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EQREWORD

The infra-red scanning camera measurements of temperature were carried out
under subcontract to Georgia Technology Research Institute under the direc-
tion of Professor Ward O. Winer. The measurements were made at the

Mechanical Technology Inc. R&D Laboratories in Latham, New York.
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ABSTRACT

Direct infra-red measurement of surface temperatures of a rod exiting a
loaded cap seal or simulated seal are compared with surface thermocouple
measurements. Significant cooling of the surface requires several milli-
seconds so that exit temperatures may be considered representative of

internal contact temperatures.
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1.0 SUMMARY

The seal materials used in sealing reciprocating piston rods in Stirling
engines against the leakage of the high pressure working gas (usually HZ) are
usually thermoplastic materials compounded with various inorganic fillers.
Teflon resin is commonly used. The temperature reached at the surface is of
concern because too high a temperature will soften the seal material and

result either in failure or in excess leakage.

Two techniques were explored in this program: use of a sensitive surface
thermocouple, and use of infra-red surface temperature measurement. In addi-
tion to preliminary low speed checkout of the instrumentation, two basic series

of tests were conducted:

a) A pin of seal material reciprocating under load on either a
Nitralloy plate (directly simulating the engine materials) or on

an infra-red transparent sapphire plate, and

b) A rod cap seal reciprocating under controlled cap seal loading

pressure.

Temperature rises above ambient as high as 40 to 50°C were observed under
combinations of moderate reciprocating speed (1500 rpm), typical engine
stroke (40 mm) and unit loadings up to 5 x 106 Pascals (NM_Z). Thermocouple
measurements correlated directly with PV (the product of load and velocity)
in pin-on-Nitralloy tests, the relationship being:

AT (°C) = 3.08 x 107° By (1)

Infra-red surface temperature measurements indicated a lesser degree of de-

pendence on PV:
0 -6
AT (C) = 0.57 x 10 ~ PV , (2)
above an ambient (metal) temperature that increased with speed.
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Direct measurement through the sapphire of the maximum temperature in the pin
contact indicated a trend line of:

AT (°C) = 1.0 x 10"6 PV (3)

Measurement by infra-red of surface temperatures exiting a cap seal were more

complex and did not show a consistent trend.

Infra-red surface temperature measurements were made at a repetition rate of
1500 cpm. At this frequency of observation, it was found that surface cooling
of a significant magnitude (>2°¢) required more than 25 milli-seconds. Con-
sequently, the use of this technique for estimating the surface temperature in
a seal contact appears promising at speeds at and above engine idle (600 cpm)

if the observation can be made close to the seal.

The high speed scanning IR technique appears promising as a tool for seal thermal
studies. However, it is dependent upon simultaneous observation of a reference
surface of known temperature and emissivity and a knowledge of the emissivity of
the surface being studied. Further research appears very desirable and should

include simultaneous observation of seal frictional force.
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2.0 INTRODUCTION

Seals are widely used in reciprocating mechanisms, such as shock absorbers,
hydraulic cylinders, and compressors. In these devices, they are frequently
required to support large pressure differences ranging from one to ten mega-
pascals. The velocities are frequently large also, so that even with friction
coefficients of 0.1 to 0.3, significant quantities of energy are generated at
the rubbing surface. As a result, one may expect large temperature rises above

ambient at the local contact zones.

Elastomers and thermoplastic materials are frequently used in reciprocating
seals because of their flexibility and low modulus. These properties permit
intimate contact to be maintained between the seal and the reciproéating rod,
thus providing good sealing. The contact temperatures that may develop, how-
ever, may deteriorate the elastomer or soften the thermoplastic. Thus, the
ability to measure the surface temperature in a working seal will be of con-

siderable utility in the engineering of long life seals.

This investigation was stimulated by the advent of serious development of the
Stirling engine as a competitor for the power plant of efficient high mileage
automobiles. Stirling engines of the type under development employ helium or
hydrogen gas under pressures up to 20 megapascals. Seals must be employed
around the piston rods to retain the working gas.

||Cap"

The sealing system currently being employed includes a "main" seal and a
seal. The main seal is oil lubricated from below. A "scraper'" seal is used

to remove 0il carried past the main seal and return it via an oil control valve
to the crankcase. The cap seal is located on the rod above the main seal and
scraper and separates a minimum cycle pressure volume above the main seal from
the variable working pressure space of the engine. The cap seal must operate

dry with pressure differences of the order of ten megapascals.

Elastomeric seals have not performed well under the high pressure high velocity
conditions in the Stirling engine. The most successful seal materials to date
have been formulations of PTFE (poly-tetra-fluoro-ethylene) with a variety of

mineral fillers with or without solid lubricants such as graphite or

—3-



molybdenum-disulfide. This type of material softens rapidly as temperature is

raised, increasing both wear rate and deformation.

