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FOREWORD

This report was prepared by Cornell Aeronautical Laboratory, Inc.,
Buffalo, New York under USAF Contract No. AF-33(657)-8745. The
program was monitored by Mr. W. E. Alexander, AF Flight Dynamics
Laboratory, Research and Technology Division, Wright-Patterson Air
Force Base, Ohio. The studies were started on June 11, 1962 and were
completed on July 31, 1963.

At Cornell Aeronautical Laboratory, Inc., Gerald A. Sterbutzel was
the project leader. John R. Shoemaker conducted the experimental tests
and made significant contributions in probe sensor de sign and fabrication
techniques. Robert C. MacArthur and Henry M. Korytkowski designed and
developed the electronic part of the system. Franklin A. Vassallo per-
formed the necessary analytical work and W. R. Brown was consulted in
the materials field.



ABSTRACT

This report describes the design, development and evaluation of a
probe system with which instantaneous temperatures can be measured on
a variety of surfaces heated by radiation. It discusses a 1000°F system,
its methods of operation and its performance characteristics. It shows
that the 1000°F probe operates on a variety of materials with an accuracy
generally better than 3/8 percent and with a time constant of the order of
0.1 seconds. A comparison of the performance of permanent surface
thermocouple installations using iron-constantan, chromel-constantan and
chromel-alumel thermocouples, various thermocouple wite sizes, orient-
ations, rates of heating and surface materials was made with the 1000°F
probe performance. In almost every case, the accuracy of the probe was
better than the accuracy of permanent surface thermocouple installation.
The design of a probe system believed to be feasible for extending the
range of operation to 3000°F is presented. The report also includes detailed
information on the development of the sensor, fabrication of a probe, and a
discussion of thermocouple attachment methods to non-metallic surfaces.

This technical documentary report has been reviewed and is approved.

Wit

W. A. Sloan, Ar.
Colonel, USAF, Structures Division
Air Force Flight Dynamics Laboratory

iii



TABLE OF CONTENTS

Section Page
I INTRODUGCTION « i « » & % # % % 2 = 2 o = % & & & 1
1I THE BASIC APPROACH ., . . &+« ¢ « & & & « o s &« & 3

ITI THE 1000°F SYSTEM - DESIGN OPERATION AND
PERFORMANCE . ] i A i 5
A, Design of the 1000°F System 5

1. Probé . . . .« & & & % % % & @ @ @ &0 @ & 6
2. D.C. Amplifier . . . . . 7
3. Power Amplifier o e eh @ B OB O OE OB W W 7
4, D.C. Power . . « o o & « o o o s o s o = 10
5. Temperature Read-Out . . . . . . . . . . . 10
6. Auxiliary Equipment . . . . . . . . . . . . 10
B. Operation of the System . . . . . . . . . . . . . 13
C. Performance Characteristics . . . . . . . . . . . 15
1. Summary TN R EE EE R EEEEE RS -
2. Accuracy S e W e E R eSSBS e e 8 B8

a, ANumineme & & @ @ & & © @ ® ® ® & = = 0
b. Magnesigm .« « o o o » » » o « = = = = 18
c. HotRolledSteel . . . . « « « « « +« « « 19
d: StalnlesaSteel v + v v W W w @ © ®© 8w & 5 28
@ THADIED o o o« @ = & & & & # &% € & « « &)
£ Non=Metal® : + ¢ & & o & &« & &« s & » | B&

Response TIthe: . « « « « = o & ¢« s« = s & 3 &8
ProbeOrientation & s & v s s » s & % sss o 26
5. Shadowdng « « » « & % % % % « v & w & s = S

v COMPARISON OF PROBE AND SURFACE THERMOCOUPLE
PERFORMANGCE v+ « ¢« ¢ o & € % & & @« & & & = w » 33
Ty COHcIBIONE » « x wcw £ = = = & % % 3 & % % 33
2. Test Configurations R R R R R 33

iv



TABLE OF CONTENTS (Cont. )

Section
3. Effect of Heating Rate . . . . . ., . . . .
4. The Effect of Wire Size
5. Effect on Various Materials " T
a. Aluminum E H @ s wm o oo e @ % b @
b. Stainless Steel . . . . ., . ., . . . s
c. Titanium . ., ., ., ., , , ., . . . .
d. Magnesium . . . . ., ., |
e. Non-Metals . . . . . . ., . . . . . :
6. The Effect of Orientation . ., . . . -
v A 3000°F SURFACE TEMPERATURE MEASURING PROBE
1. The Sensor v w o w u
2. The Power Amplifier . . . . . . . o e W %
VI BIBLIOGRAPHY . « « & & % s & o + . & 8 @ & g
Appendix
A DEVELOPMENT OF THE SENSOR . . . S

B FABRICATION PROCEDURE . ., . . . o i e e
C ATTACHMENT OF THERMOCOUPLES TO NON-METALS

TABLES OF DATA . . .

