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DESIGN AND INSTALLATION OF A HIGH PRECISION TEMPERATURE

AND INTIMATE CONTACT MONITOR FOR

EXPERIMENTAL VACUUM CHUCKS

INTRODUCTION

The purpose of this report is to describe the design criteria, design

details, and final installation of a high precision temperature and intimate

contact monitor. The system was designed to (1) sense intimate contact

between the surfaces of the specimen and the chuck, and (2) measure and

control the temperature of a specimen of metal during machining on a lathe.

The temperature of the specimen had to be measured and controlled to within

two tenths of one per cent of the given temperature. Intimate contact between

the surfaces of the chuck and specimen was necessary to produce a specimen

of precise and uniform dimensions. The system was designed to meet the

following criteria:

1. Since a specimen of metal to be machined would be held in the

chuck by vacuum, the inner surface of the specimen and the

outer surface of a male chuck must be finished to such precision

that when placed together, the two surfaces will be in intimate

contact at all points along the surfaces. The outer surface of the

specimen must also fit a female chuck under the same conditions.

2. A temperature of 100 F plus or minus 0.2 F must be maintained

throughout the specimen while either surface is machined. Speci-

men temperature will be maintained by either heating or cooling

the chuck with liquid, thermostatically regulated to the proper

temperature.

3. A positive indication of intimate contact between the surface of the

chuck and the surface of the specimen is required.

4. Temperature and contact sensing devices must do no physical

damage to the specimen or chuck face.

UNCLASSIFIED
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5. Electrical and/or fluid connections to the chuck must allow easy

assembly and disassembly.

SUMMARY

Temperature Sensing

Theoretically, to determine whether the temperature of a surface is

homogeneous, it would be necessary to make measurements at an infinite

number of points along the surface. Obviously, it would be impractical to

attempt measurement at a large number of points on the surface of the

specimen. However, if the heat sink within the chuck gave equal heat transfer

to all points on the surface of contact between the chuck and the specimen,

there would be no temperature gradients across the contact zone. The zero

gradient could be represented by a series of concentric isothermal circles

similar to contour lines around the geometric center of the contact zone.

The available space limited the practical maximum number of points

of measurement to twelve. Therefore, one sensing element was placed on

each of twelve concentric circles arbitrarily chosen at equal intervals from

the center of the surface of the chuck and its outer periphery. The elements

were arranged to become an integral part of the surface of the chuck and in

direct contact with the specimen.

In preliminary studies of temperature sensing, standardized thermo-

couples were used, but were not suitable for measuring temperature to the

required precision. Such factors as variations in the composition of thermo-

couple wire, spurious voltaic effects from impurities in the wire, and electri-

cal noise associated with the rotating contacts used to transfer the signal

voltage produced variations greater than the required tolerances. Thermocouple

aging is also as important factor in high precision measurement. A thermo-

couple often rapidly shifts in calibration and tends to become less stable

with age.

UNCLASSIFIED
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A critical evaluation of many devices for measuring temperature at

a point showed that the "thermistor" was the best sensing element for this

particular application. Among the attractive characteristics of the thermis-

tor are: (1) 'tability, which increases with age, (2) simplicity of the associ-

ated circuitry, (3) high negative temperature coefficient of resistance, which

results in a large signal change for a small change in temperature, (4) small

size, (5) inherent accuracy and repeatability, and (6) low cost.

Successful operation of the finished installation has shown that ther-

mistors are performing very well as primary sensing elements.

Intimate Contact Sensing

In this machining operation the dimensions of the specimen had to be

precisely determined. Distances from the surface of the chuck to fixed

reference points on the body of the chuck were accurately predetermined.

Distances from the fixed references to the outer surface of the specimen

being machined were measured to calculate the dimensions of the specimen.

Thus, accurate determinations of the dimensions depended on intimate -

contact between the surface of the chuck and the surface of the specimen

at all points.

Evaluation of methods to determine intimate contact led to the

adoption of electrical contacts as the primary sensing elements.

Heat Control

To maintain uniform temperature in the specimen, heated or cooled

fluid was circulated through coils embedded in the body of the chuck. The

temperature of the circulating fluid was held at the required temperature

by passing it through a controlled heat exchanger. Non-foaming turbine

grade oil was chosen as the circulating fluid.

UNCLASSIFIED
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DESCRIPTION OF SYSTEM

A simplified functional block diagram of the system for measuring

dimensions is shown in Figure 1. A similar diagram of the temperature

control system is sljown in Figure 2.

Oil from the constant-temperature bath is circulated through coils

embedded in an aluminum heat distributor case within the body of the chuck.

