bodies (i.e. slides,
tabfes, etc.) which occur as such a body is clamped to the
guideﬁay.

The presence of tHis effect is naturally only
appliQable to those machines and to those opérating modes
of the machine in which clamping is used.

Then, the specified measureﬁénts which are considered

affected must be performed in the appropriate operating mode

]
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e.g. the positiOﬁgng accuracy of a body would be measured
during a cycle of steps where in each position the body
is clamped to its gquideway before readings are taken.

It is conceivable thathfor some machines there are
two possible modes of operation for a particular motion.
For example, the table of a boring and milling machine may
be moved continuously for milling operations, but moved
intermittently and clamped for positioning in boring
operations.

In such a case, the positioning, and/or straightness
measurements as the case may be, should be made during both

simulated modes of operation.

(2) Weight Deformations These may be, for example, the

deformations of a horizontal boring machine structure caused
by the influence of the weight of the,workpiece on the table.
“ ’ Those error measurements likely to be affected will
have to be carried out at both no-load and at extreme load,
If both results satisfy the specified toleéanceq it will be

satisfied forG?ny load between the extremes.

(3) Thermal Effects It may be suggested to carry out those

measurements which are likely to be affected repeatedly
through a range of thermal states of the machine such as
theyvresﬁ&t from a typical working cycle. This is a recom-
mendation however which is less precise than those related

4

to clamping and weight deformations.
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The specification of this procedure, i.e. which
measurements to repeat and through which range of thermal

states is the subject of the investigation in Chapter 4.
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CHAPTER 4

THERMAL‘EFFECTS IN MACHINE TOOLS

ra

4.1 General Description of the Problem

Changes in alignment and positioning accuracy of
a machine tool due to thermal distortions of the machine
are often several times ‘the magnitude of the specified
tolerance of the machine. .

However, the effects of these phenomena have been
largely neglected from quotation of machine tool accuracy.

Some reasons for the greater recognition of the
problem at this time are:

1) the trend towards closer tolerances,

2) the trend towards numerical control and the
elimination of the skilled, selfladaptive man,

3) the trend towards better measuring techpiques
and electronic instrumentation, andg,

4) the possibility of breaking down the overall

error into the individual components e.g. tool wear, static

and dynamic compliance, kinematic accuracy and thermal effects.

Thermal effects may be classified as follows:

——

1) Effécts.of temperature other than 20°C.
2) Effects of temperature vafiation.

3) Effects of temperature gradient.
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»
In order to visualize the thermal error system,
Bryan [29] used Figure 4.1 to demonstrate the complexity
of the problem.
The six sources of thermal influence shown may be

roughly classified into either internal or external heat

sources:

a) Internal Heat Sources %?
(i) spindles/power trains - these are often the most -
troublesome accounting for thermal effect errors of the
largest magnitude

(ii) hydraulic systems - these are often built ingp the

structure and especially if,additionally, fixed displacements
pumps and relief valves are utilised for feed drives, they
may be a significant source of error.

(iii) lubrication systems - here, the pump's work is
dissipated in heat and the heated o0il is furtier heated by

the serviced elements of the machine before heing recycled

!

to the pump
(iv) slideways and leadscrews
(v) electric motors - these are often found buried in

the machine structure with no provision for venting heated

-

air away,or the air of external motors is blown onto the'

A

: Jd o z
structure.

M e
b) External Heat Sources ) p

"R
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1) room environment

2) coolant system

3) heat created by the cutting process - the pro-
vision of guards is often necedsary to shield the
workpiece from the heated chips. Often to minii

mise, the roughing and finishing operations are

separated X -

4) people , : 2)

5) thermal memory from a previous environment

The only influences that can create uniform tempera-

tures are those of the environment and coolant systems (hence

——,

PR
the arrow in Figure 4.1), all other heat sources causing /
either steady-state gradients or temperature variations or
both.

All sources affect the basic three element system of
master; part and machine frame,Ahich comprises the structural
loop, through the three possible modes of heat transfer. The
errors introduced may either be of geometry or size.

e By,geometrlc errors we mean errors of straightness,

\ squareness and positioniné etc., developed as a consegquence

L

‘gf temperature gradients. &
iﬁuﬁj However, while the potential reduction in machine
accuracy is not insignificant, neither is it inevitable.
Various solutions may be¢ found which could be listed under

general approaches to the problem of decreasing “thermally

-
Y
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originated errors:

1) decrease the rate of heat generation - or
remove the heat source

2) sensing or predicting unwanted deformations
and compensating

3) stabilisation of machine component temperatures
by cooling

4) stabilisation of the entife temperature environ-
ment of the machine tool

5) designing the structure to be insensitive to

temperature
4.2 Identification of Heat Sources and Affected Error
Functions "

There arekfhree classes of heat source which will not

be considered in this chapter:

3

1) The environment ) -

Even if the effect‘of the environment is not negligi-
ble as is often the case, and if a possible machine shop air
conditioning system with high local air flow rates does not
solve the problem, it is an effect whicﬁ may be considered
sepgrately from and superimposed on the effects of internal
heat sources. These inte;nal heat sources constitute a more
complex variety and the concern of thiS«chaptef is limited

to phem.

2) Coolant



The omission is justified By assuming that in
most operations no coolant is used and where it is used
\\‘and high precision is considered, it should be temperature
véontrolled and this is a special case.

3) Heat generated in cutting

This may be neglected if it is assumed that for the
manufacture of highly accurate workpieces, rough machining
is carried out first anddéfnish machining is carried out
later, the thermal effects of the roughing process having
decayed in the intervening period.

The heat generated in the finishing (low power).

operation is small and thermal deformation of the workpiece

itself and of the machine can become insignificant, especially

if the chips, which accept the greater part of the heat gen-
erated in the cutting proéess, are carefully deflected from
the machining area.

In other words, while not denying the undoubted
influence of these sources of heat, we limit the discussion
to those sources which are really an integral part of the

no-load work of the machine.

These sources may be roughly divided into two groups:

1) Constant heat sources

+

e.g. (a) a hydraulic power supply with a éonstant‘
delivery pump,
(b) heat generated.in an electric motor and

blown onto the machine structure



T = R 4

62

2) Variable heat sources

e.g. (a) Typically these include the spindle
bearings and gear-box (possibly with
hydraulic clutches) in the spindle
@mive, where the heat generxated will be
dependent on the spindle speed

(b) friction in feed drives where the heat
generated will be agpendent on the feed
rate

In fact, it is usually possible to estimate well

which are the heat sources of either type that apply in

the case of a given machine. Furthermore it is even usually
possible to assess which parts of the structure are affected
by the identified heat sources. Also, it is possible to
identify which of the specified error functions will be
affected.

~— With reference to a number of specific examples, let
us try to localize the individual heat sources and their
effects, applying first the techniques of the previous
chapter in determining the mihimum number of translative
measurements specific to each machine's function.

MACHINE A: A 5 Axis Machining Center (plate II, pg,63 )

The axis nomenclature of this machine is shown in
Figure 4,2a. The tools used are all of practically the same
length and therefore, as regards X and Y motions, machining

is practically performed in a single (X,Y) plane, instead
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of in a three-dimensional working zone. This does not
however exclude the workpiece-from being three-dimensional
with machined surfaces onkall sides of the maximum possible
size of cube. The three-dimensional zone is here effective-
ly reduced by one half by machining in that half cube only
which faces the headstock and subsequently bringing the
opposite half into action by indexing the table. 1In this
respect co-ordinate motions Z,A and B are used as setting
motions and to bring the machined surface into the above
mentioned (X,Y) plane. In other words, Z, A and B motions
are not normally working motions, the exception being for
the boring operation where X :and Y motions are the setting
ones and Z the working motion.

A sensible approach to this case is to consider the

errors associated with the individual motions in two separ-

ate groups: o

<

1) X, Y as regards work in one (X,Y) plane only
which passes through the tip of some average length‘of tool

2) Z,A,B as regards straightness and depth of
bored holes

For the X,Y group, the nécessary measurements, hav-
ing first defined the apprdbriateﬁoffsets,are limited to:
| (a) X motion

(1) straightness errors 6y(x) and éz(x) along line

A and also, for the effect of roll cx(x), Gz(x) along line B

R
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(ii) positioning errors 6x(x) along line A and,
for the effect of pitch cz(x) aléo along line B

(b) Y motion

(1) straightness errors éx(y) and Gz(y) along ®
line C

(ii) positioning error Gy(y) along line C

For the Z,A,B. group:

(a) 2 motion

(1) straightness errors Gx(i) and 6y(z) along line
D and, for the effect of roll ez(z), q{(z) also along line E

(ii) positioning error Gz(z) along lin: D and, for
the effect of pitch ax(z), also along line E.

(b) A,B motions

A tolerance is set for setting motions A and B and
it can be practically limited to éa(a) and 6b(b) errors of
angular positioning.

Let us now determine the location ;f the heat sources
and the affected measurements:

It may be the case that there are no significant heat
source§ in the transversal (Z) bed. Heat generated by slid-
ing.in the guideways during 2 motion is negligible and we
consider one possible effect oély. That is, the heat gener-
ated between the nut and th? leadscrew, especially 4 ng

the rapid traverse withdrawals in boring, provided of course

that the positional feedback is derived from the leadscrew.

o
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fromfthe leadscrew, 6 (2) and 6 (%) must also be repeated
through a thermal cycle of the. leadscrew
It is often satisfactory to replace the repeated
{(continuous) measurements of the error fungtions by a
o single measurement of snch functions, complemented by rep-
‘peated measurement of the corresnonding errors at the end
points df’thé'gorrespénding travel: In thié way, repeated
% o measurements ) (y), é (y) and 6 (y) may be replaced by
i E i measurement of deviatlons § %’ 6 ’ 6 in the posxtxon y. min

v

and Ynax 25. shown in Figure 4: 2c.

-

, MACHINE B: A Three-spihdle Bed—Type Milllng Machine .
SR . . (plate III, .68 ) 0

The specificaticn of .the rather small number of mea-
suranments indicatea in Figure 4.3 is based on the assumptian

v of using this machxne for flat workpieces only i.e. for -

: machinlng 1ow above the table surface, and for utilising only .

a single spindle. It will be appreciated that for a truly

—

\ three~dxmensxonal workxng zone and esPecially for the three

\ indle mode of use of the machlne, the number of required

\e ox fufiction measurements will increaae considerably.
Again, for thls machine, there are” no signrfxcant
hé?t Egtrces 1n the bed. Beat generated in.the moter, the

~‘ge rbox and the spindle mountxng‘affects the motlon of the

-\
\ .

!

‘ram\fmatlon Y) and the headStock (motlon Z)

« .
. EEN P - .

. . . .- . . N

~ A " N .
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_5crew, error functions 5 (x), 8 (y) and 6 (z) are affected

«
-

Consequently; measurements‘éx(y)z Gy(y{éand Gz(y)
are affected. O0f the whol% motion 2, with respect to the =~
assumed case of flat WOrkpieces,practically'only the bottom
end of travel is of interest

Therefore, error functlons a35001ated with the 2

motion are reduced to deviations Gx, §_ and 62 to be

¥

measured, at the end of a mandrel, the length of which equals
4 '

some mean tool length,.as they vary during the thermal cycle.

These variations are often refexred to as "drifxs";
X :

‘If on the same machine, the whole Z travel is used
\ :
for machlnlng, the llmltatlon to flat workpieces not ‘apply-

ing, the functions 6xﬁz),/6y(z) and 6 (z) should be nea-

l

sured instead of the drifts only. In this case, and in

1

analogy to Figure 4.2c instead of Gx(z) and 6yiz),'drifts

&y

and/d are measured at both top and bottom end of travel,

together with one measurement of '§ 2"

*

¢

- The. p051tlona1 51gnal being derived from the lead-
by the heat generated by frxctlon in the dere nut.

The error measurements affected by the heat sources
are denoted by T in Figure 4 3b-d, .

MACHINE C:. A knee~type (vertlcazgspxndle) Machlnlng Centey
(plate IV, pg. 70} -

The conflguratlon of the machlne 1s ShOWn in. Figure

4.4a and the necessary error functions in Figure 4, Ab—e,

Al

* -~

«
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>

specified for a case where we assume the use of tools of a
fairly uniform Iength.

The case is in some respects similar to the two
preceding ones: Heat qengrated in the headstock affects
the errors associated with the Z motion and ;his effect is
accounted for, in Figure ;.40, by measuring drifts Gx,'s

Y
and 62 at the bottom and also drifts Gx and Sy at the top

end of a mandrel clamped in the spindle. -

In this machine, where feed drives are by means of

' hydraulic cylinders, the positional feedback is derived from

a special gauging system inside the hydraulic cylinders. In
this way, the hydraulic oil heated in the power supply '

affects all the error functions associated with both X and Y

. #
motions. ’

Having illustrated, for the various examples, the
measurements to be repeated through a ﬁhermal’cycle; it is
now necessary to discuss and specify the form of the thermal
cycle to be used in the Eests and, further, how to evaiuate :

the results. These two questions are de#lt with in the
—

following sections. °

> X
R
i

4.3, The Character of Thermal Deformations in Machine Tools
A .
4.3.1 The Analysis of Thermal Deformations of a ~
Simple Structure using a Spacewise lumped/

Timewise continuous approach

The background@ for the discussion in this section is
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presented in the Appendix A, where calculations are given
of transie?t thermal fields and of transient thermal dis-
placements of a simple but typical structural system. The
diagram of the system is shown in Figure‘4.5a aﬁd it con-
sists of a six inch long steel cylinder attached to a 48
inch long cast iron housing with a wall thickness -approx-
imately one §pch and periphery P=48 inches.

Atethe root of the cylinder heat q*}s generated
equivalent to 0.5 hp. This may represent t%e energy loss
in the Searings of a rotating spindle. Both the housing
and the "spindle" are cooled on the outside by convection
to the surrounding air,.though the convection coefficients
;fe chosen so as to correspond to very slow motion of the‘
air around the housing and to a fast motion of the air
around the (rotating) spindle.

Tﬁe housiné shown here is straight yet in reality
it could have various forms. The éystem however simplified
ig analogous to a part of a typical machine structure.

It is a single-dimensional -system because the tem-
perature variation aiohg axis X only is considered and in
part 1 oé Appéndix A a calculétion is presented justifying
the -agsumption of a uniform températuré distribution both
across the wall thickness and also across any\section:per-

pendicular to thg,x axis. I this way,'temperature deform-

ations are considered also along the‘x axis only, and they
R e LY
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are represented by ; trénéla@%ye elongation. This
corresponds to one basic form of temperature deformation

in machine tool structures, another form being where a non-
uniform temperature field causes bending of a paft of the
structure such as for example, the column in the case of
Figure 4.5c which will be discussed later on. It will also
be shown later that both these fundamental modes of deform-
ations have common features.

In Appendix A it is shown that in these typical
cases, the internal resistafice to‘he;t flow is rather small
‘compared to that for convéction of heat from the surfaces
of the bodies. Theéefqre, the temperature gradients in
these boéiés»aré low and only a small number of "modes" are
necessary in order -to describe the temperature fields with
good accuracy.

. It is tempting therefore to try to treat these °

‘bodies as consisting of a small number of lumped masses, for

while the exact solutions of Appendix A become very difficult

for even only slightly more complicated systems or boundary
conditions, it is not so for the lumped mass system where
the faciliﬁies of a computer mé} be utilised. Here we do
not apply the complet; finitegdifference or finite-element

technique, for the time vgriable-ié treated as continuous.

For those cases with constant boundary conaitions, this would

seem to be an advantageous approach.

e e n———
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We shall compute the spindle-housing.system as a
whole and represent it.by 11 discrete masées as shown in
Figure 4.6. The spindle length of 0.5 feet is divided *
into four parts and the housing length if four feet into
six parts, each part being centered in points one to eleven
and extending half way to the neighbouring one. The masses
at the ends of the spindle and the housing are half those in
between, point five consisting therefore of a half-unit
mass og the spindle and a half-unit mass of the housing.
Within each mass temperature is assumed‘COnstapt and each
mass has a surface S; and volume Vi and the masses M; . Mi+x
are interconnected by heat conducting channels with section

areas A, and lengths %

i,i+1i i,i+1° .

¢ Bs in the classical solution of Appendix A, we solve
both temperature fields and displacements by the super-
imposition of the steady-state and transient solutions.
There is a single geometric co-ordinate. It is discréte and
is replaced by the number i of a point, T, denotes the

temperature‘of)the individual points. ’

For steady-state, an energy balance on point i gives:

~ 2::qi - hS§T; =0
expanding,

K i,i+

tmrd Pio ™ Tyd ¥ Ky g (T = Ty) = hoS;75

—-qex,i
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rearranging,
- . - N . | .;‘- . - » Tv
Ki-l,i T1—1'+ (hsl * K1-1,} + K1,1+1) Tl Ki.1+1 1+1
. = ex,i (4.1)
C oo _ kA, .
whe;e i=1,2,3....11, Ki,i+1— i,i+
. _ i,ih
and q . is the external heat input
ex,i
Heré,
Ai,i+1 = A, and zi,i+! = za » 1 =1 to 4, .
or . —._-‘ = ] =
Ai,i+l Ab and gi,i+x Zb , 1 5 to 10,
and ox, i = 0 for all values of i except i = 5
[

Solving the steady-state case means solving the

system (4.1) for the eleven values Ti' The system has the

ggrm: . Bei N
hS + K ’ -K r A 0 1 . . . -‘ rT \ r Q
1 12 12 1

"'K I hS + K +K s "K ’ . . . 1 T 0
12 2 12 23 23 2
0 ’ "'K 7 - * . . . ’ T 0
23 . 3
. qex,s
o, 0
1)1 £
-y . . S
- (4.2) 7

. Y
where the subscript st stands for steady-state,
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For the transient case, we have

Y,
La; - BS;Ty = ey ATy
dt
or,
C. dTi = K. T + (hS.+K +K. . JT.-K. ., T,
i Ic i=-1,1 “i-1 i Tdi-y1,1 1,147 71 Ti,it T i+

(4.3)

where Ci = pchi . . (4.4)

For the cases of\constant boundary conditions, it is

possible to assume the' solution :

—sit
Ty = X3¢ (4.5)
Therefore,  dT, _ -8,T,
dt
Inserting (4.5) into (4.3) and rearranging, we obtain
~ i
r'X h A , A s, 0 , 0 , . .. ( X )
1 11 12 1
X “ A , A «e A, 0 , . .. X
2 21 22 23 2
[ d
0 . .
6 < X, > - R SR A <fﬁ?_ >
. v '
xll xi\
L J - o N\ 7
(4.6)

]

The system (4.6) yields a characteristic equation solving

-

~for eleven eigenvalues Bn and eleven eigenvectors Xint

L]
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these eigenvectors representing the "mode shapes" of
temperature distribution on the individual masses.

Finally, we obtain,

4 - ' - e X N
1 1
Tz Xz \ /
T X
< 3. > 11 - < 3 >
: Y aetm : (4.7)
- n:l -»
T X
. 11 ./ . 11
trans n

The coefficients a, are obtained by means of the initial
conditions equating the solution of (4.7) for t=0 to the

solution of (4.2):
[xin] {an} = {'ri}st (4.8)

where [xin] is now{a square matrix (11 x 11),the columns of which
are the obtained eigenvectors Xin

To obtain the thermal deformations between points 1
and j it is necessary to sum the disp}acements Azi obtained

at each point, where

Azi = ds T. i=-1 ,1 i,ihn A4.9)

Therefore, we obtain the following eipression:

1
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r
xi“
ol R i Faant Pie i
) 2 2 .-
11
-8t
A.. ='a 2:: a e DO v
ij 5 n > L .
n=1 < -liiLl ~ (4.10)
75
X,
j
. “/n

Solutions have been obtained using the following numerical

values for the various parameters:

i Ci hSi Ki,i+1
1 0.3 0.25 21

2 to & 0.6 0.5 21
45 9.6875 4.25 26

6 to 10 18.775 8 26
11 9.3815 4 26

The steady-state temperatures as calculated for the
separated systems 1 to 5 and 5 to 11 are plotted for com~
parison with the exact solutions (as computed in Appendix A)
in Figure 4.7. The varjation of temperature of a number of
points in the "housing" as computed from Appendix A is
shown in Figure 4.8, ¢ |

The time constants are compared below in TABLE I:

‘
-
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TABLE I

Time constants 1 hours

a} Housing
' Mode 1 o 1 2 3 4 5

Sygsem continuous 2.16 1.14 0.474 0.24 .0.14 0.093

System lumped 2.35 1.26 0.55 0.31 0.22 0.18

b) SEindée

Mode 0 1 2 3 4 5
System continuous 1.1 0.04 0.01 0.005 0.003 0.002
System lumped 1.2 0.06 0.04 0.01 0.008

The whole system ;s regards eigenvalues 8 and
eigenvectors Xin is shown in .Figure 4.9.

Iﬁ Figure 4.10 the variation of the temperature field
with time is‘éhown during the heating period at the beginning
of which, the heat source q was switched on and maintained
at a constant value. The temperature fielq consists of data
computed for sections 1 to 11 distributed.ét regular dis-
tances of 0.125 inches for the spindle and 8 inches for the
ho?sing. f

In Figure 4.11, the transient temperature field in

the system is shpwn for the cooling-off phase following a
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long (infinite) period of heating at the end of which a
steady-state was reached and heat source g wés switched
off. ' .
‘ All these variations are, at every point, composed

of variations in individual "modeé“ with various time con-
stants as they are depicted in Figure 479,

These temperature variations produce thermal deform-
ations between the various points of the system. In Figure
4.5a various parts of the system are selgcted and denoted
A,B,C,D and E. The variations of these distances for bothv,
the heating-up and cooling-down periods are shown in'Figure
4.12,

First of all, curves A and B show how the end points
of the spindle and of the housing move with respect to the
heating point 5. The directions on the graph are such that
motion to the right from point 5 in the Figure 4.5a corres-
ponds to the positive diSplacemént in Figure 4.12. Curve
E shows that the deformation of a section distant from the
source is delayed in both the heating-up and cooling-dowA
periods.

~ The sum of deformations A and B fepresenting the
variation of the distance between the end points 1 and 11
shows thét this distance inérgases all the ;ime of the heat- -
ing-up pefiod (with a rate decreasing with tiﬁe) and it

decreases all thé time of the cooling-down period.
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'An arrangément cguld be imagined such that the
relative displacement of two points would result from
the difference of changes of two parts of the system.

Such a case is-depicted in Figure 4.5al:

There, the distance between points 1l and 1
increases with the expansion of the distance C between
points 6 and 11 and it decreases with the expansion of the
distance D between points 1 and 6. Because the prevailing
time constants in the part D are shorter than tQ?se\in»part
c, the difference C-D which expresses variation of the dis-
tance between points 1 and 11 first decreases and then in-
creases. This is shown by the broken line curve in Figure-
4.12. In _the cooling-down period, the distance first
increases and then decreases. "

The just described case illustrates some Qery basic
characteristics of thermal deformations in,machin?/tools.
Our approach has heen similar to that of McClure [30] who
has stated, in a very éeneral way, that basic feature whicﬂA
is expressed in the Appendix A by'equation°(A.38) for a very
simple part, and in this section by. equation: (4.10) for the
system of Figure 4.5a. It can be formulated as follows:

Assuﬁingaa particular structﬁfe &itﬁ a;partiéular
configuratiénvbf cooligg by heat conduction, the variation
of a thermal deformation along a particular path (bétween

two particular points) will be obtained as a sum of ~

X} ]
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particular| exponential time funcpiogs, each of which
be}ng characterised by a time constant. Given a part{c-
ular location of specific constant heat‘sources‘in the
structure, each of the time functions is also‘charabter;
ised by an amplitude. The effect of several heat sources
is obtained by superimposition of the.effects of the in-
dividual heat sources. g

Our contribqtion to this statement is in its
detailed illustration for a simple typical case. McClure
has also shown‘hbw the deformation of a structure can be

. modeled using model constants obtained from gimple‘experi-
ments. :

An interesting contribgtion to the generai picture
of thermal deformation is presented in [31] and [32] where
especially the effect of periodic off and on switching of
a heat source is treated. In these same reférences, one
practical example of a Qilling machine is described with
measured deformation curves all of the variety as bresenEed
in Figure 4.12. 1In such a milling machine, depicted in

_Figure 4.5b, the verticai displacement"of the spindle end
above the table may have the form of our curve (AC-AD) in
Figurédé;lz, both for- the reasons explained in relation to

Figure 4.5al and as & result of the opposing influences of

the expansion of the headstock, due to the heat generated in

/ Site

o -

the spindle mounting 1, and of the expansion of the column,



83
\

due to the heat generated in the sp{ndle drive gearbox 2.

4.3.2 The Finite Element Approach to the Analysis

of Thermal Deformation of a Structure

A number of case histories that have shown curves
similar to those in Figure 4.12 have been described in [5].°
Among them is the case represented in Figure 4.5c. The
heat generated ;n the headstock 1 of a horizontal boring
machine will first produce thé positive displacement of the
spindle because the distance a . from the spindle to the
column grows., Later, the side of the column adjacent to
the headstock will also warm. This produces bending of the
column and the erer;al of the displacement of. the spindle
into the negative direction. Theqeffect of the hydraulic
power source 2 located at the root of the columh cayses
a different bendiﬂ@-trend of the column which is opposed to.
the other bending motion.

In order to study more complex configurations of
‘gtructuxes, the procedure of the preceding section suffers
from the same‘drawbagkg aé.the finite-difference method of
solution, for the formulation of data is'essentiallyzidenéi-
cal, in thét difficulties increase when either thé arrange-
ment. of the nodes or the geometry is irregular. The finite-
element méthod will simplify many of these problems. h

No¥, while in the finite-difference method approxi-

mations of derivatives are used to solve the problem, in the

-
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finite-element method, the problem is put as an integfal
to be minimised, and a numerical approximation of the
integral *s used to obtain a solution.
Also,‘the starting point of the finite~element
method is the variational statement of the problem rather

than a governing differential equation.

a) Temperature distribution in the steady-state problem

The variational“statement for two-dimensional \

steady~-state problems, derived from the governing partial

L

[
differential equation and applicable boundary conditigns

and the appropriate Euler-Lagiange equation is given by

*

equation (4.11l). For guidance’in the procedure, see [34].

I —’4, kS k@7 axa """taxa
= 3% §§ xdy -~ g tdxdy + ¥

A A

| 2 2 1 ]
h(t -2t _t) dxdy + % fh(t -:Ztmt)dg -[fq t dxdy -Iq' t ds

By A B

(4.11)
Separating the integral into parts,
I =1 - Ig * Lyt They” Iq(A)- Iqﬂ(B) (4.12)
,,»
where,

I (is associated with) conduction through the element area A

s

Ig* : " ~ heat generation within element area A
I (A) ' " . heat convection out of element area A

Ih(B) heat convectiqn*out of element
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Iq(A)(is associated with) heat input into element area A

" heat input into element bound-
ary B

X (B)

hY

We assume a linear temperature distribution over the
element and consegquently, the temperature at any point is
a linear(function of the nodal temperatures. Later, for
computing defo;mations we assume a constant temperature
within the element which gives cohstant thermal strain which
is used in determining the Qﬁ}rmal nodal forces.

Equation (4.i;) is an integral to be minimised whigh
means minimising each term by formulating its derivative o
with respect to temperatures of nodal points and equating to

¥

Zero. ' ‘\ .
Therefore, dr = 0 (4.13)
dt
or,
afy - 9% 4+ ) + Fne) - Tq@) - Pg@) =0 (4.19)
at -

dt dt dat dt dt

?

Now, each of the terms of equation " (4.14) is made
A

up as a sum of terms corresponding to the terms of the

/\\‘
individual elements. N
E (e) E - (e) E (e) E (e)
Lo - N o) Sy ¥ Sne -
e=] dt e=] t e=1 dt e=1 dt
E (e) E . (e) |
¥ B - » Aoy =0 - (4.15)
e=1 \'dt e=1 dt : .
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Denoting the nodes of element ‘(e) by i,j,k, the various
element integrals may be derived. For details of the
procedure refer to Myers [34].

The generalised expressions, for application to
structures whose continuum has been divided into varying
sizes of triangular elements, are given by the following
equations, (4.16) through (4.21)

(e) :
dIk _ k(e)A(e)

dt

_ 2
B33 x 15

' ad

2 (x.

