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INSTRUMENTATION FOR A PRECISION CREEP TESTING LABORATORY

BY

Joe Lundholm, Jr., Development Engineer
Oak Ridge National Laboratory

Instrument Department

ABSTRACT;

A discussion of the design of a sixteen machine precision creep

testing laboratory for determining the rate of permanent deformation

that occurs in metals subjected to stress at high temperatures is given*

Many special'problems were encountered due to the necessity of conducting

tests under high-vaouum and inert gas atmosphere, water cooling of

specially designed vacuum furnaces, and room contamination hazards*

Electric proportional controllers are used to maintain the desired

test specimen temperature by adjusting the "percentage on-time" of the

power to the furnace o Long time stability of the temperature to within

/ or - 1 Centigrade at any value up to 1000° Centigrade is obtained with

this system* A detailed analysis of the operation of this system is given.

Long time stability and long periods of uninterrupted operation up

to 10,000 hours are necessary to complete certain tests. An emergency

power supply is provided in event of power failure.



IHSTRul&KTATION FOR A PRECISION CREEP

TESTING LABORATORY,

Joe Lundholm. Jrc.

C:-.•';,-

INTRODUCTION

As engineers continue to design complex equipment to operate at high

temperatures and high stresses, the need for accurate creep testing data be

comes of greater importance. Creep is defined aa„the time rate of deformation

that occurs v/hen metals are subjected to load or stress well below the yield

point, the proportional limit, or the apparent elastic limit at high temperature.1

A creep testing laboratory is concerned with measuring the creep rate, or the

change in length versus time of a special test specimen held at a definite tempera-

ture. Vi/hen one envisages the complexities of modern equipment, it is easy to see

that unless the creep rate of the metal parts was known beforehand, close toler

ances might disappear in a few hours operation, rendering the equipment useless.

In order to obtain accurate creep testing datas it is necessary that stable

operating conditions be maintained for periods of. 1000 to 10,000 hours. Further

more, in the case of certain metals which are being investigated at the present

time, it is necessary to test them in either high vacuum or inert gas atmospheres

to prevent serious oxidation of the specimen.

Creep is an extremely temperature dependent phenomenon and significant varia

tions in rate of creep can be produced by very small differences in temperature.2

It has been stated that an increase in the temperature of 8° to 12° Centigrade

may double the creep rate in certain metals.3 Furthermore, anisotropic type of

crystal structures in metals may display permanent dimensional changes due to tem

perature cycling alone. This means that temperature control continues to be one
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of the main problems in the design of a creep testing laboratory.

DESIGN SPECIFICATIONS OF TEE LABORATORY

The general design specifications of the creep testing laboratory centered

around sixteen testing machines, eight of which were to be equipped with vacuum

furnaces to operate at 0ol micron pressure or lower and at temperatures up to

1000 C; six inert gas atmosphere furnaces to operate at temperatures up to 1000°C;

and two standard tube furnaces to operate up to 1000°C. East testing machine and

associated furnace has its own temperature recorder-controller with thermocouple

fail-safe protection. All control and recording instruments are mounted in a cen

tral control panelboard as shown in Figure 1.

Four thermocouples are wired to the surface of each test specimen, three of

which are used for checking the temperature gradient across the test specimen, and

one for the temperature controller.

In order to monitor the 64 chromel-alumel thermocouples a 75 point precision

indicator is used. A 12 point strip-chart temperature recorder is used to con

tinuously monitor a selected group of the thermocouples. A special plug system is

used with flexible leads to enable one to choose any .twelve couples in the precision

indicator to be recorded. The recorder is used mainly for checking on temperature

gradients in the furnaces and to facilitate shunting the furnace if a temperature

gradient exists.

Special thermocouple plug panels are installed at each testing machine to

facilitate installation of the furnace assembly. They consist of four two pole

receptables mounted in a single outlet box cover. All the metal parts of the plugs

and receptables are made of thermoelectric material to match that of the thermo

couples being used. This tends to eliminate all sources of extraneous thermal

emf•s.

Small special panels were also fabricated to facilitate the installation and

removal of the two vacuum thermocouple gages and the one Philips ion gage for the
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vacuum system. All vacuum gages are monitored from the central control panel-

board along with the control of the mechanical and VMF-80 oil diffusion pumps.

