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The conditions of high volume production are quite different from jig borer practice,
however, As J. Tlusty of Prague has often emphasized, the heat released from the
cutting process in high production work completely dominates all other thermal effects.
This fact exerts a demoralizing influence on efforts to correct other sources of error.
Why worry about room temperature variation when 50 horsepower is being pumped into
the workpiece?

In addition to its effect on the part, heat released from the cut affects the machine
frame and the master by conduction, convection, and radiation. The primary frame
effect is on the tool and its immediate supporting structure. Bryan, Clouser and
McClure54 havedevised a means of measuring the growth of the tool toward the work in
turning. For the one machine studied, they concluded that the effect is quite serious
for dry cutting (550 microinches at 0,020 in. depth of cut and 200 ft/min) but within
reason if the tool is flooded with coolant (100 microinches under the same conditions).
Secondary effects on the frame are created by the warmed coolant and chips coming into
contact with the bed. Opitz mentions the advantages of inclined bed lathes to prevent
this contact.

Use of coolant in varying degrees has been the only solution advanced so far.
There is some difference of opinion on the use of massive amounts of coolant. Mottu
believes that the use of coolant is the only solution, but cautions that workmen do not
like to work with too much coolant. He is also concerned with the proper lubrication of
the machine if too much coolant is used. B. L. Ten Horn, of Eindhoven, has had good
success with the installation of a central tank of coolant to service a number of grinders.
The tank holds thousands of gallons of coolant, and the resulta'nt capacity to store heat
provides a uniform temperature without the need for temperature control. J. Loxham,
of Cranfield, has used large quantities of temperature-controlled coolant on an experi-
mental cylindrical grinder to control the heat from the cutting process. Frictional heat
from the machine and the effect of room temperature variation during the day is also
kept under control. The ring master used for sizing the work is normally kept sub-
merged in the coolant.

New research is needed to evaluate the magnitude of error caused by workpiece
heating. The problem may not be too severe in single-point machining of large parts
with high heat capacity.

Research is needed to establish the effectiveness of complete liquid submergence
versus massive amounts of conventional flow. The limit in either case would appear to
be the forces exerted by the liquid flow on the part and the machine.

Research is needed to determine the economics of using a separate machine for
finishing. _

Another possibility requiring investigation is compensation. In this case, compensa-

tion would be accomplished by programming continuous-path, numerically-controlled
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machines to cut an empirically determined path that will result in a good part at 68°F.
F. Broome and P. Anderson of Union Carbide, Oak Ridge, Tennessee, have published
a paper‘55 describing a procedure for correcting an APT part description for repeatable

but non-correctable machining errors.

Temperature variation in coolant systems.—Coolants are an important solution to

many thermal problems, Some machine tools now in service have coolants for five
different purposes: electrical cabinets, hydraulic supply systems, lubricating oil, cutting
fluid, and frame stabilization. There are no particular design problems in these systems
since liquid temperature is relatively easy to control. The consequences of any mal-
function can quickly put a machine out of tolerance, however. Continuous temperature
monitoring of each system with convenient indication and interlocks is desirable, The
use of off/on type controllers can be quite satisfactory.

Research is needed to reduce the cost and complexity of coolant temperature
control.

Improved reliability is another requirement that must be met in the future.

Influence of personnel.—Every machinist and inspector has had some experience

with the influence of body temperature on dimensional measurement. Heat from conduc-
tion by handling affects gage blocks, micrometers and precision setups of all kinds.

Heat transfer by convection and radiation can also cause surprisingly large effects.

The average heat output of the body is 100 watts. If several people are concentrated

in front of a machine, their influence is readily apparent. A useful test for the thermal
sensitivity of gage head brackets and arms is to concentrate three or four people near
the setup for ten minutes or so, and watch for changes in readings. The effect of groups
of people can be a serious problem during the testing of a new machine when curious
visitors (often top management) are attracted to the area.

One solution to the problem of people is to separate them from the three-element
system by means of a complete enclosure. This approach is necessary when dealing
with radioactive materials. The side benefits from a thermal standpoint are quite
impressive.