Because of these factors, this investigation was undertaken to explore methods
of determining the contact surface temperature in reciprocating seals. Two
methods were selected for exploration. One was the use of infra-red radiometry
using a scanning infra-red camera. The other was the use of a sensitive surface
thermocouple having a low mass in order to obtain high speed response (for a
stroke of 40 mm at 1500 rpm, a 3 mm wide loaded seal is over a thermocouple in

the rod surface for only one milli-second).

e



3.0 TEST APPARATUS

The test apparatus used for these experiments on the measurement of recipro-
cating seal surface temperatures consisted of two reciprocating test rigs and
two ﬁemperature measurement means. Each is described and defined in this
section. In addition, simple crude means were used to create reciprocation
under load for preliminary check-out of the fast-response thermocouple and

the infra-red camera. These means are not described in detail.

3.1 Pin-on-Plate Reciprocating Rig

The pin-on-plate reciprocating rig was built for conducting screening tests

on the relative wear rates of seal materials for use in Stirlin§ engine seals.
It has been described in detail by Bhushan and Wilcock [l]. 1In this appa-
ratus, a pin of 3/16" diameter seal material is loaded by a dead-weight com-
pound lever system against a Nitralloy steel plate, matching the engine piston
rod in material and surface finish. The plates are carried in a moving

carriage and are replaced with new plates for each test.

The carriage is supported on linear ball bushings and is reciprocated by a
crank and connecting rod mechanism. The crank is driven by a variable fre-
quency AC motor with speed control and a digital frequency meter. The screen-

ing rig is shown in a general view in Figure 3.1.

The screening rig carries six test plates and has six dead-weight loading

devices. For the tests in this program, it was modified in several ways:
(1) A single test pin and test plate were used.

(2) A bracket was bolted to the carriage to hold the test

plate in a vertical position (see Figure 3.2).

(3) A new lever loading system was positioned to hold a 3/16"

pin against the test plate.

(4) The test plate was increased in thickness to permit solid

flush mounting of the fast response thermocouple.



Figure 3.1 General View of Screening Rig
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Figure 3.2 Close-up of Carriage and Bracket, Screening Rig
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(5) A heavy camera mounting bracket of a double-arm design was
built for the infra-red camera. The bracket was solidly
mounted tokthe 4" thick steel bed plate of the screening
rig in order to minimize camera vibration due to vibration

of the shock-mounted bed plate.

The vertical orientation of the test plate was necessary because the camera
sight angle must be approximately horizontal. This is necessary in order to

retain the LN2 coolant in the camera trap.
The test assembly is shown in Figure 3.3.

A second version of the pin-on-plate reciprocating rig was fabricated for
experiments in which a sapphire plate was substituted for the Nitralloy
plate. 1In this case, the thermocouple could not be used, but the camera
could look through the plate at the rubbing contact zone at the end of the

pin.

In order to keep the contact zone in view, the pin was placed in a fixed
mounting bracket on the carriage, and the infra-red transparent sapphire
plate, mounted in a steel bracket, was loaded against the pin by the dead

weight compound lever system. This assembly is shown in Figure 3.4.

The sapphire plate was cut with a diamond saw from a single crystal of A1203,

3-mm thick, with optically flat polished surfaces.

For both types of test, the carriage could be operated at speeds up to
2500 rpm. However, data was taken only up to 1500 rpm because of excessive

vibration in the camera system above that speed. The stroke was 40 mm.

The loading arm carried a hanging pan for kg weights. The lever system

multiplier was 2.12. The tare weight of pan and arm was 0.28 kg.

The pin area for a 3/16" pin is:

17.8 x 100 (%)



Figure 3.3 Test Assembly, Pin-on-Plate Reciprocating Rig
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Figure 3.4 Assembly of Pin-on-Plate Reciprocating Rig
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The unit load for a weight of W kg on the pin is:

P=1.17 x 106 W + 0.28) (Pa) (3.1

If N is the drive rpm, the velocity at mid-stroke (maximum) is:

Vo= 2.09 x 1073 8 (u/s) (3.2)

The PV factor in ST units is then:

PV = 2440 N (W + 0.28) (Pa x m/s) (3.3)

3.2 Reciprocating Seal Test Rig

The Reciprocating Seal Test Rig (RSTR) was built for measuring the perfor-
mance of pumping ring seals. It is described in detail in NASA Report No.
CR-165271.

The test piston rod in the RSTR is oriented vertically. The rod is mounted
in a crosshead driven by a heavy~duty crank mechanism. This in turn is
driven by a variable frequency AC motor with speed control. Lubrication is
provided by an external lubrication system. Three cranks of 1", 1-1/2", and

2" (25, 38, and 51 mm) stroke can be inserted.