The specimen temperature is maintained at essentially the same tempera-

ture as the chuck by direct heat transfer, as described on page 11.

The temperature of the inner surface of the :specimen is sensed. by

the thermistor, and recorded. The silver protective well of the thermistor

is in direct contact with the specimen. The plastic potting compound around

the silver protective well holds the thermistor firmly in place, and acts as a

heat flow barrier and electrical insulator between the thermistor and the

chuck body.

The silver protective well of the thermistor is the contact sensing

device for the intimate contact monitor. As the specimen contacts the surface

of the chuck it also makes contact with the silver well and completes the

electrical circuit through the indicating light and the battery. The light

glows to indicate when contact actually exists between the specimen and

the surface of the chuck.

The mechanically operated selector switch in the recorder selects

the twelve primary sensing elements of temperature and intimate contact

one at a time and presents them in sequence to the measuring circuit.

Primary Temperature Sensing Elements

The thermistors* chosen as the temperature sensing elements are

resistors with a high negative coefficient of resistance, rather than a small

positive coefficient of resistacne as in ordinary resistors. The resistance

of thermistors decreases tremendously as the temperature rises and

increases as the temperature falls. Once properly aged the resistance of

* Victory Engineering Corporation, probe type 35 A 11.
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the thermistors is an exact and reproducible function of temperature. The

resistance variation of the 35 A 11 thermistor with temperature is non-linear

and behaves approximately according to the following empirical formula:

R0 (T) B(4--4)
= e o

R(T0)
0 0

Where R0 (T) is the resistance at absolute temperature T (unknown temperature)

R0 (T) is the resistance at absolute temperature TO (determined by the
manufacturer)

"B" is a constant (nearly) which depends on the material of which the

thermistor is made.

The value of "B" for thermistors is usually determined by measuring the

resistance at 0 degrees Centigrade and 50 degrees Centigrade. When "B"

is known the temperature coefficient of resistance at any absolute tempera-

ture "T" can be found to a very close approximation. The temperature

coefficient of resistance "a" is by definition:
dR

a = 1 dR ohms/ohm/ C and is very nearly equal to -B/T2
0

The 35 A 11 thermistor has a bead-in-glass insertion probe, with

glass envelope 1/2 inch long and 0. 100 inch in diameter. The sensitive

thermistor is about 0. 005 inch from the tip of the probe. The electrical

resistance at 25 C is 5000 ohms 20 per cent.

R O
0 =IT 007.3

0

By manipulation of the characteristic formula,

B = 3540

a. = 108 ohms/ C (approximately) at 38 C (100 F)

R0 ( 38) = 2940 ohms

UNCLASSIFIED
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Fabrication of Final Sensing Elements

Twelve thermistors were selected whose electrical characteristics

matched to within 160 ohms of each other at 100 degrees Fahrenheit. The

twelve glass probes were coated with a thin film of indum solder, then

mounted into snug-fitting pure silver protective wells with the sensitive

glass bead pressed firmly against the tip of the well. The indium solder

which melts at 130 degrees Centigrade and at this temperature adheres

tenaciously to glass and metal served to hold the silver well and thermistor

together and to improve the heat transfer between the well and the probe.

Figure 3 shows the assembly of the probe and well, and the detailed design

of the silver well. The grooves around its shank provide holding shoulders

for the potting compound when the well is installed in the chuck.

Measuring Bridge Network

Figure 5, titled "Modified Brown Temperature Recorder", is a

circuit diagram of the measuring bridge network with its output connected

to the input of a Brown recording potentiometer.

Resistances R1, R2 and R3 are bridge elements with the selected

thermistor and its series trimpot forming the fourth leg of the bridge. Two

series-connected mercury cells of 1.345 volts each supply voltage to the

bridge through a 10, 000 ohm Helipot. The Helipot acts as a bridge voltage

span adjustment and provides a ready means for standardizing the bridge

voltage.

Resistances R1, R2 and R3 are variable wire-wound resistors

with smalL .temperature coefficients of about 0.0001 per cent per degree Centi-

grade and resolutions of about 0. 8 per cent.

The use of variable resistors as bridge elements offer the distinct

advantage of high flexibility in calibration and are useful for increasing or

decreasing the span or for shifting the operating point. Figure 6 is an inner

view of the recorder with the measuring bridge at lower center of the picture.