2 2y _
(K" + Vg )y~ (g%t ¥ig¥syd

2y L
(g + ¥y )= (XX Vg Y), (g%t Yi9Y5x

86

-

)

‘ , (x..2 + vy..Y)
(Symmetric) ‘ 1] ¥ij
-~ -’
£ )
ty
. { t, ) (4.16)
3
1 t
. k)
where Xon' Ymn denoteéﬁ(xn— gm) and (yn-ym) réspectively
and = -n = 41,3,k
m = i'j'k 1
dI(e) t1 (@) (e) 1l )
g _9 A 1 ) (4.17)

at - 3 | 1 o
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(e) r T (D
2 1 1 t,
dt 12 2 1 . < t. >
J (4.18)
(sym] 2 -ty
L . » . ./
: . T ()
ar & ey (e te) | 1 tn
_"’h(B) = mn » (4.19)
de 6 (sym) 2 ] n
where Smn = the length of the element boundary
connecting node points m and n,
b = element thickness
(e) tie), (e (e)
ffg(B) ) q Spn b ' 1 (4.20)
dt B
. 2 1
te) (e), (e) 1
dl ' e e
aEg(A) =42 . (4.21)
' 3 1
1

Noting the independence from temperature of equations (4.17),

(4.20), (4.21)~equation (4.15) may be rearranged as follows;

E o E & E (&) E o
3 dhy " 4 B Ihay + B Iy (8) = ' dig ™
=oa = a ~ at o= at
B o (e) E (e) f
¥ e, ¥ Taem (4.22)

o
i

dt =1 dt
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or

(1] (¢} = {q} : (4.23)

where, [(H] is the overall thermal stiffness matrix
‘{t} is the nodal temperature vector
{Q} is the heat input/generation vector
The equation (4.23) may be solved by sbme appropriate
technique to give the steady-state temperature distribution

of the considered structure.

b) Temperature distribution in the non-steady state problem

For the transient solution, the variational state-
ment is the same as equation (4.11) but with the addition of
one nmore term to the left hand side of the equation - that

LY

due to the heat capacity, given as;

2
I =% pc Eﬁ-)dxdy (4.24)
¢ P a6 -
3
A .
where p = density
cp = sgpecific heat

t = temperature

6 time

i

As in the previous approach,

E (e)
ffp . Efp ‘ (4.25)
at z:: at

e=1
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where, - - ( .
() (el (), fe), (e) |2 1 1 &
a1 p'c Aé b - .
12 .
. 2 t
L_.(Symmetra.c) 3 L k
(4.26)
Summing over E elements and substituting in (4.23),
(#] {¢t} + [c] {¢} = {qQ} (4.27)
where [C] is the thermal capacitance matrix,
Equation (4.27) may be-solved using the Crank-Nicolson
method:
Here, the solukion is moved ahead in time by the
relation »
A A U AT S ASRD (4.28)
2
where 46 is the time increment between time (v)
and time (v+1),’
Premultiplying equation (4.28) by [C],
(v+1) (v} . -
(el {t) = [c] {t}  + 48 [[c] (14 e {t}“’“’]
2 .
(4.29)
Substituting for [C], from (4.27) into (4.29), -
(v+1) (v) (v) (v+1 )
[c] {t} = [c] (£} + a8 | - [H] {t} - [H] {¢}
2 P
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rearranging,

&1 ety et Tty - a0 1 cey
+ H t =| [(C] -, H t
[fe1 e go o] ter - g0 1]

}-Ae 1V 4 ae (g (V¥ (4.31)
3 7

which may be reduced to

[H) Teg) = (o)) - a2
where  {t,) = % (&) )ey ()

i)« [H) +2 [C]
(B] « [H] z

to;) =% {0 " e i (o) + 2 Il (¢3 V)

c) Calculation of,Thermal Deformations
‘ In the following, we follow closely the procedure
of Zienkiewicz ([35].

For displacements, we assume a linear distributignnj
of displacement over the element, which means constant strain.
Therefore, we simplify the temperature field by
asspming 2 constant average temperature over each and every

clement,

te), , (e),, (e)
Lo 8ty MY (4.33)

© 3

The thermal strain vector is given by equation (4.34)
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e et i g

€ = € (4.34)

For plane stress, the shear strain ny = 0 and the thermal
strain is then, for an isotropic material with linear co-
efficient of expansion a and subject to temperature rise te'

given by equation (4.35)

te TR (4.35)
(e) a
0o 0

The stress in the element is given by equation (4.36)

%% (4.36)

- (e)
o = oy = [D] eo

where [D] is the stress-strain matrix for a plane stress

case and an isotropic material given by

- -
1 v 0 (4.37)
a ) (D] = E - v 1 0
-V
0-. 0 1<y

From (4.36), the nodal forces are obtained from

(5@ = 577 (&) aled (4.38)

§ o 2
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where, ykj 0 Yik 0 yji 0
(B] - “i_ 0 xjk 0 X4 0 xij 1
2A R
*3x ij *ki Yik  *ij Yig
L ’ ‘ -
(4.39)

and, as before, ykj denotes (yj-yk) etg.
The element stiffness matrix is

tk1¢®)= (81T (0] (B] b a(® (4.40)

The overall nodal forces and stiffness matrices of the
whole system, {F)} and [K], are obtained by assembling the

above element force and stiffness matrices.to give,

[x] {8} = {F} (4.41)
where Gxi in
61 = ’ Fi'
) F
Y Yl

Eéuation (4.41) is solved to give Fhe thermal deformations
arising as a consequence of the temperature diributibn

calculated from the previous sections. A compdter program
was developed, using the finite-element theory and procedure
as outlined previously, to calculaté the steady-state and
transient temperature fields in two-dimensional structures

and the resulting thermal deformations. The program has

built-in provision for the presence of various common

E,

.~ .
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v

boundary conditions: heat ;nput to the face or\Ldge of

an elémentf convection cooling from the face or edge of

an element, as well as the provision for geometric béundary
constraints.

The theoretical formulation and compu;er program -
were verified by the standard technique of comparison of
computed results with the results calculated from an exact
solution'%or a selected problem. Also of importance in the
transient solution is the relation between the length of the
choseh time step and the accuracy ¢f the computed results in
relation to the results from the exact solution. "This in-
vestigation, together with the comparison of steady-state
and transient temperature solutions with the exact solution
is detailed in Appendix B.

The program listing itself, together with flOW«
charts of the various subroutines involved and instructions
for use etc., %§ giveﬂ'in Appendix C.

Now let us return to the case of interest, that of
the general structural configuration 6f the machine as
shown in Figure 4.5c.

Having chésen some specific dimensions for the
horizontal boring machine as depicted in Figure 4.13, the
problem remains as how to create a two-dimensional model of
the structure representative of the three-dimensional mach-

ine,
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While it is possible to "unfold" the structhre
for the analysis of.femperature fields, it would not be
possible to obtain the thermal deformation.

Therefore it is necessary to analyse the structure
as in the two-dimensional representative section of the
machine, Figure 4.14. In order to ensure that the thermal
capacity of\&&ifmodel is identical to that of th%‘three-
dimensional model, when the continuum of the structure is
divided into the figiie-elements there are tﬁo basic types
of element: 1

1) the "face" element - this~has a double wall
thickness to allow for the $ront and rear walls of t%j
column or headstock

2) the “eé@e“_element -~ an element of width equal
to the thickness of the wall but of a "thickness" equiva-
lent to the total length of the side wall.

For the calculation, the following parameters were chosen:
the coefficient of conduction k =$0 Btg/hr‘ft.°F; the
é&efficients of convection, h; = 3.2 Btu/hr.ft.2°F (out-
side wall), h = 0.5 Btu/hr.ft.*°F (inside wall); density

p = 450 1bm/ft3; specific heat cp= 0.1 Btu/1b  °F; Poisson's
ratio v=0.25; coefficient of expaﬁsion a=6.5 ppm/°F;

modulus of elasticity = 30.0 x 10° 1bs/in?,

The displacements, in the x and'y co-ordinate

direction, of the point 0, Figure 4.14, which corresponds to
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___—tire position of the spindle axis, were computed for the

-

presence of two different-combinations of heat source
&

locations:: MY

A . (i) 0.75 hp fI908.36 Btu/hr.)- distributed on the
inside walls of the headstock, corresponding
to the influence o? the presence of a
lubricating oil sump in the headstock and the
Splashing of heated oil on thg walls.
¢(ii) 1.0 hp k2544148 é£u/hr.)ﬁ at the location of the
Spindle_b;arings, heat being generated here
préportional to the rotating speed of the
spindle. -
B (i) 0.75 hp on the insidg walls of the headstock
(1ii) 1 hp at the location of the-spindle bearing,
and additionaly, ‘
(iii) 0.75 hp at the rear ofithe column and corres-
ponding to the heat'ge¥erated for example in
a hydraullc power sourde |
The transient deviations 6 and BY of the pomnt O are plotted
in Figures 4115, 4.16 fos the separate caseé A and B. Let
us look at these contrasting situationé as regards the effect-
of the presence or non-presence of the heat Fource at the
rear of the column

In Figure 4.15 (case A) the spindle moves quite

quickly in the positiye'k direction due mainly to the heat
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generated in the spindle bearing., The deviation 5y in

the positive y direction due to the heat generated in

the headstock warming the'adjaéent wall of the column pro-
ceeds at a slower rgte. )

In Figure 4.16 (case B}, the effect of the heat
soﬁrce-at-the rear of the column is seen to be very
significant, the deviation Gx being pronounced due to the
bending of the column. The accompanying smaller deviation
Gy in the negative y direction gradually decreases however
due to the partially compensating growth of the column wall
adjacent to the headstock. ,

While not as pronounced an ef%ect as in the curves

of Figure 4.12, the Gy deviation of Figure 4.16 shows

similar characteristics. \\.

4.4 Rules for Choice of fhermal Test Cycle

Let us now summarize thcse features of the deseribed
phenomena whigh are relgvant for our problem of specifying
the thermal test cycle. i

.a) In distinction o} the effects of the offset in
+the working zone, or to the weight and claméing effects as
they have both been discussed in Cﬁaptéf 3.9, the thermal.
effects depend on two parameters: the‘intens}ty of tgg
heat source and the time., *

The former of these parameters may be a complex ohe

because more than one source could be acting simultaneously.

N
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However, - let us firss)consider those cases only where,
apart from constan hegtﬂsources, there is 6n1y one
variable source or where there are two variable sources,
the effects of which are separated. This situation has
been described, in relation to Figure 4.2, 4.3, 4.4, in
section 4.2.

b) The effect of time on any error is such that
the error increases or decreases continuously dpuring heat-
ing~-up ané cooling-down respectively - or this Cariation is
reversed after a cértain initial period,-see Figure 4.12.

¢) The effect of a heat source increases with
the intensity of this source. For an intermittent source,
the average intensity increases with the increase in the
ratio of on-time to off-time (pfovided the periods of
change are shorter than the primaky time constants of the
system) . "

Froﬁ these statements, the following conclusions
may be drawn:

1) Every error conétituent(if the whole accuracy
formulation (See section 4.2) must be measured over a time
perio§ long enough to enable the achievement of a suffi-
cient steady-state or the usual working period whichever

is the- shorter. The whole range of the error constituent

deviation must be established.”

s

2) The effect of every variable heat source should

K
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.

be tested with two extreme intensities of this source and
Qith the constant sources apting simultaneously. The two
extreme intensities of the ;ariable heat source are; source
on at a specified maximum intensity, source off. If the
range of the error in both these extreme situations satis-
fies the required tolerance it will be satisfied also
during any intermediate action of that souxce.

3) Summarizing: The test should ﬁirst be done
with all the constant heat sources only and, r th; second
time with also the variable source running at a specified
maximum intensity. The latter test must be done during
both the heating-on and the cooling-off periods i.e. as
regards to the variable source. . J

The only measurements to be made are those which
'may be affected and; if a single error function may be

affected by two heat sources, the relevant tests must be

made under the extreme combination of these sources.

4,5 Evaluating the Thermally Affected Errors - examples

The tolerance rule as formulate& in Chapter 3 is

applicable to the evaluation of any of the prescribed error

functions - components J& the totalX-*accuracy .check.
Figure'3.13 representé the general form of the re-.

sult of the heasuremént of any "error function Bm(n;; Thg

error';unction has a certain range (the shaded field) due
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to dead zone and scatter. - This range may be further
extended by weight effects or by therﬁal effects, the
whole range of the error function necessariiy fitting
into the tolerance template TT.

. s The range of the error function as obtained dur-
ing the thermal test is determined by the field between
the extreme curves of the error function concerned as
they have been obtained through both the time and the
intensity of the heat source extremes of the thermal test.

There 1is ‘however, one"provision which may reduce
the range of the error. In the evaluation, the possibil-
\ity of "zero-shift” of the co-ordinate system has to be
admitted.

Let us now describe some examples, the sample only
representing a small selection of many measurements per-
formed., They have not in fact been carried out in strict
accord with the recommendations of section 4.4 since these
evolved only after the computational studies and measure-
ment program. However the examples serve to illustrate
well the evaluation technigque.

a) The first exémple is given in Figure 4.17 and it
concerns a particular measurement performed on the machine
deficted in Figﬁre 4.3. 1In the test, the limitation to low
workpieces was not applied and therefore error functions GéZ),

»

Gy(z) and Gz(z) have been meésured-aS'wellf For the thermal

v
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test, the simplified approach was chosen analogous to

that explained in relation to Figure 4.2c. Displace-

ments Gx and GY were read periodically during the thermal
cycle at both the top and bottom ends of a mandrel in the
spindle. The thermal cycle was an extreme one, all con-
stant heat sourées on, plus an extended run of the spindle
at 1800 rpm. Measurements were taken every 30 minutes for
a total period of 6 hours of heating, none however beind
taken during the cooling-down period (spindle off, all con-
stant heat sources on) which does not comply with our
present recommendation. Making an allowance for zero-
shift after every two hours, the corresponding tolerance
templates, which include the worst 2 ur (i.e. measuring
intervals) error ranges, are drawn onit the 6x(z) and Gy(z)
fields.

The parameters of the 8 . and . tolerance template

and the values of their respective constants, A

a .
Xz nd KXZ

and Ayz and Kyz are:

1) éxz

|5 L5 ‘ < 0.001 in.+ 0.0008 in./12 in.l z -~z l
X2 X1 ‘irt’:’ 2 1

2) syz

‘6 -6 ls 0.001 in.+ 0.0015 in./12 in.l z - z '
Y2 Ya : 2 1
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b) The second example is the diagram of the position-
ing error 62(2), Figure 4.18, as obtained during a very
severe cycle of continuous rapid traverse (50 in./min.)
of the head (in its Z motion) of the machine depicted in
Figure 4.3. The duration of the test was 3% hours and on
Figure 4.18 the individual graphs 1 to 8 are records from
the lasef interferométer taken every 30 min.

The heat source effective here is the heat gener-
ated between the ball screw and nut and the effect in the
elongation of the leadscrew to which the feedback resolver is
attached.

. Again, to be strictly correeti;~the records should
have been taken after having stoﬁg::t;;}s motion, but the
machine hydraulic system overheated and shut off near to the
comple;ion of \this test. However, probably the same great
change as took place in the first 30 min. would have been |
obtained in reverse. )

~ It is observed that in this case, the effect consists,
for the most part, mainly of a zero drift and could be
eliminated in fact by the introduction of a zero-shift. If
a zero-shift is permitted every hour and no warm-up period
is specified, the tolerance template (for unidirectional ,f

positioning) as shown has to be accepted.

'622~ 521 < 0.0006 in.+ oioozs in./12 in. lzz— le
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The specification of the template parameters on a basis of
unidirectional positioning corresponds to final poéition
being made always in the downwards direction. ‘)

c) The next example, Fiqure 4.19, concerns a simpli-
fied error concept for the machine depicted in Figure 4.4
and the measurement of "spindle-growth" with respect to the
table.

In this case, the whole error function is replaced
by a single value Gz corresponding to the top position of
the Z co-ordinate. Correspondingly, instead of a tolerance

template Gzz’ the constant Azz only is evaluated:

zza b

A = 0.0003 in., A,, = 0.0085 in., Azzd = 0,.0008 in.

The test was done by continuously running the
spindle at three different speeds subsequently in one hour
periods and a c;ntinuous record of the deviation 62 was
obtained. A portion of the ceoling-down period is shown and
it is seen that no such occurrence of the effect of "over-
shoot" as in curve AC-AD of Figure 4.12 happens. Thus,
thére is no real necessity for showing the whole cooling-off
period.

d) The final examplé concerns the positioning error

function 6x(x) again for the machine of Figure 4.4. As men-

tioned previously, this machine uses a system of hydraulic

L'
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gauges for the derivation of its position feedback signal
and these, being mounted on the feed driving hydraulic
cylinder, are rather affected by the temperature of the oil.
The diagram shown in Figure 4.20 is the record of the posi-
tioning error as recorded from a laser interferometer re-
peatedly in intervals of 15 mins up to curve 9 and then in
30 min. intervals. It may be observed that the variation
of the error with the position x preserves its character
while the actual distance positioned increases almost uni-
formly over the whole travel length.

In this cgge, it is difficult to decide whether or
not the first two readings should be disregarded and a half-
hour warm-up period permitted. In order to answer this
problem correctly, it would have been necessary to interrupt
the cycle and observe how the beginning of the variable heat
‘source cooling-down period appeared.

The extreme heating cycle consisted here of contin-~
uwously moving the slide with a slow feed. It may be assumed
that stopping the feed should ncz start a sudden reverse of
the drift with a rate similar to the beginning of the heat-
on period.- '

The usual fast initial reversals of thermal deforma-
tions following the shut-off of the heat source makes it
impractical to allow for warm-up periods concerniné variable

heat sources. This is different for the effect:r of a constant

< T

;
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heat source which is probably the preségt case. Therefore,
in evaluating, we disregard the range between curves 1l and
3 and, assuming a one-hour petiod for zero-shifting, we
obtain the value Axx for the applicable tolerance template
from the distance between curves 3 and 6 and the slope

Kxx from the curve 12 of Figure 4 therefore,

¢ 0.003 in.+ 0.005 in./12 in
\

X - X
2 1

!6 -6
X2 X1



CHAPTER 5

SPINDLE ROTATION ACCURACY

o
5.1 Reasons for New Methods of Testing

The seﬁndard technique for mépsuring radial run-
out of a spindle is to use a dial gaug§\sensing the peri-
phery of a spindle associated reference surfacg (e.g. the
spindle flange,lor a mandrel held in the spindle) while'
the spindle is rotated slowly, usually by hand. This pro-
cedure is depicted in Figure 5.la..

There are however a number of disadvantages asso-
ciated with this classic technique:

1) A purely eccentric motion of the reference
surface (e.g. a méndrel) does not represent an error of
rotation since it has no harmful effect. Actually a great ~
éﬁrt of the gauge reading is due to the eccentricity of
the rotating master part.

2) The tést can only be performed while the
spindle is rotated slowly‘while in fact, the result may
differ at working speeds.

3) The slow components of spindle rotation error
(i.e, low harmonic components) are not dlstlnguished from

the fast components (i.e. hlgher harmOnlcs) although the

w
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two have different significances for the machined -surface.

4) No record is obtained.

5) It is not possible to analyse the source of the
error.

While all the other points will become clear after
the advantages of the new techniques have been detailed, let
us'clérify the meaning of point 1) above.

One of the main objections to the method is that the
method will read an "eccentricity" of motion of the mandrel
and, irrespective of how this is caused (e.g. eccentric bear-
ing ring, taper in spindle, etc.), eccentricity (simultaneous
harmonic motion in two mutually perpendicular directions w;th
90° phase shift), or even a harmonic motion along a'straight
iine in the case of a rotating workpiece, will not affect the
roundnes$s of a machined surface. .

Acfually, pure eccentricity does not represent an
error of spindle rotation at all.

Thus, truly, the problem of*the method is therefore
that it does not give a true indication of how out-of-round
the machined surface will be.

In fact, in relation to Figure 5.1lb we may see how
the classic test of total indicator reading (TIR) senses
twice the magﬁitude of the eccentricity of the reference
surface. Suppose now that the cone of spindle is eccentric -

to the axis of spindle rotation O because of the eccentricity
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of the race of the inner ring of the roller bearing with
respect to its bore. Assume also‘that the spindle ro-
tation is perfect i.ef.axis O does not move, then the
motion of the center of the rotating mandrel will trace a
circular arc c with an eccentricity e to the axis of
rotation O. Therefore the center of the mandrel will pass
through points 1 and 2 corresponding to the two extreme
positions of the surface of the mandrel, Mland Mz, in

L]

gprelation to the sensing gauge. The T.I.R. reading will

8]

indicate 2e.

It has been stated that in fact eccentricity has\
no influence on the error of circularity of the workpiece.
?his is clarif}ed in relation to Figures 5.1lc, d.
o In Figﬁre 5.lc a boring bar located in a machine
spindle nose is eccentric by e to the axis O of the spindle.
The tool will rotate about the point C>producing.ap exactly
round bored hole, the only effect of the eccentricity being
that the radius of the tool path Rl will be slightly
different from the radius R preset in the tool as the
reqﬁireé hole radius. The difference (Rx- R) will depend
onJFhe angulax position of the tool with respect to the
direction of the'eccentricity (both rotating together) and
_’—_ﬂ’,the maximum value will equal e. The influencé of this how-~
ever will not be detected since the tool éetting anyway will

be altered for small corrections to the hole diameter.

LY
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In Figure 5.14, the effect of eccentricity of the
workpiece in turning is examined. Here, the tool point is
fixed with respect to the axis of spindle rotation 0.
Therefore, since the horizontal distance r between the éool
point and the axis 0 do&s not vary during the rotation of
the spindle a perfectly circular workpiece will be produced
of diameter D.

The onlyvérror that might occur in the diameter D
is one of eccentricity with réferencé surface bref’ which is
held iqfthe chuck having been machined in a previaqus
operation, the center of which rotates with an eccentricity-

e to the axis of rotation O, »

However, if concentricity of the two diameters Dx

© and Dref was desired, they would have been machined in the,

same workpiece setting. o

It is also conceivable that in measuring the
radial run—-out'on the oﬂter surface of a spinale flange
nothing is revealed about the spindle rotation error. This
occurrence is gepicted in_Figuré‘S.le. Suppose the spinélé
axis moves in an ellipse, denoted 1, and that the ;pindle
flande has been ground. using tpe grinding Qheel GW after the
spinéle mounting has been assembled., Now, the peéiphery df

the flange will have acceﬁied.the‘shape 2 and, iﬁ a gauge

* replaces the grinding wheel GW, no run-out will be indicated.

[
I

H
;
:
1
!
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There is an existing correct method for evaluating
spindle rotation acéuracy and that is in the direct (i.e.
machining) test where departures from roundness of sample
workpieées may be evaluated using a roundness measuring
instrument e.g. a Talyrond.

' The direct test though suffers from the usual dis-
advaﬁtages associated with machining tesks in that the
resﬁlts are influenced by the cutting process and, the
procedure is time and cost demanding. Also, a number oﬁ
other influences may interfere, e.g. clamping deformations,
tool wear and vibrations, all of which.combine to make
separation of the spindle rotatlon errors difficult.

Finally, let us compare quantitatively (on a ba51s
of 1ISO IT tolerance classes) the best accuracy specifications
for machine tool spindles radial run-out with the tolerance
classes quoted by manufacturers for high precision roller
bearings:

The IT class’of,accuracy of a roEational surface is
a result of an absolute valué ofvgpindlg run~out and of the
size of the workpiece diameter. Now, the Best machine tool
specifications limit the radial run-out to between 0.0002 in,
éhd.0.0004.in. and, if this should mean dut-of-roundness of
the workplece, then without any error at all in setting the
dxmensxon, the error of form alone gives nothlng better

than, for example IT4 to ITG for a dlameter of 0.5 ins. and

* ,

f
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IT3 to IT5 on a 2.5 in. diameter.

However, cdnsidering the best tolerance classes
for ﬁigh precision bearings of various manufacturers,
Figuré 5.2, based on the radial run-out of the inner r;ng,
or the TIR reading of the movement of the stationary outer
ring of the assembled bearing if the inner ring rotates,
then it m;y be observed that the best guaranteed accuracies
give less than 2um (0.00908 in.) radial run-out for all

sizes of bearings practically used in machine tools.

Of course, the accuracy of rotation of a spindle
depends not only én the accuracy of the bearing but also
op‘the accuracy of the bearing sqstings; These seatingé-
however are often finished by lapping and qylindricities
in the order of microinches are commonly achieQéd. Further,
these tolerances are maximum values while better average
values will be obtained, and they include‘the effect of
eccentri;ity which, from our assessment,éoes not affect
c¢ylindricity of a machined surface.

It could be reasonably assumed then that accuracies
in the order of lum (0.Q0004 in.) can be readily obtained
which gives ITO/ITOl accuracy class for the large range of
diameters.of Figure 5.2. Therefore, despite great progress
in the development oflhigh precision spindle éountings, the
standard machine tool test spegificqtion\canﬁdt reflect.

this because of the inadequacy of the test methods. In
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other words, mostly because run-outs apply in a different
way than in the current test methods, roundnéss erxrors may
in fact be expected to be better than the run-outs speci-
fied. For certaim classes of machine tools and operations
e.g. jig-boring, fine turning etc., a high accuracy of
spindle rotation is essential and, since the classic methods
are inadequate, it has been necessary to develop new tech-
niques where high frequency response transducers and ‘

Qscilloscopes are used enabling the correct measurement of

errxors associated with axes of rotation.

5.2 Definition of Errors of Spindle Rotation

The accugacy of spindle rotation is a very impor-
tant aspect of maqhine tool performance applicable to all
machine tools and not only N.C. machines. ' The concept ha%
been completely reformulated and an entirely new céncept
has been developed due to the contributions over the past
fifteen years e.g. ([36] [37]1,(38]. Also, in a draft of a
new "Axes of Rotation" standard [39] precise statements

defining an axis of rotation and the errors associated with

an axis of rotation are given, together with recommended
¢

*«

tésting and evaluation procedures.
| Let us review the popular concept of an axis of

rotation, for example of a machine tool spindle. In this

case, a line is assumed and proclaimed to be the_axis of -

-t
;étation. This line in the ideal case remains stationary
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during spindle rotation so that all points éonnected to
the spindle would move around the axis in perfect ecircles.
However, in reality, the '‘axis of rotation moves with respect
to an axis average line passing tﬁrough the mean positioﬂ
of the axisof rotation.

Let us formulate an exact definition relating to
radial error motion and consider a plane perpendicular to
the axis of the spindle. The movement of a point on the
spindle could be assumed to be a sum of component motions
with indiviﬁual frequencies fi, each of them being the i-th
multiple of the frequency of spindle rotation.fl=2$ where

W is the angular spindle speed. . N

L)

Each such comgpnent could be further considered to
give rise to an elliptical motion i.e. a géneral harmonic
motion in a plane. An outstanding significance is the first
harmonic component i=l, which may be represented'by an
y ellipse thgough which the point repeats it; path once per
fevolution of the spindle, see Figure 5.3 a; This elliptical |
motion may be resolved into a circular motion with radius b
and a harmonic rectilinear motion in the direction of the

2

major axis of the original ellipse,.and with an amplitude
A=a-b, see Figure 5.3b. The center of this circular motion
determines in the chosen plane the axis of rotation Q. In

this way, the axis of rotation performs in the first har-



)
o 113
i

monic only a rectil%ﬁear harmonic motion as shgwn in

Figure 5.3c. 1In al% other harmonics, it moves along
ellipses. This is the definition of the axis of rotation.

Consider in conclusion therefore, the dgeneral

case of harmonic motion in an (X,Y) plane

o0

X = E X, sin (iwt + ¢;)

i=}
(5.1)

- .
Y = z: Yi sin (iwt + ¢i)
=] .

Taking only the first harmonic:component, then,

X = X! sin wt

(5.2)
y = Y1 sin (pt + ¢1)
Now ) Y = Y1 (cos ¢lsin wt + sin ¢1 cos wt)
= ¥ cos ¢ sin wt + Y sin ¢ cosut
' ' (5.3)
= ) A + B *
Y - Y

We may express x as, . — "

X = Yl sin qblsin wt + (Xl— Ylsin 4)1) sin wt

By ‘ + ‘ Bx (5.4)

i

If we compine Ax and By we obtain a circle and, on

combining the remaining two<components B, and A, noting that

(W]
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they are in phase, it is seen that they represent a -
harmonic motion along a straight line. This leads to
the definition of an axis of .rotation. -

The basic types of error motion may be identified
if the relative motion of a line segment of the axis of
rotation which is embedded in the workpieéé is considered
with respect to a line segment of the axis\zsérage line
which is fixed in relation to the tool, Figure 5.4a.

Figure 5.4b shows the six degrees of freedom, at
any given time t, between the axis of rotation and the axis
average line, and these éomprise of three linear and three
angular motions, the lasg f which 8 (t) being the spinale
rotation of which the other\motions are éyfunction. |

Which of the othe ive moéions contributes signi-
ficantly to the error motion depends on:

1) the direction of greatest sensitivity to the

errox motion i.e. the sensitive direction, which may be

defined as the line perpendicular to the ideal generated
surface passing through the instantaneous point of machin-

ing, and,

2) the axial and radial location of the gauge and
Q .
tool at the point of machining.

On examination of machining operations it may be
realised that two basic situations arise corresponding to

the concepts of rota%ing and non-rotating sensitive direc-

‘tions. : :
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In accord with these basic_principles, the iq$
dividual components of spindle rotation errors are ‘
illustfated in Figure 5.5, the first one, Figure 5.5a,
relating to the concept of errérs for the case where the
tool rotates with respect to the work holding surface ?,g.
as in Efring, and the other, Figure 5.5b, to the concept of
errors for the case of the fixed tool and rotating work-
piece e.g. as in turning. Figures 5.5a, 5.5b refer then
respeétively to the situation of rotating and non-rotating

O
sensitive directions as defined above.

L4

Three basic or primary error motions may be

identified and these are axial, angular and pure radial

error motions. Two secondary motions also exist being

formed by the combination of primary ones; face motion,

which is a consequence of the combination of axial and

angular motions and, radial motion, which is a‘comgination

of pure radial and angular motions.

It should be appreciated, beéause of ite conformity
to machining conditions, that for a real éxis of rotation,
the term error motion refers to relative displacements, in
the sensitive direction, between the tool or gauge and the
workpiecé. The total error motion is thefefore a sum of
spindle rotation errors, relative between the spindle and
spindle housing, and structural error motions between the

v

spindle housing and the tool. The cause of the former error
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e
motion may be for example due to non-round bearing
components, yhile the latter might be due to the influence
of drive motors or gears. )

If the separation of tﬁé two error motions is
possible, it will facilitate thé analysis of the source

of the contributory factors to the overall axis of ro-

tation error. "

5.3 Significant Attempts in Deviéing New Methods of

Measuring Radial Error Motions

The common feature of all of the following methods
is that they all result in a polar record, the significance
of which is exactly the same as 5 Talyrondgram which would
be obtained from the surface of a machined specimen work-
piece, but unaffected by the disturbing influence of the
cutting process. In this way, an exact picture of the
influenéé of errors of spindle rotation on the accuracy
of the workpiece may be obtained by an idle-run test and
without machining. '

The test methods must be arranged so as to correctly
represent the errors as machined into the workpiece.
Figur%s 5.6 and 5.7 show, for the separate cases of boring
and turning respectively the error actﬁally machined into a
workpiece surface at an instant in time. Also shown are

the error sensing transducers. appropriate to the separate
P
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A
applications and error components as measured in the

various test methods, these being the basis for the derived
system theory for each of the described methods’that
follow:

N.B. Pure radial motion (motion X(t) in Figure
5.4b) may be defined as an error motion wheré the axis of
rotation remains parallel with the axis average line and
moves perpendicular to it in a sensitive direction. How-
ever, in fact, no attempt is made to measure pure radial
motion singe it is only used as a concept in conjunction
with angular motion to explain the deterioration of radial
motion with distance from the main spindle bearing.