Page
35
36
37
37
38
41
42
43
44

46
46
50

51

52
66
70

73



Figure

N o e W

10
11
12
13
14
15
16
17
18
19

20
21

22
23

24
25
26

LIST OF ILLUSTRATIONS

Temperature Sensor

Block Diagram of the System
The 1000°F System

Surface Temperature Probe
1000°F Probe Sensor

Power Amplifier

Test of 36 Gage Chromel-Alumel Surface Thermocouple

on Stainless Steel

Experimental Test Equipment .

Transient Tests on Aluminum . . . .
Steady State Tests on Aluminum
Performance on Anodized Aluminum
Intermittent Transient Tests on Magnesium
Steady State Tests on Magnesium

Probe Accuracy on Hot Rolled Steel

Probe Accuracy on Stainless Steel

Steady State Performance on Stainless Steel . .
Intermittent Transient Tests on Titanium
Steady State Performance on Titanium

Intermittent Transient Tests on Fiberglas Laminate
of CTL Resin . . . . .

Performance Tests on Lava. . . . . . .

Results of Response Tests on Constant Temperature
Sufface . 5 & & 5 8 B ¥ ¥ & % @ ¥ & & @

Comparison of Time Constant Equation with Data

Response of Surface Temperature Probe to a
Severe Ramp Rise . . . . . . . .+ .+ .« .

Graphical Corrections for Time Lag . . .
Probe Operated Against Vertical Plate . .

Orientation Tests on Stainless Steel & W W W

vi

Page

L 0 N o~ W\

22
23

24
25

27
28
29
30



Figure
27
28
29
30
31
32
33
34
35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

LIST OF ILLUSTRATIONS (Cont.)

Orientation Tests on Aluminum . . .
Orientation Tests on Hot Rolled Steel
Orientation Tests on Stainless Steel

Effect of Shadowing on Stainless Steel .
Shadowing Effects on Plastics . . . .
Surface Thermocouple Installation . . . . .
Effect of Rate of Heating

Effect of Wire Size . . .

Performance of Various 36 Gage Thermocouples
ONATRRINUIR. 5 5 % 5 5 % 8 5 @& » w ‘e o @

Comparative Tests on Stainless Steel .

Tests on Stainless Steel

Transient Test on Stainless Steel

Comparative Tests on Titanium

Comparative Tests on Magnesium . . . . . .
Comparative Tests on Plastics

Effect of Orientation on Aluminum . . . . .
Effect of Orientation on Stainless Steel . . . .
Output of Various Thermocouples ., .

3000°F Probe Sensor

Power Requirements of Heater . . . . ., . . .
Voltage Characteristics of the Controller

Heater Response vs Power

Temperature Response of the Surface Probe System
Surface Temperature Probe Model 1 . . . . . .
Intermediate Sensor Design .

BEDHOE . « o % % % o5 B3 8 & 5 %

Sensor Support . . . ., . ., . . . . . . .

Probe Response Data

Page
30
30
31
32
32
34
36
37

38
38
39
40
41
42
43
44
45
47
49
54
55
56
58
59
60
61
61
62



LIST OF ILLUSTRATIONS (Cont.)

Figure Page
55 Continuous Contact on Aluminum g = T o E B R Em b 63
56 Effect of Shield on Reflective Heating . . . . . . . . . . b4
57 Sengor Support & o o @ W w @ e & @ @ @ ow e w e v 66
58 Hostes TRatalIation o v = w w w o o w & & @ & & € % @ 1066
59 SERBOT o o o o o o o & & @ & @ % % & @ ¥ 8 & e % e 68
60 Baweeer. = - s e e e s PEERER PR EEY A 5B

viii



I. INTRODUCTION

The development of advanced flight vehicles has continuously
introduced aerodynamic heating problems of ever-increasing severity.
Inherent with aerodynamic heating problems are those of structural
design which must take into account the complex effects of materials
deterioration and of thermal stresses. It is imperative that important
structural configurations be heated in 2 manner simulating typical
aerodynamic heating flight paths in order that their structural integrity
may be studied. In carrying out such studies it has been found most
convenient to heat typical structures using radiation devices. Further,
it has been found most convenient in making temperature measurements
on such structures to attach thermocouples to the surface of the heated
object. Because perturbations of varying intensity may be caused by
the attachment of such external instrumentation, it was considered
highly desirable to develop a device which would be capable of measuring
the true surface temperature at any point being so heated and which would
not have the usual distortions generated by permanent installations. It
was considered very advantageous to have a device which could be used
intermittently to monitor areas where no permanent installations were
available, to monitor the performance of permanent installations, or to
replace a normal installation when it became defective in operation. In
setting up the requirements which were needed for such a system, the
characteristics listed below were set as a goal:

1. A capability of being operable from ambient to 1000°F,
with the potential of extension to 3000°F.

2. An accuracy of 3/8 percent below 1000°F and 1/2 percent
above this temperature.

3. A capability of following ramp-rise rates to 150°F per
second.

4, Applicable for use on aluminum, steel, nickel, titanium,
magnesium, various alloys of these metals, and certain
non-metallic materials.