The test rod is replaceable. The rod is guided in hydrostatic bearings, one
above and one below the test section. The oil feed to the hydrostatic pockets
is individually controlled to each pocket in order to provide precision con-
trol of the rod position in the test seals. Two seals pumping against each

other are used in each test.

For this program, the upper test housing including the upper hydrostatic
bearing was removed. A shorter rod was fabricated, and a modified test

cartridge was designed and fabricated to hold a cap seal.
A section through the test assembly is shown in Figure 3.5. The cap seal is

held in place by a thin upper plate so that the surface of the rod immediately

above the seal can be viewed directly by the infra-red camera. Nitrogen

1]~
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under pressure can be admitted behind the O-ring of the cap seal in order to
load the seal. Figure 3.6 shows the upper test assembly with the camera in

position.

Lubricating oil could not be completely prevented from reaching the rod
beneath the test cap seal so that the tests reported in the following section

were of a lubricated seal.

The stroke used in the tests in this program was 50.8 mm (2.00"). The rig
can be operated up to 2500 rpm since the crank shaft is counter-balanced.
However, a resonance was encountered in this program at 1200 rpm which vi-
brated the camera excessively. (This resonance is normally transited rapidly
in pumping rig test series.) Consequently, thermal seal test data was taken

up to 1100 rpm only.
The maximum velocity in the cycle is Vm =2.92 N (m/s)

3.3 High Response Thermocouple

The thermocouple used was a NANMAC Model E6-1, Type T, Copper-Constantin
with a sensitivity of 4.27 mV/100°C. The couple construction is shown in

cross-section in Figure 3.7. In it are shown:

a) Thermocouple wires that have been flattened to 0.001 inch

thick ribbons at the end.

b) An insulating layer of 0.0002 inch of mica between the two
ribbons, and additional mica sheets on the outside of the

ribbons.
c) A tapered holder for the wires and the mica sheets.

d) A housing with an internal taper that supports the tapered
holder. The taper is used to generate the compression

necessary to obtain a sealed assembly.

The thermocouple junction is obtained in a unique way - by abrasion of the
tip of the assembly described above. When the tip is abraded, the two metals
smear across the thin mica barrier that separates them. Wherever they con-

tact, a junction is formed. These junctions have virtually no thermal mass,

~13~



Figure 3.6 Upper Test Assembly Reciprocating Seal Test Rig
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Figure 3.7 Cross-Sectional View of NANMAC Thermocouple
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so that as a result an extremely short response time to thermal transients
is obtained. ' The performance of this couple is well established, and it is
used for transient temperature measurements of a wide variety. It has a
response time of approximately 10 micro-seconds. The seal temperature

measurements contemplated fall well within its area of application.

The thermocouple potential is read directly on an oscilloscope or through

an amplifier on a chart recorder or tape recorder.

As packaged for this program, the couple is contained in a 3-mm diameter

sheath threaded on the outside for mounting.

3.4 Infra-Red Camera

Obtaining accurate rapid thermal readings with the infra-red camera is much
more than a "point and shoot" operation. The total system required is shown
in Figure 3.8, and involves analog storage, A/D conversion, and computerized
data handling in addition to the camera. This system, including details of
calibration and scaling, is described in detail in Aﬁpendix A, The system
was developed and calibrated at GIRI and used for the experimental observa-

tions at MTI. Data reduction was then done at GTRI.

The computerized infra-red analysis system as illustrated in Figure 3.8
requires a variety of instruments, each of which needs to meet very specific
specifications in order to contribute to the total system. In addition, it

is of vital importance that a proper communication link be established between
the various components. This section describes the relevant capabilities and
limitations of each instrument as well as the procedures used to determine

these limitations.

3.4.1 The AGA 750 Thermovision Camera

The AGA 750 is the eye of the total system and the first link in the chain of
four operations. It is an optical scanning device which converts electro-
magnetic thermal energy radiated from an object into electronic video signals.
Electromagnetic energy radiated by an object is focused by a lens into an
eight-sided prism that rotates around a horizontal axis and thus causes a

vertical scanning motion (see Figure 3.9). This prism is rotated at 3.125 rps

—16-
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by a D.C. motor. The optical output from the vertical prism is passed through
a second prism which rotates around a vertical axis at 312.5 rps and thus
causes a horizontal scanning motion. The rotation of both prisms is con-
trolled by two slotted discs which rotate on the same shafts as the respec-
tive prisms. The rotating slotted discs are electronically connected to the
horizontal and vertical triggering circuits, to provide horizontal and verti-
cal trigger pulses (HTP and VIP) to the monitor. These pulses also control
the speed of the vertical and horizontal prism motors to synchronize their

rotétion.

Output from the horizontal prism is passed through a set of relay optics con-
taining a selectable aperture unit and a filter cassette unit and finally
focused onto a single element point detector located in the wall of a dewar
chamber. Liquid nitrogen coolant (LN2) maintains the chamber at a tempera-
ture of -196°C thus causing the detector to be sensitive to the two 5.6 um
infra-red wavelengths. The detector produces an electronic signal output
which varies in proportion to the radiation from the object. This signal is

amplified within the scanner unit.