In this review the'measurement of spindle rotation

/

accuraqyf;ill be concerned only with the measurement of

rd

radial error motion.

L 5.3.1 Basic method for boring (i.e. rotating

sensitive directions

The pioneering work in the introduction of a new
approach to measuring axis of rotation errors took place
: twenty years ago in Czechoslovakia [36]. The diagram of
the experimental set up is shown in Figure 5.8 and its main
feature is in the use of an oscilloscope, from the screen of
which a photograph is taken of a polar ?ecord representing the

radial motion of the spindle axis. The generation of the

polar record comes from the output voltages, taken to the X

and Y plates of the oscilloscope, of two electronic
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displacement transducers located at right angles to each
other sensing the circular motion of a highly precise
"master” ball fixed in the machine spindle at some small
eccentricity.

The transducers may be either the non-contacting
type (e.g. capacitative) or contacting type (e.g. linear
differential transformers). 1In the case of the latter,
usually thin steel strips are fixed so as to slide on the
ball and guide also the shafts of the pick-ups.

Supposing the rotation of the spindle axis is per-
fect, a perfect circle will be traced on the oscilloscope
screen dgenerated by the end point of a rotating vector
created by the sine and cosine signals formed by sensing
the 90° separated components of the radial motion of the
ball. The end point of the vector is shown as a bright
spot which will describe the circumference of the circle
and it will rotate in synchronism with the .spindle.

However, the motion of the ball will be affected by
the radial error motions of the spindle itself and these
motions will be superimposed on the perfect circle. The

obtained trace on the oscilloscope screen is entirely

-analogous to the well-known Talyraondgram "suppressed zero"

form of trace where, if the trace is compared to the work-

piece, the errors of the machined surface are much ‘more

A )
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magnified than the diamete@ of the workpiece.

System Theory - basic method for boring (Refer to Figure

5.6)
let e = the offset of the master ball
U = the displacement of the axis O from its

center position
The spindle rotates at speed w and at time t, the
reference diréction is at an angle ¢ to the X axis. The
offset direction is at an angle B to this reference
direction.
Error components sensed by the pick-ups:
Component in X due to the offset of the tést sphere =

e cos (¢ + B)

Components in Y due to the offset of the test sphere =

I

e sin (¢ + B)
Component in X due to the displacement U of the axis =

U cos a

Component in ¥ due to the displacement U of the axis
U sin a
Therefore, the total signal on the X plates of the
oscilloscope is

ecos (¢ + B +U cos o : (5.5)
and the total signal on the Y plates is,
e sin (¢ + B) + U sin a (5.6)

The reference circle generating components are the

. [ —
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terms e cos (¢ + B8) and e sin (¢ + B) and the projections
of the error motion are correctly added as U cos o and
U sin a respectively.

However, for this basic two pick-up method, the
polar trace obtained is only valid for a path traced out
by a tool, the angular position of which, with respect to the
spindle, corresponds to the offset direction of the spherical
master, i.e. B=0.

If this is not the case or if, for example, the
best orientation of the tool is required to be determined,
then the offset of' the spherical master has to be readjuste@
accurately for each possible orientation of the tool. This
is a difficult operation.

5.3.2 Modified method for boring

For situations where a detailed analysis is{ﬁequired
Vanek has proposed the'technique shown in Figure 5.9 igere
the offset of the spherical master is not used to generate
the base circle on which the errors are superimposed. Here
in fact, the eccentricity of the ball should be minimised.

In this modified technique, again requiring a spindle
rotation synchronised base circle, he has eméioyed a synchro
resolver the rotor winding of which is attached to the
rotating spindle. A constant level carrier frequency volt-

age is fed to the rotor as well as to the L.V.D.T. type

pick-ups used. The output signals of the two 90°- separated
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stator“yindings, consisting of the carrier frequency voltage
level modulated by the sine and cosine of the angle of

. 4
spindle rotation, are demodulated and fed "through summing

. amplifiers to the X and Y plates of the oscilloscope, thus

generating the required base circle on which the error
motion is to be superimposed. The demodglated output of
the two pick-ups represent the horizontal and vergical
components of this error motion .and these are added to the
base ciréle generating signals at the previously mentioned

summing amplifiers.

modified method for boring (refer to Figure
5.6)

System Theory

the residual eccentricity of- the master ball

let e
U = the displacement of the axis O from its cen-
" ter position
B = the constant amplitude of the carrier

frequency voltage signal supplied to the ro-~

tor of the synchro resolver.

‘The- spindle rotates at speed w and at time t, the reference

direction is at an angle ¢ tq the X axis. The eocentric
offset of the master ball is at an angle B to this reference
direction.

Components sensed by the pick-ups:

. Component in X due to the. eccentricity 'of the master ball =

e cos (¢ + B)

i~
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Component in Y due to the eccentricity of the master ball =

e sin (¢ + B)

Component in X due to the displacement y of the axis
R}

U cos o

*

Component in Y due to the displacement U of the axis
U sin a
The (demodulated) signals from the synchro resolver are:
B cos ¢ (to the X plates of the ouscilloscope)
. Bsind)(""Y“‘ no n )
The total signal on the X plates of the oscilloscope is
B cos ¢ + e cos (¢ ; B) + U cos & - (5.7)
and the total signal{on the Y plates of the oscilloscope is,
B sin'¢ + e.sin (¢ +8) + U sin a D (5.8)
‘It is apparent that an ont-of-phase component existsin
the terms e cos (¢ + B) and e sin (¢ + B) which effect is
unwanted and therefore e has to be minimised or alternatively
the angle B reduced to zero in order to create an additional
; o in-ph?ge,and hence harmless,componeﬁt.
In this experimental procedure,“the synchro resolver
is mounted in such a way that it may be pivoted around the

spln@le axls., Setting the stator to variolis angular

positions corresponds in the—baslc method to varlous orien-~
tatldns of the eccentrlc offset of the master ball w1th

respect to the spindle, an& analogously to the various

angular orientations of the boring tool.

~ ) . ~
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Thus, by varying the settings of the stator of
the synchro resolver the worst case may be found and
recorded.

5.3.3 Basic method for turning (i.e. fixed

sensitive directions)

#

It was pointed out by Pearson [38] that the basic
method of section 5.3.1 does not reflect errors machined
into the workpiece for the case where the tool is stas
tionary and the workéiece rotates. This is beéaﬁse the
depth of cut of a tool depegds on the radial motion of
the axis of rotation towards and away f?om the tool im the
sensitive direction, being almost insensitive to trans-
verse motions of the spindle. The coxrect way to £ind the
effects on the workpiece of radial error motions is to
simulate the action of turning which corresponds to using
only one pick-up to replace the tool.

This reaiisation leads however to the necessity of
providing some external means of generating the reference
circle on which to superimpose the error.

J. Bryan [38] solved the problem by attaching to
the spindle two cylindrical cams eéually eccentric from
the akis of rotation, the eccentricities however being per-
pendicular to each other. ‘Their test set-up is shown in
Figure 5.10. By &eans of the "wobble" plate the master

sphere is centered as accurately as possible.

s
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The signals from the two low-magnification :
(non-contacting) pick-ups sensing the motion of the cams
provide the sine and cosine signals necessary for base
circle generation. The radial error motion signai‘is
derived from a highly sensitive pick-up sensing the motion
of the master sphere.

System Theory ~ basic method for turning (refei to Figure
5.7)

let e = the residual eqcentricity of the master ball
Us= the displaceggnt of the axis O from its
center position
C = the eccentricity of the circle generating cams‘
The workpiece rotates at speed w and, at time t, the refer-
ence direction is ‘at an angle ¢ to the X axis. The eccentric
offset of the master ball is at an angIe 8 to this reference

direction. ' . y

Components sensed by the single pick-up in X:

Compoként due to the eccentricity of the master ball =

e cos (¢ + B)

-

Component due to the displacement U of the axis = U cos o
The signals from the circle geperéting cams are:
T
C.sin ¢ (to the X plates of the oscilloscope)

.Ccos ¢ ( " "Y " oo )

¥

Now, in order that the error motion is corréctly

)

-~

superimposed radially it is necessar%/tg/c:ﬁate two signals
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d.sin ¢ and 8. cos ¢ (wherehd ; the total component sensed

by -the pick-up) wh%ch are added to the circle generating

signals é sin ¢ and C cos ¢. The required‘mult;plication

is-achieved here by the use of Hall multipliers

The total signal to the X plates of the oscilloscope is,
Csin ¢ + (e cos (¢ + B) +U cos a)., C sin ¢ (5.9)

and the total signal to the Y plates of the oscilloscope

is, X | ®

Ccos ¢ + (e cos (¢ + B) +U cos a) . C cos ¢ (5.10)

The effect of the residual eccentricity and the _
phase angle of the offset with respect té a reference
dirgction will produce a distortion of the polar diagram
from that required as representative of fhgtxue deviation
from roundness of a turned workpiece. : X

This system also naturally is only as good as the
qéality of manufacture and setting of the two offset circle
gererating cams for, if the circie generating signals con-

ain some harmonics then the reference circle will be
deformed and this deformation may be interpreted as radial
erroxr motion. ’

Initially, eddy-current type transduce;s were used
which however imposed apparéntly severe restrictions on the '
satisfactory attainment.of good surface finish on the circle

generating cams, any discontinuities or crackg\gé&sing

e

- v i 0, 5
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signal errors. The‘system was improved with the adoption
of capacitance probés, and further by the use of only

one cam and positioning the two pick-ups perpendicular to
each other [407].

- 5.3.4 Modified method for turning

Vanek [41] in his modification of the technique
to be used when analysing radial error motions in turning,
adopted the same technique as his modified method for
boring (séction 5.3.2) in that the difficulties of gener~
ating pure referénce signals for base circle g;;eration
are avoiged by using sine and cosine siénals derived from
voa synchr§ resolver attached to the spindle.

Again, it is necessary to superimpose the error
radially on the base circle and the necessary multiplica-
tion of érror signal § ;ith circle generating signals
sin wt and cos wt is achieved by a process of "double de-
modulation". His experimental set-up is shown in Figure
5,11,

Here two LVDT type pick-ups are used and, being

connected in tandem,their spindles move in an identical

manner. When they are fed by a carrier frequency oscill-

ator, tﬁgy pass an_amplitude of voltage proportional to the

displacement of the spindle from the null position. In
other words, the voltage passing through is amplitude

modulated in proportion to the displacement.

Y

)
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Additionally, the carrier frequency voltage level
from one of the oscillators is fed to the rotor of‘the
synchro resolver. From the two 90° separated windings of
the stator we obtain voltages amplitude modulated by the
sine and cosine of the angle of rotation of the spindle.
These two voltages feed the two pick-ups and, in their
outputs, sine and cosine functions therefore occur with
magnitudes proportional to the displacement of the pick-up.

In this techniqﬁe, the base circle radius is
achieved by an initial DC zero offset of the piék—up signal
which rébresents a certain constant amplitude of the sine
and cosine signals. Due to the radial error motion of the
machine spindle, the pick-up is moved from the initial
setting and éhe corresponding error signal is superimposed
on the reference,b;se circle. «

modified method for turning (refer to

System Theory

Figure 5.7)
'let e = the residual eccentricity of the master ball
U = the displacement of the axis O from its

\
center position -

D = the initial transducer offset from its null
position '

The spindle rotates at speed W and at time t, the reference

direction is at an angle ¢ to the X axis.. The eccentric off-

. set of the master ball is at an angle B to this rgference
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difection.
Components sensed. by the tandem pick-up unit located in X:

L3

Components due to the eccentricity of the master ball =

AJ;» . . e cos (¢ + B)

Components due to the displacement U of the axis = U cos «

.. Total displacement of the pick-up is
D+ecos (¢ + 8) +U cos a (5.9)
The total signal to the X plates of the oscilloscope is
(D+ e cos (¢ +B) +U cos &) . sin ¢- (§.1Q)
.and the tétal signal to the Y plates of the oscilloscope is
(D+ e cos (¢ + B) +U cos a).cos ¢ (5.11)
The form of these equations is essentially identical to
that derived from the basic method for turning.
; ' A disadvantage of tLe technique lies in the direc¢t
mechanical cont;ct of the pick-up with the spherical master

‘or ‘with thin strips of metal 'sliding on the surface of the

mastexr. This conitact is reported as being a source of

] noise, especially for high rotational speeds of the spindle.
’ 0

. 5.4 A Universal Axis of Rotation Analyser

In accord with the attitude of Vanherk [42] who

" deemed necessary the development of a versatile electronic

J,WWMUM v
L

{"w

.‘7»,

TR

instrument (in.the absence of any commercially available one)

enabling a comprehensive analysis of all errors associated

with an -axis of rotation as defined in the propSsed "Axes
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>

of Rotation" standard ([39], such an instrument has been con-
structed and calibrated as part of thié thesis. (plate V,pg.130)
The instrument contains circuitry (see Appendix D
for details) enabling the following measurements to be
achieved:
(A) For turning (and other fixed sensitive
direction applications)
1) Radial error motion ,
2) Angular error motion, and
3) Axial error motion
(B) For boring\(and other rotating sensitive
di;ectiog appiications)
1) Radial error motion - measured by either
of two methods: ‘ X

: a)- keference circle generated by offset

b) Reference circle generated by synchro
. da »

—— ~

resolver'

o 5.4.1 Measurement of radial error motion in turn-

K3

ing

The basic block diagram for group A measurements is

‘shown in Figure 5.12 for sensing the radial error motion o%j

the spindle.
A single non—contacﬁing capacitance transducer

senses the motions of a master ball which is centered as far

as possible using a wobble plate, There yill be some con-

=
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stant voltage output from the bridge amplifier according
to the width of the gap between the pick-up and the master
ball. This may be effectively zeroed using the offset
voltage Pl so that only the error motion signal is sensed.
This signal may be filtered if necessary, to remove the
lower frequency structural motions, using variable filter
F1l.

A 5KHz oscillator feeds the rotor of a synchro
resolver attached to the spindle. 1If w is the speed of
spindle rotation then after demodulation and filtering we
derive from the two 9OQ—separa59d stator windings two pure
harmonic signals A sin &t and A gos<ut.

The signal multiplication necessary in this fixed
sensitive direction measurement for correct radial super-
imposition of the error on the polar trace is achieved
here by ecohomical I.C. multipliers.

A complication arises however due to the remaining
eccentricity of the master ball,if it is excessive. (It
should be remembered though that eccentricity of the refer-

)
ence surface has no effect on the attainment of a perfectly
round machined sufdéce, see section 5.1). The conseguence
of this eccentricity is in the generation on the oscilloscope
screen of a deformed reference circle. - This occurrence is
analogous to the effect of checking the roundness of a work-

piece mounted on the platen of a roundness testing machine

[N Y



-

132

at some small eccentricity as discussed by Reason [43] in
his explanation of the obtained deformed (elliptical) polar
chart.

In this instrument an electronic centering circuit
was built-in to compensate all harmonic signals with the
same period as the rotation itself.

The theory behind this is as follows:

/
Suppose that the voltage component of the output

i

14

sigﬁal from the pick-up due to the eccentricity of the
master ball is given by

B cos (wt + B) l (5.12)
where B is a constant due to the eccentric offset and
amplifg;; gain, and B is the angle between the reference

direction of the synchro resolver and the direction of the

offset.
This may be decomposed as
B cos (wt + B) = B cos B cos wt - B sin B sin wt
= D cos wt - E sin wt (5.13)
ol

This\means that-if two signals - D cos wt and +
E sin wt are added to the signal of the pick-up, the effect
of the offset of the sphere is completely suppressed.

The provision in Figure 5.9 of the potentiometers
P2 and P3 allows the deviation of the two required signals
inside the range + P cos wt and + P sin wt, which are then

added to the total error motion component before entering
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et

N.B. For a direct and correct representation of the shape

of the polar chart with the shape of some machined work- ;
piece, the vector rotation on the oscilloscope screen is

opposite to the direction of the rotating spindle. This

corresponds to the workpiece being held stationary while

the tool rotates around it.

H

5.4.2 Measurement of Angular Error Motion

Measurement of angular error motion is achieved by
using two pick-ups ip the same horizontal plane sensing
the motions of two spherical masters which are pgsitioned
at some gnown distance apart. ' By placing the instrument
function selector in the correct position, the signals of
the two pick-ups are subtracted and then further processed
as in the previous section 5.4.1.

5.4.3 Measurement of Axial Error Motion

For measuring this, a single pick-up is positioned

W,
to sense the motions along the axis of rotation. It is

.-

processed in exactly the same manner as in section 5.4.1
with the exception that the compensation device is switched

off since here we are primarily interested in the funda-

#

mental axial motign (i.e. the erroxr motion occuring once
per revolution of the spindle) for in this case, the funda-

mental motion is not caused by offset of the master but by

-
—

“an ‘axial motion of the spindle along the axis average line.
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5.4.4 Measurement of radial error motion in
boring

a) Reference circle generated by offset

To enable the measurement of radial error motion
in not so critical cases, the basic boring circuitry of
section 5.3.1 is built into the analyser, Figure 5.13,
generating the reference circle by means of an eccentri-
city of the master ball.

If a perfect axis of rotation is assumed here,
then thé only effect of the offset is to shift the polar
diagram on the oscilloscope away from the center but still
we have a perfect reference circle which for convenience
may be recentered using potentiometers Pl and P2.

However, it is re-emphasized that the obtained
erxror motion polar trace is only valid for the case where
the offset direction of the spherical master coincides with

. the actual orientation of the tool in boring (i.e. with )
respect to the boring-bar). If these direg¢tions do not
coincide then it is not possible to relate to'the desired
measurement by simply rotating the chart by the angular
difference between the offsé;s since the obtained polar

trace is also distorted in relation to that of the desired

measurement.

b) Reference circle generated by synchro resolver

The block diagram of the tircuit is shown in Figure

5.14 where we see that in a similar procedure to the pre-
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vious case, the radial error motions of the master ball
are sensed by two capacitance pick-ups located at right
angles to each other sensing the horizontal and vertical

components of the error motion.

¢

Unlike the previous case however, the offset of

the master ball has to be minimised for reasons given

i

previously in connection with Equations (5.7), (5.8).

Sy
Assume for the time being thltat perfect centering has been
N

achieved.

-

The signals from tge pick-up are added to the
pure harmonic signals derived from the stator windings of
the synchro resolver which form the basic reference circle.

* Even if the error motion itself is zero, while the

reference circle will be perfect it will not be central on
the oscilloscope screen due to the signals produced by the
gap width between the pick-up and the master ball. Tge
trace may be centralised using potentiometers Pl and P2.

Since in fact it is g}acticglly impossible to per-
fectly center the master ball, what is the effect of the
residual eccentricity?

The effect of the eccentricity is not in the gen-

eration of a limacon as in the case of the one pick-up

method for measuring radial motion for there, the pick-u

.8ignal modulates the synchro resolver gsignal whereas in

this two pick-up méthod the vertical and horizontal error
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components are added to the circle traé}hg vector.

Suppose the spot on thenoscilloscope screen is
the end point of a vector consisting of two components,
AB due to the synchro and BC due to the offset as shown
in Figure-5.15a. Angle B is the angle between the vector
generated by the synchro signal and the offset direction
of the spherical master.

A perfect circle is always generated by point C
which may ge used as a reference circle. However, if the

stator is adjustéd in phase with the position of the tool

‘point then the tracing point on the screen C will not be

in phase with the position of the tool point and a aik-
torted image will result. The amount of the distortion will
depend on the magnitude of 8 and also on the amplification
of the errbr signal which governs the vector length BC.

It is possible to compensate for the phasé shift by
adjusting\the angular position of the stator, the difficulty
being in knowing how much adjustment"is necessary.

The instrument therefore includes Vanherk's solution
to the problem {42] which consists of providing zero - level
- crossing detectors in the sine agd cosine signal branches
controlling a 2 axis modulation (i.e.wtrace intensity) in-
put to the osc¢illoscope, Figure 5.15 b.

Now, if the stator is adjusted in phase with the

horizontal position of the tool point and if low error.
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amplification factors are used so that the length of
vector BC is small then the tracing spot on the screen
should be -suppressed at the intersectiong with the
horizontal and Yertical axes as in Figufé 5.15¢c. Asg the
error amplification is increased, the spot follows point
C and thus deviates from the AB direction. Here, the
tracing point is suppressed at an angle B’ from the ver-
tical.and horizontal axes as in Figure 5.15 d. Ro;étion
of the stator enables the readjustment of the phase of
spot C so as to enable it to cross the horizontal axis at

the same time as does the tool.

5.5 Evaluating spindle rotation errors

In evaluating the error motion value from the
photograph of the polar trace as obtained on the oscillo-~
scope screen it is, qenerallx speaking, equal to the differ-
ence in radii of two concentric circles that will just en-
close the error motion polar plot, and the value obtained
depends on the location of the common center of these two
circles. , | ¥

Four methods are recognised in Ref [39], as in Ref
(44] from which Figure 5.16 is extracted, for locating the
center and these centers and corresponding error métion ;one
names are:

(a) . Minimum circumscribed qircle (MCC) center and

zone
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(b) Maximum inség}bed circle (MIC) center and zone

(c) Minimum radial sepatation (MRS) center and

zone

(d) Least squares circle (LSC) center and zone

It will be -appreciated from Figure l6a and Figure
16b that two values of error motion could be obtained from
the same trace depending upon whether it represents a shaft
or a hole. 'Also the MCC and MIC centers are not unigue and
are therefore listed [44] as non~-preferred centers.,

The radial width of the MRS zone is numerically
unique in that a larger value by definition cannot exist
and the MRS center is thus generally thbught of as unique
although its method of location is a trial and error pro-
cedure. . ‘

The LSé center is unique and this approach to
graphical determination provides a unique least squares
mean circle from which a mathematically precise statement
of error can be obtained. The graphical procedure for
determining the LSC cepgter and zone is depicted in Figure

“§?4]'and the proof of the formulae

5.17 extracted from Re
used in the determination of the least squéres--center and
circle is given in the same referencé. h

The MRS and LSC centers are "pref;ried" centefs,
but because of non—standardis;tion inl%ﬁis area, it sﬁguld

always be quoted which method has been-utilised in the
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evalation of error zone width since as demonstrated in
Figure 5.16 the application of different techniqu%g‘
results in a differing assessment.

The application of the foregoing £echniques for
locating the center are relevant to the evaluaéion of
radial and angular error motions where there is no signi-
ficance to the fact that the located center does not
coincide with éhe center of the chart due to an offset of
the spherical master causing a pseudo-fundamental (i.e. once
y per.revolution) error.  In fact, accepting the concept of
: Ref {39], no actual fundamental radial or angulan‘error
% motion exists since the removal of the once per revolution
: sinusoidal component corresponds to th® test ball being-
perfectly centered.

However, a fundamental axial motion does exist and
is not caused by the master ball mounting error but by a
once per revolution sliding motion of the axis of rotation
g‘ .along the axis average line caused by, for example,.out-of-

square thrust bearing components. In this case the required

center is t r chart (PC) center and the error motiogg

is determin y drawing concentric circles from this center.

:

there are three main cHaracteristics which serVe\
to identify the features of spindle error motion polar

charts:

aiamiy B 4

(a) the repeatability of the various spindle motions

-~ e
R
i
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(b) the distinction between the lower and higﬁer
harmonic component motions, the order of the harmenic be-
ing understood as the number of whole undulations per
spindle revolution

(c) the change of shapg of the whole figure, or
the movement of the center of éhe concentric circumscrib-
ing and inscribing circles with, for'example, a change of
spindle speed, or a change in the magnitude or orientation
of an external force. (Another cause may be thermal changes
in the structural loop,though in this particular case,qthe
maximum change in the mean position of the spindle axis is
included in the appropriate tolerance law as in Chapter 4
having been identified in éhe spindle "drift" test).

The particular signif;cance of the individual features
depends on whether the measurement is of radial or axial error
motion and its application e.g. accuracy of rotation of
grinding wheel spindles, spindle of a lathe etc. Generally
speaking however for b), the distinctién lies in the ten-
dency of lower harmonics to lead to errors of form e.g. a
lobed machined surface, and that of the higher harmonics
to relate more to errors of surface finish.

For c), while it is measured as part of spindle
rotation accuracy, the significance is in its relation to

the change of displacement of the tool with respect to the

workpiece. -~
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Let ug look at the concept of repeatability which

is the most impo;tant and refer to Figure 5.18 where sever-
al idealised cases of radial erroxr motion polar charts are
presented. \

In Fiqure 5.18a, it is assumed that the trace is
repeated exactly in each revolution no matter how long we
record. The trace if evaluated by an appfopriate method

"represents the machined internal or external surface. If
the MRS center is found, then the MRS zone width will
represent -the error motion. v

'In case b), it is assumed that the figure is exactly
repeaiable every two gubéequent revolutions. If we assume
turning or boring with a tool having its secoﬂdary edge
parallel with the feed motion and the width of the edge is
greater than the feed per revolution then obviously in
this case, only the internal envelope will be significant
for internal machining and only the external envelope for
external machining. The MRS center of the whole figure no
longer applies since the internal and external envelope will
have different centers and different zone widths.

The overlap of §ubsequent cuts ma& be effgctiVe
for a number of subsequent revolutions. In Figure 5.18¢
the figure has been recorded during four revolutions. This

figure represénts therefore a motion which is nos-at all

by .

[N SR
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repetitive, however the non-repeatability may be re-
stricted to Q/Zmall number of revolutions. Again,
supposing we consider the case of internal machining
then the MRS center and zone width of the total figure
do not apply,only the MRS center and zone width of the
internal envelope of Fig&re 5.18c being relevant. This
internal envelope is reproduced in Figure 5.184 for
evaluation.

Figure 5.18e represents a very dense oloud of

non-repetitive mgtion taken over the effective overlapp-

ing revolutions|assumed. Both the internal and external
envelopes are pXactically perfect'circles and with a
sufficient overlap, pexfectly circular internal and
external surfaces will be machined.

In Figure 5.18f the most commonly obtained type of
trace is reproduced with clearly distinguishable internal
and e%;ernal envelopes, the area in between being filled
by the cloud of varying width. This‘may be used for add-
ing to the features of the MRS zone width of theiinternal
and external envelopes the featurg of maximum "random"
motion. (Evaluating this parameter in Ref '[39] it is
noted that the term random does not require the physical
causes of the random error motions to be random in tHe
statistical sense, but simply refers to the appearance of
the total erfor motion polar plot after a number of

»

revolutions).

.



It, has been shown then that when speaking of non-
repeatability the number of revolutions must be given to
which it is related.

a) For radial motion errors then,
7

143

If no overlap is assumed, the total figure must be

evaluated as in Figure 5.18 a),b),c) over a sufficient num-

ber of revolutions e.g. ten.A shorthand notion could be
\

1) TR, 10 revs .

rl

where Ar denotes the radial error motion, and

TR represents the total reading.

~

Since it is often useful in practice to make a record of

one or two revolutions in order to identify the basic form

of error, this record will be evaluated as

Ar' Tg, 1 rev.

——

If however a practical overlap is assumed, by choosing the

number of spindle revolutions over which it extends, the

record will be evaluated with regard to its inner envelope

(IE) or its outer envelope (OE). For example, in Figure

5.18d4, for the inner envelope of Figure 5.18c, we will

1

evaluate

IER, 4 Vs

. Ar'

The concept of using envelopes/ is entirely analogous with

the practice of evaluating direct tests on the Talyrond -
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roundness testing instrument because the machined surface

A}
is in fact an envelope.

. g ot

When using an envelope it will be additionally
necessary to evaluate the random motion which may influence
the surface finish and hence the maximum radial.distance

between the IE and OE will be indicated as

\ vr (n revs).,

where v stands for vibration and the suffix r for radial.
This practice of separating the ‘bare envelope error
from the random motion corresponds to the use of filters in
making Talyrand records.'
It is furthe;more, necessary to specify the spindle

speed and the axial distance from the spindle at which the

-

measuremnent was obtained.

b) For axial motion errors, the fundamental motion is

significant d4nd it should be evaluated as,

; Afa

this being twice the distance between the polar center (PC)
and the MRS center of the upper envelope figure, see
Figure 5.19.

In this case, the width of the MRS zone - the

difference in radii of the circumscribed and inscribed

circles of the envelope (upper envelope UE)in this case,

represents the superimposed (i.e. on tﬁ&\gundamental) axial




motion error and it can be denoted

'Asa' UER, n revs

.

A

[y

The random motion is expressed as

v
a

At other times, when no overlap is considered, the super-
imposed error and vibration error may be combined and
denoted

/

Asa’ TR, n revs

in an analogous manner to the case of the radial error

motion total reading.

5.6 Classifying spindle rotation accuracy

Because of the special significance of spindle
rotation errors relating to a specific part of the total
error of form and dimension of the workpiece it should no
be included in the tolerance laws governing the accuracy
workpieces as a whole, but assessed separately.

A UMIST proposal [5] has classified spindle rota-
tion errors accord%:g to the Table A below where the basi

for the numerical values accorded each class was derived

145
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of

S

from the bearing manufactures quoted tolerances (see Fiqure

-

5.2) and from best achieved spindle rotation accuracies.

AT st 8 R gt
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/L TABLE A \

Class ‘ 0 1 2 3 4 5 6 7 8 !