5. Readily portable.

(Manuscript released by the authors July 1963 for publication as an RTD
Technical Documentary Report.)



6. Not require any modification of the monitored surface,
or cause a modification of the surface.

7. Not require access to surfaces other than the one exposed
to thermal radiation.

8. Cause negligible shadowing of the thermal radiation from the
heaters to the surface.

9. Withstand normal strains of operation and other conditions
incident to shipping, storage, installation, and service
without failure.

10. Operate satisfactorily at all humidities up to and including
100 percent.

11. Be capable of accurate operation in any orientation.
12. Have good reliability.

13. Operate using 110 to 120 volts a.c. 60 cycle single phase or
24 volts d.c.

In attacking a problem of this nature, a variety of approaches were
considered. Optical techniques were eliminated because of the practical
inability to know the surface characteristics of the material under all
conditions and because of the problem of resolution to very minute areas.
Preliminary analysis indicated that a probe which touches the surface and
which has an extremely small tip was the most practical approach.

An instrument which operates on this contact principle has been
developed to meet most of the prescribed goals outlined above without
calibration. The details of the research and development program which
was required to accomplish this end are presented in this report.



II. THE BASIC APPROACH

The measurement of surface temperature is extremely difficult
because there are errors which are not easily controlled in almost every
system. For example, in systems which use thermocouples attached to
the surface under radiant heating, lead wires coming from the thermo-
couple junction tend to conduct heat away from or to the surface at the
point of measurement resulting in errors in the temperature measured.

If these lead wires are large, the errors tend to be large. If they are
minute, the errors are reduced. Important also is the contact to the
surface. Those thermocouples which are welded to the surface and inti-
mately attached tend to read more accurately than those relatively loosely
attached. Under conditions of radiant heat transfer, in order to have a
correct reading at the surface, the materials from which the thermocouples
are made need to have the same radiation characteristics as those of the
surface to which it is attached. This is often difficult to achieve. The
combination of effects tends to eliminate any easy approach to a solution of
the problem.

One method utilized at CAL in 1949 eliminated most of these objections
but was cumbersome to operate. This was known as the "heated thermocouple. "
In its operation, an estimate was made of the temperature of the surface which
was to be measured. A thermocouple unit with its lead wires heated by an
external heater was then brought to the estimated surface temperature.
Immediately upon contact of this thermocouple with the surface, any temper-
ature unbalance was indicated by deflection of a galvanometer. By suitably
adjusting the power to the heater, and recontacting the surface, the amount
of temperature unbalance was reduced. By tedious multiple attempts to achieve
negligible temperature unbalance, a temperature reading of high precision
could be obtained.

The heated thermocouple method as presented above solved many of the
problems associated with surface temperature measurement with one para-
mount exception, that is, it did not permit the measurement of transient
surface temperatures. It did, however, permit the desired accuracies and
eliminated the perturbations normally caused by permanent installations. The
method selected for development is related fundamentally to the heated thermo-
couples. The development consists of modifications which permit transient
temperatures to be measured with extreme speed.

The system selected for development is illustrated in concept in
Figure 1. In this system, a sensor composed of two thermocouples and a



heater, sandwiched together with insulative separators, is placed at the tip
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of a thin pencil-like support or probe. The appropriate lead wires are
connected to a power source and to a controller. The thickness of the heater
and the thermocouple units is small compared with their width and length. In
operation, the probe is pressed against a surface to be measured. Thermo-
couple No. 1 instantly begins to approach the temperature of the surface but
does not reach it because of the heat losses back through the probe. Thermo-
couple No. 2, therefore, senses a different temperature than thermocouple
No. 1. When this unbalance is related to the controller, heat is generated

in the heater unit. Because of their relative positions, the heater unit has
more influence on thermocouple No. 2. Heat generation continues until
thermocouple No. 1 and thermocouple No. 2 are equal in temperature and at
this time the controller turns off the heater. This control action continues,
causing the two thermocouple readings to remain equal. When the two thermo-
couple readings are the same, no heat flows between the measured surface and
the probe system, and the thermocouples indicate the surface temperature.
This temperature is then either indicated or recorded on appropriate instru-
mentation. Thus, the sensor is simply a device which is automatically
controlled so that there is no heat flow at the measuring thermocouple in con-
tact with the surface to be measured,