Another way of relieving the beople problem is use of high-volume air circulation.
Up to three room changes per minute can be achieved under laminar flow conditions
without noticeable drafts. Convective influence under these conditions is quickly dissipated.
Radiant influence is dissipated by the scrubbing effect of the air on the part, master,
and frame,

Research for this problem is hard to suggest. Some effort might be directed
toward the possible development of an inexpensive, light-weight shop coat that would
limit the release of body heat by convection and radiation, and at the same time provide

greater comfort at 68°F. Improvements in gloves would also be welcome.
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Heat created by electrical control and hydraulic power systems.—This category

of heat source is intended to include all accessory equipment that can be removed from
the immediate proximity of the machine without major redesign. Control cabinets,
electrical power supplies, motor controllers, tape readers, computers, hydraulic
pumps, refrigeration units and heat exchangers can all be located remotely by running
extra piping and wiring. It is somewhat shocking to observe that the size and cost of
this accessory equipment for modern machine tools is beginning to exceed that of the
machine itself. Heat losses of this equipment can exceed 100 horsepower.

Opitz is concerned with the detrimental effect of these heat sources and observes
that:

"Efforts to control thermal effects errors should, first of all, begin with a

suitable design. All heat sources other than those directly connected with

the cutting process should be installed outside the work area." )

The Excello Corporafion of Detroit has taken action along these lines by specifically
recommending that large portions of the accessory equipment, including hydraulic
pumps, be placed outside the room. Reduction of noise level in the shop is a fringe
benefit, Excello has also provided 68°F temperature control on the hydraulic oil
supply, cutting fluid supply, and headstock cooling supply.

The Sundstrand Corporation, of Rockford, Illinois, is one of the first companies
to provide liquid cooling of electrical control cabinets. Prior to this development,
fans were used to blow the heat into the room and more often than not, directly on to
the machine.

All machine tool builders can provide these improvements if the customer is
willing to pay for them. There are relatively few technical problems involved. The
difficulty is that the builder must carefully explain how bad his machine will be without
such improvements, and he is often unwilling to do this.

Research is needed to provide reliable means of unloading hydraulic pumps when
there is no demand for oil. The currenf practice of using constant-volume pumps and
relief valves to regulate pressure is an engineering disgrace. The wasted pumping

power is bad enough, but the cost of re-cooling the oil by refrigeration is unacceptable.

Temperature gradients in the room environment.~Steady-~state temperature

differences caused by imperfect distribution of air or local heat sources exist to some
degree in all rooms. Their effect on the part, master, or machine frame can result
in errors of size or geometry. Granite surface plates are significantly influenced by
vertical gradients, R. V., Rahn, of Dayton, Ohio, has observed repeatable differences
of flatness of plates, depending on the time of year, and traced the differences to slight
changes in gradients. The new American Standard for surface plates will limit the
magnitude of permissable gradients according to the grade of plate.

Mottu has had considerable experience with the problem of room gradients and

believes them to be a primary source of error in metrology. Measuring machines are
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generally arranged with the master below the work table. Vertical gradients cause bias
in the measurement. Mottu holds a patent on a system for compensating for this error
by tilting the scale or lead screw corrector bar, either manually or automatically, in
accordance with measured temperatures of the part é.nd master, Provision is made for
dialing in different coefficients of expansion of the part.‘ As a result, the system is
also effective for making differential expansion corrections for uniform temperatures
other than 68°F(20°C).

Schunck44 discusses the effects of gradients in simple objects, as well as in com-
plete machine tools.

High rates of air circulation are an effective means of controlling room gradients,
The more pounds of air in circulation, the smaller the temperature difference between
inlet and outlet for the same amount of heat removal.

Loewen has long been an advocate for fans as a supplementary means of circulating
air within a room to avoid gradients. He has solved many difficult problems with this
simple approach.

Research is needed to establish meaningful national standards for room gradients.
Definitions, means of test, and instruments must be developed that will yield repeatable
results for the same environment.

Research is needed to establish better methods of calculating the true shapes of

objects having known, but non-linear, three-dimensional temperature gradients.

Temperature variation in the room environment. —Room temperature variation

affects the three-element system in a way that is not readily apparent. There would be
no consequence of temperature variation if all portions of the three-element system
had exactly the same coefficient of expansion, the same volume to surface ratio, and
the same size and shape. This is not the case in real systems. Thin sections having
small volume-to-surface ratios will respond faster than thick sections. Temperature
variation affects the length of every object in a different way. The exact description of

this influence is called Dimensional Response. It varies as a function of frequency of

temperature oscillation. The difference in response between any two objects is called

Differential Response., Differential response reaches a maximum at some particular

frequency of oscillation in a manner that is analogous to resonance in vibration work,
The magnitude of differential response between part to master, part to frame, and
master to frame determines the sensitivity that a given machining or measuring pro-
cedure will exhibit to temperature variation. Every procedure has a different sensitivity
which is dependent on the length of time that elapses between mastering and measuring
and on the frequency of oscillation., Geometrical as well as size errors can result from
temperature variation.