Screw driver adjustment slots for R1,R2 and R3 are at the front left and

series trimpots 1 through 12 are at right front.
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Contact Indicating Circuit

Again referring to Figure 5, the narrow rectangle at the far lower

right of the picture represents the specimen in simultaneous contact with

the twelve silver wells. In this position the light bulb connected to the

contact arm of SW-2 will glow as the arm contacts each of the twelve points

of the switch. If for any reason the piece lifts off contact on any point the

light will go out when that point is selected.

High Impedance Recording Potentiometer

This instrument is a Minneapolis-Honeywell 12 point Brown recorder

with a. high impedance input circuit. The high impedance of the circuit

limits the loading current from the measuring bridge to acceptable limits

for accurate measurements.

Slip Ring and Brush Assembly

Lead wires are brought out from the sensing elements through a

pipe that extends from the chuck through the hollow spindle of the head stock

of the lathe. The lead wires connect to individual silver slip rings which

are mounted on a. hollow insulating molded plastic core. The molded plastic

core is press fitted to the pipe and turns with the chuck and pipe assembly.

Individual brushes contact the slip rings. The brushes are mounted on an

insulating block attached to the stationary part of a bearing, having its inner

race shrunk fit to the pipe. Lead wires from the brushes are brought out

through electrical plugs to the recorder case and connect to the measuring

bridge circuit. The slip ring and brush assembly is a. product of the Electro

Development Company of Van Nuys, California.. Figure 13 is a wiring diagram

of the slip ring and brush assembly, and shows how it interconnects with the

rest of the system.
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Heat Control System in Lathe Chuck

Figure 1 is a schematic arrangement of the heat control system which

operates as follows:

A circulating pump continuously circulates oil at about two gallons

per minute through a closed system consisting of two coils of 3/8 inch

copper tubing. One coil is submerged in a constant temperature water bath;

the other is embedded in an aluminum casting which forms the core of the

chuck. The coils in the chuck are distributed to give homogeneous heat

transfer through the outer surface of the chuck.

In determining heat transfer characteristics of the chuck it was

assumed that, under cyclic conditions, the temperature of the core would

follow the temperature of the oil in the coil with negligible phase displace-

ment but the variations in the core temperature would be of lower amplitude

than those in the coil. Close control of the temperature of the oil should

then result in close control of the temperature of the core On this basis it

was decided to use a precision controlled constant temperature bath as the

controlling heat exchanger for the system. A bath of standard manufacture

having a guaranteed control to within t 0. 5 F was chosen. Minor modifica-

tions to the control system improved this control to approximately 0. 3 F.

On the basis of our original assumption, then, the core temperature should

not vary more than 0. 15 F. Heat transfer calculations (Appendix I)

indicated that the core should be maintained at about 0.7 degrees higher

than the desired temperature, of the specimen.

Preliminary tests on the finished chuck, while using a test specimen,

show that the assumptions and resulting computations were approximately

correct.
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CALIBRATION

General

Calibration of the measuring bridge and recorder with the thermistor

elements was made by direct comparison with Bureau of Standards certified

equipment as follows:

The twelve thermistors were tied together in a bundle with a thermo-

couple (certified by U. S. N. B. S) inserted at the center of the group. The

bundle was submerged in an agitated, temperature controlled oil bath of

special design. The thermocouple electromotive force was read on a

certified null balance potentiometer while the reference junction tempera-

ture wa.s maintained at the ice point. The measured emf was converted to

temperature by reference to the tables in the National Bureau of Standards

Circular 561.

The recording system was adjusted to agree with the standard at

100 degrees Fahrenheit and to have a range span of 4 degrees (98 to 102 F).

The technique recommended by the Bureau of Standards for handling

thermocouples and other certified material was carefully observed during

the entire procedure.

Figure 7 is a picture of the system under calibration. The recorder

at right, the controlled oil bath at center, and the ice point and potentiometer

at the left. The equipment at left partially obscured by the ice point is an

ultra-sensitive galvanometer used to detect the null balance point on the

potentiometer.

Standard Thermocouple

The thermocouple employed as the standard was platinum-platinum

rhodium, certified by National Bureau of Standards on test NBS No. G-20299A.

To recheck the thermocouple prior to start of calibration and from time to

time during the calibration, a certified mercury in glass thermometer was

immersed in the bath beside the thermocouple. When the system came to
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equilibrium the two devices agreed to within 0. 1 degree Fahrenheit. A

Princo thermometer, No. 286658, certified on NBS No. 51 was used as

the check standard.

Ice Point

A Dewar flask was filled with cracked ice made from distilled water.

Sufficient distilled water was added to fill the interstices between the pieces

of ice. The junctions with the thermocouple leads were made in individual

glass test tubes containing mercury, with the thermocouple lead and the

copper lead submerged in the mercury. The test tubes were sealed in a

helium atmosphere and submerged side by side in the ice bath.