III. THE 1000°F SYSTEM - DESIGN, OPERATION AND PERFORMANCE

A. Design of the 1000°F System

The complete system now used to record surface temperature consists
of a probe, D.C. power source, D.C. amplifier, power amplifier and
recording instrument. This system is illustrated in Figure 2 below:

D.C. POWER
SOURCE
TEMP ERATURE
PLIFIER POWER AMPLIFIER > —
s = FEORE RECORDER

I

Figure 2 BLOCK DIAGRAM OF THE SYSTEM

In operation, the probe is touched to a hot surface and senses a temperature
unbalance indicating heat flow at its sensor. The unbalance signal, amplified
by the D.C. amplifier goes to the power amplifier which calls for power from
the D.C. power source. This power at any instant is proportional to the
magnitude of the unbalance of the sensor. This power heats the probe tip to
correct the unbalance. As the unbalance approaches zero, the power ampli-
fier diminishes the energy input to the heater until a ""'steady state'' no heat
flow condition exists at the sensor. The true surface temperature indicated
by a thermocouple at the probe sensor, is then recorded.

The items in the present system are discussed individually below and
each is shown in Figure 3.



POWER AMPLIFIER

Figure 3 THE 1000°F SYSTEM

1. Probe

The present probe pictured in Figure 4 consists of a ceramic sting,
The ceramic sting contains six holes through which

sensor and connector.
The sting has a thin

the lead wires of the sensor pass to the receptacle.
coating of gold whose high reflectivity prevents overheating of the probe

during exposure to radiant heat sources.



Figure 4 SURFACE TEMPERATURE PROBE

The sensor is shown in Figure 5. It consists of a thermocouple
system which permits a readout of the tip temperature and in addition gives
a signal of the magnitude of any temperature unbalance between the differ-
ential thermocouples on either side of the miniature ceramic spacer. It
also contains a platinum heater which is energized by current metered from
the power amplifier.

This description of the probe is kept brief to avoid repetition. A
detailed discussion of probe design evolution is presented in Appendix A
and a detailed description of the probe fabrication procedure is given in
Appendix B.

2s D.C. Amplifier

To amplify the temperature unbalance signal from the probe, a
modified Kintel Type 111A D.C. amplifier has been used. Two rather simple
modifications were made:

1. To increase gain by 10 (to 10, 000) the R306 - 1 megohm
resistor was shunted by a 100, 000 ohm resistor.

2. To decrease the bandwidth to =15 cps, the C308 - 3 yuf
capacitor was shunted by a 0.1 uf capacitor.

3. Power Amplifier

A diagram of the power amplifier is shown in Figure 6. Transistors
were selected for the two stage power amplifier package because of their
ability to supply high power to low impedance loads. The input stage is pri-
marily a driver stage employed to control the base current of the output stage.
Over-all, this unit is capable of supplying more than 60 watts of continuous
power at 6 volts applied emitter-collector voltage. To some extent, the power
amplifier unit is an electronic switch in that conduction is achieved only when
transistor input barrier potentia's are overcome. The threshold level at
which this "'switch' closes is predetermined by the bias voltage control on the
input stage. To preclude thermal runaway, the transistors are mounted on
heavy heat sinks that are in turn forced-convection cooled. This feature assures
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sole control by input error signals at all times. Although the preamplifier
responds to signals of either polarity, the power amplifier unit responds

only to positive polarity signals. Hence, only error signals requiring positive
probe heating elicit control circuit response. Since the probe design embodies
very low thermal lag in the thermal element, this feature insures absolute
power cut off as soon as the error signal reverses polarity and thus enhances
system stability.

The power amplifier and associated equipment which have been used in
the development phase are considerably larger and more cumbersome than
necessary for a surface temperature measuring device in actual operation.

No attempt has been made to miniaturize or simplify the design because effort



had to be concentrated on the more difficult problem of achieving actual
performance from the probe sensor using good controls from the power
amplifier. The system as it is presently represented, of course, has great
versatility for being used at a number of temperature ranges and on a

variety of materials. If the application of the probe is restricted or limited,
a great simplicity can be incorporated in the device. Further, as the stability
of the D.C. system becomes less important, for example, in relatively short
time application, the size and weight of various components can be decreased
quite appreciably. It is believed therefore, that for many applications the
control system can be greatly simplified and miniaturized.

4, D.C. Power

The basic D.C. power source is a 6-volt wet cell battery. This is
connected to the controller through a switch that permits the choice of 2, 4,
or 6-volts, but 4 voltshave beenused for all system evaluation tests. This
item can be replaced by a rectifier which operates from a 110-volt A.C, line
if desired.