Error ym  0.25 0.5 1 2 5 10 15 20 40 | y

less than ﬁ

Error uin 10 20 40 80 200 400 600 800 1600

.
less than . W
ey
5.7 Separating the influence of the error of the master
ball

Until now, it has been assumed that the master ball

is a perfect sphere. If it is not, then naturally the in- %
fluence will affect the shape of the polar trace. However,
a simple procedure devised by Donaldson [45] permits the .
elimination of the unwanted influence by a procedure anal-
ogous to taking the mean of two straightness of motion mea-
surements on a mandrel held in a lathe spindle,- rotating the
mandreﬁ,180° between measurements to eliminate any error in
the setting of the mandrel.

To identify correctly the most accurate classes of
spindle rotation, this procedure will be necessary even with
the use .0of the most accurate master ball if we wish to comply
with the general "rule-of-ten" applicable to metrological mea-
surements. )

e.g. our master ball, provided by J. Bryan of‘the

Lawrence Radiation Laboratory shows a deviation from round-



ness of approximately 4 uin (see Figure 5.20) and there-

fore could not be used to identify Class 0 or 1 of TABLE

-~

A without. separating the roundness error.
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t CHAPTER 6

MACHINE TOOL CALIBRATION VIA LASER INTERFEROMETRY

6.1 Introduction and Basic Concepts

Before proceeding to introduce some significant
measurements in the following chapter (Chapter 7) it is
necessary to appreciate the working operation and capa-
bilities of the laser interferometer system used in the
large scale machine tool accuracy investigation. The
specifications of the system and accessories are detailed
in Appendix E.

Interferometric measurement techniques have been
in use for well over half a century and have been applied
particularly to the measurements of slip gauges and end
bars for engineering reference standards.

On the introduction of laser light sources,rbesides
encouraging the produqtion of more simple and robust de-
signs of interferometer so that interferometric measure-
ments are no longer“confined to the laboratory, measure-
ments are no longer restricted to short distances and may be
used for example to measure the traved of a machine tool
slide over distances of many feet.

All modern interferopeters are based on the

techniques pioneered by A.A. Michelson in the 1890's.

/

&
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Figure shows the basic Michelson interferometer.
¥

Here, a half-silvered mipror splits the beam from
the monochromatic light source into two beams, each of

Which is reflected from,a mirror and then recombined at
A

.

the half-silvered mirror. With the mirrors exactly aligned

and motionless, the observer sees a constant intensity

of light. However, if one of the mirrors is moved very

/
slowly, the observer sees the beam repeatedly increasing

“and decreasing in intensity as the light from the‘ﬁé%%éy
adds or cancels; ‘Each half-wavelength of mirror travel ,
means a total optical change of one wavelength and oné‘
cycle of intensity change. .

d If'the wavelength of light ié_accurately known
therefore, and the number of fringe patterns. of altérnate

¢

light and dark bands is counted, then the travel of the

"

mirror may be accurately known.

It is important to note that only changes of

o

position of the mirror may be megsured.

5 rens

. Now, in order to make e device into a practical

Wy T S

LI 4
.

;f’

}
i
!
)
1
!

#  electronic instrument for modern applications it is

-

basically necessary only to add a photocelllto convert

i

Fhe beam intensity variations into a series of pulges‘and
to use‘an electronic counter to count the cycles of beam
intgnsityﬁvariations. ‘

However, the basic components of a modern inter-

-

-
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ferometric system also includey
A

a) cube corner reflectors These are preferred

over' plane mirror reflectors because of the critical
alignment requirements of the lat¥er. With cube corner
reflectors, the reflected beam is always returned parallel
to the incident beam (see Figure 6.2) and hence it may
tolerate the deviations encountered in a féirly crude slide

motion.

b) the laser as a light source With its high

degree of coherence and intensity the laser may be used
over distances of many feet. Its short wavelength permits
resolution into the microinch range, and its wavelength cdn
be determined to a high degree of accuracy. Now, thé*primary
standard of length since 1960 is measured in terms of the
wavelength of radiation of the Kr-86 isotope which can be
reproduced to a relative accuracy of one part in a hundred
million. Thé wavelength of the radiation of_é He-Ne laser
(most often used in commercially available systems for
metrological applications) has not yet been internationally
qupﬁed as a secondary length standard but itg ﬁavelength
also may.bé stabiliSeﬁ to a comparable degree over short °
péﬁiods and, can h#ve in the Igng terﬁ a reproducibilit? of

better than one' part in ten million,

c) direction sensing electronics Rather obviously,

a single photocellis inadequate to éehsing changes in the °

) . R , ¢
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direction of motion of the measuring mirror or cube gorner.

6.2 lThe Hewlett-Packard Laser Interferometer M

The H.P. laser system is the most advanced of its
type in the world and it was selected because of the many
innovations incorporated in the system contributing to its
ease of use,performance and reliability. Plate VI (pg. 152)
shows an assembly of all the accesspries to the basic laser
gsystem, |

o One of its most important features is that it
; operates on a two frequency principle. Most other lasers
g ot | operate‘on a d:c. principle which is subject to such inherent.

problems as wérm-up time and change of intensity of either

light beam or source due to laser tube aging or turbulence

T 1 I,

in the shop environment deflecting the beam away from the

[

preset trigger threshold at which counts are registered.
i‘ The H,P. laser, on the other hand, operates on an

a.c. principle [46] using a two frequency system and from

Py

P

this derives its immunity to turbulence, 95% of signal loss

being tolerated. This is by virtue of the fact that distance
’ Al

information is carried on a.c. waveforms and a.c. amplifiers -

are not sensitive to changes in the d.c. levels of their

inputs.

>

» A simplified schematic of the laser -system is shown

in Figure 6.3. A low power Hélium—Neon laser emits a

" . . coherent iight beam composéd of two slightly different
¥ ° * .
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frequencies fland f2 of opposite circular polarisations.
After conversion to orthogonal linear -polarisations, the
béam is ‘'expanded and collimated then directed to the
referénce beam splitter where a small portion of the beam
is split off to be used both as a reference frequency and
to provide an error signal to the laser cavity tuning system.
The a.c. component of the difference between_f1 and fz(about
2MHz) is used for reference and goes to a counter in the
laser display. | .
The‘major component of the beam passes on to an
interferometer. One of the frequency components f1 is used
as a measuring beam and is reflected from the retroreflector.
On its return it is mixed with the second freguency f2 but
the fringe pétterns do ﬁbt appear until the jcombined beam

strikes a demodulating polariser adjacent to the photocell

in the laser head. . Lo

Now if the measuring reflector jis stationary, then
the light and dark bands will flicker at a rate of approxi-
mately 2MHz, corresponding to the difference in frequencies
of the two beams and since thg reference and Doppler signalsy
are equal;, no net count will 'be accumulated at the display
unit. -

- On the other hand, if the reflector is moved, the

return frequency will be Doppler-shifted up or down slightly

(qs'with«a passiné train's whistle), a reflector velocity of
. . A ‘ n .

Il
«

it g e A 8
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1 ft/sec causing a shift of approximately 1 MHz. Accord-~
ingly net positive or negative cumulative counts corres-
ponding to the distance traversed in wavelengths of the
light will be monitored by the counter for conversion ihto
the chosen units (i.e. in., m.m.) by an in-built integrated
circuit calculator.

| Other functions of this calculator include smooth-

ing, electronic resolution extension and velocity computation.

6.3 Computation of Velocity of Light Compensation Factors:

»

6.3.1 For the Refractive Index of the Air

A complication in interferometric measurements is
the refractive ;nééx of the air through which thg laser beam
passes. The wavelength of interest is not the vacuum wave-
length i.e. ghe wavelength in a medium of refractive index

N

equal to 1 but the wavelength in air at the time of heasure-
ment, ‘ |

The refractive index depends on the air pressure,
temperature and,to a lesser exteqt,humidity‘and composit%on>

e.g. less dense air with low pressure and high temp

results in a higher veloci;y of larger wave;epgthl
Allowance for these faétors is straigbtforward on

the H.P.” laser system;, a serieé of thumbwheels beiﬂg provided

. for insertion of the ratio of air wavelength to. vacuum wave-

length calculated from tables-and used for conver81on by the

'I C. calculator from the frlnge count to distance traVelled
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according to tHe formula:

Distance = (wavelengths of motion) x( air wavelength \x
vacuum wavelength

(vacuum wavelength)
whére the vacuum wavelengtly isi"hard-wired“ into the system

6.3.2 Material Thermal Expansion Compensation

An additional compensation factor must be taken into é%
account due to the temperature of the méchine or part being
calculated., The "true" size of a part is defined by
metrologists as t§e~measured size at a reference temperature

of 68°F (20°C).

v

The adopted procedure for taking this into account
is to modify the air wavelength sufficiently to allow for the

thermal expansion. This,requires knowledge of the thermal

\

expansion of the material being measured and its temperature.
The procedure is best demonstrated with reference

to an example: Suppose a steel part that is known to

measure llOé0,000 in. at 68°F is being”measu;ed at 86°F. The

indicated length would be 1,000,078 in. (the coefficient of

expansion of steel being taken as 6.5 ppm/°F); The display

measurement could be "forced" to indicate the "true" size by

educing b§'78 ppm the strict air wavelength calculated for

‘particular environmental condition. O

This mdd;fication\is-éimp}y made via the préviousiy

mentionéd thumbw5591s.\ : / . . . ., ‘
E ’ -’ . '
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6.4 Remote Laser Interferometry

6.4.1 The Linear Interferometer

Laser interferometers can measure distances up to
hundreds of feet with a resolution of a millionth of an
inch. They do this by using the wavelength of laser light
as a length standard. This wavelength is known precisely
enough to make laser interferometers inherently accurate
within a few parts in ten million.

In measuring short distances however, this high
inherent accuracy is difficult to realise because of the
effect of heat generation in the laser unit. This heat
generation is minimised already by the use of an ovenless
laser in the H.P. system but, for ultréprecise measurements,

j/ the accuracy is still affected to a’significant extent.

This realisation led to the development of the

Remote (linear) Interferometer [47] for which there are a
. S

EWTYT v we T

: number of very significant advantages.

The principle of operation for this interferometer .
is shown in Figure 6.4. The beam exiting from the laser
head is split at‘the surface of the polarising beam splitter,
one %requency‘fz being reflected to the reference cube- |
corner mounted on the interferometer hoﬁsing and the other
f1 transmitted to the measurement retroreflector. Both
frequencies arel;eflected back a ogg a common axis to thé
photodetector blocﬁ in the lasey head, frequéﬁcy fl coﬁqgin-

4
T
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ing a Doppler frequency shift whenever the measurement
reflector moves. Because the polarisations of the beams
are orthogonal to each other, interference does not occur
until the combined beam reaches a demodulating polariser
(see Figure 6.3) mounted in front of the photodetector /“\\
where the fringes form. ‘

Now, the advantages 'of this system as comparkd
with the basic system of Figure 6.1, where the internal
interferometer is used, may be appreciated with reference
to a typical measurement sgt—up of plate IV pg. 70.

Here, the measuring reflector is located in the spindle
nose and the interferometer is clamped to the machine table
while the laser head itself is mounted on a tripod remote
from the area of the measurement.

The advantages of this set-up confiquration are:

1) The ggmote interferometer, geing an entirely
passive device, is an accurate reference point being u;-
?ffected by any internal heat source: The improvement in
measuring stab}lity over the normal system is demonstrated
by tﬂe drift measurement of Figure 6.5.[46]

2) The laser head may be positioﬁed at some dis-
‘tance from tﬁe‘machine and, since.the relative position only
of the reflector and intérferomete¥ is measured, the presence

of the metrologically undesirable dead path and any fluctua-

tion in this distance due to adverse environmental condi-

Yl
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tions or vibrations of the tripod stand dges not affect
the measurement accuracy.

However, the concept of remote interferometry
having been introduced, its greatest advantage has been in
the development of a family of interferometers whose
various functions enable the measurement of error functions
not normally associated with the capability of laser mea-
suring systems.

6.4.2 The Angular Deviation/Flatness Interfero-

metexr
The use of this interferometer, see Figure 6.6,
enables measurements of pitch and yaw motions of machine
tool sliding elements to be made as well as replacing the

autocollimeter in accurite measurenpents of surface flat-

ness [48]. | -

The reference reflector of the linear interfero-
meter is replaced by a 45° mi£ror‘so that fltand f2 are
sent‘out parallel. The system then measures the difference
in movement between the two reflectors, the angular dis- ¢
placement causing a differential Doppler-shift in the re-
turned frequencies:tha; is not affected by axial displace-~
ments. The dimensions of the beam bender and remote beam-
splitter were chosen such that 10 pin diff;rence in move-
ment is equivalent to an angular deviation of 1 sec. of a;q.'

\ i
6.4.3 The Straightness Interferometer

. Prior to the introduction of this ihterferometer,
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straightness measurements could only be made reliably using
straight-edges of limited length. This method is quite
adequate for application to machines where the machine slide
travel also.is of the same order of length.

However, for longer. lengths of travel methods’such
as, for example, the use of a wire and telescope do not have
the same accuracy as the short straight-edge.

The use.of the straightness interferometer however
enables reliable measurements of straightness of motion to

be made continuously over distances up to a hundred feet

.with an accuracy of 5 microinches/ft.

L 4

The principle of the interferometer is shown in
Figure 6.7. The two frequency beam exiting from the laser
head pass  through a partially reflecting mirror to a
Wollaston prism. The two polarisations are refracted
equal but opposite angles about a centre line causin fx 232
f2 to exit along slightly divergent paths. They are reflécted
back by plane mirrors rigidly attached at an included angle
precisely matched to that of the integferoﬁeter. The fl and
f2 beams are reflected normally to recombine within the
prism, this combined beam returning along the same path as
the exit bgam to the partially reflecting mirror where the
major portion of the beam is. deflected into the return
aperture.

Now, whereas axial motions of the Wollaston prism
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create egual Doppler-shifts in both f1 and fz, any lateral
motions with~respect to the plane bisecting the two plane
mirrors results in a difference in the two path lengths 1
and hence a difference in Doppler-shifts. "\
For an included angle of ¢ and a lateral trans-
lation x, the fringe gounts accumulated will be given by
2x sin ¢/2. Therefore the reading must be multiplied by
the reciprocal of 2 sin ¢/2 to give a correct measurement
of x. This multiplication factor is built into a resolution
extender unit inserted between the laser head and display
units. A
It has been demonstrated ([49] that small pitch, yaw

and roll motions do not affect the accuracy of the measure-

ment.

6.5 Further Metrological Considerations

While the accuracy of the interferometer is in-
herently very high, this does not necess \ily indicate an
equivalent accuracy of a pr;ctical measurement, this be;né
dependent on the metrology of the system,

Particular attention has to be taken to ensure the
best alignment of the laser beam and the optical components
of the system with the machipe slide co-ordinate displace-
ment direction so as to minimise the occurrence of cosine

errors in the measurement.
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The use of autoreflection techniques and the provi-
sion of accurate refere surfaces on all optical devices

enables the achievement\ of insignificant measurement errors.

X
7

Care has also to be taken in the measurement of

machine temperature for correct compensation factor -~

e

calculation. Fortunately, it is often adequate to assume \
the machine is soaked out to the temperature of the

environment.

3

A
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CHAPTER 7

MACHINE TOOL ACCURACY EVALUATION -~ APPLICATIONS

7.1 Introduction

An extensive program of machine tool accuracy
evaluations, performed in accord with the proposed laws
with respect to the specification of a minimum number of
tests, the identification and evaluation of thermally
affected measurements, the application of the tolerance
laws and subsequent accuracy classification, has been
carried out with the co-operation of a number of important
Canadian manufacturing companies who requested the stﬁdy
in éach case in the interest of:

I3

1) having a comprehensive knowledge of the

accuracy, throughout the decreed working-zone, of their N.C./’”f

(mostly) machines which represented their major capital
invegtment, the test specification in each case being
specially designed iﬁ accord with the general or particular
mode of use of the machine, as the case may be, determined
by inspection of the requireqents of the typical workpiece
configuration. A

2) obtaining a diagnostic report of the precise

source of the machine tool error(s) and a precisely specified




»

6}ocedure\for improving the machine tool accuracy capa-
bility, thus providing a clearly defined maintenance bro—

*

~cedure.
® e.g. for the machine shown in Plate VII pg. 164

it was possibie.to identify a source of error that had exist-

ed in the machine from its initial erection 5 years g:}or‘to

the test, the ;traightforward elimination of’which enabled

the machine to perform inside its original accuracy specifi-

cation and contributed to the confidence of the firm in final-

izing a major contract which called for extreme accuracy.

3) obtaining theAnecessary information in as short

a time as possible, facilitated by efficient use of the laser

"and its accessories witly respect to setting-up time‘'and test
performance, in order to reduce to a minimum the machine
down-time necessary, especially on thé large N.C. machines
which in order to justify and earn their*high initial
capital investment have to be kept running, often on a 3
shift basis.

e.g. it was possible for ong.machine operator

. together with the laser operator to completely evaluate

e e b et

(though excluding thermal effects testing) in five, eight-

s B |

il i

hour shifts two of the giant floor-type horizontal boring
and milling machines shown in Plate VII, pg. 165. It is.
further possible, having initially applied a comprehensive

test, to practically reduce the number of measurements to

+
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only those particdlar measurements determined to be the tL

e i

most important to a machine's function, and apply the
reduced (modified) test‘proceéure periodically in a mini-. )
mum time. |

Complete reports on these applications are avail-
] able, [50], (513, [52]3, [531], [54j, £55] these containing
the detaiied procedufe involved in computing the accuracy
evaluation &nd the stepgrrecommended (where necessary) for -
improving the accuracy capability of the machines. Here -
howeveér, space admits only to the presentation of ’
particular measurements of some significance highlighting.
" ~ or substanbi&ting some of the stéggﬁents (é.g. s;milarity
in characteristics of positioning accuracy and straightness

‘'of motion measurements - fheir differing interpretation with

i} ' respect to the common use)of nomenclature i.e. DZ, en etc.)

-

and procedures (e.g. the value of the master part trace/

: !"v" b . - . ]
y b continuous recording techniques) as formulated in previous

l..{‘

chapters, or justifying the approach to the "design" of the »

pogitioning accuracy test detailed in the following paragraph,

»
A

J
“7.2 Measurements of Positioning Accuracy - determination

/ of test parameters .
To enable afthorough,gyet'fast, evaluation of the

S

positioning capabllltles of N.C. machine tools certain pro-

cedures may be recommended which differ 51gn1f1cantly from
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_any published procedure e.g. those of the N,M.T.B.A. [27].

Briefly summarising their procedure, they recommend

X

t

positioning to a number of positions chosen at random but

arranged so as to cover the full iength of an axis motion.

. (N.B.thfs is done py choosing only the least significant

figure from a random number table, the most significant
number beiné selected manually to spread over the total
traverse length). The test is to be repeated, in fofward
and reverse di;ections, seven times for statistical re-
liability. (N.B. it is conceded‘that while statistics

would demand positioning in Fandom sequence, experjhental
results have shown the practice of positioning Egﬂijch point

in sequence is_adequate)’. ‘ -

- Our objections to this procedure may be enumerated

as follows:

(a) Random positioning~does not prowide a ‘means
éor analysis of the source of erxrors presen£. ‘

(b) Repeating the measurement in both forward and
reverse diréctions 'is not necessary since the graph of
errof is usually exactly the same in the reverse direction,
but displaced dué to dead-zone (DZ), of whicﬁ backlash is
usualiy the major Eomponent. '

(¢) Repetitién of the tests seven timeé is an un-

B 4
justifiable waste of precious machine time. Unjustifiable,

since ,case histories show that the form of error remains the
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same but the entire graph of error drifts in a predictable

“manner in relation to the graph of error obtained in the

previous pass i.e. the justification of the ﬁhTBA éest in
determining repeatability on a basis of it ﬂéing a rangom
process is lost. .

The procedure then to be adopted, necessgrily
tailored to the features of the’particular machine ‘to be
tested is as follows:

1) Poéition at some pre—detgrmined fixed interval
over the.entire length of axis motion in one direct;on pnly,
the iéterval being chosen in relation to the machine design
e.g. an integer multiple of some distance over which some
cyclic'er;or may exist.

2) Position in fine increments over a short distance
'in order to determine any possible c¢yclical errors e.q,
resolver or gear train originated.

3) Dead zone may be determined by checking at only
one posiéion in the return motion. )

4) Repeatability may be checked reliably by position-
ing repeatedly Lo any one point. gl

Checks 3) and 4) ;bove,may of course be repeated at
more than one position if there is any reason to suppose that
the dead zone or'repeétability‘might vary along ‘the axis d
travel. -

Let us now look at some applications of ‘the above

“ T

S
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principles in some extracts of case histories.

7.3 'Case A: The Accuracy of a 5-Axis Aerospace Skin

Milling Machine

.

The axis nomenclature of the machine pictured in
Plate,VII pg.164 is shown in Figure 7.l1l. The apparent three-
dimensional working zone is redJ;ed to one of/%wo'dimensions
on consideration that all machined woripieces consisted
initially of thin slabs of material,of which approximately
95% is machined away to leave the desired "skins" - hencg,
the name of the machine. ‘The minimum numbér of tests
specified in accordance with this modified approéch is shown
in Figure 7.2. The steps in the specification of the desired
measurements are:

1) Determination of maximum offsets (taking each co-

ordinate motion in turn)

a) X motion of the;gantry aloﬂg the bed: .lines

A and B are the maximum offsets in Y with

respect to the motion in X, and there is no

offset in Z because Of ‘the limitation to two-
dimensional workpieces and the a§sdmpt;on of

a constantnmeap length of tool. e

\\\__\ -

b) Y motion of the-spindle carrier: there is no
Y

offset in X, or in Z for the same reason as

abovz [ . I
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¢c) 2 -(vertical motion of the .spindle carrier:

there is no offsget .in X, and the maximum
offsets in Y are given by lines D and E.
2) Specification of tests

+

\‘a) X motion: straightness of motion - Gy(x)
and Gz(x) along line A and, for the effect
of roll ex(x), Gz(x) also along line B
positioning accuracy - Gx(x)‘along~line A_a£d,
for the effect of yaw e, (x), 8, (x) also along
line B . . ! -
b) Y motion: straightness of motion -‘éx(y) and
Gz(y)'alpng line C
positioning accuracy - Gy(y) along line C

c) 2 motion: straightness of motion - Gx(z) and

' -

§§\\\‘*" Gy(z) along line D and, for the effect of roll
\ e, (z), Gx(z) also along line E. ( .
. positioning accuracy - Gz(z) along line b\g d,

for the effect of yaw ex(z), Gz(z) also along
line E. |
Let us look now at the design of the machine in de-
termining the relevant parameters governing the correct
-specificatiog of the positioning accuracy test denoted §x(x):
| The X motion of the gantry along the bed is achieved
utilising a rack and pinion drive on either side of the wide

bed. The fine positioning feedback is derived from a
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resolver geared directly to the driving pinion., Other
rélevant information is that one revolution of the driving‘
pinion occurs every 10.5 ins of X traverse, one revolution
of the resolver every 0.260 in. of X traverse and that each
of the racks is 3 feet in length, supposedly mounted along
the bed in such a way as to avoid cumulative error build-up
.in the maximum 100 feet of traverse availisle to the gantry.

The correct evaluation of positianing accuracy capa-
bility will depend on the corfect-application of the
appropriately designed tolerance template to the obtained

-graph of positioning error. This is demonstrated by refer-
ence to Figure 7.3.

Here,'our Jlinearized"template is shown in Figure
7.3a applied to the evaluation of the positioning error
Gx(x) Weasured in the X direction along a line in our defined
working zone, say line A of Figure 7.2. In this example of
Figure 7.3a, the error measured in one direc¢tion gs shown
by the full ligé and the error in the reverse direction by
the dashed line., There is a difference DZ (dead zone) be-
tween the two errors. ' )

The meaning of the graph is‘appargnt: e.g. when
moving from co-ordinate xl to co-ordinate x2 an error of
distance|6, - &, ‘is committed.

1

“ The error, as shown by the 6x(x) line, consists of
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short distance errors, which may be.partly periodic, and
thése are superimposed on the longer distance trend, line

LD in Figure 7.3a. For an illustration of short distance
errors, see Figure 7.3b. 1In this example, we may see that
during motion indicated between points 1 and 2 an error
érl'z is generatéd due to that particular rack being longer.
Similarly, the rack between 3 and 4 is accurate, between 5
anﬁ 6 it is longer and between 7 and 8 it is shorter. There

may be also discontinuities between the individual racks,

i.e. between points 2 and 3, 4 and 5, 6 and 7, etc., which

represent sudden errors in positioning and they are due to

maladjustment of racks. In addition to these errors there

is perhapg a periodic error once per revolution of the pinion
(10.5 ins) due to for example the run-out of the pinion as
manufactured. There might also be other errors not shown in
this example, like those due to irregularities in the racks,
or errors per tooth of the pinion due ég the non-idea;‘mg;h
of the pinion with the rack, or an error per revolution of
the syéhro resolver (0.200 in.) due to its inaccuracy.

All these mentioned errérs act over rather short
aistaﬁces of motion, i.e.: 0 (zero) in. for the maladjust-
ment of the racks, 10.5 ins. for the error of the pinion,
0.200 in. for the error of the resolver. These are all

superimposed on the long distance error.

The tolerance template T ¥s shown in Figure 7.3a by
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the two shaded angular segments which leave a gap Axx

between themselves which recede with a slope K . from the
graph of error. Let us remind ourselves of the mode of use of
this template: The template is used in such a way that it

is moved aléng the graph in direction X and simultaneously

freely moved up and down so as to clear the graph of Gx(x).

<
If this is possible, i.e. if the template does not cover any

part of the error graph it is said that the error is within

the required tolerance as expressed by this template. Thus,

the meaning is: an error of size Axx is permitted for posi-
tioning over any distance, however short it is. In addition,
an error is permitted whichmipcze;:;; with the length. of
positioning at a rate of Kxx per unit travel, e.g. per foot
of travel. All errors are considered as relative i.e. they
are taken as errors of distance between any two points (not
as errors of distance from some fixed datum).

Of importance is that the two components éf errar,
Axx and Kxx correspond to two different error sources: short
distance and long distance ones. However, they also
correspond to the basic approach to the tolerancing of parts

-

(see section 3.4).
“\Eags‘therefore has to be taken, in the evaluation of

positioning accuracy graphs and the recommendation of possible

procequtes for improvement,that first, the short distance

errors should be minimised.
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Let us now look at some practically obtained mea-

b d

surements of the Gx(x) positioning accuracy deviation on the

-

-

Skin Mill.

(1) The graph of Fiqure 7.4 is the long distance trend
independent of the sources of cyelic error, the basic incre-
ment of 21 ins. being an integer multiple of both 10.5 ins.
and 0.200 ins. The periodic nature of the graph is probably
a consequence of the cumulative error defeating arrangement
of the rack segments. From the 'graph we obtain the
descriptive template Kxx value governing the long distance
trend. Selecting the value with reference to the worse slope
we determine:

Kxx = 0,002 in/ 12 in.

(ii) The grapﬁ of Figure 7.5 examines the positioning
accuracy inside one revolution of the driving pinion (10.5
ins) the fine steps of 0.200 in. chosen to eliminate the
possible effect of the resolver. It is observed that while
no cgclic error exists, there is an error per tooth of the
14 tooth pinion, subsequently determined to be due to a bad
involute form and incorrect meshing of the pinion and rack.
This is a.bad error causing errors of up‘to 0.003 in. to
occur over a short distance of oniy 0.200 in., /The same error
existed to vafying degrees on both driving pinions on each
of six gantries and had been present for the five yéar work-

ing life prior to testing.
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The graph also provides an excellent example of the
way that the entire form of error drifts with respect to
the measurement made on the initial pass, mainta;ging the

same general shape. The initial zero could be recovered by
\? zero-shift procedure made in accordance with the po;ition
of the tool with respect to some provided refeyence on the
bed.

(11i) Finally, the positioning error inside one revolu-
tion of the resolver is shown in Figure 7.6. A cyclfc error
is apparent having a period equal to one revolution of the
resolver and its peak to peak amplitude is approximately
0.001 in. which is satisfactory. There is no significance to
thé "progressive"” error on this graph as it simply represents
an error superimposed on a longer distance trend.

The Axx specificag;on of the governing tolerance
template is formed by summing the amplitudes of the various
short distance errors (i.e. epz' epz, etc.), the repeat-
ability band width (R) - and also the dead-zone (pz), if a
template describing bidirectional positioning capabilities
is required. Here, we shall ignore DZ since for accurate

positioning it is common practice to position in a unidi-

rectional manner. Therefore we have;
o

X e, = 0.003 in., from Figure 7.5

ep2 = 0.001 in., from Figure 7.6

LY

R = 0.0004 in., from Figure 7.6

4 -

»



o Hnnay,

7,
e, i e st s

176

.

LA T 0.0044 in. (maximum),

The mathematical description of the template now

.added to the long distance error trend of Figure 7.X is

'GX - GX z.Axx + Kxx lx2 - xl' 7.1)

1 1

= 0.0044 in. + 0.002 in./ft |x2 - xll

»

This of course is only descriptive of the position-

ing accuracy along the single line A along which the mea-

suremgnt is made.
-

The two-dimensional positioning accuracy of the
machine in the XY plane will be given by the following

expressions derived in accord with the principles of Chapter

3,

]
+
=
x
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»
+
™
+
é?‘:
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>
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xz Xl XX XX

§

n

- + - + + K -
¥ Gyl‘ Avy * Ry | Y, yxl Byx T Ryx | Y7 Y,

and where the parameters are evaluated after taking into
account the applicable primary and secondary effects of
angular deviations.

Returning io the descriptive statement that is
equation (7.1) it is readily apparent that the value-of the
ou! This

Aox parameter is excessive and should be reduced.

would be achieved by changing the defective pinions.

(7.2)
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For a quantitative comparison of the measured
accuracy with the requirements of certain IT accuracy
AN
classes, classes ITS5 and IT7 may be approximately

expressed as:

for IT5 § = 0.00025 in. + 0.001 in/ft

for IT7 : § = 0.000§ in. + 0.0025 in/ft

On a basis of the loné distance trend descriptive
parameter Kxx' the positioning capability falls between
these and approximatgs IT6 class. ! R

There is a practical ﬁethod of eliminating this
error,since the trend shows rather a regular form,and that
' is by a procedure of corrective programminq of the machine.
& This would, however, mean zeroing the machine to a fixed

datum at a specific location in the traverse.