An emergency automatic starting 20 kilowatt motor-generator set is provided

in case of a power failure which would ruin the tests. A power failure would not

only cause a serious temperature fluctuation, but failure of the mechanical vacuum

pumps could result in cracking the diffusion pump oil and also in oxidation of the

test specimen.

Figure 2 shows a view of the six inert gas atmosphere units. Figure 3 shows

the high-vacuum furnace units. Figure 4 is a disassembled view of the special

furnace which is used for both the high vacuum and inert gas tests. It shows

the bellows which allow the pull rods to move as the specimen elongates during

the test, the rubber sealing glands for the thermocouples, the thermocouples

wired to both a flat strip and a round test specimen, radiation shields on the

pull rods, water cooled ends and windovports, and the ten taps on the furnace

windings.

SPECIMEN TEMPERATURE MEASUREMENT

The design requirements call for four thermocouples to be wired to the sur

face of the test specimen as shown in Figure 4. At the present time, specially

calibrated 20 gage chromel-alumel thermocouples are being employed.

Three of the thermocouples are for determining the temperature gradient across

the length of the test specimen. These thermocouples are wired on the surface at

the top, middle, and bottom of the test specimen. It is desired to maintain these

three temperatures within 1° Centigrade of each other. The furnaces are all

specially wound with spaced windings which provide extra turns at the ends to

compensate for the additional end heat losses. This materially aids in provid

ing a uniform temperature over the entire length of the tube furnace. The

furnaces are also tapped at ten points for adding external shunts which are used

to provide additional control over the temperature gradient when necessary.



Since both the vacuum and inert gas atmosphere furnaces consist of a 2^ x

l/8" wall stainless steel tube placed inside the Alundum tube which holds the

windings, it has been found that the temperature gradient across the length of

the test specimen is already well within the desired 1 C. limit. This is due to

the stainless steel and Alundum tube tending to even out the temperature gradients.

Consequently, the external shunts are seldom needed on these furnaces.

The fourth thermocouple is also wired on the surface at the center of the test

specimen and is used for control purposes only. It is connected to one of the

sixteen temperature recorder-controllers. This also provides continuous monitoring

of the specimen temperature. Since the electric proportional controllers are

equipped with automatic reset or droop correction the specimen temperature should

stay at the set value for long periods of time, barring a shift in thermocouple

calibration, thermocouple failure, or instrument failure.

The selection of the proper type of thermocouple was given considerable

thought. Upon disassembling the vacuum furnace after an initial test run using

chromel-alumel thermocouples, all the parts showed a coating of metal. This was

the result of high temperature (800° C.) and high.vacuum (0.1 micron) which

allowed various alloy materials to literally "boil off" or vaporize out of the

metal parts in the furnace, possibly including the thermocouple materials.

Subsequent tests with both chromel and alumel spirals in a partially enclosed

quartz tube placed inside the furnace at various temperatures have shown that

aluminum may vaporize from the alumel wire at around 750 to 800 C. and it appears

that manganese is evaporating from the chromel wire. In the case of chromel the

quartz tube was clear except at each end where the tube entered the cooler zone of

the furnace and at that point a ring of manganese colored material was deposited.

In the case of alumel the quartz tube had a heavy plating of what was thought to

be aluminum on the inside. In both cases, the amount of deposited metal was too

small to obtain a definite ohemioal analysis of its composition.
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To determine if this was affecting the calibration of the ehromel-alumel

thermocouples, tests were conducted with iron-constantan, chrome1-alumel, and

platinum 10% rhodium~platinum thermocouples wired to the surface of the specimen

and a chromel°alumel thermocouple placed in a stainless steel well exposed to the

open atmosphere. Tests of 100 hours each at five different temperatures up to

800 Co showed no definite change in calibration of any of the various thermocoup

les. It appears that one type of thermocouple is as good as the other0

Recent tests have shown that the alloy constituents of the stainless steel

tube of the vacuum furnace itself will vaporize and coat the quartz tube without

any thermoelectric materials in the furnace at temperatures above 800° C. Even

this does not appear to be affecting the temperature-emf properties of the ther-

mocouple s •

Although no shift in the calibration of the iron-constantan thermocouples

was found, it appears that the manganese in the constantan and other controlled

impurities in the iron wire could likewise vaporize under the test conditions.

Furthermore, platinum thermocouples are notorious for their tendency to alloy with

extraneous metallic vapors,, thereby considerably changing their calibration. These

phenomena might be particularly bad in a high-vacuum atmosphere although present

tests have shown no definite shift in calibration.