Two infra-red lenses can be used with the camera, one with a 7° field of view
and the other with a 20° field of view. For close-up work, three extension
rings of the following lengths were used:

ring 1: 12 mm

ring 2: 21 mm
These rings can be mounted between the lens and the camera body to permit a

significant reduction of the working distance of the camera.

In addition to the features described above, a special "remote control" unit
was built which allows the vertical scanning prism to be stopped and single-
stepped through any angle at a step size of approximately 800 steps per
complete revolution. This allows the operator to fix any horizontal line
within the field of view and scan it at a rate of 2500 lines per second (the
scanning rate of the horizontal prism). A digital counter indicates which

line in the picture is being scanned.
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Rather than having each VIP occur at every hundred horizontal scans, the re-
mote control unit also allows for external triggering. This is accomplished
by a small infra-red transmitter-receiver device that causes a trigger pulse
to occur each time the infra-red beam between the transmitter and receiver is
interrupted by a chopper linked to the moving mechanism to be observed. This
feature is particularly useful when observing reciprocating machinery since

VTP'S synchronized with the mechanical cycle provide information concerning

the absolute location of the reciprocating mechanism.

3.4.2 Selection of Lens Combination

Several combinations of lens and spacer ring were evaluated for their capa-
bility in spatial resolution. The results of the tests are summarized in
Table 3.1. The conclusion was that for our purpose all combinations but one
(the 7° lens with extension ring no. 3) were unsatisfactory, mainly because
of the amount of distortion caused by the lens. Of all choices, the 7° lens
with extension no. 3 offered the maximum resolution possible (nine spots per

line) with an acceptable amount of distortion.

3.4.3 Calibration Procedure for Camera Voltage Levels

In order to use computer analysis for temperature measurements, a relation-
ship must be established between the radiation seen by the camera and the

voltage level outputs of the video pre-amp.

A Barnes blackbody infra-red radiator was used as a calibrated temperature
source and varied in temperature from 60°C to 230°C at 15°C intervals. The
corresponding voltage output from the pre-amp was monitored on an oscillo-

scope. This procedure was repeated for all camera apertures.

The temperature values were converted into isotherm units using the AGA
supplied HP-65 programs for temperature to isotherm conversions (see Figure
2-8 and 2-9 in Appendix A). This resulted in a direct relationship between
voltage and isotherm units (radiation level) independent of aperture. These
data were plotted and correlated by means of a linear regression. The

following equation resulted:

I = 165.46V + 8.4513 (3.4)
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TABLE 3.1

CAMERA RESOLUTION USING DIFFERENT EXTENSION RINGS

Object Spotsize
Extension to Tip Field Diameter o Number of Resoluble Lens Distortion Comments w.r.t.
Lens . of View p At 100% Spots per Scanned
Rings of Lens (mm) at 50% Line per 100% . our Application
(mm) (mm) ’
20° 1+ 2 89 17 0.43 0.98 17 very much unacceptable*
2 70 12 0.33 1.40 9 much not recommended
1+2+3) 46 4 0.57 2.40 2 very little unacceptable
7° 3 161 16 0.56 1.80 9 little most useful
useful but
1+2+3) 118 11 0.46 1.70 6 very little limited resolution
1+2) much

*0f limited use if object can be centered exactly




with a correlation coefficient of r2 = 0.976, where

]

radiation in isotherm units

<
I

voltage in volts.

The conversion of isotherm units to temperature used by the HP-65 programs

is of the following form:

B
¢n(I) - n(a)

T = - 273°C (3.5)

3.4.4 The Honeywell 101 Tape Recorder

The Honeywell 101 is the second link and can be called the primary memory

of the system. TIts function is to store temporarily the continuous stream
of video data coming from the AGA 750 so that it can be analyzed at a later
time and at a slower rate suitable for computer analysis. The Honeywell 101
is a high quality magnetic tape recorder with built-in microcomputer control.
It has eight tape speeds and up to 14 record and reproduce channels. In
addition, it also has both direct as well as FM record and reproduce capa-
bilities. We chose to use FM because it was able to cover a signal frequency
range of zero to 80 kHz at a signal to noise (S/N) ratio of 50 dB. These
specifications are sufficient to record the AGA 750 video signal adequately
which requires a frequency response of DC to 80 kHz at a minimum S/N ratio
of 46 dB.

The multichannel and multispeed capabilities allowed us to record the signal
as well as the HTP's and VIP's on different channels at 120 ips while repro-
ducing them later at 7.5 ips, thus reducing the maximum signal frequency by

a factor 16, suitable for A/D conversion.