!
. .
[ 7.4 Case B: The Acc¢uracy of an N.C. Lathe - calibration
}4 and set-up of ppsition feed bac¢k transducers.

The axis nomenclature of the machine pictured in
\ Plate IX,pg.178 is shown in Figure 7.7 together with the /

minimum required number of tests the evaluation of which is nec-

Jp—

essary in order to assess the éerfofﬁanee of the machine.
The limited number of tests indicated is a consequence of
- the two-dimensional zone in which cutting and positioning
always takes place. .

Following again the established procedure:

1) Determine the offsets with respect to each co-

( E5.
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ordinate motion:

Z longitudinal traverse of the carriage:
lines A and B fepresent extreme offsets in X.

X transverse traverse of the cross-slide:
there is no offset in 2 (unless boring with a
long tool flocated in the tool posti if we assume
a conétant mean length of tool.

2) Specification of tests: h
Z motion: straightness of motion ~ Gx(z)
along line A
_positioning*accﬁracy - 6z(z)
along line A and, for the effect
of vaw ew(z), Gz(z) also along line B

X motion: straightness of motion .- Sz(x)

along line C (say)

positioning accuracy - Gx(x) 7

also along line C

The primary purpose of this investigation was to set
up the positioning accuracy feedback transducers which con-
sist of a series of precision racks, each 10 in. in length, ~

spaced along the total length of travel in both axes.

e . g s o AT

. " Unlike the pievions case, the cérriage and cross-
slide drive is quite separéte involving a fixed lead screw
and revolving nut. The kinematics of the drive therefore |

do not enter the consideration since the pbsition feedback
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is derived elsewhere. .

‘As always it is necessary to ideally perform all
measurements directly in sthe working zone of the machine
's0 in this case, the remote interferémeter was fixed in the
actual position of the tool and the reflector clamped to
the chuck between lines A and B.

The’initiél measurement of positioning accuracy
made in 10 in. increments, revealed the errors as shown in
Figure 7.8 which exceeded the specified tolerance of
+ 0.001 in. over full length. This was the result of the
initial factory set-up of the racks havihg been made wiéh
reference to thé displacement réadings of a laser system,A\
at the level.of the guideway and, as we see in Piate Ix;
pg. 178 the tool point in the workfﬁg zone is considerably
higher ané moxe remote from the feédback transducers thch
are attached to the side of the bed underneath the guideway.
i.e. there is a laxgé Abbé ofkset.

It was a practical operation to adjust the position
of the racks with reference to the displacements recorded

by the laser in the working zone, care being taken to con-
tinuously monitor the environmeptal chanées and the-
temperature of the machine bed for correct coméensation

factors, since the duration of the calibration was an entire

" 8 hour shife. The excellent -result is shown in Figure 7.9

where in the working zone ovexr a distance of 25 feet a
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maximum error of + 0.0002 in. exists. \\

Unfortunately, spoiling the subsequent accuracy .
specification was the presence of a rather large cyclic
error, superimposed on the graph of Figure 7.9, having
a peak to peak amplitude of 0.002 ins. and a period equal
to one revolution of, the pinion; This was due to an
eccentric pinion and it was subsequently replaced.

A similar adjustment procedure was used to
accurately space at 10 in.\pitch increments the three )
racks which govern the positioning accuracy of the 30 in.
motion availabie to the cross slioe in X. However a very
large pitch motion, e {x) shown in Figure 7.11, possibly
causedgby a weight deformation due to the heavy tool post
traversing on an inaoequately supported carriage, had the
effect of creating a cumulative error in the positioning,
accuracy; an effect however periodically corrected due to Qbe
finite length of accurately spaced rack segments, Figure 7,10.

Again, the magnitude of thLS unexpected error was
highlighted due to testing the pOSitioning accuracy in the
working zone where it should be essentially evaluated for
correct specification of machine positioning capability.
In the X axis also, a periodic éf;or‘occuring once per

revolution of the pinion existed with an amplitude of

approximately 0.002 in. This is identified in Figure 7.12

where it is superimposed on the cumulative error created by
' ¥ 1) -
K - e 8
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the pitch motion inside the length of 1 rack.

7.5 Case C: Accuyracy of a Floor-type Horizantal Boring
and Milling Machine - an assessment of necessary

corrective p%ocedures

A picture o% the very large type of machine to
which the accuracy évaluation procedures are now applied
is given és Plate VII, pg. 164, Its.configuration is
identical to that of Plate I, pg. 43, for which the
minimum number of tests“relevant to the working accuracy
of the machine wag derived in Chapter 3.7 by reference to
Figure 3.9. Ci .. : '
' gexe, we specify a reduced number of tests, accord-
ing tghgigure 7.13, relevant to the usual mode of use of the
machine where positioning anq machining always ‘takes place

in practically the same (X,Y) plane when the workpiece is

== 4

: on the bed-plate, and, for use of the machine with the rotary

table, two groups of measurements are specified according
to whether the (X,Y) group or the W group form the setting
} motion (see Chapter 4.2). ‘

Again, withéthis machine the rack and pinion drive
is a separate system from the accurate rack and pinion. from
which the positioning feedback signal is derived.

Now, maiﬁiy because the positions of each rack seg-

A f
* ment are to be determined, the positioning increment of 8 ins.

e il
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is chosen as the\%asic increment, this being the length of
one rack. Ideally however, the chosen basic increment for
the full axis travel positioning test should be an integer
multiple of the distance over which any otﬁer error may
occur, so as to be independeﬂt. Here, since one revolution
of the resolver occurs in 1.5 ins. of travel, the first un-
affected increment will be 24 ins. Therefore the measure-
ment of §_(x) along line A of Figurg 13 made at 8 in. inter-
vals was replotted to eliminate the resolver error only
taking those points at 24 in. intervals, see Figure 7.14.
From this graph the evaluation of positioning accuracy is
made.

In this application an alternative method of pro-
cedure for evéluating the machine tool positioning accuracy
is adoptgd. | ‘

Here, p.rior to the evaluation, the parameters of the,
tempiate form were chosen so as to represent two classes of
accuracy which were thought to be achievable on the machine.
We have seen previously tﬁat an approximation tokthe IT5
and.iT7 classesis given by:

-for IT5 : 4§ = 0.00025 in. + 0.001 in/ft

-t

for IT7 : 6 = 0.0005 in. + 0.0025 in/ft
However, many measurements have revealed that the proportion

of the short distance errors (i.e. tolerance template con-

stant A) to long distance erxors (i.e. tolerance templaté

[
.
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constant K) is rather greater than the corresponding ratio

of the two components of errors in the IT system. In order
to be realistic the following accuracy,clésses of the machine,
chosen with respect to the basic capabilities of the machine

were assumed:

Class A: A = 0.001 ins., K = + 0.001 in/ft,
DZ = 0.0005 in.
Class B: A = 0.0015 ins., K = + 0.0015 in/ft,

! DZ = 0.001 in.
Thevgraphs of positfoning accuracy are then evaluated

and expressed as satisfying one of these classes, or are

‘better than A or worse than B. The separate tolerance for

' dead zone means that when high accuracy is required, posi-

tioning will be made in one direction only thus eliminating

the effect of dead zone. This method of evaluation is

applicable to positioning measurements taken along all the

lines located at all extreme offsets.

e.g. the measurement of Gx(x) along line A of
Figure 7.13 plotted at 24 in. intervals is shown in Figure
7.14. Subsequent evaluation shows that mainly the require-
ments of cla;s B-are satisfied, the areas where it is not

L

being indicated by circles:

For angular deviations, normally no separate tolerance.

is established and their effects are included in the trans-

lative errors as measured at extreme offsets or as calculated

‘4,"
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from other translative measurements and combined with
angular measurements.

However, if applying a partial test it is possible
to evaluate angular measurements separately, if for in=-
stance we are purely interested in the contribution of
angular deviations on the positioning accuracy at an extreme
offset.

The approach is explained with the example of the
pitch motion e, (x) of the column while moving in the X
direction. The record of this motion as recorded by the
1aéé;z;;§or-plot£ing output is shown in Figure 7.15.

This pitch motion affects the positioning error
Gx(x) as measured along line B at the top of the working
zone, Figure 7.13. The error Bxﬁx)B is a sum of the posi-
tioning error 6x(x)A as measured at the bottom of the work-
ing zone and of the éngular motion ez(x) multiplied by the

offset y this being the vertical distance between lines

max’
-
A and B.

i.e. 8, (x)p = 6;}(’"A + sz(x),ymax.

Instead of working according to this formula we will

+ Which represents an

stipulate that the term ez(¥)tymax

additional error ax(x)add to Gx(x)A, be itself within a cer-

tain tolerance and that here, these tolerances be given by:

Class A: 6, (x)_,5 € 0.0005 in. + 0.0005 in/ft
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/
Class B: 6 (x)_ .. ¢ 0.0005 in. + Q»00075 in/ft

which is much less than the primary positioning error.

The graph of §_(x),_ 4, is added to Figure 7.15 where
it is seen that it satisfies Class A accuracy.

All angular deviations of the column and headstock,
were shown to be perfectly satisfactory, contributing only
a small additional error to those affected positioning mea-
surements where machining with an offset from the line of
the test measurement takes place.

Returning to the positioning accuracy measurement
of Figqure 7.14 which was typical of the graphs obtained on
the machine it may be rgalised that the machine is very
good in the "long distance" errors though relatively bad in
the "short distance" ‘errors, mainly due to periodic errors
in the pinion (not identified here) and to mismatch of the
racks. '

Giveq that it is required to minimise the basic

error in any distance (i.e. the 'A' template specification)
and this effectively includes the contribution of deéd-zone,
repeatability and cyclic error amplituées only, the 'K!'
template specification is foréZH on us by the possible short
distance errors that exist due to the poor relative posf%ion—
ing of the rack segments. | k

As we have shown however in section 7.4 the poor

relative positioning of the rack segments may be practically
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iﬁproved using the laser interferometer.

Figures 7.8 and 7.9 are the measurements of posi-
tioning made on th¢ N.C. lathe of the previous section
?efore and after a rack adjustment program. The improve-
ment there is marked and a measure of the improvement is

given by the template desigh in each case:

Figure 7.8 K

]

22z 0.0025 in./12 in.

Figure 7.9 K 0.00025 in./12 in.

z2
This indicates a ten-fold improvement in accuracy,

approximating to an improvement in accuracy class from

IT7-IT8 to IT1 if the other short distance errors also are

minimised.

>

7.6 Case D: Measurements of Straightness of Motion:

similarity of features to measurements of position-
ing accuracy, interpretation and examples.

It has been previously stated in Cﬁapter 3.5.4,with
respect to Equation 3.7, that we assume the same form for the
errors of straightness of motion as was proposed for the
positioning error since these basic measurements will
exhibit similar trends.

However, depending on whether the measurement con-
sidered is of positioning accuracy or straightness, the
interpretation of the cause of the identified errors e.g,.

ep, Dz, etc., will be different.
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Let us examine then and briefly explain the
relevanc? of these parameters in each case.
(a) Positioning accuracy measuxements
(1) DZ will be identified as the dead zone due
primarily to the backlash existing in the drive trans-
mission. ’

(11) ep will be a direct measurement of the periodi-
city occuring in an element or elements of the drive
transmission to a moving machine member, or a measure-
ment as transmitted by the drive of the periodicity of,
or present in, the element from which the positioning
feed-back signal is derived e.g. servo-resolver or’
linear grating.

(b) Straightness of motion measurements
(1) ‘2? will be caused typically by some slackness
existing in the guideways of a moving machine member
and wili therefore be a consequence of some unwanted
\ angular motion within the slackness, occuring on slide
reversal.

(ii) ep.Under certain circumstances periodic errors
may similarly be identified in straightness measure-~
ments - again as a consequence of some unwanted angular

" motion.

e.d.  returning to the machine of section 7.3, the

measurement of By(x) as indicated in Fiqure 7.2 was per-
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formed by tracing a master granite square with an electronic
pick-up and continuously recording the signal on a chart
recorder which had the useful facility of a drive revérsal
for recording the error motion in the return direction on
the same portion ;¥\graph as the forward motion. We have
already seen in;g;éhre'7.5 how errors occur once-~per-tooth
of the f;:?féen tooth driving pinion and it was stated that
this error existed in the matching pinion on the other side
of the gantry, With reference to Figure 7.16, it may be‘
realised how an interaction of the errors existing in both
the pinions, combined with the effect of the offset in X

of the machine spindle nose (with respect to the line pass-
ing through the axis of the driving pinions) where the

measuring probe was correctly located, had the effect of

producing a straightness deviation dy(x) as shown in Figure

7.17. Here, we may clearly identify twenty-eight peaks

over a 10.5 in. interval of traverse which is one revolution

of a pinion and which correspénds to a s%@ght crab-wise
motion of the gantry on the bed as each pfgaon alternately
| drives and is driven.

The amplitude of the motion, 0.001 in. is probably
not too significant in practical terms for its effect in
machining, ‘the effect being smoothed by overlap cutting of

; a comparatively large diameter of milling cuttexr. However,

especially in machining at highvtraverse rates, the effect
H




T T !
v e S g e A M3 B i T

190

N
would tend to affect the possible surface Dinish.

The feature of Figure 7.17 is rare ﬁhoggh and
normally some extremely good straightness of error motions
have been recorded:

e.g. the Gx(y) and Gy(x) measurements on the
machine shown in Plate IIpg. 63 and as specified in Figure
4.2b. These are complementary measurements from which we
may ;zso assess (X,Y) orthogonality as well as the straight-
ness of motion proper. Both the recorded motions as shown
in Figures 7.18 and 7.19 are really incredibly straight,
for over a traverse of three feet an error of straightness
of not even 0.0001 in. exists.

N.B. there is no significance in the "progressive
error" of these graphs this Qéing due to misalignment of
the square with axis motion.\\Takgn together however, the

out-of-squareness of X, Y motions can be assessed as

0.0002 ing/3 ft.
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CHAPTER 8
CONCLUSIONS

Because of the magnitude of the capital invest-
ments being made in increasingly sophisticated machine
tools i£ is becoming increasingly important to base the
relationship between the manufacturer and the buyer gf
machine tools ong as accurate specifications as possible.

A basis for the development of a new system of
geometric accuracy testing suitable for high. precision
machine tools, especially numerically controlled machine
tools, has been created. fhe system includes the concept
of defining the attainable accuracy throughout the deter-
mined working zone of the machine and as affected by the
further effects of thermal, weight and clamping deform-
atiens. Basic rules havé been established concerning the
correct specification of a theimalcﬁuty cycle.

Spindle rotation accuracy is formulated as a separ-
{ . ate test and suitable measuring and test methods are des-
cribed together with a sysfem of evaluation.

Utilisation of the procedufes as documented in this
thesis would, it is felt, provide a sound basis for the
% quotation of a meaningful machine tool accuracy capabilify -

statement.
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Testing Vertical Milling Machines 3
I3 ] ﬁgz )
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[T Fes|  Faps 7
No. 3
Test Chart for Vertical Milling Machines [ | No.3 Teat Chast for Vertical Milling Machines | 502,
i Sermisaibl . . | Perraissibl
Test to be Applied ~ ° r;}g_ Eroe Test to be Applied g’g_ Error
ot o B O e | 0 | 285 -
"
Srvoting | o levelin tongr Fraslag Surface of work tsble parallel with in | 6 | 002
eI LI U, —_ transyerse movernent 300 m.
Ditto, in transverse direction 35| 3004 per —_—
— I 1,000 mm. Centre T-slot parallel with longitudinal | 7 002 per
il Cutter spindle: e table movement 300 mm,
Intemal teper of cutter spindle runs true: | 1a ) Centre T-slot square with transvene | & 0-02 per
1) Nrarést to spindle nose .. . o .. _table movement 300 tnm,
L@ A(‘a‘dnmweolJOOmm.(lZm.).__ 002 _ Width of T-slots:
Extemal taper runs out of truth ib 001 il_-_‘mm }t‘) to g mm, {*to i‘h)). . 0 to+00;$
v — — | ——— to 18 mm. (& to § in, 0 to+0-0
Cutter spindle for axia! slip in machines | 2 o,m,u : 0028
with up to $0 mm. (2m3dia.o(from 18mm. (in) .. —_ Otot
beanng 001
OmSOmm.(Nm)dia.oHrombeuin‘ 0-02
’ " Work table: o ] Vertical st e alide squire | 9 {00002 poe
Risc and faff of table, in its tongrtudinal | 4 002 per with work table in plsne h lengi- 300 mm,
movement 300 mm. tudinal axis of machine (table rising
Addu?&.' over 500 mm. movement 0-01 ;)0%1 per towards the front tide)
per SO0 mm, mm, -
, e T ] e e Ditto, 1 pline perpendicular o that | 10 0-02 per
Work talilc squate with cutter spindlen | 8 §0 to jtudi i
planc through longitudinal sxis  of Y through foginudin i 390 man.
machine (turn round method; table Column ways for knee square with work | 11 0-02 per
rining towards the front side only)  { - table, incline towards front and rear 300 mm.
Work !:able square wluh cunhlcr m&e s :?0-%2 per vide, respectively
in planc perpendicular to that ¢ Ditto, la ineli . .o . 2
longitudina} sxis (turn round tnethog; e twe leral incline } %2 }:::

faw
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No Meowrements Mathods ond conditions of testing Differances «n . 00001*
Tesring-opplionces
meowred
permitted before /  ofter
dalivery
«
S Yruth of longitudinel guide woys Diol sndicator in spindle
agoinst o precinion
eylindes
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[} N ) 1' : B 24"
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l‘ ' ]
- ’
' -
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?___f__,' 12°
_'f \1 22"
N\
1 .@ 4
p
¥y
‘1/
! i )
' \ o) longitudinal plone 32
N m s
f b) transvans plone 32
7 Teuth of verticol guide wan Meawred with dial indicator
W oliaialmiiy ogoimt measuring-arbor in
indnietainine Spindle, wilng longitudinal
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——em———— » Tronsvena positiont 12"
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Figure 3.2 The Three Basic Translative Error Measurements
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Figure 3.8 The Primary Effects of Angular Deviations




214

"

*2u0gZ HurlIOoM TrUOTSU3BWTIC
891yl ® I0J S3UBWSINSEIW UOTIeTASd oAT3IRISURIL JO ISQUNN WAWTUTKH aylL 6°¢€ 2anbrd

aqe

' .raﬁ wbiey
| wnwiuw
7
_ m__
g " "--- .
L yeuy
5
xeuL,
1
(WA'X = W) N
M uOljow ures Joj ¢ ~— .,
(mi'g se pareadas 29 01 -

(V3] sx .
(z)% syuawainseaw [ 8N




215

guoTjeTAS9Qg Jernbuy Jo 30933 Axepuoods YL OT°E 21nb14g

X
eI g- (Fx¥g=43

epresTIE S

YT I



216

Ee -

Design of a Master Part for a Type of

Machining Center.

Figure 3.11




217

~570
182
] A
— =170
- - 60
T +60
-t 528
] > - _L
50
i +186
= —ct
86 +580
-
] =
l-seo
186
B
| 'fo -40
¥ 1
+70 1Y
18
L 570 |

Figure 3.12

Design of a Master Part for an N.C. Lathe.



218

auoz-peaQ

*$30933d I9YIINg JO UOTFIPOoWUWODOY
ay3 - o3erdway 9oURISTOL PITITPOW oUL £T'€ 2anbra .

&

1l

Jayeog

5)03})8
Jeyyind

AN
,




219

* mww&”— waTqoag

§309333 TRWISYL [eISU3D 8yl JO SIudWSTI 3O drysuorjeTeI-193UI T°y 2InHTI
BUS |DusNy -
140}
ﬂ 0uD 82 T'l‘ub'l 2048 W04 _
) : ¥ §
[ ¥ ~ ]
[ swosg H | snyton | [ 7y ]
) - } - )

IS0 3 A

[ rarucsedues wiojunvony |

. w -

!

]

Y5848 Mwoulp 20

—IA wopaead go Kowey
|
!
“ WO101I0A BiNyBis0wS]

138548 D043 0O
Husposl sunyossdwsey

b

ﬁ»ﬂ

L.

] %

[ voneipoy [ wonizsawo [ uoninpm) |

[ wousorpoy T uotiseauod [uopisnpuad |

%

}

L)

J S

[ > -

[wonotpoy uosiasauo) | waianpuo) |

8.

? 3

M g g —
- 1NosuD} | BoUW
- 21nosph 14
- 40
o124
> lurioeq ajpuids Hatd * * W W
s
ha—{ HOUIGDD [O4UOI ‘U Swy 3juouss}e jto Busing BuTijIqot no way
VO >
W..ﬂn —aml eanpDy ‘ojoW puo Buyioategny Swaiy sfjnaupdy | 3nwondel] .co.n_ﬂ.n!o
"y 4q - onoTiqers swoay | 107147013 sjdoay tuojoo?)
pajond
1P3H suiydow iy 4q pajosid josy PWaysAs JUC|00D Aq PRAOWS) 1O PEPPO (D81
4
T

B
PEERTer

L T AT A RO SR gy e A
i Ll .




220

!‘v‘
/l/ ‘

xl

X
a@'f)

(a)
(b)
(c)




221

(a)
.Y: +
+— "Z'
! -
Y
| e . 1
—~
)
(b) ..
S~ o X
XZ(x)b *~: -~
& (X}
(c)
(d)

Figure 4,3

;é/;;;:Mred on a

ine with a Limitation



222

(a)

© .

=)

e&’gh a -

anslative Deviations to be Measur

Figure 4.4 Tr
Small Knee-type ltachining Center.



AT

223

q=0,5hp
@ i /48
L i 0,96in
4in.Dia. #//‘x\,\i: AN BRI
X - - - - 48in
2345 6 7 8 S 10
A B -
D C
rt —- E s
1 5 |§V
P
) (al) — }
g il
L)
) 1 6
(b) 2 (c) .
r---4e.
- !
1 : ! 1 {
{ t : !
7 l 1 \\\ R \ I
! l + A \ |
O ~ ) M
1 !
\ ]
-‘{a \:
ay

Figure 4.5 Dlagrams for the Discussion of Main Features
. of Thermal Deformations.

A M




224

wa3sig mmmﬁsvmm&sq ay3 Jo weaxberd ®YJL 9°'y SanbT3g

~s

J
FRRL I S )




225

b4
*.2TpuUldg, °y3 ut pue ,Bursnoy, SY3 uT
potrxad Hurjesy 83 HuTaNp SPIITI 2aInjerddws], L'y 2IndT4

Uy £ -
Sy 2 0 450
10
oz - .
20 )
oy
'

03

WwaisAs padwny !

SSeW £ jo a@;s-ApEAS o

1sAs paduwm
ssew § jo
31815 -Apea)g o

(¥x) o
(0]¢}8




226-

*wBUTSTOH, 8Y3 JO SUOT3IO8S snoTxep 3o uortjerxep aanjzexsdway gy

=S4y 1 -
Ol 6 8 A 9 S Y £ A l

1 i { ‘l\_\\\—l 1
T ] ! WYWr=X \

YL =X
He =X
‘HL =X

1460 =X

03

08

GoL

ozt

o7t

(do)8




227

>

*9°y @2anbtrg o wa3lsAs ay3z jo praTg sanzexadwsy
34yl jo s3jusuoduod UTew JO S3UL3ISUO) dwrl pue ,sadeyg OPOK, @Yl 6°% 2anbtg

R € 4 . e S0 _owt

-10¢t
-1001L
-108
109
—-10%

02

0

-102

107
—03
-108
—400L

(074

1074

Jo




‘eg 'y 8anbrd Jo wailsAg ayz Io03
potaeaq uo-burlesy ay3z buranp SPTaTJ Sanjzeaddwd] IUSTSUBRIL Q['p oInbBT4

228

4
\

-0zt

8 veclt

'ON LNIOd 0%

L it o s i AR AR B it AR b PP




229

at

"eG 'y 3INBTI Jo wailsds ay3z a03
POTIag jjo-Hurjeay oyl butanp spieaTd 2anizexadway juarsuex] TII°'y danbrg

R € 4 t 0 60-
! T - 10

Jlllllllﬁ“llil‘ 1

/ 23 4oz

/ QP & 18
/ L
60 1%
/ 1 |
Y0
‘ N oot
N
‘\ﬂ\.\
~ SIT0 crZs ozt
\ 4 /| i
| M 11
I oL 6 8 o L 9 oss Y2€2Z L

‘ONINIOd . -j0%
. s do




BRI

230

— (0001 )~

Figqure 4.12

Transient Thermal Deformation in the System
of Figure 4.5a.
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Configuration of a Horizontal Boring Machine

for Finite Element Analysis of Thermal
Deformations due to the indicated Heat Sources.
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Flgure 4.14 A Representative Flru.te Element Idealisation
/ of the Machine Depicted in Flgure 4.13.
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(a) Fixed relative to tool
Embedded in workpiece
Structural
L.oop

AB Axis average line
CD Axis of rotation

Figure 5.4 The 6 Degrees of Freedom Associated with
an Axis of Rotation.
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‘! i D oscilloscope

Figure 5.8 The Basic set-up for Measuring Radial Drror
Motion: applicable to a rotating sensitive

direction {e.g¢. boring) [36].
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?igure 5.11 The Modified éét~up for Measuring Radial

error Motion:

\

applicable to a fixed
sensitive direction (e.g. turning) [5].
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a) Minimum Circumscribed Circle b} Maximum ‘Inscribed Circle

c) Minimum Radial Separation

R ~ R . =0.72 in.

: .
"Figure 5.16 Evaluation of Polar Graph of error
Co 1 ' « Various Techniques {[43].
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APPENDIX A

%
CALCULATION OF STEADY-STATE AND TRANSIENT TEMPERATURE

FIELDS AND THERMAL DISPLACEMENTS FOR SIMPLIFIED STRUCTURES

L]
Al |, Steady-state temperature field in a simple structural

body with constant heat flux input and convection cool-

ing over the entire surface

The cast iron body of Figure 4.5a could be
approximated as a plate of thickness d‘and width B as
. in Figure A.la. There is a steady heat input g at the
left hand end of the plate for which therehYs no cool-

{\ ing on one side (corresponding to the inner wall of

) the body of Figure 4.5a) and convection air cooling
on the other side. The problem is more easy to form-
ulate if a plate of thickness 2d is considered as in
Figure A.lb, with convective coolinélon both sides
and with double the heat input. (For guidance in

! solution see [33].)

In this case,:the formylation of the problem in

_—
= %

terms of the co-ordinate system of Figure A.lb becomes

=0 (A.1)

where 6 = (T-T )

The boundary conditions are

B A o e,
RSN . * - 5 gt g s
s pscoter o= T[T
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J

-k 38 (0,y) =q" (A.2) 238 (x,0) =0 \ (A.3)
ax y }

6 (wy) =70 (R.4) -k38 (x,d) = ho (x,d) (A.5)
oy

where the heat flux gq" = g
Bd

' Here, we assume that there is no heat loss
from the edges of the plate which corresponds to the
fact that the plate represents an enclosed body.

This also leads to the consequence of no variation of
temperature along the width of the plate.
Agsuming the existence of a product solution

of the form

LY
o

.
!

8 (x,y) = X(x) Y(y) (A.6)

and introducing equation (A.6) into equation (A.l),

dividing each term by XY, we ‘obtain

“sru
2. 2
..1_ g—-&: *-]:.Q—Y—= + A2 (A.?)
X dx? Y ay?

Choosing the sign of * such that the homogen-
eous y-direction results in a characteristic-value
problem, the problem may be separately expressed in

the x and y directions as . U
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/4
2 2
ax _, X=0 , X (%) =0 (A.8)
dx?
dZY 2
=1 s Y=g » dY¥ (g)= 0, -k d¥(d) = hy (d)
dy? dy dy

(A.9)

A general solution for Y is
Y = C1 cos \y # c2 sin )y

The characteristic-value problem of the y direction,

equation (A.9),results in the solution

Yn(y) = C,cos Ay (A.10)

where the charactefistic-values are the roots of the

equation .

kX sinXx_ d =hcosdA d (A.11)
n n n

The boundary-value problem of the x direction gives

Xn(x) = B e Anx

n (2.12)

where Bn is an arbitrary constant.

The product solution of equation (A.6) results in

x
.Y,

t'

Ap X
6 = E n
(x,y) &+ “n © cos Ay (A.13)

where the coefficients of a  may be found, using the
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non-homogeneous boundary condition that is equation

(A.2). We may obtain therefore,

g

- E:: Ap @y €08 A (A.14)
n=1

where q" \ g
2 sin
a = K\n n (A.15)

A d+ sin Xnd cos lnd

Let us now calculate a typical case, choosing wall
thickness d = 0.96 in. = 0.08 ft., thermal conduct-
ivity k = 30 Btu/hr. ft. °F, heat input q = 1260 Btu/hr.,
plate width B = 4 ft. and a rather high value of the
heat convection’coefficient h = 2 Btu/hr. ft2 °F,

Thus," equation (A.1l) becomes

\

A A =
o tan 0.08 A = 0.0666 _ (A.16)

The first three characteristic-values of X and of
n_/

the corresponding values of dkn and a, are obtained as,

TABLE 1
n kn d An kan
2q"
1 0.908 0.07264 0.551145
2 39.290852 3.14326 -0.00001356
3 78.539816 6.283185 0.0000017
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It is apparent that the distribution of temperature
in the direction y for any particular value of x, as
it is expressed by equation (A.13) is practically
given by the term for n = 1, while all a, coeffi-
cients for n > 1 are negligibly small. ©Neglecting

them, equation (A.13) becomes

8(x,y) = 1.102 g" e 0-908X .05 0.908 y
k
B(x,y) = X(x) cos 0.908 y (A.17)

where X(x) is the temperature in the center of the
thickness of the wall at y = 0. Towards the surface,

it falls to
W B(x,d) = X(x) cos 0.908 4 = 0.997X(x)

This caleulation of a typical structure shows that
Ghe temperature across the thickness of the wall may

be considered constant.