53 Temperature Read-Out

For reading the probe sensor temperature, a Leeds & Northrup Model H
AZAR recorder was used for much of the experimental work. For the fast
response experiments, a Minneapolis - Honeywell Visicorder 906A Oscillo-
graph was used and in much of the experimental work, the magnitude of
temperature unbalance was read on a Tektronix 535 Oscilloscope.

6. Auxiliary Equipment

For much of the initial experimental work in which no irradiated surface
was needed to determine probe performance, a standard surface temperature
heater was fabricated. It is a one inch-diameter silver cylinder capable of
operating at temperatures slightly above 1100°F. This heater is rheostat
controlled and provides a variable uniform surface temperature. A calibrated
thermocouple was installed 0. 015 inches from the surface of the cylinder at
the center.

To simulate the effects of a radiation heat source, a small radiation
heating unit consisting of four five inch-long quartz infrared elements was used.
These quartz elements are located in such a manner that when enclosed in their
reflector, they will assume a position one inch from the surface of a test plate.
A hole in the aluminum reflector allows the probe to be inserted and touched to
the test plate. The test plate has the dimensions of 5" x 6'" with a variety of
thicknesses depending upon the individual testand material. Up to five 40-gage
chromel-alumel thermocouples were carefully installed in each plate under the
surface away from the radiant heat source. For each material, the thermo-
couples were calibrated to assure their reproduction of accurate temperatures.
Further, the method of installation was such that heat losses in the thermo-
couple leads were minimized.

10



Thermocouples were calibrated at the boiling and freezing points of water
and the freezing point of lead (621.5°F). The calibrations inwater were made
after installation into the equipment. The thermocouple calibrations in lead
were made on the individual thermocouple before installation. Agreement with
emf output tables was consistently excellent and therefore higher melting point
calibrations were not made.

In operation, several types of tests were conducted and are described
fully in later sections. One of these test conditions is the steady-state. In
this situation the radiation heater is turned on and permitted to approach an
equilibrium temperature so that the reference plate temperature is constant.
Then the probe is touched to the surface and recordings are made of its per-
formance.

In many of the tests, transient conditions were studied. Under these
conditions, the desired rate of rise of temperature of the monitored surface
was adjusted by appropriate settings on a variable rheostat. Through a
switching arrangement, the probe or any other thermocouple installation, could
be monitored while the test was progressing, Thus, a recording such as that
shown below (Figure 7) could be made. As shown, individual segments were

L Fe " il : | |[
M A :.ai...
' Tl o i m
jepd ! i i ! | i
I d i VIl B
L v By & L i
= ! wi' Yoy Ii .I" ‘.:‘!‘
! ¢ r ! :.I' |E ,i:l .'I
i} : ol i = e R
it REFERENCE TEMPERATURE L :ff:p!!.é"!:“!
i i3 T T ' ; . l J-ﬁ:ﬂiﬁrd:hi“gh.“
L an el e, -~ 36 GAGE- CHROMEL-ALUMEL 1
{11071 " ''REFERENCE FAIRED IN T
SR RRENE Peder ogar o g ‘i s sl ::!!E,:l]!!'i'!l?!ilii’f
= il . i g i, i 'LJlIIH!r"
! Al R R
e g H e el
I g i | 3t B B S I
_‘,~'..!| L ) i i';l!'.i-,'}i'-!-_i"gﬂ
i e ' g e T L RSk
ik, 13 M Ii':-|-’:!i|
it i 5 Hacfyil E ;;:::I!"":-i'“il
!n.‘. : l‘rf .Ii',."F:.l_.!_[‘i:":::v'g'l.lII1I_-'_h
"| 2 38 '.‘"iil!rli' t:':i:"
tew 8 Piin. aio gl | g
i g s iR i
[1::41 fim A
[pgne i TR R R
Y (R | 13 | [ fi]e!
l,<”.' | I:!Ir vl i!;. |'I= '
EXdy i whosdivipio gty
et tH i R LU R
At ' H A "l'||'
I R g | festd S

MILLIVOLTS —=
FIGURE 7 TEST OF 36 GAGE CHROMEL -ALUMEL SURFACE THERMOCOUPLE ON STAINLESS STEEL
1



connected to make a continuous line of each of the individual circuits being
monitored in order that at any one instant the appropriate temperature could
be tabulated. When extremely rapid response tests were being made using
the Visicorder, all channels were recorded simultaneously and therefore no
switching was required.

A photograph of a typical experimental test including the auxiliary
equipment is shown in Figure 8.