3.4.5 The AR-11 A/D Converter

The AR-11 is the third link in the system and its function is to translate
the continuous signal played back from the Honeyweli 101 into a form which

can be understood and analyzed by a digital computer.

The AR-11 has a ten bit conversion accuracy which means it can distinguish one

part in (2)10. The conversion time is approximately 43 micro-seconds. Its
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primary advantage is that it is built into the PDP-11 minicomputer and can
be operated by means of a program written in PDP-11 assembly language as well

as BASIC. (See also Chapter III, Section A, Appendix A.)

3.4.6 The PDP-11/10 Minicomputer

The PDP-11 is the fourth and final 1link and forms the brain of the system.

It takes the information translated by the A/D converter and reduces it

to useful information in the form of graphs, tables or single numbers.

The PDP-11/10 minicomputer is a 16 bit word machine with 28K word magnetic
core memory. 24K words of memory are available to the user. The machine is
equipped with a CAPS-11 magnetic cassette tape mass storage system and an
operating system that supports a BASIC computer language. A built-in AR-11
module allows the user to perform software controlled A/D conversions either
in BASIC or assembly language. Interactive graphics in BASIC are possible by

means of a GT-40 random scan graphics terminal.
These last two features especially made the use of tha PDP-11 attractive since
digitized data could easily be displayed and manipulated on the graphics :

screen.

3.4.7 The EXPLORER ITI Digital Oscilloscope

In addition to the instruments mentioned before, we also made use of a digital
oscilloscope manufactured by Nicolet Instrument Corporation. The Explorer III
oscilloscope is a versatile instrument that allows us to look at a signal,
store it in digitized form in a 4K memory and plot it on an x-y plotter. The
Explorer III has a built-in 32K floppy disk unit which allows it to store
eight 4K signals or 32 1K signals. The maximum digitizing rate is 2 MHz and
the resolution is 0.025 percent. Once data have been "frozen'" on the screen,
they may be inverted, moved, added, subtracted, expanded, erased, or trans-

ferred to a pen recorder.
The main advantage of this instrument to this project is its capability to

freeze signals and output them to a pen recorder, which allows preview of a

signal before analyzing it with the computer.
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3.4.8 Data System Operation

The operation of the system described in handling data from the experiments

is discussed in depth in Appendix A.
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4.0 TEST RESULTS

Temperature observations were made under a number of test arrangements.

These were as follows:

1) Preliminary tests under simple non-controlled rubbing
conditions: a) at MTI on the NANMAC thermocouples, and

b) at GTRI on the infra-red camera.

2) Rulon on Nitralloy in the pin-on-plate reciprocating test

rig, using both thermocouple and infra-red camera (at MTI).

3) Rulon on sapphire in the pin-on-plate reciprocating test

rig using the infra-red camera (at MTI).

4) Rulon cap seal on Nitralloy rod in the RSTR using the

infra-red camera (at MTI).

4,1 Preliminary Tests

A reciprocating saw was used to drive a small steel plate against which a
Rulon pin could be pressed. The pin was made of Rulon S. One of the NANMAC
thermocouples was mounted through a hole in the steel plate and lapped flush.

The thermocouple was connected to a sensitive C.R. oscilloscope.

Difficulty was experienced in establishing the thermocouple junction by rub-
bing with the Rulon. Rubbing with a steel pin or with abrasive paper would

establish junction.

When such a junction was rubbed by the Rulon pin with pressure applied by
hand, a small voltage output was obtained corresponding to about 2°C. The
life of the junction was short, and it often had to be reestablished by the
technique outlined above. As a result, it was questionable whether the

thermocouple would work in the reciprocating pin-on-plate rig.

At GTRI, preliminary tests were run by looking at the end of a Rulon pin
rubbing on a sapphire surface. The infra-red camera was used in the normal
two dimensional mode. The data was tape recorded and analyzed by the method
described in Section 3.4 and in Appendix A. Details are contained in

Appendix A.

-25-



Data from one preliminary run was analyzed by computer to provide the
isotherm diagram shown in Figure 4.1 (also see Appendix A, Figure 3.3). Note
that the end of the pin is not uniformly heated. With the camera in the
display screen mode, hot spots ﬁere observed to shift location or move about

with time.

4.2 Rulon on Nitralloy, Pin-on-Plate Rig

These tests were intended to provide simultaneous information from the
thermocouple and from the infra-red camera. However, a reliable thérmocouple
.junction could not be established during the infra-red test series. At a
later date, further experimentation made possible establishment of a junction
by removing the plate from the apparatus and abrading the surface with a

fine grinding wheel. While this technique would not be suitable for seal
tests because of‘the surface roughening, it did make possible a series of
tests with good results at the same load and speed conditions used for the

camera tests.

4.2.1 1Infra-Red Data

The infra-red camera was used in the repetitive single line scan mode. De-
tails of the tests are given in Appendix A including the reference tempera-

ture surface used and the estimation of the surface emissivity.