Special precautions were taken to reduce the rate of amalgamation

of the copper with the mercury to the absolute minimum by adding 0. 5 per

cent titanium to mercury and by forming an amalgam coat on the copper

prior to its insertion in the ice point mercury. The mercury was also

changed at frequent intervals during the calibration.

All parameters of the ice point were checked by measurement with

the certified potentiometer and no readable errors due to parasitic thermo-

electric and voltaic effects could be detected. Immediately before taking

readings during calibration, the ice point was mechanically agitated to assure

a uniform distribution of temperature within the point. The telescope is

used to improve the readability of the ice point thermometer. The ice point

temperature was checked by an H. J. Greene mercury in glass thermometer

certified on NBS No. 92945.

Heat Sink and Oil Bath

Figure 8 shows the design of the heat sink. The pot on a standard

solder furnace was filled with molten solder and allowed to cool until the

solder solidified. An insulating cylinder was fitted around the top of the

pot and covered by an insulated access cap. The entire assembly was set

on an insulation block and surrounded by a large cardboard box filled with

glasswool insulation.
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Electrical energy for heating the sink was supplied through a vari-

able output transformer (RVariac") which provided a means of controlling

the rate of addition of heat to the sink.

An oil bath was made using a 100 M. L. glass beaker filled with

General Electric Type XPT X ray oil. The bath was set inside the heat

sink and rested on top of the solidified solder. Heat was thus supplied to

the oil through the bottom of the beaker. A small hairpin type Nichrome;

heater was inserted into the bath from the top. The hairpin heater was

supplied with electrical energy through a. 6. 3 volt a. c. filament trans-

former, the primary of which was supplied through a separate variac to

give a variable "oltage supply for the heater. This heater was pulsed on

and off by a microswitch operating from a cam on the balance assembly

shaft of.the recorder.

The oil bath was continouosly agitated by a. glass rod stirrer

driven by a variable speed motor controlled by a flyball type governor.

All elements of the system were operated on a line regulated by a. sola

constant voltage transformer.

The main supply of heat tb.the oil.bath:w .s supplied by the heating

coil in the furnace. The coil voltage was adjusted so that heat was slowly

added to the oil to raise its temperature to the desired control point. The

voltage was then decreased until the temperature ceased to rise and slowly

drifted downward from the control point.

The hairpin heater within the bath was then energized and cycled

on and off by the microswitch on the recorder balance shaft. Its voltage

was adjusted until the temperature of the bath slowly drifted back to the

control point where it was stabilized by further adjustment of the voltage.

Approximately two hours were required to stabilize the system to the

desired temperature. Figure 9 shows the cam operated microswitch in

the recorder.
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Figure 10 pictures the recorder with a. section of a 72 hour record

showing the stability of the temperature in the oil bath. Point 3 was purposely

adjusted out of the record nest to improve the readability and make it

possible to study the variations in the temperature of the oil bath. During

this period the maximum deviation in printing was 1 minor division corre-

sponding to 0. 02 degrees Fahrenheit, which is well within the allowed

tolerances.

Null Balance Potentiometer

A Leeds and Northrup type K2 potentiometer certified on NBS No.

G-11594 was used to read the standard thermocouple in the oil bath.

INSTALLATION

The final installation of the system presented a. challenging problem

to meet the design criterion that temperature and contact sensing devices

must do no physical damage to the specimen or chuck face. A very limited

space for the installation, coupled with the need for great precision in

placement of the primary elements, demanded workmanship of the highest

order.

Holes of 3/16-inch diameter were bored through the face of the

chuck into grooves along the chuck body adjacent to the boundary between

the heating core and the chuck body. The grooves terminated in an access

hole through the chuck core to the back face of the chuck. The thermistor

wells were then placed in the holes and the wires pulled through the grooves

to a quick disconnect terminal connector on the back face of the chuck. It

was essential that the silver protective wells be electrically and thermally

insulated from the chuck. Accordingly, a surgical rubber spacer was sized

to fit snugly into the mounting hole to hold the well in place and be concentric

with the hole during the potting operation. The spacer would also function as

a dam to hold the potting compound around the well until the compound could

set. After the application and setting of the potting compound the final
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machining of the chuck was begun. During this machining the thermistor

wells and the surrounding potting compound were finished to the same contour

as the chuck face leaving an unbroken surface over the entire face of the

chuck.