D.C. AMPLIFIER RECORDER

POWER AMPLIFIER

TEMPERATURE UNBALANCE I
MONITORING OSCILLOSCOPE |

g z —wmp
RADIATION HEATING UNIT

\TE

Figure 8 EXPERIMENTAL TEST EQUIPMENT
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B. Operation of the System

The operation of the system requires the following steps:

1. Turn on the power to the D.C. amplifier, power amplifier
and recorder and allow 15 minutes to warm up.

2. Select the gain on the D. C. amplifier.

3. Turn on the probe switch and touch the Probe to the
surface to be measured.

Step 2 is the only one that requires anl adjustment. The recommended
settings, which depend only on the material™ used, are given below:

Material Gain
Aluminum 2,000
Magnesium 1,000
Hot Rolled Steel 2,000
Stainless Steel 3,000
Titanium 2,000
Ceramics 3,000
Plastics 7,000

Barring a malfunction of the electronic system, once the above procedure
has been followed, there is no danger to the Probe whether in use or not. With

3
The dependency of the gain adjustment of the D. C. amplifier on the individual
materials is confined Primarily to optimizing the time response of the system.

time will be required to reach acceptable limits of accuracy. The sensitivity
of the system to the gain adjustment is not great and a setting *100% from
those listed will still Produce acceptable accuracies. Although it has not
clearly been determined, the ""dependency'' of system response performance
on materials properties is believed to concern thermal diffusivity and
reflectivity.

13



The contact pressure which the operator should use can best be
described in the following qualitative terms. The probe should be touched
to the measured surface with enough pressure to maintain its location with-
out shifting. Because the tip has such a small area, normal hand pressure
will produce a rather high force per unit area. Excessive pressure should
be avoided to prevent damage to the sensor. This qualitative description is
considered to be adequate inasmuch as successful measurements were made
by several inexperienced operators who were so instructed.

In operation, it may sometimes be noted that temperatures higher than
the surface temperature are recorded while the probe is in a radiant environ-
ment and is either approaching or receding from a reflective surface. This
was noted with an aluminum surface. It initially caused concern because of
the possibility that this might represent some ''run away'' condition which
would overheat the probe and damage it. Inve stigation proved this fear to be
unfounded. In tests with an aluminum plate at 960°F, the probe was found
to stabilize, after 10 or 12 seconds, at approximately 1160°F when it was
close to but not touching the surface.(Tests were made at 1/32" and 1/16").

14



C. Performance Characteristics

During the entire development operation, and particularly as the
development approached its present state, effort was made to evaluate the
operational characteristics of the probe under almost any set of circum-
stances. A comprehensive program of tests was run to assure reliability
of operation and to minimize the possibility that undesirable performance
characteristics might exist. These tests included the following types:

1. Steadz State

These are tests in which the probe sensor was in continuous
contact with a test material at constant temperature.

2. Intermittent Steady State

These are tests in which the probe sensor was contacted
intermittently for short duration to a test material at
constant temperature.

3. Transient
These are tests in which the probe sensor was in continuous
contact with a test material of increasing temperature.

4. Intermittent Transient

These are the tests in which the probe sensor was contacted
intermittently for short duration to a test material of increasing
temperature.

In the tests which are reported on the following pages, four probe
designations (4C, 5A, 5Ar and 5B) are used. All of the No. 5 probes have the
configuration shown in Figure 5. 5A and 5B are simply two probes of the same
design. Probe 5Ar is probe 5A after the front sensing thermocouple had been
repaired. Probe 4C is identical with the No. 5 probes except that the tip was
not gold coated and was not ''necked-down'' just behind the sensor. On a few
tests, a skirt was used at the sensor in which case this is so indicated.

The results are summarized briefly below and that is followed by
greater detail with data substantiation.

| (R Summarr

The system has the performance capability of:

1. Accuracy generally 3/8 percent or better without calibration.
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2. Successful operation on all metals and non-metals tested
(including aluminum™, magnesium, hot-rolled steel,
stainless steel and titanium).

3. Operation in both intermittent and continuous contact.
4. Operation on surfaces at constant and transient temperatures.

5. Operation governed by a time constant of the order of 0.1 seconds
(three probes had 0.11-, 0.15-, and 0.08-second time constants).

6. Providing accurate readings during ramp-rise rates of 47°F/sec.
Accurate determination of temperatures during ramp-rise rates
of hundreds of degrees per second is achieved by graphical
techniques.

7. Operation without significant shadowing.

8. Accurate operation in a variety of orientations.

2 Accuracy

At the beginning of this development an accuracy of 3/8 percent was set
as a goal for the measurement of surface temperatures ranging from ambient
to 1000°F. This is equivalent to a deviation at full scale of 3. 75°F. For
practical purposes this performance level has been reached and, in most cases,
surpassed. This can be observed in the information that follows.

a. Aluminum

The probe performs well during transient tests on aluminum. This
is demonstrated in Figure 9 by the data points of a single representative test
performed with the latest model probe using a gold coated sting and tip. During
the 20 transient tests conducted, the maximum spread did not exceed 6°F and
the average deviation was less than -2°F.