A typical thermogram for a single scan, as produced by the data reduction
process is shown in Figure 4.2. The peak over the thermocouple position is
partly due to the difference in emissivity of the mineral insulation around

the thermocouple and partly due to the lower heat conductivity in this area.
The maximum temperature observed on the plate under a variety of load and
speed conditions is listed in Table 4.1 for two assumed values of plate
emissivity. Surface temperatures were observed to reach equilibrium rapidly,

in about twenty seconds, at each test condition.

Additional information is given in Appendix A.
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TABLE 4.1

Maximum Plate Temperatures, Rulon Pin on Nitralloy

Speed, Load, PV x 10_6 Maximum Temperature
RPM Kg* (N/m - s) E = 0.1 E=0.3
500 1.0 1.56 53 36

2.0 2.78 53 35

4.0 5.22 56 38

1000 1.0 3.12 59 38
2.0 5.57 62 40

4.0 10.45 68 43

1500 1.0 4,69 78 48
8.35 79 48

4.0 15.7 84 52

*Does not include 0.28 Kg tare load
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4.2.2 Thermocouple Data

Measurements were made using the fast-response thermocouple under the same
load and speed conditions as for the camera observations. These were made,
however, at a later date after the TC junction was established by grinding

the surface with a fine wheel.

A typical observation is shown in Figure 4.3. Here the temperature increases
in the vertically downward direction. The broad band shows the trend with
time, the temperature levelling out after some 20 seconds. The horizontal
jagged curve shows the individual readings on a more open time scale. The
"W" section of this curve indicates the passage of the pin, followed by a
gradual cooling temperature decay. The double peak is the result of using

a pin with a V notch cut in the end.

The data obtained are listed in Table 4.2. The base equilibrium temperature
is the lowest temperature at the beginning of the pulse. The pulse AT is the
highest of the pulse above the base temperature. Both measurements were
scaled from Polaroid pictures of the scope, taken after equilibrium had

been reached.

4.3 Rulon on Sapphire, Pin-on-Plate Rig

In these experiments, data could be taken only with the infra-red camera,
since the fast response thermocouple could not be inserted in the sapphire
plate. The camera viewed the rubbing pin contact zone through the sapphire

plate.

The data from this experiment were examined for contact temperatures at the
point of maximum velocity during the stroke as well as at the reciprocating
point as the pin was in its rightmost position. The field of view of the
camera was limited to the right half of the stroke and the temperature values
at the very leftmost part of the screen are less reliable because of lens
edge distortion. Therefore, the temperatures for maximum velocity (being

on the left hand side of the screen) were recorded as the pin was moving to
the left as well as when it reappeared on the screen going to the right.

These temperatures are based on a measured emissivity value for Rulon

Jof L = 0.9.
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Figure 4.3

Variation of Temperature with Time
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Speed,

RPM
311
612
927

1523

2020
312
623
912

1512

TABLE 4.2

Thermocouple Temperature Measurements

Ww W W W N DN N NN
L T S Y o

~Load*,
Kg

of Rulon Pin on Nitralloy

PV x 10_6

(N/ms)

1.73
3.41
5.16
8.48
11.24
3.22
6.43
9.42
15.61

*Does not include tare of 0.28 Kg

**Room temperature (cold junction), 25°C
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The difference between the minimum and maximum temperatures during one
stroke never exceeded 10°C as can be seen in Table 4.3, and the maximum
temperature observed was 66°C at 1500 rpm and 4.18 kg. The low-temperature
point in the cycle was always found during the point of zero velocity at

the right-hand side of the screen.

Table 4.3 lists the reciprocating speed, the load, and the calculated PV at
the point of maximum velocity. The maximum temperature listed is the average
of the maximum observed moving left and moving right. Additional information

is provided in Appendix A.

A temperature profile of the pin, derived from the line scan data, is shown
in Figure 4.4. This figure presents the pin as it is moving to the left at
1500 ypm, at 4.18 Kg loading. Similar plots have been made at differeﬁt

speeds and it was found consistently that at high loads the left side of the
pin was hotter than the right side, regardless of the direction in which the
pin was moving. We believe this was due to uneven loading during the move-

ment of the pin.
Additional information is given in Appendix A.

4.4 Rulon on Nitralloy, Cap Seal Test Rig

Data taken on the Stirling Engine Seal Simulator are listed in Table 4.4.°
The PV factor is calculated at the maximum rod velocity. The temperatures

listed were measured at the high and low temperature points in the cycle.

In the Seal Simulator Rig, the camera line scan was horizontal, looking
across the rod just above the seal end plate. A typical scan is shown in
Figure 4.5. This shows the rod temperature peak and the hex nut area where

temperature was measured by thermocouple.