Sokolow, of the USSR, has calculated24 the geometric response of machine tool

hedways to temperature variation, His technique involves the breakdown of several
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portions of the cross section of the bed into individual lumps. His analysis shows that a
perfectly symmetrical bed would have no geometrical sensitivity.

Granda"z was the first to explain the exact way in which temperature variation
affects linear measurements. Most of his work was theoretical, but he conducted some
experiments on a SIP measuring machine to confirm his calculations.

Bryan and McClure42 conducted most of their investigations on this subject without
realizing the existence of Grand's work. They made use of what they call a "drift check'
to experimentally determine the effect of room temperature variation on the three-element
system. A drift check consists of recording the readings of a differential transformer
gage head introduced between the part or master and the machine frame during a repre-
sentative time period; when the machine is cold. Any change in gage head readings is
the result of the room environment. The drift check is a simple but powerful tool for
evaluating the influence of shop temperature control on machines of any size or complexity.
It can provide concrete justification for the need for improvements and can support the
effectiveness of procedural solutions, such as working at night. Drift checks are used
to evaluate the temperature variation portion of the Thermal Error Index discussed
earlier,

Bryan and McClure suggest that the following action be taken to reduce error
arising from temperature variation:

1. Shorten time between mastering and measuring.

2. Increase rate of air flow and improve its distribution.

3. Increase the frequency of temperature variation.

4. Decrease amplitude of temperature variation,

5. Redesign master and machine frame so their dimensional response is in

better balance with the part.

6. Compensate the error by means of a room temperature sensor and known

relationships to thermal drift.

Balancing of dimensional responses is one of the most practical approachs. The
use of insulation to reduce the time constants of sensitive elements is surprisingly
successful.

Manufacturers must provide dimensional response characteristics for both the
masters and frames of their machines, This can be done by means of the step response
tests developed by McClure, An unsolved problem is how to describe the characteristics
of general purpose machines when their setups change drastically.

Research is needed to develop an effective method for determining the dimensional
response of workpieces, Availability of this information with similar data for the
machine frame and master will, for the first time, permit specification of room temper-
ature variation on a rational basis. Such a capability might be built into the full scale
dialatometer mentioned as a need earlier in this paper. The only additional requirements
would be means for recording the shape of the growth curve during a step change from
one stable temperature to another.
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Better standards for room temperature control are needed. Better cooperation
with air conditioning engineers is needed to decrease the cost and increase the effec-
tiveness of future installations.

Research is needed to investigate the possibility of separate enclosure of the three

element system in a fast moving gas or liquid.

Multiple benefits of some solutions. —Separate discussion of the various sources

of thermal effects problems has shown that there is considerable overlap in the effec-
tiveness of some solutions.

McClure's techniques of prediction and compensation appear to be a workable
solution for frame distortion induced by friction as well as by room temperature
variation.

High velocity, laminar air movement should be helpful in limiting room gradients
and also in reducing soak-out time,

The philosophy of using low powered finishing machines for close tolerance work
should have advantages in controlling heat from the cutting process as well as heat
from friction.

Complete submergence in a moving liquid appears to have advantages in controlling
almost all sources of thermal error. The problem of people is eliminated. Frame
stabilization should be improved. Heat from the cutting process should be dissipated in
the moving liquid. The soak-out problem should be reduced to a minimum. The problem
of comfort at 68°F(20°C) environment is eliminated, Separation of electrical and
hydraulic power supplies from the machine is inherent. The problem of controlling
temperature gradients and variation in temperature should be a minimum in a moving

liquid.

SUMMARY

This report has outlined the scope of the thermal effects problem and suggested
some possible approaches for its solution. The need for a greater research effort is
clear. Advancements in accuracy of machine tools will be largely dependent on
advancements in this field. Thermal effects is an ideal subject for cooperative research
since there has been so little work done and there are so few proprietary interests
involved. It is an ideal subject for University research becauge of the wide range of
engineering skills required. Professors Spur of Berlin, Opitz of Aachen, Peters of
Louvain, Loxham of Cranfield, and Thal-Larsen of Berkeley have all taken the lead in
this direction by encouraging their students to do graduate work on thermal effects. It
should be safe to predict that this field will grow in importance and may eventually receive
as much attention as the problem of mechanical vibration.
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