*Because of its high reflectivity, aluminum surface temperatures may read
as much as 5°F high after one minute of continuous contact on a surface at
constant temperature and this may be followed by a slow rise to as much
as 8°F high.
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DATA ARE TABULATED ON PAGE 73
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Figure 9 TRANSIENT TESTS ON ALUMINUM

During continuous contact tests on an aluminum surface, the system
gives readings within the normal range of accuracy for over 30 seconds and
then tends to drift slightly higher. This is illustrated by the data in Figure 10
below which represents two steady state temperature levels, 510°F and 860°F.
Note that the greatest deviation was +5°F at one minute after contact and the
maximum deviation plateau was +7°F. The greatest deviation observed in all
20 tests was +8°F.
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Figure |0 STEADY STATE TESTS ON ALUMINUM
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The above steady state-continuous contact performance is caused by the
high reflectivity of the aluminum which permits the probe to heat slightly
faster from the radiant energy. This effect was minimized to the above
performance levels by using gold coated probes. Since the probe tip was also
gold coated, no skirt was needed. An experiment that substantiated the validity
of the above explanation is shown in the data of Figure 11. In this case, an
identical aluminum plate whose surface was anodized to decrease the reflectivity
did not show the slow upward change in deviation. Note that the temperature
decreased slightly when the power to the probe was shut off.
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Figure || PERFORMANCE ON ANODIZED ALUMINUM

b. Ma gnesium

Experiments with magnesium produced results which show satisfactory
operation in both transient and steady state operation. The results of intermittent
readings taken during transient heating of the test plate are shown in Figure 12
below.
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Figure 12 INTERMITTENT TRANSIENT TESTS ON MAGNESIUM
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The probe's satisfactory operation under steady state conditions is
illustrated in Figure 13 below. The results of eight other tests were similar.
Demonstrated in the figure is the capability of the probe to maintain a reason-
ably constant temperature and then, when power to the probe heater is shut
off, to cool. This demonstrates that the magnesium is not excessively
reflective and tends to heat at a faster rate than the probe sensor materials
when subjected to radiant heating.
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Figure 13 STEADY STATE TESTS ON MAGNESIUM

c¢. Hot Rolled Steel

Probe performance on hot rolled steel was excellent under both
conditions of intermittent and continuous contact.

To illustrate the performance, Figure 14 is presented.
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Note that in intermittent contact the scatter was limited to a narrow band of
3°F and that in continuous contact, the maximum deviation was limited to

+2°F,

None of the reflection effects noted on aluminum were experienced.

d. Stainless Steel

Twenty five test runs were performed on stainlese steel, partly
because it represented a metal of very low thermal conductivity and, therefore,
might exhibit extreme characteristics., Some of these tests are discussed in
other sections of this report such as those concerned with shadowing and

orientation.

The accuracy resulting from tests performed on stainless steel was
rather good - approaching that of hot rolled steel in both intermittent and
continuous contact. This can be observed in Figure 15 below. Note that the

DATA ARE TABULATED ON PAGE 756
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Figure |5 PROBE ACCURACY ON STAINLESS STEEL

maximum deviation under intermittent contact was +5°F and that the maximum
spread in continuous contact was only 2°F. The performance of the surface
temperature probe on stainless steel in steady state is illustrated in Figure 16
below. Note that the probe is quite accurate, showing a zero deviation much

of the time. Note further that when the power was shut off, the temperature

of the plate immediately diminished. This illustrates that there is no difficulty
associated with radiant energy reflected from the surface of the stainless steel.
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Titanium

Performance of the probe on titanium has shown generally satisfactory

results in both intermittent and continuous contact operation as illustrated in
Figures 17 and 18. Figure 17 below presents the results of two typical inter-
mittent test runs. With the exception of one point, the greatest spread was less
than 9°F and the average deviation was less than 1°F. The spread is slightly
greater than was experienced with aluminum, hot rolled steel and stainless
steel and somewhat comparable to the results with magnesium. This is perhaps
caused by the fact that a different probe had to be used on magnesium and
titanium. There is a tendency for the gold-tipped probes to read low near the
beginning of a transient test as illustrated in Figure 17.
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The probe when used with titanium has none of the reflected energy
effects experienced with aluminum as illustrated in Figure 18 below. Note
the rapid decrease in temperature experienced when the power from the
controller was turned off,
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Figure 18 STEADY STATE PERFORMANCE ON TITANIUM

£ Non-Metals

For tests of the performance of the probe on plastics, a Fiberglas
laminate with CTL resin was used. The reference thermocouple was imbedded
one laminate from the face exposed to radiant energy. The results were
generally comparable with the metals but, of course, only low temperature
runs could be made. These tests are illustrated in Figure 19 below. As with
titanium, the total spread (excepting one point) was 9°F and the average
deviation was -1°F.
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More discussion of the performance on plastics is included in the
section on Shadowing, page 32.