Tests are being continued to see if any definite change in the calibration

of the three types of thermocouples is occuring and to what degree.

At the present, chrome1-alumel thermocouples are being used and are serving

satisfactorily. Tests indicate that the variation in calibration of these oouples

is in the order of 2° to 3 C. over long periods of time. This is a matter of a

shift in the calibration and not the initial absolute accuracy.

To achieve initial absolute accuracy of the thermocouples, it is necessary

to compare the calibration of the wire being used with known accuracy material.



For these checks, special 8 gage chromel-alumel wire pairs as supplied by the

National Bureau of Standards are used. This wire has a stated accuracy of / or - 2

degree Centigrade arid the errors In our calibration amount to approximately one

degree. Thus, the initial absolute accuracy of the chromel-alumel thermocouple

is probably /or - 2.5° C. for temperatures up to 1000° C. For greater accuracy

below 500° -C. it would be possible to calibrate the couples with a platinum re

sistance thermometer. This is considered unnecessary at the present time as it

is felt that other errors such as the shift in calibration during long time tests

are in the order of a few degrees Centigrade.

MEASUREMENT OF CREEP RATE

At the present time, the optical method of measuring the extension of the

specimen is being usedo With this method, a measuring microscope with a bifilar

eyepiece is employed to view specially marked platinum strips which are wired to

the test specimen. In order to view the test specimen with the platinum strips,

it is necessary to provide two viewing windows placed on diametrically opposite

sides of the furnace. It is often desired to view two sets of strips from opposite

sides of the specimen to determine if the load on the specimen is producing straight-

line motion and not bending the specimen.

With this method, and the existing microscope, a sensitivity of 50 "microinohes

is being obtained. With the three inch long specimen, this amounts to 17 micro-

inches per incho

A rule of thumb is that the maximum sensitivity of the creep measuring apparatus

be comparable to the magnitude of the thermal expansion effects produced by tem

perature variations of the specimen. This effect in many materials amounts to 10

to 20 microinches per inch per degree Centigrade.

A development program is being initiated to design a recording extensometer

to eliminate the necessity of having an operator spend considerable time each day

to "read" the platinum strips. This is also desirous in that it would give
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additional information on creep phenomenon such^as momentary high rates of creep.

It also would allow one to correlate sudden changes in creep rates with tem

perature flucuations, etc. It appears that this is a rather formidable project

considering the fact that both extreme sensitivity and long time stability are

needed. A unit utilizing strain gages, linear differential transformers, or

variable capacitance between two plates or concentric cylinders is being considered.

The problem is further complicated in this case due to the necessity of either

inserting the equipment inside a cooler zone of the vacuum furnace, or transmitting

the mechanical motion through bellows to the outside of the furnace. The latter

method is probably impractical because of the accuracy of measurement desired.

SELECTION OF TEMPERATURE CONTROL EQUIPMENT
i " • i ii i

The initial design specification on quality of temperature control were, of

oourse, dependent on testing available industrial controllers to determine their

capabilities. Initial tests and subsequent rechecks have shown this to be in the

order of / or - 1°C. over long periods of time with an instrument span of 0 to
o 4

1000 C using chromel-alumel thermocouples.

Due to the design of the special vacuum and inert gas atmosphere furnaces,

which require water-cooling of the furnace ends to protect "0" ring seals, bellows,

thermocouple entrance seals, etc., it was desired that the control thennocouple be

wired directly to the surface of the test specimen rather than being placed near

the windings. In any case, placing the control thermocouple on the specimen is

better, since the temperature of the windings are never the same as the specimen;

thus, requiring a correction factor in determining the set point. Obviously, this

will necessitate the use of a proportional controller to eliminate the hunting or

cycling produced by a simple "On-Off" controller.

The lags to be expected in the measurement of temperature of the specimen in

the vacuum were considered; especially, since the only means of transferring heat

in a vacuum is by radiation. Furthermore, it was necessary to not only transfer



the heat through an Alundum tube but through a stainless steel tube which is the

actual vacuum chamber. Unfortunately, stainless steel has both a high specific

heat and a low thermal conductivity.

Tests showed that at temperatures above 500° C the lags were quite small, but

as the control temperature approached 200° C, the lags were of great enough magni

tude to approach the limits of adjustment of the controller. Specifically, the

reset rate or rate of droop correction was too fast with the controllers which

were used. In a few cases, it has been necessary to remove the automatic reset

and adjust it manually. A general statement may be made that higher temperatures

are more easily controlled due to better heat transfer and the resultant reduction

in time lags in the system.