An analogous calculation for the cross section
of the "spindle" of Figure 4.5a revealed a temperature

variation of less than 2%.

Transient temperature fields in simple bodies with

constant heat flux and convection cooling over the

entire surface

-
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AN

The two typical bodleﬁ/con51dered corregpond
to the "housing” and "spindle" of Figure 4.5a.

In this paragraph we consider them geparately
and for this purpose they may be simplified as shown
in Figure A.lc and A.ld respectively.

In Figure A.lc the housing is g«onsidered as
a plate of length L, width B and thickness 2d. (for
the same reason as in Figure A.lb) which has a
steady heat input at X = 0 and is insulated at the sides
which corresponds to the housing being closed. Heat
is convected from the surfaces of the plate.

Similarly, the spindle represented by a solid
cyiinder is considered insulated at the end x = L.
This may be understood in such a wa; that the surface
at the face is added to the circumference which is
correspondingly lengthened.

With respect to the result of the calculations
in the preceding paragraph, temperatd%g is considered
constant through each section for any particular
value of x. Thus as regards geometry, the problem is

s single-dimensional in the co-ordinate x.

Considering transients, the other co-ordinate

of the problem is the time t. |

The formulation of the problem in terms of

8 = (T-T,) is

&
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(5

1 36
% 3% . (A.18)

1
=
@

n

where a = k  is the thermal diffusity, and

m’ = hP where P is the periphery of the
kA.

-
section and A is its area.

The solution of equation (A.18) may be considered
as a superimposition of a'steady-state temperature

-

¢ and the transient one ¢:
B(x,t) = v(x,t) + ¢ (x) (A.19)

For the transient,’y no heat input is con-
sidered and it is assumeg\that its initial state is
the negative of the steady-state ¢ so that 6(x) is
zero aj time t=0 and, as ¥ vanishes with time,
6(x,») = & (x)

Thus, we have

3 gy o=l 2 (A.20)
£ 3}(2 Q at
and,
2
4 _n2e =g (A.21)



TR e ey we

s

with the initial condition,
)

w(xro) = - ¢(X)

and the boundary conditions,

3y (0,t) = 0 (A.23) k 4e¢(0)= -g"
dx

9X
¥ (L,t) = 0 (A.24) k d¢ (L) = 0
3x ) dx ‘

&
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(a.22)

(A.25)

4
(A.26)

The transient function ¢ (x,t) is solved by

the separation of variables

¥ (x,t) = X(x) F(t)

(A.27)

The solutions of the three functions have the follow-

ing form:

where y_ =nmw , n=0, 1, 2 . . . .
nooT

_ ~ad %t
Fn(t) = Cn e
2 _ 2 2
wherekn = {(m“+ un )

_ -mx mx
d (x) = Ble + B,e

(A.28)

(A.29)

(A.30)

(A.31)

(n.32)
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Using the boundary conditions,

@(X) - qn
. km

sinh mL
o

_ ?
and y (x,t) = E:; a e akn tcos HoX (A.34)
n=0

Using the initial condition (A.22),

>
AN

a0 = - g:_~ , an = —23" , n ? 1,2,3--+ (A.35)
kLm? KL

i e

Equation (A.34) shows that the temperature field

7
¢

along x is obtained as a sum of "modes". These are
functions of x. The n=0 ("zero" mode)'is constant
L: over the whole length of the body while all the other
f modes are funct;ons of x: the first (n=1l) extending
B ' over the interval (0,w), the next one (n=2) over the
”’ interval (0,2m) etc. T;e amplitude of these modes are
i equal to a_ for t = 0 and they decay exponentially with
time with corresponding time constants

)

1 : (A.36)

T = =—

n
ar_?
n

for each mode.

The thermal deformation between two points Xy

and X, is obtained’ as
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(A.37)

=4)1,2 biey1,2

where o is the coefficient of thermal expansion and

A-(S)

Ay

denotes the steady-~state (t=«w) deformation and
denotes the transient deformations.

Using (A.34) we obtain:

"2 . - 2
Al'z = asf (_ g:—- - “ z cos'L X)e—axn t

) — 2
x, kLm? kL n=1 {An

.
\

] ) 2
_ q . -am“t "
A ag [ .(xl x2)e + 29" |

i

1,2 kLm? kL

&—1

2. Lisin (2Y)x. -sin (EMyx.) 2
. E L 1 L 2 e-—a)‘nt]

2
n=1" B n

;amzt ~aAnlt |-

« n=1

.

For any particular path (x,-x;) over which the inte-

gration (A.37) is carried out, the individual DO, D,

terms are constants. In this way, a thermal deform-
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» A \ . .
ation-is a sumypﬁfdodal terms each one of which is

an exponential function of time with a corresponding

" time constant. This is in agreement with what “

McClure has obtained { 30].

Let us now evaluate the time constants in
accord with our chosen parameters:
a)’ The "housing"

The parameters are: d=0.08 f£t, B=4 ft, L=4 ft,
h=l.666 Btu/hr.ft? °F, k=30 Btu/hr. ft.°F, a=0.666 fr2/
hr. The heat input g=1260 Btu/hr=0.5 hp.

According to the double wall thickness notation

q" = 29 = 3940 Btu/ft’hr.

>

Using this data, m? = 0.69444 and the amplitudes
and time constants for the first six individual modes

are obtained as in TABLE 2.

TABLE 2
-l © 2 1

n wn F uAn ,T h;g

0 47.28 0.463 2.16

1 50.078 0.874 1.14
3 20,77 2.1 0.474

3 10.51 4.164 0.24

4 6.22 7,043 Q.14
5 4.08 10.743 0.043
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b) The "spindle"

The parameters are: ¢D = 4in. = 0.3333 ft,
L = 6.5 ft, h = 4 Btu/hr. ft?°F, k = 30 Btu/hr,
ft.°F, a = 0.570 f£t?/hr. and m?’= 1.6. In order to
obtain the same temperatgge for x=0, t=0 as for the
housing, the values of q" = 3383 Btu/ft?hr. and q =
295 Btu/hr. are used.

) The resulting modal parameters are given\in

TABLE 3.
TABLE 3

-t © 2
n wn F akn T hrs
0 140.7 . 0.912 1.1 .
1 10.96 , 23.4 0.04
2 2.82 '80.9 0.01
3 1.26 203.4 ~0.005
4 y 0.71 " 361.0 0.0028
5 0.46 - 563.0 0.0018

It is aﬁparent from TABLES 2,3 that. only a
small number of the lowest modes is sufficient to

express the temperature field with sufficient

accuracy. Indeed, for the spindle,only the first

two or three modes are sufficient.

The variation of the temperature fields during
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the heating up for the above given parameters is

shown in the Figure 4.7.Fiqure 4.7a applies to the
spindlq and Figure 4.7b to the housing. The Figures
are separated because only the steady-state temper-
atures are matching at point x=0 and not the transients,
this being expected with the given specification

of the situation. The variation of temperature of

a number of points on the housing is given in

Figure 4.8.
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APPENDIX B

VERIFICATION OF THE FINITE-ELEMENT PROGRAM

The formulation éf the finite-element approach to the
analysis of steady-state and transient temperature fields in
a structure was verified by a comparison of computed results
for a specific problem with the results dérived from a,
classical solution to the same problem.

a) The problem chosen, Figure B.la, was that of a plate of
width 2%, depth L and thickness 6§ for which thére is a heat

input q along one edge and convection cooling from both faces

and all other edges.

The convection coefficient is h and the conduction

coefficient is k.

Therefore, the formulation of the problem in terms of

the co-vrdinate system of Figure B.la becomes,

138 _ 32 326 - m?9 (B.1)

where 8 = (T-T,) and ;' = 2h

k8
subject to boundary conditions,
36 (0,y,t)= 0 (B.2) -k38 (2,y,t)= ho(L,y,t) (B.3)

9X. ax

o
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k30 (
oy

x,L,t) = q"

(B.4),

k36 (x,0,t) = ho (x,0,t)

dy

Assuming a product golution of form

leads to

6(x,y.,t)

+ Z a  (cosh uy + h sinh u y) cos A x

n

where, u

8 (x,y,t) =¥ (x,y,t)+ & (x,y)

the solution given by equation (B.7)

ab

n=1 k=1

=1

2 . 2 2
n—()\n'*‘m).r

n nk

e—a(kg+ nk2+ m?)t

1

296

(B.5)

(B.6)

cos n) (L-y)cos Anx

(B.7)
kun
m? = 2h (B.8)
ké
Bi = hL
AN (B.9)
Bix = %& (B.10)

tan nkL = Eiy '
nkL
tan An£= le ,
Anl
. n
a, = 29

( sin Ank )( )
) Anz+ Slnlyf'cosxng ¢k sinh WL + h cogh u L

(B.11)
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= - : h -
bnk' - [“n sinh L+ ng sin n, L+ ” (cosh unL cos nkL)] {B.12)

n 2 y 2 sin ZﬂkL + T
k n _diﬁ-——h 5
k

A computer program was written to evaluate the

solution to equation (B.7) in accordance with the specified
parameters of the plate: length L = 2 ft, width 2 = 1 ft,
thickness 6§ = 0.75 in. = 0.0625 ft, coefficient of conduction
k = 30 Btu/hr ft °F, coefficient of convection h = 1.67 Btu/
hr ft? °F, thermal diffusity a = 0.666 ft?/hr and the heat

input @ = 1/2 hp = 1271.5 Btu/hr (q" =2%6 = 10172 Btu/ft’hr)

b) The finite-element solution was obtained after first
dividing the half-plate into sixty-~four equal sized tri-
angular elements, Figure B.lb.

After preparing the appropriate data input for éhe
program i.e. node co-ordinates,element numbering, boundary
conditions,.;tc., the solution of steady-state temperatures
and transient temperatures at the indicated node points was
obtained. ]

The steady-state temperature calculations for selected
node points are compared in TABLE Bl as resulting from the
classical and finite-element approaches to the problem, Figuis

B2.

The transient temperature variation for node 1, Figqure

~
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B.l, is shown in Figure B.3 as calculated in the f;Qife
element technique for two time intervals 4 (i.e. & = 0.1 h}s,
A = 0.05 hrs) and compared with the exact solution.

It is apparent that large errors could occur in the
technique if due attertion is not given to the length of
the time interval A4 at short time intervals, the error how-

ever diminishing with increasing time.

N
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At =005 hrs.
1201

100+
' Exact solution

( Temperature at
node 1,Fig. B1)

L ] ] ] i | 1 1 |
0 0. - 02 03 04 0.5 hrs

Figure B.3 Transient Temperature Comparison:
Classical via Finite Element Solutions.
The - of of time interval.



» APPENDIX C

A FINITE ELEMENT PROGRAM FOR THE ANALYSIS OF
THERMAL DEFORMATIONS IN TWO-DIMENSIONAIL BODIES DUE TO
STEADY-STATE AND NON STEADY~STATE TEMPERATURE DISTRIBUTIONS

cl1 Program description

This appendix describes the method of setting-
up a problém for solution using the Finite Element
technique for the Balculation of steady-state and
transient temperature fields together with the result~
ing thermal deformations. A listing is given of the
. FORTRAN IV program as used on the CDC 6400 computer

s at thé Computing Center, McMaster University.

The program may be applied to the analysis of
two-dimensional plane stress problems whe{e the systeq»
to be analysed must first be represented by an array of
triangular finite-elements. The corners of each element
are the node points. .

J Boundary conditions may be specified as con-
stant heat flux or convective conditions on the edge§
or faceg of the elements which %omprise the system,

together with geometric constraints applied to defined

node points.

The time interval between temperature calcula-

+
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tions must be specified by the user.
The computer program solution involves
solving a set, of simultaneous algebraic equations.
The‘coefficient matrix of this set is symmetric and
has non-zero cgefficients located in a band parallel
to the main diagonal. The number of equations 1is
equal to the number of node points while the band-
width is equal to the maximum difference of any two
node point numbers of the element array. The node
point numbering arrangement should be such that the
bandwidth is a minimum. The program as listed per-~
mits a maximum bandwidth of 35.
INPUT:
The input consists of eleven different groups
of cards. Each group consists of one or more cards
and the groups are placed ¥ehind each other sequentially
as numbered below. The total number of input cards
depends on the problem. Complete input decks may be
stacked behind each other if more than one solution per
run is req&ired. il
The card groups for each input deck are
described as follows:
Grdup 1 : Number of problemst
Group 2 : Identification Card

Group 3 : Control Card
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Group 4 : Convection coefficient Card
Group 5 : Material Cards

Group 6 2 Nodal point Cards

Group 7 : Element Cards

Group 8 : Cards for Convection from

element edges

Group 9 : Cards for Heat flux input to

element edges

Group 10 : Cards for Heat flux input to
/ element faces
Group 11 : Geometric constraint Cards

Group l: FORMAT (I5) One card only

Field 1 : NPROB=number of complete input
decks »

Groué 2: FORMAT (12A6) One card only
The contents of columns 1~72 are printed as an
ouﬁput heading and may be used for problem
description.

Group 3: FORMAT (5I5, F10.4) One card only

Field 1 : NP= number of nodal points
Field 2 : NE= number of eleméhts
Field 3 : NMAT= number of different
« ' materials
Field 4 : NDF= number of degrees of free-
dom
Field 5 : MAXIT= total number of time

steps in a transient solution
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J
p If MAXIT=0, a steady-state
solution only is outputed.
Field 6 : DT = time interval

Group 4: FORMAT (2F10.3) One card only

Field 1 : HFO= convection coefficient
on side 'A' of the element
(Btu/hr ft’°F)

Field 2 : HFI= convection coefficient on
side 'B' of the element
(Btu/hr ft? °F)

Group 5: FORMAT (IS5, 4F10.3, 2E10.2, F10.3) One card
for each different material. Each material
is identified in the program by a number and

the materials are numbered sequentially start-

ing with 1.
Field 1 : N= the number of the material
Field 2 : ORT(N,1l)= the conduction co-

efficient, k, in Btu/hr ft °F.

Field 3 : ORT(N,2)= dénsity, p, in 1b/ft}

Field 4 : ORT (N,3)= specific heat, Cp’ in
Btu/1b °F .

Field 5 : ORT (N,4)= Poisson's ratio v

Field 6 . : ORT (N,5)= coéefficient of

thermal expansion, o, in ppm/°F
Field 7 : ORT (N, 6) = Youngs modulus, E,
in 1bs/in?
Field 8 : ORT (N,7) = plate thickness, b,
in inches.

GROUP 6: FORMAT (IS5, 2F10.3) one card for each node
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point where the node points are numbered

sequentially
Field 1

Field 2~
Field 3 :

Group 7: FORMAT (515)
the elements
ing with 1.
Field 1 :
Fields 2-4

Fielq 5

starting with 1
N= the node point number

COORD (N,l)= the x co-ordinate
of the node point N in inches.

COORD (N,2)= the y co-ordinates
of the node point N in inches.

One card for each element where

are numbered sequentially start-

N= the element number

NOP (N,1), NOP (N,2), NOP (N,3)
respectively.

These aré the node point numbers
representing the éorners of the,
element, réad as i,j,k, and
numbered anti-clockwise around
the element.

IMAT= the number of the material
of which the element is composed.

L d

Group 8: FORMAT (I5) One card only'

Field 1 :

FORMAT (315,

NCB= the number,éf convection
cooled element edges. If noge,
enter NCB=0 and proceed to
Group 9.

F10.3) One card for each

convection cooled element edge. Each edge is
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numbered sequentially starting from 1.

(N.B. the numbering is independent of the

element numbering identified in Group 7).

Field 1

Fields 2-3 :

N= the edge number

CBl1 (N), CB2 (N) respectively.
These are the node point
numbers the connection of

which defines the edge.

Field 4 HE (N)= the coefficient of .
convection at the defined edge
in Btu/hr ft? °F.

Group 9: FORMAT (IS) One card only .

Field 1 :

&

NHB= the number of heated ele-
ment edges. If none, enter
NHB=0 and proceed to Group 10.

E 4
FORMAT (3I5, F1l0.3) One card for each heated

element edge. Each edge is numbered
* '

sequentially, starting from 1. ({N.B. the

numbering is independent of the element

numbering identified in Group 7)

Field 1

Field 2-3

Field 4

N= the edge number

HB1 (N), HB2 (N) respectively.
These are the node point numbers
the connection of which defines
the edge.

QB(N) = the heat flux at the
element edge in Btu/ft? hr.
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roup 10: FORMAT (I5) One card only .

Field 1 : NHA= the number of heated
element faces. If none, enter
NHA=0 and proceed to Group 1l1.

FORMAT (I5, Fldfgg One card for each heated
element face.

Field 1 : HA= element number (as pre-
viously defined in Group 7)

Field 2 : QA (N)=the heat flux on the element
face in Btu/ft? hr,\

Group 11: FORMAT (I5) One card only

Field 1 .- NB= the numbexr of geometrically
constrained node points.

FORMAT (215) One card for each constrained
node.

Field 1 : "NBC= node point number (as de-
’ fined previously in Group 6).

Field 2 : NFIX, a code number defined as;
NFIX= 01, node constrained in ¥
.co-oxrdinate direction.

NFIX=10, node constrained in X
co-ordinate direction.

-~ .

NFIX=11l, node constrained in-X
and Y co-ordinate directions.

OUTPUT:
All output is labelled. The following input
parameters are printed together with the solution;

(i) the contents of the identification card



T T e e

ooy AT T L0

308

(ii) NP, NE, NMAT, NDF, MAXIT, DT

(iii) the coefficients of convection on the
element faces, HFO and HFI

(iv) a list of material properties

(v) a list of all node points and their x

and y co-ordinates

(vi) a list of elements inaicating the node
points in i, j, k sequence, together
with the NMAT identification‘ >

(vii) a list of all input boundary conditions:

(a) convection cooled edges: node poiht
connections and coefficient of con-
” vettion, HE.

(b) heated element edges: node point

connections and heat flux, QB

(c¢) heated element faces: element
number and heat flux, QA

(d) .geometrically cohstrained nodes and
type of constraint.

The final solution is presented as listsrof
node point and mean element temperatures and the
corresponding nodal displacements, together with the
equivalent nodal forces due to the cogputed temperature
fields. For the transient case, the time is printed
before each list of temperatures. The number of lists

of temperatures is MAXIT. . .

-
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Proggam listing

The program has been writtep. in a modular form
as am aid to its versatility in use”dependent on
whether steady-state and/or transient temperature fields

are required with or without the resulting thermal‘pe“

formations.,

The listing and flow diagrams for all subroutines
follow a typical control program listing:
(N.B. Subroutines FORMK and SOLSYM are essentially as

obtained from Zienkiewicz [35].

\

(7



A

Flow chart ~ PROGRAM MAIN

Start j)

;

Read number of problems

0

Loop on number of problems

'

Call for data input

l

Call for thermal stiffness
matrix and heat input vector]

I

Call for equation solver for
steady~state temperatures

l

Call for stiffness matrix

1

Loop on load cases

{

Call for thermal load vector

' '

Call for equation solver

|

310

Subroutine:
DATA

Subroutine:
STIFT 1

Subroutine:
THETA

Subroutine:
//Qtlns\
FOiﬁﬁﬁ STIFT 2(N)

Subroutine:
LOAD

Subroutine:
SOLSYM
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1 .
u k Call for nodal displacements Subroutine:
DISPL

s a transient solution

Yes No

Subroutines:

Call for transient temperature CAPT, TRANS
distribution

3

End loop on loads

, .
3 . l
N

End loop on problems

rl

S
]
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C
C MAIN DRIVING PROGRAM
C
COMMON/CONTRI/ZTITLECI?2Y yNPINEINMAT aNDF +NSZF yNCN»
1 COORDI(68,2)sNOP(100+3140RT(10+7),»IMAT(100)
COMMAN/CONTR2/NH(S0)YyCRI(ROYsCRP (S0 sHF (B0 ) »NCRINQ(S50)»
1 HR1(S0)sHRBP (50) AR50 sNHBHHA(SC) »QAIRO) sNHAIHFOHF I
COMMON/CONTRA/HK (LR 168) s GCL6R6R) sHQI6R ) STFMP(100)
COMMON/CONTRA/SK (1369351 3F(136)EXI636)1NByNBC(25),
1 NFIX(25) )
COMMDN MAXIT,DT,ITER
C

INTEGER CB15CB2,HB1,HB2
INTEGER TITLE

R Ty R R L e S e il
LET '

‘NPROB = NO.OF PROBLEMS ) =
NP = NOJ.OF NODE POINTS N
NE = NO.OF ELEMENTS

NMAT = NO.OF MATERIALS

NCB = NOLOF CONVECTION COOLFD EDGES

NHB = NO.OF FLEMFNT EDGES HEATED

NHA = NO.OF ELEMENT FACES HEATED

NB = NO. OF GEOMETRICALLY CONSTRAINED BOUNDARIES
NDF = NO.QOF DEGPEES OF FREEDOM

NCN = NO.OF NODES PER ELEMENT (3)

NSZF = NP*NDF
NBAND = MATRIX BANDWIDTH

THFN THE ABOVE STATEMENTS HAVE THIS FORM

COORD (NP s2) ¢ NOP(NE»3) ORT(NMAT 7}
IMAT (NE) NBC(NB) NFIX(NB)
NH (NCB) CB1(NCB) CB2 (NCB)
HE (NCB) NQ (NHB) HB) (NHB)
HB2 (NHB) QB (NHB) HA (NHA)

[ QA(NHA) HK (NP sNP) GC (NP NP

3 HO (NP) STEMP(NE) SK (NSZF sNBAND)Y
F(NSZF) EX(6+6)

2636 36 3 3 36 33 36 I 3 I I3 36 3 I I K I I I I I I K I I I I I IE WK I I I KK I TN R

NCN = 3

336 3963 3 3 36 36 969 36 3 J 3 I I 3 I I I I 3 I I 3366 I I 3 I I 3 9 WK I I KX I W E K *

LOOP ON NUMBER OF PROBLEMS
BRI I I I IR I I NI I T I IR IR

AN N el NaNaNaRaNaYalaXaXakaXaXaNa¥aaXalaXaaYaYaRakata Na)

READ (551) NPROB
1 FORMAT (15)
DO 500 NPR = 1sNPRCB
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50

313
&

22 RS RS R RIS E SRS S22 XSS SRS RS S ESE R RS SRR RS R X 2NN

RFAD ALL INPUT GEOMETRY AND MATERIAL PROPERTIES
T JE NI I I B I IEICI I I W I I I I I KN

CALL DATA
NSZF = NP*NDF

(222X E2 LR EL TSRS RRR RS SR SRS R LRSS RS R R R RS SRR R R R R E XY ]
FORM THERMAL STIFFNFSS MATRIX (HKk) AND HFAT [NPUT
MATRIX (HQ)

A A SRS AR RS EE RS RS SR RS R SRS RS R R TR ASR RS S RN 2R R )

CALL STIFT)

[T X XTSRS ST RIS RR SRS RS SS RS R R LSRR RS S SRR ES R R SR P

SOLVE FOR STEADY STATE TEMPFRATURF DISTRIBUTION
Y IR SR R RS S Ry

CALL THETA

(22X SRS 2RSSR SRR LIS SRR RSS2SR 2222 2RSS RS2SR X8 X3

FORM SIMULTANEOUS EQUATIONS
[ 222 E ST RS SRR IR ES AR S RS RZERRRI RS R R SRS SRS RS LR R Y Y

CALL FORMK \\

& 96 3 3% 3 I I ¥ I ¥ ¥k * i A2 RS2SRSS RS RS RS RS RS S SR RS R R Y

FORM FORCE VEGTOR FROM ELEMENT INITIAL (THERMAL) STRAIN

VECTORS USING EMENT MEAN TEMPERATURE INCREASE
Iy e s Y ey Ty

—_

ITER = 1
CALL LOAD

2222222222222 2 2222222282 222X RSS2SR LSRR

SOLVE SIMULTANEOUS EQUATIONS .
T e ey T T I I TN S P

CALL SOLSYM

(2222222222222 222222222222 S22 RS2SRSS XSRS

CALCULATE NODAL DISPLACEMENTS R
R I e I IS R TR Y R

CALL DISPL
IF {ITER «GT. MAXIT) GO TO/ 20
Ty Ty Y sy eI T Y

SOLVE FOR TRANSIENT TEMPERATURE DISTRIBUTION
I T TT T I I T TE TRRE T ST T T Y



C

1F (MAXIT EQ. 0y 60 To 20
CALL TRANS

ITER = ITER + 1
Go To 50
£00 CONTINUE

20 STOP
END

314
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Flow chart - subroutine DATA

-~

(:» Start . j)

|

Read and print control data

|

Read and print material properties

|

Read nodal co~-ordinates

1

. Read element connections and
material types

|

Read boundary conditions:
(a) Convection cooled edges and
faces

1(b) Heated edges and faces

(c) Geometric constraints

I

Print nodal co-ordinates

315
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Print element connections
and material types

|

Print boundary conditions

|

Return

316
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" SURRQUTINE DATA

COMMON/CONTRY/TITLE(12) NP sNE SNMAT sNDF 3 NSZF yNCN»

1

COORD(6852)3sNOP(10053)s0RT(10s7) s IMAT(100)

COMMON/CONTR2/NH{580)sCR1(50)+sCR2(50) »HF (50) yNCRINQI(50)
1 HB1(50),HB2(50)s0B(50) yNHBsHA(S0) sQA(RO) s NHAIHFOHF I

COMMON/CONTR4/SK(136335)9F(136)sEK(656)sNBsNBC(25)

1

NFIX(25)

COMMON MAXIT,DT,HITER

DIMENSION NPN(68)sNEN(100)

INTEGER TITLE é
INTEGER CB1+CB2sHB1sHB2 s HA

READ (5+5) TITLE

10

- 5 FORMAT (12A6)

READ (5510) NPsNEsNMAT sNDF sMAXIT »DT
FORMAT (515sF1044)

WRITE (6»15) TITLE ’ -

15

20

5 DN

22

23
24

26

(e BC P - JRVUE Xl 2

FORMAT (1H1945Xs12A69/////7)

WRITE(6+920) NPINEsNMAT sNDF sMAXIT DT

FORMAT (1HO»10Xs* NUMBER OF NODAL POINTS = #5155//311X)»
#NO,OF ELEMENTS = %*,155//,11X9% NO.OF MATERIALS = %,
I55//511X+s% NUMBER OF DECREES OF FREEDOM = %5155//)
11Xs% NOJ.OF TIME INCREMENTS = #,155//,11X>»
¥ TIME INTERVAL = %3F10.4+% HRS, %3//)

R R R e L S e T T L
IDENTIFY COEFFICIENTS OF HEAT CONVECTION FROM ELEMENT

FACES
336636 36 396 6063003 I 363 I K I I TN I I KK I I I KRR

READ (5922) HFOsHF1
FORMAT (2F10.3)

3362636 3 3 236 3 I I I 3 I I I 3 I3 I I H I I I I I I I I I I I 363 I 3 K I I K WX N

READ AND PRINT MATERIAL PROPERTIES )
Iy e I I Y ey T2 Y

N

READ (5523) (Ns{ORT(LsT)»I=157)sL=1sNMAT)
FORMAT(1544F104392E10423F10e3)

WRITE (6+24)
FORMAT (1H1»40X»* MATERIAL PROPERTIES *,///7)
WRITE (5+26) (N»(ORT(NsI)sI=197)sN=1sNMAT)

FORMAT (1HOs// 510X s*MATERIAL NUMBER #515+//7/
10X > ¥*CONDUCTION COEFFICIENT—~-== = ¥,F10.4»
*BTU/HR.FTODEGOF.*,(,’
10X sy %#DENSITY = e = ¥43F10.4)
*.B/CURGFTer//»
10X s *SPECIFIC HEAT—wmmmmmemreee = %¥3F 1044

*¥BTU/LLB DEGsFe*3//
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25

30

35

40

45

Q99

50

556

60
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10X, ¥POTSSONStS RATIQ=m=mmm—mmm = *3F10.497/

10X s *COEFFICIENT OF EXPANSION-- = #,E{2.2,
*PPM/DEGWFo%s/ /> .
10Xy #YOUNG'*S MODULUS—~=—m—mmm e = *9E]12.2
*LR/INOSO.*’////,

10X s *THICKNES S~~~ mmm e e = %¥3F10.39%INe*s//)

N OV

DO 98 N = 1sNMAT

ORT(N»6) = ORT{N»6)I*14440 >
ORT(Ns7) = ORT(N»7) /7 12.0

CONTINUE

36 3 36 3 3 I I I J6 3 3 W I I I I I I A I I I % I I I I I I I I I I 2t T I I IE I W I I X A XD

READ NODAL POINT DATA
FEIE R I T HIHTEHIHHH T IIEII HH HTIEIEN I JIE I H NPT IR IR N AR

READ (5525) (NPNYN)»(COORD(NsM)sM=122)sN=1sNP)
FARMAT (1552F1043)

3 236 36 I I 33 33 I K I I I I I I I I I I I I WK KA I NI I AN R D

READ ELEMENT DATA
S e ey e s ST YT T )

READ (53530) (NEN(NY s (NOP(NsM)sM=133) s IMATIN) sN=1»NE)
FORMAT (515}

636 3 F6 3 3636 3 3 336 3 H 36 3 I A I I W W I W I KWW KNI TN K ENIERIR IR NRNNNS

PRINT OUT ALL NODE POINT AND ELEMENT DATA
D LT L T L R e I T T Y
»

WRITE (63535)

FORMAT(1H1510X s ¥NODE POINTS AND CO-ORDINATES %*s///)
WRITE (6940)

FORMAT (1HO»10Xs%* NODE NOe *s 7Xs% X CO-ORDINATE %4+10X)»
1 *# Y CO-ORDINATE *,//)

WRITE (6945) (NPN(N)s(COORD(NsM) sM=1+92)9sN=14sNP)

FORMAT (1HOs12X9I13915XsFB8e3916X9sF8e31/)

DO 99 N 1»NP

DO 99 M 192

COORDINIM) = COORD(NvM)*/ 12.0
CONTINUE

fwou

WRITE (6+50)
FORMAT (1HIs10Xs* ELEMENT INFORMATION %,///)

WRITE (6955) .
FORMAT {(1HOs10X»* ELEMENT NO. *s36X 9% I %48Xs% J *58Xy

1 * K %y 8X9¥ MATERIAL NOo. *»//)

WRITE - (6360) (NFN(N)» (NOP(NsIM)sM=1> MAT(N) sN=1NE)
FORMAT (1HO»15X213510X31398Xs13+9R%513910X2154/)

WRITE (6961) HFOsHFI
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61 FORMAT (1H1+»10Xs*#CONVECTION COEFFICIENT AT FACE 'At = %,
1 F1043972Xs%¥BTU/HRFT4DEGaFa%s//511Xy
2*CONVECTION COEFFICIENT AT FACE 18t = ¥39F10,392X>»
3 *BTU/HR.FT.DEG.F.*’/’/)

R ey S T S T LY
BOUNDARY CONDITIONS (A) CONVECTION COOLED EDGES

3 33 36 33 I 33 I I I I I K I I NI I I N I I I NI I I RN RN R

la'n a3ala!