The data taken from the experiment were analyzed to find the highest and
lowest temperatures during one cycle of steady state operation at each speed
and seal pressure. These temperatures were based on an emissivity for the

steel of 0.05, the value measured with the camera at MTI. However, these
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TABLE 4.3

Pin Temperatures for Rulon J Sliding on Sapphire (E = 0.9)

Speed, Load®, PVpax X 10~0 Temperatures, °C
RPM Kg (N/ms) Max(AV) Min  AT(AV)
500 1 1.56 v 55.5 47 8.5
2 2.78 55 47 8
4 5.22 59 48 11
1000 1 3.12 50 43 7
5.57 53 46 7
4 10.45 60.5 49 11.5
1500 1 4.69 51.5 47 4.5
8.35 57.5 52 . 5.5
4 15.7 65.5 58 7.5

*Does not include tare of 0.28 Kg

FAverage of maximum temperatures, moving left and moving right
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TABLE 4.4

Rod Temperatures Near Cap Seal on Stirling Engine

Seal Simulator Test Rig (E = 0.05)

Speed, Cap Seal Back _ PV x 10-6 Temperatures, °C
RPM Pressure, Pa x 10 (N/ms) Max. Min. AT
300 -0- -0- 110 94 16
1.55 1.23 115 104 11
3.10 2.47 113 104 9
4.65 3.70 BELE! 104 7
6.21 4.93 110 101 9
600 -0- -0- 114 106 8
1.55 2.47 116 105 11
3.10 4.93 124 106 18
4.65 7.40 136 112 24
6.21 9.87 142 119 23
1100 -0- -0- 123 104 19
1.55 4.52 136 115 21
3.10 9.04 159 123 36
4.65 13.6 180 141 39
6.21 18.1 195 153 42
900 -0- -0- 123 108 15
1.55 3.70 115 105 10
3.10 7.40 120 114 6
4.65 11.1 122 109 13
6.21 14.8 122 108 14
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temperatures may represent an upper limit because the surface of the rod was
not as smooth as the sample used for emissivity calibration and because a
slight oil film was present on the rod. This may have changed the emissivity
to a value as high as 0.3, which would lower the maximum observed temperature

at 1100 rpm and 900 psi from 195°C to 97°C.

The temperature at the center of the rod is plotted in Figure 4.6 as a func-
tion of time, using data from a number of line scans through a full cycle.
This is for the 600 rpm, 6.21 MPa (900 psi) experiment. One would expect
that the rod would cool off during its excursion above the seal, re-entering
the seal at a lower temperature. In Figure 4.6, the rod is emerging in the
right-hand temperature cycle, and re-entering the seal in the left-hand
temperature cycle. The temperature profile is essentially symmetrical with
respect to the lower reciprocating point in the stroke, i.e., the rod's
temperature profile is nearly identical for the downward part of the stroke
and the upward part. This indicates that during steady state operation the
cooling rate of the rod is slow compared to the mechanical cycle time which
controls the heating, due to the thermal mass. Since the bottom and top of
the rod always enter the seal at low velocities the temperature remains low
at these points while the middle of the rod remains hottest because it always

enters and leaves the seal at highest velocity.

Additional information is given in Appendix A.
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5.0 DATA ANALYSIS

The temperature rise that occurs in a rubbing seal is the result of frictional
heating. The total rate of energy input from frictional heating is the product

of the load, the rubbing velocity and the coefficient of friction. This is

balanced against the rate of heat dissipation from the surface which is a

function of temperature level, conductivity and geometry of the part. The

temperature attained is then a balance between input and output energy rates.

A general understanding of these factors is essential in assessing techniques
for measuring surface temperatures. In this section, each of the experiments
will be analyzed and discussed individually, followed by a general review of

the findings.

5.1 Rulon J on Nitralloy Plate

The equilibrium base temperatures measured by thermocouple, as given in Table
4.2, are plotted in Figure 5.1 as a function of PV. (Here P is calculated as
the total load divided by the cross-sectional area of the pin). The results
for loads of 2 and 4 Kg fall on a single line, and it is apparent that the base

equilibrium temperature is a function of PV.

The temperature rise measured by thermocouple, the '"Pulse AT" in Table 4.2,

is plotted in Figure 5.2 as a function of PV. Two distinct curves are seen,

one for each load condition. The pulse response at the higher load is three
times that at the lower load at equivalent PV factors. One possible explanation
for this behavior is that due to the surface preparation method, the thermo-
couple surface may be slightly below the plate surface, so that the true load
on the thermocouple was much lighter than expected at the 2 Kg load condition.

The effective load ratio was therefore much higher than 2.