The result of this study showed that there existed three principal types

of proportional controllers equipped with automatic reset or droop correction

capable of controlling electric furnaces. These are as follows;

1. "Percentage on-time" type known by such names as

Duration Adjusting Type, Electropulse, Putmo, etc.

2. Electric or pneumatic actuated Variac or Powerstat

unito

3. Saturable reactor type.

The accuracy of the temperature measurement would be identical in all cases

if a similar type recorder-controller with calibrated thermocouples was used.

All three types of controllers were tested. In all cases, strip-chart recorder-

controllers were used in order to achieve maximum readability of the record.

The "percentage on-time" type controller achieves control by pulsing the

power to the furnace achieving proportional control by varying the "percentage

on-time". It requires only a standard power oontactor or relay as the control

element. It is available as a completely electric type controller. Results showed

control to / or - 1° C. with an instrument span of 0 to 1000° C.
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The electric driven or pneumatic actuated Variae or Powerstat control system

achieves control by adjusting the .furnace input voltage to the value necessary

to maintain the desired temperature. Both the electric and pneumatic system were

tested and the control results obtained were identical. The cost of the electric

type control unit with strip-chart recorder, control unit, electric drive unit,

and Variac is practically the same as the strip-chart pneumatic controller with

a commercially available pneumatic actuated Variac or Powerstat unit.

One drawback to the latter system is the step-action of the Variac or

Powerstat caused by the convolutions in their windings. This control element has

a minimum voltage change of .25 to .5 volt depending on the type. The second

drawback is the non-linearity of the control unit when one considers the power in

put versus position of the Variac. This results because power is proportional to

the square of the voltage. This is not a serious disadvantage but should at least

be considered. While the control is almost as good as that obtained with the

"percentage on-time" types it appears to be continually cycling over at least / or -

1 S. as the Variac hunts between adjacent convolutions. The "percentage on-time" type

merely displays long time drifts of the same magnitude. Since a minimum of cycling

is desired, this would tend to rule out the Variac unit in this case.

The saturable reactor unit achieves control by a varying impedance (the

•saturable reactor) which is placed in series with the furnace windings. The im

pedance of the reactor is varied by changing the magnetic saturation of the iron

circuit in the reactor. By controlling a few watts of d-c saturating current,

a few kilowatts of a-c power may be controlled. The complete unit consisting of

the recorder-controller, electric reset or droop correction unit, Reactrol panel

for supplying the d-c saturating current and the appropriate saturable reactor is

considerably more complex than the other two types of controllers. It has the

disadvantage of requiring that the saturable reactor be correctly matched to the

particular furnace. It is also considerably more costly. The control results



obtained with the unit are comparable to that obtained with the "percentage on-

time" type.

The "percentage on-time" type controller was chosen after considering the

factors of quality of control, dependability, and cost. As mentioned previously,

closeness of control was as good or better than the other two types. The only critical

item in the control unit is one vacuum tube. Furthermore, there is no air supply

problem. On a cost comparison based on the use of strip chart recorders, the

Variac type is 25% more costly than the "percentage on-time" type and the saturable

reactor type is 50% more costly.

It should be stated that there are two types of furnaces for which the

"percentage on-time" type of unit is not particularly well suited. One is a very

small furnace with little insulation which means that the effective time constant

of the furnace is very small. This furnace cannot tolerate the on-off periods

of this type controller and one of the other types which provide continuous power

input should be used. The second type of furnace is the very large type where it

is not advisable to be continually loading and unloading the building distribution

system which might cause trouble to other research projects. In this case, the

saturable reactor type is best suited for handling these large loads.

OPERATION OF "PERCENTAGE ON-TIME" TYPE ELECTRIC PROPORTIONAL CONTROLLER

The "percentage on-time" type of control unit achieves proportional control

by pulsing the power to the furnace, say 5 seconds "on" and 5 seconds "off" which

is 50/o "on-time", or 6 seconds "on" and 4 seconds "off" which represents 60%

"on-time".

A furnace can be represented in electrical terms as shown in Figure 4..where

C-^ represents the thermal mass (mass x specific heat) or capacity of the windings

and the Alundum tube which holds the windings, Cg the thermal mass of the specimen

or furnace charge, Rg the resistance to the transfer of heat to the specimen,
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R3 and R4 the heat losses through the insulation from the vdndings and through the

ends of the furnace from the specimen.