READ (5570) NCB
70 FORMAT (15)
IF (NCB .EQ. O0) GO TO 200
WRITE (6+80) NCB
80 FORMAT (1H1s% CONVECTION COOLED EDGES (*,Iy%)%4///)
* WRITE (6+85)
85 FORMAT (1HO,10Xs* FELEMENT NO.*510X»*NODE CONNFCTIONS %,
1 10X,% CONVECTION COEFFICIENT %,//)
DO 95 N = 1sNCB
READ (597%) NH(N)sCB1{(N)sCB2(N)>HE(N)
75 FORMAT (3153F10.3)
WRITE (6+90) NHIN)sCBI(N)>»CR2(N)sHE(N)
90 FORMAT (1HO»15X»13512XsI1335Xs*TO%s5X513515X,F10.35/)
95 CONTINUE
200 CONTINUE

636363 I I I TE I I I I I I AW I I K I I I TS I I F I 363 I I I K I I 28 I I 3 I % I WK I I RN

BOUNDARY CONDITIONS (B) APPLIED HEAT fFLUX
36336 396 3 36 3 3 K3 036 36963 3 I 3630 I I I I3 I I3 K I I N

4 (//””‘(1) TO EDGES
READ (5,100) NHB ‘

¢ 100 FORMAT (1I5)
’ IF (NHB .EQe 0) GO TO 205
K WRITE (6»110% NHB
g 110 FORMAT (1H1s* HEATED EDGES (*s15:%)%,///) -
r WRITE (65115)
i} - 115 FORMAT (1HO»10Xs* ELEMENT NO«*»10X»*NODE CONNECTIONS *,
1 1OX’* p (BTU/FT.SQ-HR.)*!//)
DO 125 N = 1sNHB
READ (55105) NQ(N)sHBI(N) »HB2(N) »QB(N)
105 FORMAT (3159F10.3)
WRITE (6£512C) NQIN)»HB]T(N)»HB2IN)»QB{N)
120 FORMAT (1HO»15X913912X9]1395Xs%TQ*95Xs13912XsF10433%/)

125 CONTINUE
205 CONTINUE )

(2) TO FACES

)

aNaNalaWalaWal

-

3
3

a¥alg!

1 READ (55150) NHA
jiy ‘ 150 FORMAT (15)
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IF (NHA «FQ. 0) GO TO 210
WRITE (6,155) NHA
155 FORMAT (1H1s* HEATED FACES (%515,%)%y///)
WRITE (64160)
160 FORMAT (1HO,10X,% FELEMENT NO. *,10X»
1* Q (BTU/FT.SQeHRS) *5/7)
DO 175 1 = 1sNHA
READ (549165) HATI)sQALT)
165 FORMAT ([154F10,3)
WRITE (6517C) HA(I1)sQA(T)
170 FORMAT (1HO»15%»15910XsF104437)
175 CONTINUE
210 CONTINUE

33636 3 36 3 3 3 36 3 I I K I I I I I I I IE I I K I I I I I I I A T I I I 6 I I I IE I WX

BOUNDARY CONDITIONS (C) RESTRAINED BOUNDARIES
NI HRGF H MR X RN WA N

AN D

READ (%5130) NB
130 FORMAT(I15) .
READ (55135) (NBC(I)sNFIX(I)sI = 1sNB)
Y 13% FORMAT (215)
' WRITE (69140)
140 FORMAT (1H1+% RESTRAINED BOUNDARIES *s///35X>

1 ¥ 01 = FIXED IN 'Y | 10 = FIXED IN X' x»
2 5Xe%11 = FIXEC IN X1 AND 'Y %,////»
' 3 10X+ %*NODE POINT *,10Xs%CONDITION TYPE *5///)

WRITE (6s145) (NBC(T)sNFIX(I)sI = 1sNB)
145 FORMAT (1HO»14Xs18515X9159//)

L RETURN R
! END

Rﬁ_{;i:;

sy
\\ |

\

. o
LTI S

il
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Flow chart - subroutine STIFT 1

C =)

Zero thermal stiffness matrix

Zero heat input vector

. |

- Loop on elements

L -

2 1

‘ Determine e&?ment connections
. ) Form element conduction

matrix

i

Form element convection
matrix

Assemble thermal stiffness matrix
1 )

End loop on elements




LR sl

Loop on numbexr of convection
cooled boundaries

|

Form element convection boundary
matrix

|

Assemble thermal stiffness matrix

|

’End loop on number of
convection cooled boundaries

1 l

Loop on number of heated
faces

|

Form element heat inpyt matrix

Assemble heat input matrix

|

322
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P

|

End loop on number of
' heated faces

|

Loop on number of heated
boundaries

|

Form element heat input matrix

—

Assemble heat input matrix

]

End loop on number of heated
boundaries

|

Print thermal stiffness T;trix

A

|

Print heat input vector

|

Return

U
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SUBROUTINE STIFT1

COMMON/CONTRYI/TITLE(12) sNPsNEsNMAT sNDF s NSZF yNCN»
1 COORD(6852) yNOP(10092)s0RT(10+7)sIMAT(100)

* COMMON/CONTR2/NH{&C) 9 CRT(S0)»CR2(50) »yHE(R0) yNCBINQ(50) »
1 HB1(50)sHB2(50)sOBIR0)sNHRSHA(S0) sQA(S50) sNHASHFOIHF]
COMMON/CONTR2/HK(6Rs6R) sGCIHRI68) sHQA(6R) »STEMP(100)
COMMON/CONTR4/SK(136935)+F(136)9FK{636)sNBINRC(25)

1 NFIX{25)
C
DIMENSTION HKE{393) sHHAE(393) sHHBF(292) »HQBE(2) yHQAE(3)
C
INTEGER CBYsCB23sHB1sHB2+81B2sHA
INTEGER TITLE
C
DO 1 1. = 1sNP
DO 1 J = 1sNP
HK(ISJ) = 0.0
1 CONTINUE
DO 2 1 = 1sNP
HO(I) = 000
. ? CONTINUE
L. . C .
g - DO 50 N=1sNE
; C
? C ETE LI EEI LRI LRSI SRR RS RS EISIT PSSR LR ESSSNSL S S ST FE R L LT
; C IDENTIFY FLEMENT NODE POINTS
'F C ********\***************************************************-
" d i
I = NOP(N»s1)
< J = NOP(N,»2)
K = NOP (N»s3)
' C
X1J = COORDIUJ»1) COORD(I,1) ©
‘ XIK = COORC(Ks1) - COORD(Is1)
by XJK = COORDI(Ks1) COORD(Js1)
g: YIJ = COORD(Js?) COQRD( 1,2}
; YIK = COORD(K»2) COORD([2)
i YJK = COORDI{K»)) COORD(Js2) -
;j C -
13 c 3 35 I 6 W I I I I 6 I K I I I I I I I I I I I W I I I I I I B I I I I I I I H %
3 C CALCULATE THE AREA OF THE ELEMENT
- e 2% 9 336 I W I IR I XTI I I K I I I K I I I I I I KRR
C

YYD N M

AREA = ABS((XIJ*YIK - XIK*Y11)/2,0)

L = IMAT(N}
COND = ORT({L»1))}
T = ORT(Ls7)

s
CM = (COND*AREAﬁi) I UAXTIURYIK ~ XJUK*YTJy#%2)

5
3696 56 963 6 I I I 3 W I I K I6 I A6 N H KNI FE K I I NI I I 36 I I IR %R

FORM THE FLEMFNT *CONDUCTION MATRIX (HKE) )
IZXIZT2ETESS SIS SIS S SSILEISSSS RS SRS PSS SS AL L YR L
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20

30
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DO 10 II = 143

DO 10 JJ = 1,3

HKE(TIT»JJ) = 0.0

CONTINUE

HKE(131) = (XJK%%2 4+ Y JK#%2)
HKE(192) = —=(XIK*XJK + YIK*YJK)
HKE(193) = (XTU%XJK + YIJ*YJK)
HKE(2+1) = HKE(1s2)

HKE(292) = (XIK*%2 + YIXK%#%2)
HKE(293) = —(XTJ%XIK + YIJU*YIK)
HKE(341) = HKE(1y3)

HKE(392) = HKF{293)

HKE(353) = (XIJ%%2 + YIJU**2)

DO 20 KK = 143

DO 20 LL = 1.3

HKE(KKsLL) = CM®HKE{XKsLL)
CONTINUE

Ry Y T I s R I T
ADD ELEMENT CONDUCTION MATRICES TO THERMAL

STIFFNESS MATRIX (HK)
33696 6 336 3963636 3030363 96 9 3 I 063 0 0 36630 I I 36 6 06 03006 T AN NI N R

HK(I+1) = HK(I»I) + HKE(1»1)
HK{IsJ) = HK(T+J) + HKE(192)
HK(TsK) = HK(TsK) + HKE(193)
HK(JsT) = HK(JsT) + HKF(2s1)
HK{JsJ) = HK(JsJ) + HKE(2+2)
HK{JsK) = HK{JsK) + HKE(2+93)
HK({KsT) = HK(KsI) + HKE(3,1)
HK(KsJ) = HK{KsJ) + HKE(3+2)
HK({KsK) = HK({K»K) + HKE(353)

B3 36 H I I I I W I I KT I I KKK I I I 2 I 38 I I I I I I I %

FORM FLEMENT CONVECTION MATRIX (HHAE)
Y R Y s S I R T TS 2 S T Y Y

0O 30 Il = 193

DO 30 JJ = 1,3
HHAE(II,JJ) = 0,0
CONTINUE

HERE(1:3) = 2: ,
HHAE{14+3) = 1.0 .
HHAE(2,1) = HRAE(12)
HHAE{24+2) = 2.0
HHAE{2+93) = 1.0
HHAE(341) = HHAE(1+3)
HHAE(3,2) = HHAF(2+3)
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DO 40 KK

00 40 LL

HHAE (KKsLL)
40 CONTINUE

[ }]

193
1,3

326

(HFO + HFI)Y*(AREA/12,0)#HHAE (KKsLL)

****************l***************i*****ﬁ******************

ADD FLEMENT CONVECTI
STIFFNESS MATRIX (HK

ON MATRICES TO THERMAL
)

**************************************i*****************l

He (Tsl) = HK(Ts1) +
HK{IsJ) = HK(T+J) +
HrK{lsK) = HK(lsK) +
Hx{JsT) = HK({Js1) +
HK(JsyJ) = HK{JeJ) +
HK(JsK) = HK(JsK) +
Hk(KsT) = HK(KI) +
HK{KyJ) = HKI(K»J) +
HK{KsK) = HK{KsK) +

50 CONTINUE

%i}F (NCB +.EQ. 0) GO T

HHAE(1s1)
HHAE(1+2)
HHAE(1+3)
HHAE(291)
HHAE(24+2)
HHAE(2+13)
HHAE(3+1)
HHAE(3+2)
HHAE(3+3)

0 160

******************l**************************************

BOUNDARY CONDITIONS

(A) CONVECTION FROM PLATE EDGES

*******************************************#*************

DO 80 N = 1yNCB

*********************************************************

CALCULATE THE LENGTH OF THE ELEMEN

3 I I 3 I I I 363 3 %I I H XXX *

I = NHIN)
81 = CBl(N)
B2 = CB2(N}

S1J = SQRT((COORD(B]
1 (COORD(B1+1) — COOR
IMAT (1)

ORT(L»7)
HE (N)
CM = (HXSIJU*T) / 640

I =~
nonou

336 3 96 3 3 369 6 3 K% 3 I ¥ KX ¥

FORM ELEMENT CONVECT
BRI AR R NNN

DO 60 IT = 152
PReE?17Y,5112%0.0

BOUNDARY
J3 B U T I NI 20 I I 0N

s2) - COORD(B2,2))%%?
DIR2+s1))I%%2)

6N 30006 I 6 I I NN ER 3 9 3 I 3 X %

ION MATRIX (HHBE)
v S S S S22 ST T S FRI IS S 222 2222

60 CONTINUE \
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70

80

160

90

327

HHBE(1»1) = 2,0

HHRE(1,2) = 1.0

HHBE(2s1) = HHBF({1,2)
HHBE(2+2) = 2.0

00 70 LL = 1»2

DO 70 MM = 1,2

HHBE(LL sMM) = CM*HHBE (LL ¢MM)
CONTINUE

I Z3E SR XSS AR SRR RS RS SRS RS R SRR RS R SRR R R SRS XL SR X

ADD FDGE FLEMENT CONVECTION MATRICES TO THERMAL

STIFFNESS MATRIX (HK)
HRERERRREREHEREREEANE R RN R R XA RX AR R RE R R R AR RRRRE RN

HK({B1sR1) = HK{(B1,81) + HHBE(1ls1)
HK(B1sB2) = HK(B1sB2) + HHRE(1,2)
HK(R25sB1) = HKI(B2,B1) + HHBE(2,1)
HK(B2s»B2) = HK(B2y»B2) + HHBE(2,2)
CONTINUE

IF (NHB +EQ. 0) GO TO 190

IS 2222222228 T2 222 SRS S 2SRRI SLSEE RS FETEEE LSRR 3

ROUNDARY CONDITIONS (B) HEAT INPUT AT EDGE
I XTI EZZTEIZE SRS ELEIE R SRR SRR ES SRS RRRLRL LR FRSE R EE XS R F S EY

DO 110 N = 1sNHB

I223 2222322222222 RS R RS XS SRR R RS2 SRS ST L L N

CALCULATE THE LENGTH OF THE ELEMENT BOUNDARY
et Ry Ry T T E R P T ST S S T T TN

I = NQ(N)
Bl = HB1(N)
B2 = HB2(N)

SIJ = SORT((COORD(B1+2) ~ COQRD(B2+2))%%2 + (COORD(B1»1)
1 - COORD(B2s1))%%2)

L IMATI(])

T ORT(L 7}

QDD = OB(N)

CM = (QDD*SIU*T) / 2.0

222222 R R S s Rl R R s s 8 2 22222 22222 L2222 L XL

FORM ELEMENT HEAT FLUX MATRIX
2T 2 R S R R Y I TSIy

DO 90 II = 192
HOBE {(11) = 000
CONTINUE
HQBE(1) = 1.0
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100

110

190

328

HQBE(2) = 1.0

DO 100 M = 1,2

HORE (M) = CM*¥HQORE (M)
CONTINUE

IZZXE ST EZEIE SRS ESASSS TSRS RS LSS RS S LSS RS E RS S S SRS ST R T

ADD EDGE FLEMENT HEAT [NPUT MATRICES To TOTAL HEAT

INPUT MATRIX (HQ)
Iy RS I A R RN LSS RS RS RS R R Y L

HR(B1) = HN(AR1) + HOEBE(1)
HO(R2)Y = HN{BRZ2) + HABE(?)
CONT INUE

IF (NHA LEQ. O) GO TO 200

3636 2 36 I F K I I I I I I I I W I I I I W I I W T I K I I K I I W I I I I K% R

BOUNDARY CONDITIONS (C) HEAT INPUT TO FACE
T s S R e R S S R EE S S S s

DO 140 N = 1sNHA

T e Ty I s T e S e Y
IDENTIFY ELEMENT NODE POINTS

336 I 363 I I I I I I % 6 I I I I I I I M K I 3K I I K I 6K I M KK I I T I I NI KK IR R

I NOP (HA(NY»1)

J = NOP{HA(N)»?2)
K = NOP(HA(N)»3)
XIJ = COORD(Js1) - COORD(I»1)
X1k = COORD(K»1) — COORDI(I»1)
YIJ = COORD(Js2) ~ COORD(I11+2)
YIK = COORD(K»s?) — COORD(Is2)

3 36 3 3 I I W 3 I I I I I I K I A I I W KNI I I KK KNI I K I K I KR KR

CALCULATE ELEMENT AREA
F R IR IR KNI KKK KKK

AREA = ABS((XIJ*YIK - XIk*YIJ) / 2.0)
Q0D = QALUN)
CM™ (QDD*AREA} / 3,0

]

*************************Q*********i*********************i

FORM ELEMENT HEAT FLUX MATRIX
P L s R Ry R Y R S R SR T RS S S 2R S L T

HQAE(1) = 1.0
HQAE{2) = 1.0
HQAE(3) = 1.0
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131

134
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129
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0O 145 M = 1,3
HOAE (M) = CM*HQAE (M)
CONTINUE

3 3 J6 W I 3 I B I % I I I I X I I I I WX I I I I I W I I I I I W I I I W W WA AW N
ADD FACE ELEMENT HEAT INPUT MATRICES TO ©TAL

HFEAT INOUT MATRIX (HQO) .
*************************i*********************************

HQUI) = HOUI) + HOAE(1)
HQ(J) = HQUJ) + HQAE(?2)
HQ(X) = HQIX) + HQAE(13)
CONTINUE h
CONTINUE

363636 336 3 I3 I3 W I 3636 3 I I W 3E I I I I I I K I 63 3 I I IE I I I 369 36 I I 336 3 I 99 3% N

PRINT THERMAL STIFFNESS MATRIX AND HEAT INPUT MATRIX
I I T IR BN KK I3 I 3E 6 0 N
o

WRITF (6»131)

FORMAT (1H1s* HEAT STIFFNESS MATRIX %s//7/)

DO 133 1 = 1,NP

WRITE (69136) (HK(IsJ)yJ = 1sNP)

FORMAT (1HC»5XsLOF10.44//)

CONTINUE '

WRITE (69129) -
FORMAT~ (1H1s* HEAT INPUT MATRIX %*4///7)

WRITE (£5132) (HQUI)sI = 14NP)

FORMAT (1H0y5X,10F1%£&’//) ’

RETURN
END
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Flow chart - subroutine THETA

e )

Call equation solver
Print nodal temperatures

|

- Loop on elements

J |

. Determine
: element connections

. 1 e

Calculate mean element
temperatures ,

1

End loop on elements
Print mean element
temperatures
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SUBROUTINE THETA

COMMON/CONTR1/TITLE(12) sNPsNE sNMAT sNDF sNSZF sNCN»

1 COORD (6R»2) sNOP (100231 ,ORT(10+7) » IMAT (100

COMMON/CONTRA/HK (68568 ) sGC 685 68) »HQA(68) »STEMP(100)
¢ : ,

DIMEMNSTON HOW(68) sHKW(68468) 7

INTEGER TITLE
WRITE (5+95)
§ FORMAT (1H1»50Xs% RFSULTS #9///310Xs%STEADY-STATE*,
1% TFEMPERATURE DISTRIBUTION *5//7/+10Xys% NCDE NOs ¥510X»

2% TEMPERATURE (DEGeFe) *4/7/)

DO 10 I = 14NP
HQW(T) = HQ(I)

10 CONTINUE

r N DO 35 I = 14NP

: DO 35 J = 1»NP
HKW(Tsg) = HK(IJ)

25 CONTINUE

st e

nu

CALL SOLVE (HKW)yHOW» IDINP3INP)

' DO 20 I = 1sNP
¢ WRITE (6915) T-HQW(T) \
‘ 15 FORMAT (1HO0»12X»13511XsF15,45/7%

20 CONTINUE

WRITE (64+25) ID
25 FORMAT ([1H1»726H DETERMINANT IS APPROX 2%%,13+//)

69 % 3 93363 9 I3 0 36 36 36 6 36 3 A 36 39636 I I K I 3 I3 436 336 3 WM AR KR

CALCULATE THE MEAN TEMPERATURE OF EACH ELEMENT
NN KNI NI NN I IR R H RN

alaNalaEa!

B WRITE (6,30)
30 FORMAT(1HOs* ELFMENT (MEAN) TEMPERATURES %s////)

£ DO 5Q N = 1sNE ¢

NOP(N»1)
NOP(N92)
NOP(N»3).

1
é J
% K

nonn

% STEMPAN) = (HQW(I) + HGW(J) + HQW(K)) / 3.0

50 CONTINUE
WRITE (6+40) (STEMP(N)sN = ]1sNE)

5 40 FORMAT (1HOs10X»10F1044s/7)

RETURN
END




———a»  Loop on elements

Flow chart - subroutine FORMK

[ 3

C ~ start )
|

%2ero stiffness matrix

|

J

Call element stiffness

|

Store element stiffness
in rectangular matrix

|

End loop on elements

o

Inseig boundary conditions

Ea

|

'Return
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SUéROUTINE FORMK

******************************************}****************

FORMS STIFFNESS MATRIX IN UPPER TRIANGULAR FORM
ey e R TSI T ST T LTS 3

COMMON/CONTRL/TITLE(12) sNPyNE sNMAT 3NDF yNSZF 4NCN»
1 CONRDI(KB2)sNOP(100,3)y0ORT(10+7)sIMATT1100)
COMMON/CONTRG/SK(136935)sF{136),EX(6+6)sNByNBC(25)

1 NFIX(25)
INTEGER TITLE ™~

NBAND = 25

636 36 3 36 3 36 3 I 3 I I3 I I I I I I3 I I 36 I I I I 3 3 I I I I I I I 9 K I I I I3 ¥ 3% %X %

ZERO TERMS OF STIFFNESS MATRIX \
Iy R Lz Ry T T A T T T T2 22 Y )

DO 5 N 1sNSZF

DO S M 1 sNBAND it
SK{NsM) = 0,0

CONTINUE - N

[ 1§

SCAN ELEMENTS v -

DO 100 N = 1sNE S
CALL STIFT2(N)

93636 3 3 3 36 396 I 3 I I3 3 3 I I I3 I I NI I I I I KK 3 WA I I XA XX

(EK) 1S RETURNED AS ELEMENT STIFFNESS MATRIX AND STORED

IN (SK)Y s FIRST

ROWS
3636 3636 26 96 269690 46 06 36306 006 36 30 096 3606 30 3 36 3630 36 0 00 0636 9636 96 36 38 606 3000 31 3 30 006 3 X

DO 50 JJ = 1sNCN

NROWB = (NOP(N»JJ) - 1)¥NDF

DO 50 J = 1sNDF

NROWB = NROWB + 1 i
J ~ 1)%NDE:® :

I = (J //
k THEN COLUMNS

DO 60 KK = 13NCN

NCOLBR = (NOP{N)»KK) - 1)*NDF
DO 70 x = 1sNDF

NCOL = NCOLB + K + 1 ~ NROWB
L = (KK - 1)%NDF + K

SKIP STORING IF BELOW BAND

IF ' 70,7n-en
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80

70

60

50

100

150

155
166

. 180

190
200

250

300
310

334

SK(NROWBsNCOL) = SK(NROWB9NCOL) + EK(1sLY
CONTINUE

END LOOP AN COLUMNS

CONT INUE

END LOOP ON ROWS

CONTINUE

END LOOP ON ELEMENTS

CONTINUE

e T T T R R A s T s I
INSERT BOUNDARY CONDITIONS

L2 RIS EE RS RLISS SRS ST RS ESESSS SRSESEEL SRS ST SR LY S T

DO 200 N = 1sNB

NX = 10%%{NDF - 1)
I = NBC(N)

NROWB = (I -~ 1)#NDF

3% 93 I 3 363 3 3 I I I I I I I I I I I I I I I I I I 36 K I I I 35 I I I K I I3 R RS

EXAMINE EACH DEGRFE OF FREEDOM
I E 22X TETIIEEESS LSS EE RS RIS IR 2RSS ZL LTS FETT LT R FR Y FERR XN

DO 190 M = 1s4NDF
NROWB = NROWB + 1
ICON = NFIX(N) / NX (
IF,(ICON) 180,180,150
SK(NROWBs1) = 1.0
DO 160 J = 23NBAND
SKINROWB,J) = 040
NR = NROWB + 1 - J
IF (NR) 1604+160+155
SK(NRsJ) = 0,0
CONTINUE
NFIX(N) "= NFIX({N} - NX*ICON
NX = NX / 10
CONT INUE
CONT INUE
J

WRITE (69250)
FORMAT (1H1»>10X»* STIFENESS MATRIX (IN BAND FORM)

1 LBS/FTe%s//7)

DO 310 I = 1»NSZF
WRITE (6+300) (SK(IsJ)sJ = 1sNBAND)

FORMAT (1H0»10E1245s//)
CONTINUE

RETURN s

A b
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Flow chart -~ subroutine STIFT™ 2(N)
C -

G .
< Start ),

Locate nodal connections

|

Calculate element dimensions

]

Check for consistent
numbering ———————== False

' 1
True

* Error
" jmessage

T

3
i
3

Generate strain -~
displacement matrix

Generate stress =~
strain matrix

] -

Calculate element
stiffness matrix

o 1

Return
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SUBROUTINE STIFT2(N)

COMMON/CONTRI/TITLE(12) yNPyNEINMAT yNDF yNSZF 4NCN»
1 COORD(6852)sNOP(100s3)90RT(10s7) s IMAT(100)
COMMON/CONTR4/SK(136535)»F(136)sEK(696) 9sNBINBC(25)

1 NFIX(25)
DIMENSION 8(3}6590(393):BT(6’3)9BTD(693)

INTEGER TITLE

I 36 I 369 3 ¥ I NI I W I I AW I I IR I I I I I 3 96 T I I I I I 33k I % H

IDENTIFY NODE POINTS
T I TR T N R S TS R S22

I = NOP{N»1)

J = NOP{N»2) #
K = NOP(N»3)

L = IMAT(N)

X 3% ********************i********************************'

SET UP, LOCAL COORDINATE SYSTEM
R e Y eI LS AR E S S S RS LRSI 2SS 22 S 2

XIJ = COORD(Js1) = COORDI(I»1)
XIK = COORDIK»1) - COORDI(Is1)
YIJ = COORD(JN2) - COORD(Is2)
YIK = COORD(KsP) — COORD(I»2)

AREA = (XIJ*YIK - XIK*YIJ) / 2.0
IF (AREA LLF, 0,0) GO T 100

369696 96 9 36 6 36 6 36 I 363 06 96 6236 3 96 3 26 36 36 3 2 3 I J 3036 3 I 36 3 036 H I 36 36 3 36 K I KD

FORM ELEMENT STRAIN-DISPLACEMENT MATRIX
T ey R T R R SR S E R S SRS S SRS L L

- - RS T

Bl1s1) = YIJ - YIK

B(1s2) = 0.0

B{1+3) = YIK

B{ls4) = 0.9

Bl1s5) = <YIJ -

Bl1s6) = 000

R(2s1) & 0,0

B(2+2) = XIK - XIJ

8(293, = 000

B(2s4) = -XIK

Bl215) = 0.0 (
B(2+6) = XIJ )
B(3»1) = XIK - XIJ

B(3+2) = YIJ - YIK

B(343) = =XIK

B{3s4) = YIK

B(3s5) = XIJ

B(346) = =YIJ
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DO 5 11 123

RO 5 JJ = 116
RUTTsJJ) = (1,0/7(2.0%AREA)I*B(1T5JJ)

5 CONTINUE

w "

3636 I ¥ I A I I I I 3 I I I I I I I K I IR I I I K I I I3 3 IE I IE I X W

FORM STRESS~STRAIN MATRIX (PLANE STRESS)
e R e IS TS TR T T S RN S

v

AN YN

1.0

ORT (L&)

0.0

D(1,2)

D{l1y1) 5
0,0

0.0

0.0

(140 =ORT(Ls4)) / 2.0

D(1s1)
D(1+2)
D(1+3)
D(2y1)
D(2+2)
D(2+3)
D(3s1)
D(3s2)
: D{353)

[ LN N L R I | 1 I 1

CM = ORT(L»6) 7/ (140 —~ ORT(Lr»4)*%2)

1+3 -
193
CMXD(TT»JJ) \

DO 10 1T
po 10 Jy
DUIT»JN)
10 CONTINUE

1 H N

36 I I IE K I K I I K I I I IE I I I I IEIE I I I K I 36 I I I3 K% I 36 K I I I XX N

FORM THE ELEMENT STIFFNESS MATRIX (EK)
S R e S T T A ST S

AN A O

—

J; CALL MTRA (BsBT»316+0

M

%: CALL MPRD (BTs»DsBTD96939090,3)
|  CALL MPRD (BTD»B1EK»613105056)

T = ORT (L7}
DO 15 11 156
DO 15 JJ 1+6
EK(IIyJJ) = T*AREA¥EK(IT»JJy)~
15 CONTINUE N

o

RETURN

100 WRITE (6+125) N
125 FORMAT (1H1s»* ZERO OR NEGAT)IVE AREA ELEMENT NO. *s145//»

1 40Xs% EXECUTION TERMINAT *9/7)
STop
END
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Flow chart -~ subroutine LOAD
(:f Start :)

Zero load matrix

|

4+

e Loép on elements

|

Locate nodal connections

Calculate
element dimensions

K

! 1

3

:

|

f Generate strain -
displacement matrix

Generate stress-
strain matrix

1 aﬂub

Generate initial (thermal)
strain vector %

|

N
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|

Form element load
vector

|

Assemble system load
vector

|

End loop on elements

|

Print load vector

|

Return
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v "'“u" =P
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SUBROUTINE LOAD

COMMON/CONTRI/TITLFEL1?2) yNP NF  NMAT 4NDF,NSZF ,NCN,

1 COORDI(BRYZ2)yNOPL1I00+31s0RT (10474 IMAT(100)
COMMANACANTRAZ/HK (ABy&RI W CCIEBER) yHR(AR)YWSTEMP(100)
COMMON/CONTOA/SK (1764283 F{128),FK(6+6) sNByNRC(25)
1 NFIX(2%) /

DIMFMSTION BU2138)1sD(2331sRT(593VsRTO(EY2I)HFE(E)2E(2)
INTEGER TITLE

NS2ZF = NDF#*NP T

\ -”» ¢

ul'
*********i****i*l***il***i*l**!*******&****5!**************

ZERO LOAD ARRAY

I PSS R SRS S SRS ER S PR SRS RS RESRE SR SRS ER RS RS R RS SRR SRR R L

DO 50 J = 1»NSZF
F(J) = 0,0
CONTINUE

~n
L)

DO 100 N = 1,NE

IS E RIS LIS SRS S EE S E SRR RS SRS SR SRS RS ES SRS S SSRETE L S AR YR S R

IDENTIFY FLEMFNT NODES
Ty Ty R R e e e P 2y

I = NOP(N»1)
J = NOPI(N,2)
K = NOP{(Ns3)
L = IMATIN)

22 ST E S22 S SRR ST SR SRS RS ES RIS LS R ES RS RS ESERSS RS SRS L L L |

SET UP LOCAL COORDINATE SYSTEM
I s R P R RS SRS TSRS RS REET RS SLE LR SRS RESREE R X

v

X1J = COORD{Js»1) - COORDI(I,»1)
XIK = COORD(Ks1) - COORD{Is1)
YIS = COORD(Js2)Y - COORD([42)

= COORD(K 12} - COORDI(I1,2)

YIK

AREA = ABS((XTJU*YIK - XIK*YIJ) / 2,0)

i
****i*********************************%****#************é;&*

FORM ELEMENT STRAIN-DISPLACEMENT MATRIX
****************l********¥******************#*l&************

/



]
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B{1s1) = YIJ - YIK
B(1+2) = 0,0
B(1+3) = YIK _
B{l1y4) = 0.0./‘
"B(135) = -YIJ \
R(1v6) = 000
R(2+1) = 0,0
R(2+2) = XIK = XI1J
R(2»3) = 0,0
B{2+4) = -XIK
B(2+5) = 0,0
B(2+s6) = XI1J
B{3s»1) = XIK - X1J
B{2s2) = YlJ = YIK
B(3s3) = =XIK
B{2+4) = YIK
B(3s+5) = XI1J -
B(3s6) = =-YIJ
9
DO 5 I1 = 1.3
DO 5 JJ = 146
RIITsJJ) = (1.0/7(2.0%AREA))I#B(I1s))
CONTINUE

[ T2 RSS2 RSS2 2RSS 2222 S22 RS R RS RS SR R SRR 2

FOrRM STRESS-STRAIN MATRIX
e R  E  E  F R R T R S S ]

D(1+1) = 1.0

D{1+2) = DORT{L 24}

D(1+3) = 0,0

D(2s1) = D(1,2) !
D(2s2) = D(1s1)

D(2+3) = 0,0

D(3+1) = 0,0 * <
0(392) = 0-0

D(3+3) = (1.0 - ORT(L»4)) 7/ 2.0

CM = ORT(Ls6) / (1.0 = ORTI(L»4)%%2)

DO 10 I = 1.3

00 10 JJ = 1,3
DYITsJJ) = CMXDILTT,JJ),
CONTINUE .