The holes for mounting the sensing elements were placed in a

special pattern from the center of chuck face to its outer periphery on twelve

equally spaced imaginary concentric circles with centers coincident with the

geometric center of the chuck face. The silver wells and the holes in the

chuck were thoroughly cleaned with high grade alcohol. The wells were

precisely positioned in the holes, and potted with rigid thermosetting plastic

(No. 2 Scotch Cast).

The final machining operation removed the excess potting compound

and exposed the tip of the silver wells but left them insulated from the

chuck body.

Figure 12 is a schematic arrangement of the potted sensing element.

TESTING

The system was installed on the lathe, a test specimen placed on

the chuck and the system brought to equilibrium temperature. Environ-

mental conditions around the equipment during the test simulated those

expected during actual service. A recording of the temperature of the

test specimen as it was being machined was made to determine if it could

be maintained at the desired value.

Except for two of the twelve measured points, the temperature did

not deviate more than 0. 2 degrees Fahrenheit from the desired point.

The two points that did not fall within the limits stayed at a temperature

approximately 0.4 degrees below the desired temperature.

The contact sensing circuit revealed that the two elements were out

of contact with the work and could not be assumed to be indicating the correct

temperature.
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CONCLUSIONS

The application described is to the author's knowledge, the first of

its kind ever designed for this purpose. Data gathered from its use will be

of great value in planning high precision machining operations on metals

having high coefficients of expansion with temperature. As for future designs,

it appears almost certain that temperature and contact measurements will

continue to be required, but perhaps fewer points of measurement will be

needed to give adequate information.
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APPENDIX

HEAT TRANSFER CHARACTERISTICS OF THE CHUCK

General

Computation of the temperature gradient required across the body of

the chuck was based on some rather broad assumptions. However, only a.

"ball-park" estimate of the rate of heat transfer at equilibrium conditions

was needed. This information was used to determine the approximate

control range of the oil bath thermostats, the size of the circulating pump

and the size of the cooling coil tubing.

Assumptions

To simplify the computation, the following very general assumptions

were made. These assumptions were based on the best available data.

1. The chuck would approximate the transfer characteristics of a

hollow hemisphere with shell thickness of 2 inches.

2. The hollow portion of the sphere would contain an unlimited

heat sink in intimate contact with the inner surface of the shell.

3. Heat loss from the sink would be only through the shell of the

hemisphere to the environment around the outer surface of the

shell.

4. Heat loss would be by conduction only. Radiation losses may

be neglected.

5. Dimensions of the conducting body were assumed as shown in

the following illustration.
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Environment -,Air at 70F =.T

" -- -Conducting
- - - Shell

- -f" -" " / i

--- At
- ,, ,..".. - - - - --- Tem p T

,- A t
- - '- Temp T3

-J Axis of Rotation

ASSUMED DATA

(Estimated from best available sources)

Thickness of shell = 2 inches 1/6 ft

R2-R1= -A Radius = 2 inches = 1/6 ft4,2/R1 = ratio of Radii of conducting surfaces = 2

(hc+Ht) = combined coefficient of radiation and convection metal
to air and surroundings for rotating cast iron hemisphere

'= 1. 96 BTU/hr/ft 2 /ft

L1 = thickness of conductor in feet = 1/6 ft

T 1= temperature of surrounding air = 70 F

T2 = temperature of outer conducting surfaces = 100 F

T3 = temperature of inner conducting surface =
temperature of heat sink - to be determined
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K = coefficient of conduction through the conducting shell taken
as = 28

q = BTU/hr heat loss rate from outer conducting surface to the
air and surroundings

q" = BTU/hr heat loss rate from inner to outer conducting surface

Al = area of inner conducting surface = 0. 17 ft2

A2 = area of outer conducting surface = 0. 70 ft 2

Am = geometric mean: value of surface area of the conducting

surfaces =A7

Specific Computation:

For hemisphere rotating in air:

q = (hc+ht)(A 2 )(T 2 T1) = (1. 96)(0. 70)(100-70) ' 40 BTU/hr

At equilibrium the heat low from the outer surface must equal the heat to

be transferred from the inner conducting surface to the outer conducting

surface. Hence, q = q". For this portion of the computation the hemis-

phere is assumed to be hollow because the core is to be maintained at contant

temperature and serves only to heat the so called inner conducting surface.

K Am(T3-T 2 )
q = 40 BTU/hr; Am= /AA2 = (0.17)(. 7) = 0. 345 Ft

L

q _(28)(0. 345)(T3-100) = 40 BTU/hr

1/6

T3 = 100. 7 F

Reference: "Mechanical Engineers Handbook", 5th Edition, p. 364 (1951).
Lionel L. Marks
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