With reference to Figure 5 , it can be seen that this represents a filter net

work for obtaining smooth d-c from half-or full-wave rectification. It is also

known as a second-order system. Furthermore, the effective time-constant of the

usual furnace is such that one oan tolerate on and off periods of five seconds

to as much as sixty seconds'without seeing a fluctuation of temperature at the

specimen.

This is possible only with at least a second or higher order system* ' With

a first order system, which would be equivalent to placing the thermocouple

directly on the vdndings, it would be impossible to eliminate the effects of on-

off action. Consequently, this system works best with the control thermocouple

placed directly on the test specimen.

In order to explain the operation of this electric control unit as to how pro

portional action, droop correction, and impulse rate are obtained, it will best

be seen by analyzing a series of three drawings*..

With reference to Figure 6, it is obvious that this is an ordinary '.Vheatstone

bridge circuit, fed with an a-c source, and using an a-c detector which will only

actuate the contactor if the bridge is unbalanced in the correct direction. In

other words the a-c detector is phase-sensitive* A control slidewire is used to

provide the electrical signal indicating whether the temperature departure is above

or below the set point and the extent of the departure. The contrpl slidewire is

attached to the same shaft as the measuring circuit" slidewire. The resistors are

all manganin (zero-temperature coefficient wire). This unit will provide ordinary,

non-proportional on-off control and the temperature will cycle (overshoot and under

shoot) as is characteristic of any on-off controller* The maiii thing to notice is

that if the temperature drops, the bridge is unbalanced due to the contact shifting

on the control slidewire and unbalancing the bridge in the correct", direction to



actuate the power contactor. .Then the temperature reaches the correct value, and

not until then, will the contactor be opened. Naturally, the stored heat in the

windings will cause the temperature of the specimen to continue to rise above the

desired value.

The next figure, Figure 7, is the same bridge circuit but with resistor Rg

replaced with a nickel resistor wound intimately with a small five watt heater.

The heater is energized whenever the power is applied to the furnace. The cooling

and heating of the nickel resistor will be sufficient to unbalance and balance

the Wheatstone bridge. To show how this bridge, Figure?, provides proportional

control only, it is necessary to keep in mind the exponential heating and cooling

curves of the resistor-heater assembly which is shown in Figured . Figure-3 shows

now the temperature at which R operates determines the "percentage on-time".
"3

Assume that the furnace is operating with 50% on-time at the set point when a

drop in line voltage causes the temperature of the furnace to fall. This will

cause leg R of the bridge to have more resistance than R , unbalancing the
JL

bridge in the direction to actuate the furnace contactor. The furnace will con

tinue to heat until the resistor-heater unit R is heated to have sufficient re-
3

sistance to balance the bridge /?.-, - R5\. To maintain this higher temperature, m
\RT~-R4/

R , a greater "percentage on-time" will be required, say 60/i. 3y varying the pro-
o

portions! band adjustment which consists of a variable shunt on the control slide-

wire, any percentage proportional band may be obtained. As is the case with a pro

portional controller., the temperature will droop or be displaced from the set

point due to a sustained load change or drop in line voltage. This may be corrected

by malting resistor A^ variable, thus, providing manual droop correction or reset.

This nay be seen by the fact that as R4 is increased, R3 must heat to an even

higher temperature to maintain the bridge in balance. Thus, by slowing manually

increasing the "percentage on-time" of the power to the furnace, the temperature

will eventually be brought back to the set point.
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In Figure 9 , R4 is now also made of nickel with a five watt heater and pro

vides automatic droop correction. This resistor-heater assembly (R4) is of the

same physical dimension as R but wound on a solid steel slug instead of a thin-
o

walled, hollow brass tube as is R^.

The operation of the two resistor-heater units is equivalent to the two

bellows used in a pneumatic controller to achieve automatic reset, where one tends

to either "chase" the other up or down to increase or decrease the value of the

controlled variable.

If a line voltage change causes the temperature of the test specimen to drop,

the bridge is unbalanced /R]_> l\ , the furnace contactors is actuated, and Rg will
1^2 / / \increase in value to balance the bridge. /R]_ * R3A The unit will now pulse at

some greater "percentage on-time". Due to the steel core, R^ will heat very slow

ly but as its temperature rises, R, must continue to stay ahead to maintain the

ratio /R3>i). The continuing increase in the "percentage on-time" will continue

until the specimen temperature is again at the set point.