*******************************************&***#*********

FORM ELEMENT INITIAL (I.F. THERMAL ) STRAIN VECTOR
FHFRIIRHENRFEI IR NI IR IR R HIN TR R AT AR ERRTRERRN
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ALPHA = ORTIL5)

E(1) = STEMP(N)#*ALPHA
E(2) = STEMP{N)*ALPHA
F(3)y = 0,0

R s R T
FORM TRANSPOSF OF (B) 1.E. (BT)

IS A R R 2 RS R 2RSSR R LSS RS RS 2SS SRR SR EIIEEERZELTITT TS R 2

CALL MTRA(BYBT93496590) -

(22222 22X 2 R Z RS R R N R R E R R R R RS SRS A SRS ERREIRTELSES S S X1

FORM MATRIX PRODUCT (RT)*(D) = (RTD)
SRR R R R e e S E RS2 22 S

CALL MPRDI(BT +sDsBTD169310+0,3)

W 36 3 I I I I I I I NI I I NI I E NN RNR RS

FORM ELEMENT FORCE VFCTOR
L T Y s s T2 I T ST

CALL MPRDI(BTDIEsFF969310490s1)
T = ORTI(L?)

DO 20 II = 1,6

FE(IT}Y = FE{IT)*TxAREA
CONTINUE

22 RSS2SR 2RSS RS SRR RS RS SS R RS RS ERL LT

ASSEMBLF GLOBAL FORCE VECTOR
22 L e e R s e R TS S T IR

IU = 2% ~ 1 4
IV = 1U + 1

JU = 2%J -} .

JV = JU % 1 ‘ .
KU = 2*K - 1

KV = KU + 1

FIIU)Y = FLIU}Y + FE(1)

FOIVY = FOIVY + FE(2)

F(JUY = F(JU) + FE(3)

FLJV)Y = FILJV)Y + FE(4)

FikU) = FixU) + FE{S)

F(KV) = FIKV) + FE{6)

CHANTINUE

WRITE (65120) _
FORMAT (1HO»10Xs* THERMAL FORCE VECTOR (LBS)¥s//A/)

WRITE (65125) (F{N)sN = 1sNSZF)}
FORMAT [ 1HO#10E124597/)

RETURN



Flow chart - subroutine SOLSYM

(:é Start , _:>

Loop on each equation

- |

Compute modifications to stiffness
matrix and reduce

|

L

End loop on eduations

L

Loop on each equation

|

Modify load vector™
7

A

Y L

End loop on equations

|

Loop backwards on each equation

.

343
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| N

Back substitution for equation solution

| —

End loop on equations

Return
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SUBROUTINE SOLSYM

COMMON/CONTRI/TITLE(12) yNPsNE»NMAT s NDF ¢y NSZF yNCN»

1 COORD(6852)sNOP(10053)0RT(10,7) 5 IMAT(100)

COMMON/CONTR4L/SK(136935)9F(136)sEK{6+6)9NBINBC(25)

1 NFIX(25)

DIMENSION SKW(11361+35)

INTEGER TITLE

NBAND = 25

DO 100 1 = 1.NSZF

DO 100 J = 1,NBAND
SKW(IsJ) = SK(I,J)
CONTINUE \

F6 369 36 3 36 3 I I I I I 326 I I I W I W K I I I K I I I IE I 3 I3 26 I 3 6 I 3336 I I I I X4

REDUCE MATRIX
e R ey e R e E s T R 2 R SR Y 2
\]

-

DO 280 N = 1INSZF \
DO 270 L = 2sNBAND ]

IF (SKWINsL) «EQ. 0.0) GO TO 270
C SKWINsL) /7 SKW{(Ns1)

J

non

1 N+L -1 .
IF (NSZF - 1) 26042404240
0 .

DO 250 Kk = LsNBAND
J=J+1
SKW(1,yJ)
SKW{N»sL)
CONTINUE
CONT I NUE

SKW(IsJ) ~ CHSKWINsK)
C

P69 32 3 3 I J 3 I I I I I I I I I M I I I I I I NI I LI I NN

REDUCE LOAD VECTOR FOR EACH EQUATION
RS T e R I e R S R R e R S R R e S I e

DO 290 N 19NSZF

DO 285 L = 2sNBAND

I =N+L -1

IF (NSZF - 1) 290,285,285
FII) = FUI) = SKWINsL)*F(N)
FIN) = FIN) /7 SKW(N»})

uu

* =
636 9 3 b 6 I 6 I I I W W I I W W I I W I I I I P I I I I I I I I I I I I T %R

BACK SUBSTITUTION ‘
NeB. LOAD VECTOR (F) BECOMES FINALLY THE SOLN. VECTOR
' O R I R S YRR ST ST A

>
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300

350

370
400

500

N NSZF

N N -1 L

IF (N) 350,500,350

DO 400 K = 2y»NBAND
L=N+K-1

IF (NSZF - L) 400,370,370
FIN) = F(N) - SKW(N,K)*F(L)
CONTINUE

GO TO 300

[ ]

RETURN
END

346
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Flow chart -~ subroutine DISPL

GRS

-

Print nodal displacements

Return
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SUBROUTINE DISPL

COMMON/CONTRI/TITLE(12) sNPyNEsNMAT sNDF s NSZF s NCN»
1 COORD(6892)sNOP(100,+3),0RT(10,7)»IMAT(100)
COMMON/CONTR4/SK (1364351 sF(1261,EX(6+6)»NByNBC(25)

1 NFIX(25)

~

DIMENSION DIS(2+68)
INTEGER TITLE

EQUIVALENCE (DIS(1)sF(1))

*****************************************************?***

PRINT DISPLACEMENTS .
30 33060 36 3 3 006 0636 36363 00 06 3000 30 96 36963 3030 3630 00 3006 30 0 3036 30 K0 0 AR

WRITE (6+10)

FORMAT (1H1s40Xy% NODE NO. *»20X, :

1 % DISPLACEMENTS (INS) /7//7570Xs% X #511Xo% Y %5///)
1 70Xs%* X #911Xs% Y %*9///)

DO 15 M = 1sNP

DO 15 J = 1sNDF

DIS(JsM) > DIS(JsM) % 12,0
CONTINUE

DO 30 1 = 1»NSZF

EPS = ABS(DIS(I))

IF (FPS +LTs 1.0F-06) GO TO 25
Go To 30

DIS(I) = 000

30 CONTINUE

WRITE (6+20) (Ms(DIS(JsM)sJ = 19NDF) M = 1sNP)

20 FORMAT (1HC»41Xs15918X9F10,692XsF10e69/7)

RETURN . .
END J\
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Flow chart - 8ubroutine TRANS

/ ( Start >

No ' Yes

i "

Call for capacity matrix

|

Zero nodal terﬁperature array |es——————d

J

Zero element temperature array

l

Modify thermal stiffness matrix

TS T

o

e

e

-

Modify heat .input matrix for
time increment -

«V'l/ J v a

PR s

1

iN? ' ~ call equation solver
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|

= . Loop on elements

Determine element
connections

Determine element
mean temperatures

End loop on elements

Print mean temperatures

Return
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SUBROUTINE TRANS

C []
C ************************(***************** 3 3% 3¢ 3 3 I I I I I I ¥ X W
C TO SOLVE FOR TRANSIENT TEMPERATURES USING THE
C CRANK - NICOLSON METHOD
r 3363 ¥ 36 I N3 NN NN I3 I I O WL IE L 3 3 I 3 I I I 3 I K 36 I A I 36 I 36 M K I I ¢ E %
C
COMMON/CONTRYI/TITLE(]12) sNPsNEsNMAT sNDF s NSZF 3NCN»
1 COORDI(6892)yNOP{100+3)s0DRT(104,7)s IMAT(100)
COMMON/CONTRI/HK(6R368)sGL (68368 »HQAIE8) »STEMP{100)
COMMON MAXIT DTH»1I1TER
C ‘ ,
DIMENSTION HKBR(68:68)sHQI(68)sGCTVI(68),TV(6R)sTVP1(68)
DIMENSION TI(68)sHQV{E8)sHQV1(68)
C
INTEGER TITLE
k . C :
: IF {(ITER .GT. 1) GO TO 30
~ C
C 33636 3 I I I I I I I I I I I I I W I I I I I I E 3 I I 3 I K 36 K I I 3 I I W IE I I D
C FORM GLOBAL CAPACITANCE MATRIX (GC)
r *********************************************************%
c ,
CALL CAPT
, WRITE (65)
é c 5 FOﬁMAT ({1H1+30Xs* TRANSIENT TEMPERATURE (DFGeFe)%s///7)
L c 2ERO NODAL TEMPERATURE ARRAY FOR INITIAL CONDITIONS
f c ~
DO 10 [ .= 1»NP
TV(I) = 0.0
10 CONTINUE 2
C A
C ZERO ELEMENT TEMPERATURE ARRAY FOR INITIAL CONDITIONS
A .
C
DO 15 1 = 1sNE o
STEMP(1) = 0,0
1% CONTINUE
C
T™™ = DT )
TIME = TM
- ‘C.
DO 12 1 = 1sNP
. HQVL(1) = HQ(I) .
HQV(T) = HQ{T) ’
12 CONTINUE “
v C
30 CONTINUE
CALL MPRD(GCsTVsGCTVINPINP+0+0s1)
DO 25 1 = 1sNP

E} N N c '

18] . Lo UI(I) + (Z.O/TM)*GCTV(I)
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DO 20 1 = 1yNP

DO 20 J = 1NP

HKBR(I»J) = HK(I»J) + (2.0/TMI*(GC(I+J)) .
CONTINUE

DO 70 1 = 1sNP
HQVIT)Y = HQVI(IY
CONTINUE

22 RS SR RS XSRS LSS ISR ELESE S S SEL SRS ELEESSE SRS S S LSS T

SOLVE FOR TEMPERATURES AT TIME 'T' N.Bes (HQI) IS
FINALLY THE SOLUTION VECTOR
R R T R Ry R e e Y T s L

CALL SOLVE (HKBR sHQIsIDINPsNP)

WRITE (6545) 1D

FORMAT (1HOs»26H DFETFRMINANT IS APPROX 2*%,15,////)
DO 50 I = 1sNP )

TI(l) = HQI(I)

CONT INUE

DO 35 I = 1sNP

TVP1(1) = 2,0%TI(I) - TVI(I)

CONTINUE

DO 40 T = 1sNP &
TV(I) = TVPl(IY .
CONTINUE .

WRITE (6580) TIME

FORMAT (1HOs* NODF TEMPERATURES AT TIME = *,F10425//)
WRITE(665) (TVII)sT = 1s9NP)

DO 55 N = 1sNE

NOP(N»+1)
NOP (N»2)
NOP (N»3)

n

I

J

K
) ~

STEMP(N) = (TVI(I) 4 TV(Y) + TVIKY) /7 3,0

CONFT
WRITE (6 60) TIME

60 FORMAT {(1HO»* ELEMENT MEAN ?EMPERATURES AT TIME = *»

1 F10.,29/77)
WRITE (6+65) (STEMP(NYsN = 1sNE)
FORMAT {1HO»10Xs10F1044s//) .

TIME = TTME + TM
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Flow chart - suﬁroutine CAPT

(; Start _;)

—— - Loop on elements

1\ l
Locate nodal connections

Form element
capacitance matrix

|

Generate global
capacitance matrix

. -

[ End loop on elements

b} I p .
4
» “

Return
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SUBROUTINE CAPT

COMMON/CONTRYI/TITLE(12) sNPyNEsNMAT 4 NDF yNSZF yNCN» .

1 COORD(6Rs2)sNOP({10C»3)sDRT (104,71 IMAT(100)
COMMON/CONTR3/HK(68568),G6C(68568),HA(68)ySTFMP(100) t

——

DIMENSION EC(3,3)

INTEGER TITLE

DO 1 I = 1.NP
DO 1 J = 1NP
GCllyJ) = 0.0

CONTINUE

DO 20 N = 1sNE

363 33 % I 6 I I I I N I I I K I I Kb I I I NI W I NN NN R

IDENTIFY NODE POINTS
I H R RN IR T I IN NN

I = NOP{(N»1)

J = NOP(N»2)

K = NOP{N»3)

1 = IMAT(N)

X1d = COORD(Js»1} - COORDI(I»1) .
XIK = COORD(Ks1l) = COORDI(I,1)

YIJ = COORD(Jy2) - COORDI(Is2)

YIK = COORD(Ks2) — COORD(I+2)

[

363 3 3 I K 3 ¥ A K I I A I I I I NI NI I I I I I 36 K X R %

CALCULATE THE AREA OF THE ELEMENT
SRR R R a RS e R S ey s S S R S S e s

ARFA = ABSU(XIJ*YIK - XTK*Y1J) / 2.0) Q
RHO = ORT(Ls2) ~
CP = ORT(L3)

T = ORT(L,T)

CM = (RHO®CP*AREA*T) / 12.0

**************************************%*;ﬁ**************i

. A&
FORM THE ELEMENT CAPACITANCE MATRIX (EC ¥
WX ERNIFHHEER RN NI NI HRHH NN RN RRERNRE XN

DO 5 11
DO 5 JJ =
EC(ITsJd)

S

3
'3
O

i o

0
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APPENDIX D

AN AXIS OF ROTATION ANALYSER

Design of the Master Ball Holder

The master ball is attached by epoxy to the
end of the Master Ball Holder as seen in Plate XI- p,
Pg. 360. The "wobble-plate" design permits the cen-
tering of the ball to be achieved by the adjustment
of the two sets of diametricaliy opposed fine~thread
screws. It is practically possible to minimise the
eccentricity of the ball to approximately 0.0001 in.,

the effect of this residual eccentricity being removed

by the use of the compensating circuitry incorporated

in the instrument design.

Design of the Pick-up and Synchro Resolver Holder

A view of this combined unit is seen in Plate
XI -B, pg. 360

While the rotor of the synchro may be attached

"to the rear of the spindle utilising some suitable

fixture, since the real of the spindle is not always
accessible and also since the design of a versatile
and quite general fixture would be difficult to

achieve, it has been found practical to incorporate

"



O

o
-4

provision for the synchro resolver ip a common
rigid fixture together with the capacitance éick-ups,'
‘the rotor of the synchro now being directly coupled
to the rotating master ball. It is necessary to
devise a linkage however such that.the influence of

noise is pinihal. Naturally, this set-up exclqgss the

éossibility of measuring and depicting axial error (\

motion on a polar form of graph, however an alternative
procedure here may be to record the error on a time

base record if we still wish to avoid connecting the

&

rotor of the synchro to the rear of the spindle. A
The resolver type and primary‘charactéristics
are as follows: |
. Vector ‘Resolver: ¢CVH—10—AS:l )

(available from Clifton Precision,

-

Litton Industries). )
length: 1.24 ins.

weight: 2 oz.

L3
rotor moment of inertia: 1.2 gm - cm

[N.B. 'while the resolver is manufactured for primary

2

voltage excitation at 400 Hz, there is no problem to
its functioning at the 5KHz excitation frequency, as

in its application in the Axis of Rotation Analyser]

A

Axis of Rotation Analyser - Circuit Diagrams

Detail of the required instrument  front panel
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{
A3

controls and an interior view of the instrument are

shown in Plate X, pg 359.

Tpe
(1)
(ii)
(iii)
(iv)

. (v)
’ : (vi)
(vii)

, (viii)
(ix)

- (%)
(x1i)

NOTES 1)

2)

\f‘_‘(
—

. Wayne - Kerr Card circuitry is eqiivaleht

circuit diagrams are as follows:
Card Interconnections (1 of 2)

Card Interconnectiolis (2 of 2)

Cards 1,2 Post Wayne - Kerr
Gard 3 Special Board
Card 4 : % - Modulation
Cards 5,6 : Filters

Card‘7 : Multiplier

Card 8,9 Demodulators
Card 10 Vector Resolver
Card 1l Oscillator )

+ 15V Power Supply

If a measurement of radial error motion
in boring is required where the circle is
to be generated by the offset of the
master ball, Special Card. 3' (see ‘Card
Interébnnection~2 of 2) is to be‘substifuted_

for thq'standard Card .3.

The filter on the left hand side of the Post

: K
to the Wayne Kerr F731A Filter and this

portion of cirexitry is therefore optional.
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APPENDIX E . 8

INSTRUMENTATION SPECIFICATIONS

The Laser and its Accessories (Plate VI pg 152)

All positioning, straightness, yaw and pitch
deviation measurements were performed using the ver-
satile capabilities of the HP5525B Laser Interfero-

meter System together with its ac¢essories.

The units comprising the total system and an
abbreviated specification may be given as:

E.1.1 The Basic system

(i) HP5505A ‘Laser Display Unit
(ii) HPS5500A Laser Head
(1ii) HP10550A Laser Reflector .

ACCURACY: Inch units + 0.5 pin + 1 count in
' last digit -~
Metric units + 0.5 um + 2 counts in
last digit .
RESOLUTION: Normal and smo%@ifmodes;,,
Inch: 0.000,01 in '
Metric: 0.1 um
Angular: 1 arc-second
X10 mode;
Inch: 0.000,001 inch

Metric: 0.0l um
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Angular: 0.1 arc-second
MAXIMUM MEASURING VELOCITY: 720 in/min
(0.3 m/sec)
VELOCITY MEASUREMENT 'ACCURACY: + 0.01 in/min
(+ 4 um/secc)
Remote Interférgmeters
P
(iv) Linear Interferometer (HP 10565A)

The specifications of the basic HP5525B system

apply .
(v) Angular/Flatness Interferometer
(HP10565A + HP10558A)
ACCURACY: + 0.1 arc-second + 1 count up to
+ 100 arc-seconds,

+ 1 arc-second + 1 count up to

+ 1000 arc-seconds,

+ 4 arc-seconds *+ 1 count up to

.i 10 degrees, /

RESOLUTION: (X 10 Moden Inch units selected)
0.1 arc-second
(vi) Straightness Interferometer (Option 30)
ACCURACY: Straightness reference,
Inch: + 5 uin./ff. + 1 count in last
| digit
Metric:’i 0.4 um/meter + 2 counts in -

last digit
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(N.B. The accuracy can he improved to the value
of last digit uncertainty by rotating the
Straightness Reflector through 180° and making
a sccond pass)

RESOLUTION: As for 5525B system

LATERAL RANGE: + 0.1 inch (4 2.5 mm)

AXIAL RANGE: 10 ft (3m)

(N.B. a 100 ft model is available)

E.1.3 Miscellaneous Accessories

(vii) Error plotting option (Option 10)
ACCURACY :
a "Digital: + 5 parts in 10" + 1 count in
last digit
Analog: linearity + 0.5%
- Analog time constants: X-axis: 450 m sec
Y-axis: 34 m sec
RESOLUTION: +
Normal mode: 0.000,01 in (0.000,1 mm)
X 10 mode: 0.000,001 in (0.000,01 mm)
RANGE :
X-Axis (distance travelled):
Normal mode: 100 in (1000 mm)
x 10 mode: “L0 in (100 mm)

? (N*B. traverses in excess of these distances

“/& . are made in stages)
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Y-Axis (errqr amplitude):
Normal mode + 0.005 in (+ 0.05 mm) '

" X 10 mode + 0.0005 in (+ 0.005 mm)

CALIBRATION INTERVAL:
Any integral multiple of,
Normal mode: 0.010 in (0.1 mm)

X 10 mode: 0.001 in (0.0l mm)

OUTPUT:
Full scale vol}ages:
X~axis: 10V
* Y-axis: i'év
PLOTTING ACTUATION:
1), Manual: actuate front panel switch on

- display unit

4

2) Rutomatic: external actuation

3) Internal Timing: rate set by front panel
switch
RECORDING: HP7035B X-Y Recorder
(viii) Barometer/Thermometer Kit (HP10560A)
(ix) Beam Bender/Alignment‘Mirror (HP105514)
An invaluable accessory for aligning and

deflecting the laser beam.
ACCURAC¥Y
Mirror alignment:
Perpendicular and parallel to

base and sides within + 1 minute



Oy

376

Alignment surfaces:

+ 1 minute

Instrumentation associated with the use of the Axis

of Rotation Analyser

E.2.1 Error sensing

The B731B Wayne-Kerr Vibration/Distance Meter
is a portable instrument for accurate measurements
of distance and vibration amplitude from 30uin (0.75 uin)
to 0.100 in (2.5 mm) over thr freguency range 1 Hz to
10 KHz utilising a radge of associated capacitance
transducers.

The range and accuracy of these transducers

are as follows:

Prone Full scale range Heasurement aceuracy
. o | ,
MAl 0.001 in. (25um) 30 uin (0.75um)
MB1 0.005 in. (125um) 100uin (2.5um)
MC1 0.010 in. (250um) 200uin (5um)
MD1 0.050 in. (1.25 mm) 0.001 in (25um)
MEL 0.100 in. (2.50 mm) 0.002 in (5Jum)
s
]!
(

METER CHARACTERISTICS:

Meter output: 0-1 mA from meter circuits at
1000 0

Discrimination: ¢ 0.5% F.S.D.
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E.2.2 Poldr trace récordigg

The processed error gutputs from the Axis of
Rotation Analysér are taken to a Tektronix D13/5103N
Dual-Beam Storage Oscilloscope for display. The con-
ventional time-base module in the X plate compartment
being removed, two high-gain amplifier médules
(5A22N) are inserted in the X and Y plate compartments
respectively for X-Y operation..

These particular units have characteristics
especially suited to our purpose and among these, we
may list the following;

(a) D13/5103N Dual Beam Storage Oscilloscope features:

(i) Storage display: writing speediéoxaibi—

| sions/millisecondtx
storage time:1 hr (at
normal brightness)
. {i1) Large screen: 4 in.*x 5 in.
(8 divs x 10 divs) P
(iil) Z-Axis (beam intensity) modulation:

+5V turns display on to a

an off level

-5V turns display off from a

normal brightness level

(b) Differential Amplifier 5A22N

&0

normal brightness level from

)
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(1) High gain: 10uv/div, to 5V/div. in 18 steps

(1-2-5 sequence)

(ii) D.C. offset: Range + 0.5V from 10uv/div, to

50 mv/div,

- + 50V from 100mv/div, to 5V/div.,
(;ii) High and Low -3dB Frequencies:
HF -3dB: Selectable from
- 0.1 KHz to 1MHz in 7 steps
! (1-3-10 sequence)
LF -3dB: Selectable from
BC to 10kHz in 7 s£eps
kl—lO—lOO seéuence)
This latter feature enables a reduction of the upper
frequency bandwidth and an increase of the lower
frequency bandwidth to be made in the interest of

obtaining a better signal-to-noise ratio.

A permanent record of the recorded polar

record can be obtained by using a Tektronix C-5 Camera

which incorporates a Polaroid Land Camera, flash unit

and camera/oscilloscope adapter.

Straightness measurements - an alternative procedure

Long distance continuous straightness measure-
ments may now be obtained for the entire traverse length

of the largest machine tools'using the laser straight-
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\

ness interferometer accessory to the laser system.
However, valuable information will be obtained by
tracing an accurately lapped granite straight-~edge
or square with an electronic (LVDT~typé) contacting
pick-up held_ in the machine spindle nose and record-
ing the sensed deviations on a chart recorder.

For machine tools with smaller working zones,
this procedure is preferable due to a reduced set~up'

time.

An assembly of eguipment is shown in Plate XII,

pg.380and the relevant specifications are as follows:
(a) Sheffield Model 51 Accutron Amplifier and

Electrojet (0.010 in. range) Gauging Cartridge

)
s

Amplifier Range Resolution

, 2
A + 0.004 in. 0.000,2 in.
B + 0.002 in. 0.000,1 in.
C + 0.000,4 in. 0.000,02 in.
D + 0.000,2 in. 0.000,01 in.

AMPLIFIER RECORDER OUTPUT: + 10mV (i.e. 20 mv

DC F.S.D.)

(b) Simpson Model 2741 Single pen Chart Recorder
RANGE: Fixed: 2mV DC FSD to 20V DC FSD in

A;\ ll.calibrated steps (2-5-10) sequence
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Variable: a continuously variable gdain

between calaibrated steps 1s

22

selectable
ACCURACY:  + 0.5% of reading (+ 20 uV for
readings of hﬂnz\)wn 400 wV)
RHSOLU%le: 10.2¢ of full scale or + 10 4V,
whichever 1s greater
MAXTMUM WRITING Sﬁhﬁn: 20 cm/sec.
RESPONSE TIME: Normal environmental conditions:
1 sec. for a 100% change
CHART SPEEDS: 30, 120, QDO mm/min
30, 120, 600, mm/hr
N.B., A reverse chart feed facility 1s standard which 1s
a useful feature for obtaining forward and reverse
straightness deviations on the same portion of graph.

(c) Starret (36 in. x 2 in. x 6 in) Granite Straight-

edge
Maximum surface Deviation: + 0.000,05 in.

(d) Rahn (14 in. x 14 in. x 2 in)5-sided Granitg

Master Square
Maximum Squareness and Straightness Deviation:

0.000,025 in./6in.

E 4 A Simple Electronic Level

It is not possible to measure the angular
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A SIMPLE ELECTRONIC LEVEL

Plate XIII

T
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deviation of roll with any existing interferometer

available as an acceggory to the laser system,  The

only practical way of measuring this devaiation 1s by

uti1lising an electronic level.  Several commercial

instrument s age avarlable e.qg. TALYVELL (Rank Indus-
{

tries).

However, both as an economy measure, and since

/
/

a recorder output was desired, the simple pendulum
type i1nstrument as shown i1n Plate xt11, Pa, 382 was devised,
featuring a frictionless cross-strip hinge from which
the pendulum 1s suspendcd.

Here the damped motions of a pendulum, the Dol of
which 1s partially submerged in an o:l dashpot, are
sensed by a capacitance probe and the analoque output of
the Wayne Kerr B731B Vibration/Distance Mcter 1s

available for plotting on a chart recorder.

TRANSDUCER: Wayne-Kerr Capacitance Probe MAl, 0.001 in.
range.

PROBE RESOLUTION: 0.000,03 in.

PENDULUM LENGTH: 6 ing. i%?

J

LEVEL RESOLUTION: 1 arc-second
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