As a representative of ceramics, a lava plate 0.040" thick was
instrumented for tests similar to those made on metals. Because of the
extremely low thermal conductivity of the material, testing was confined to
steady state conditions. Two tests were completed. The first at a surface
temperature of 470°F is illustrated in Figure 20. Note that the probe
performs very well. At the point of controller shut off, the temperature
decreased unusually fast showing that the lava was absorbing the radiant
energy much faster than the probe sensor.
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Figure 20 PERFORMANCE TESTS ON LAVA

Similar tests were performed at about 840°F with the following
steady state readings:

True Surface Temperature Deviation °F
840.5 -0.5
842.0 +2.5
843.5 +2.-5

The probe was also successfully used on opaque microscope-slide,
lime glass 0.037" thick. The results showed an average deviation at 400°F of
less than 0.5°F over a range extending from -2.0°F to 0.0°F.
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3 Response Time

The need for fast response in the surface temperature measuring
probe is of major importance. During early tests of the probe, relatively
poor response (of the order of seconds) was obtained, Initially, it was
thought that contact resistance was a chief contributor to this poor response,
but further experimentation revealed that the limiting factor was in the sensor
design. Through improvements in the probe sensor, the time response has
been improved very appreciably without a sacrifice of the other performance
characteristics of the probe.

In order to evaluate the time response, two types of tests were made:

1. Tests in which the probe was touched to a surface maintained
at constant temperature and the rate of temperature rise of
the probe was recorded.

2. Tests in which extreme rapid rates of change of temperature
were induced on a plate with which the probe was in continuous
contact.

The results of the tests with the constant temperature plate and each of
the last three probes constructed can be seen in the three curves below. These
probes have time constants™ determined from these tests of 0. 11, 0:15, and
0. 08 seconds,
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Figure 21 RESULTS OF RESPONSE TESTS ON CONSTANT TEMPERATURE SURFACE

"The time constant is an expression applied to processes which approach
equilibrium logarithmically. The ratio of the distance from equilibrium at
the end of one time constant to that at the start is 0. 37.
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When using a probe whose time constant is known on a surface at constant
temperature, it is a simple matter to compute what the indicated temperature
will be at any time by using the equation:

Tp = T5 - (TS - Ti) e-%
where TP = Probe temperature
Ts = Steady state surface temperature
Ti = Initial temperature
t = Time

C = System time constant.

The agreement of this computation with the data for Probe 5B can be seen in
Figure 22. Thus, initial temperature rise data and a time constant is sufficient
to predict a steady state temperature. The agreement between the theoretical
equation and the experimental data is very significant in that it permits one to
relate the behavior in the sudden step-wise change to that when the probe follows
a steady, or ramp rise, change.
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Figure 22 COMPARISON OF TIME CONSTANT EQUATION WITH DATA
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An example of the results of severe ramp rise tests are shown in
Figure 23. In these tests, Probe 4C was used to read the temperature of a
stainless steel plate which was flame heated from the opposite side. Thermo-
couples mounted on the side of the plate measured by the probe were used as
a reference for comparison purposes. Two widely separated rise rates are
illustrated, 140°F/sec and 240°F /sec.

Note in Figure 23 that the time displacement between the reference and
probe curves for both ramp rise rates is essentially the same. Also note
that the time displacement is about 0.13 seconds which is in good agreement
with the time constant for Probe 4C determined from the steady state experi-
ments. This is a further demonstration of the validity of employing probe
time constants in analysis with probe data because the time constant of the
probe should be equal to the time displacement under ramp rise conditions.

Perhaps the simplest means of correcting for time lags in the probe is
demonstrated in the illustration of Figure 24, In this illustration, it is assumed
that a probe which has a calibrated time constant of 0.1 seconds records the
solid temperature-time line shown in the figure. Then the true surface
temperature is found by displacing the line to the left by 0.1 seconds.

The range of time constants, from 0.08 to 0.15, in the three probes
shows that techniques of fabrication perhaps need to be improved for greater
standardization. Further, the fact that there is a range, lends encouragement
to the possibilities that the time constants can be improved even further.

To summarize the response time performance, the following statements
can be made:

1. A system time constant of 0.08 seconds has been achieved.

2. Because of the fast response, for most applications, any
system time lags can be ignored.

3. Where the time lags are considered to be too great,

simple graphical means can be used to determine true
surface temperatures.

4, Probe Orientation

All of the tests which refer to accuracy were reported in readings from
a standard plate in the horizontal position. The readings were taken on the
upper surface of this horizontal plate. Additional tests were made with the plate
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