The mass of R4 unit determines the reset rate, or how fast it is capable of

"chasing" R,» Since it is difficult to vary the mass, it is more simple to build
o "

a bridge with two sets of resistor-heater assemblies, in one case R^ has a solid

steel core and the other one,R. is a hollow-brass tube. Two ganged rheostats

allow one to obtain various reset rates by utilizing a weighted average of the

two units. Adjustment of proportional band is accomplished by varying the shunt

on the control slidewire. Impulse rate is adjusted by varying the sensitivity

of the a-c electronic phase-sensitive amplifier. Figure 10 is a schematic drawing

of the complete unit. Figure 11 shows the 100 ohm control slidewire and limit

switches of the electric controller. Figure 12 is a back-view of the electric

control unit showing the four resistor-heater assemblies. PF and DF are the pro

portional and droop units associated with fast droop and PS and DS are the units

used for the slow rate of droop correction*
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Control switches L and L. are for two purposes. One, to apply full power

to the furnace should the temperature drop one-half inch below the set point.

Second, to maintain full power on heat-up till the temperature is within one-

quarter inch of the set-point, ^uring the long heating period of the furnace, the

resistor-heater assemblies of the control bridge will have reached their limit tem

perature. Consequently, upon initially arriving at the set point the unit would

operate with 100% on-time. Since in many cases this is not desiredt it would be

advantageous if one could select the initial "percentage on-time". This is accom

plished by limiting the maximum temperature of the heavy base droop correction re

sistor-heater assemblies by inserting a rheostat in series with the heaters cali

brated in percentage on-time. The rheostat is shorted out after the temperature

arrives within ^" of the set point by L and L contacts. After that, the droop

correction control action will adjust the temperature of these units to the value

which will provide the correct percentage on-time to maintain the temperature at

the set point. Contact L is a safety contact set to open one-quarter inch above
£.1

the set point. This opens both the control contactor and a second safety contactor

in case the control contactor is stucko

SELECT lull OF CONTROL CONTACTORS

In the case of the "percentage on-time" type of temperature controller, the

final control element is a standard contactor or relay capable of handling the

heavy furnace current. In all cases, two contactors wired in series are used as a

safety measure. With the use of the over-temperature safety contact L , the con-

troller will provide non-proportional on-off control at a point if" above the set

pointo

All dual contactor units in use at the present time are of the enclosed

mercury type rated at 30 amperes, 115 volts, 60 cycles and 20 amperes, 230 volts,

60 cycleso
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No failures have occured in the sixteen sets installed in the creep laboratory,

although out of a number of additional units installed in the Laboratory, a con

siderable number of failures have occurred. The manufacturer has assured us that

this was the result of a bad lot in manufacturing.

It has been found that the mercury type relays are desirable due to their

silent operation.

CONCLUSION

The creep testing laboratory has been in operation a sufficient length of

time to show that the design, as discussed in this paper, has been a sound one.

No trouble has been experienced with the instrumentation as far as component

failures or the inability to measure or control to the desired limits. It has been

necessary to resort to manual reset or droop correction at low temperatures in the

vacuum furnaces due to the long time lags. The resultant temperature control still

appears to be within 1 C. No conclusive data is yet available that would show a

definite change in the calibration of the chromel-alumel thermocouples, even though

they are working at both high temperature and high vacuum.
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FIG. 3 VIEW OF HIGH-VACUUM FURNACE UNITS



FIG. 4 DISASSEMBLED VIEW OF VACUUM AND INERT GAS ATMOSPHERE

FURNACE SHOWING THERMOCOUPLES WIRED TO TEST SPECIMEN
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FIG. 6 SIMPLE wON-OFF" CONTROLLER
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FIG. 7 PROPORTIONAL "PERCENTAGE ON-TIME'' TYPE CONTROLLER
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FIG. 9 ^PERCENTAGE ON-TIME" TYPE CONTROLLER

WITH PROPORTIONAL AND RESET ACTION
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FIG. 10 COMPLETE CIRCUIT OF ^PERCENTAGE ON-TIME"

TYPE CONTROLLER
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FIG. II VIEW OF CONTROL SLIDEWIRE AND CONTROL SWITCHES
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FIG. 12 BACK VIEW OF "PE RCE NTAG E ON-TIME"

TYPE CONTROL UNIT SHOWING THE FOUR

RESISTOR-HEATER ASSEMBLIES
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