The infra-red measurements of plate temperature were made at the edge of the
pin and are listed in Table 4.1. Temperatures calculated for E = 0.3 appear

to correlate better with the thermocouple data. Using these, the curves for
500, 1,000 and 1,500 rpm are plotted in Figure 5.3 versus PV, superimposed on
the thermocouple base equilibrium temperature curve. The observed temperatures

increase with speed as well as with PV. If each curve is extrapolated back to
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zero PV to obtain a base temperature for that speed, the results can be
plotted as temperature rise versus PV as shown in Figure 5.4. Here the de-
viation from the mean curve is a maximum of 1°C, within the experimental

error.

5.2 Rulon J on Sapphire

In these experiments, direct observation by single line scan was made of the
rubbing end of the pin. From the temperatures listed in Table 4.3, Figure 5.5
shows the maximum pin temperature (averaged for both directions of sliding) as
a function of PV. The 500 rpm points lie above those for 1,000 and 1,500 xpm,
but the deviations are only about 2°C, about the maximum that should be ex-
pected from this technique. More significant is the absence of a trend toward
ambient temperature as PV approaches zero. This may be ascribed to thermal

inertia and the lower conductivity of sapphire.

This point may be explored further by plotting the temperature difference
observed along the track between maximum and minimum, as shown in Figure 5.6

as a function of PV. Temperature differences decrease with speed, but non-linear
curves would be required to pass through zero AT at zero PV. It seems apparent
that some 3-dimensional thermal analysis would be required to fully explain this

phenomenon.

5.3 Cap Seal Measurements

The cap seal is a more complex mechanical element than the simple pin used in
the preceding experiments. As tested here, it consisted of an inner sleeve
whicﬁ had a small clearance between its I.D. and the rod, outside of which
was an elastomeric O-ring. The assembly was held between metal side plates.
Gas pressure could be admitted to the space outside of the O-ring, deforming
it so that it would compress the inner sleeve onto the rod. The pressure

between the sleeve and the rod could not be measured directly.

From the test results summarized in Table 4.4, the maximum observed temperature
is plotted in Figure 5.7. Distinct curves for each speed are seen, indicating
a lack of correlation by PV alone. In this case, since the "P'" 'used in PV is the

external gas pressure, it is evident that some contact and frictional heating

4
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are occurring at zero gas pressure. This is evident also in the increase

in maximum temperature at zero PV as speed increases from 300 to 600 to

1100 rpm.

The 900 rpm curve appears to be out of sequence, and shows almost no influence of
PV. The 900 rpm runs were made after the other runs had been done, the previous
one being the 1100 rpm run. Since the measurements at 900 rpm were made in order
of increasing pressure, it is conceivable that the rod did not have a chance to
cool off adequately after the 1100 rpm run and thus caused the low pressure
temperature readings at 900 rpm to be too high. This explanation seems particular-
ly 1ikelybsince the cooling rate of the rod was observed to be considerably longer

than its heating rate.

The maximum-minimum temperature differences are shown in Figure 5.8 as a function
of PV. Here, the general trend appears to be correct, but large deviations of the

order of 10°C are observed.

In examining temperature rise data as a function of PV, the expectation of a
linear proportional relationship implies that the coefficient of friction is con-
stant over the range of variables studied. This is not unreasonable, but one can
expect that temperature itself may influence the coefficient. There are limits
of this effect in the data reviewed here, where the Rulon J base material, PTFE,

softens as temperature rises.,

Another interesting effect is seen in Figure 4.6. Here the temperature decreases
slightly at the point of highest velocity in the stroke and thus causes a "dip"
in the graph at both peaks. This may be the result of an oil film being developed
at the high velocities. (A thin layer of oil was present on the rod.) Frictional
energy is a product of friction coefficient, velocity and load. As the velocity
increases the friction coefficient may decrease if an oil film forms between the
two rubbing surfaces. If the decrease in friction coefficient more than offsets

the increase in velocity, the temperature will decrease locally.
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6.0 DISCUSSION

The objective of this program was to explore the feasibility of methods of directly
measur ing the surface temperatures in reciprocating seals. Two methods were to

be explored: one, a fast response surface thermocouple; and two, a high sensi-
tivity scanning infra-red camera. If one method could be used to verify the

results of the other, greater confidence would be gained in both.

6.1 TFast Response Thermocouple

The NANMAC fast response thermocouple proved difficult to use because of the
delicate measuring junction that has to be formed in place by a rubbing or abra-
sive action. Rubbing with a plastic material could be made to form a junction,
but continued test rubbing opened the junction most of the time so that reliable
data could not be obtained. For this reason, no direct comparison of the thermo-

couple and infra-red methods in the same experiment were obtained.

When the junction was formed by a heavier abrasive action prior to the rubbing
experiments, a strong reliable junction was formed. However, a roughened metal
surface surrounding the thermocouple was created simultaneously. For this reason,
it seems unlikely that this method will be practical for direct application to

seals.,

The results from the rubbing experiments on the NANMAC junction were nevertheless
valuable. They showed that the 'base" temperature, which can be assumed to be
the temperature in the insulation surrounding the thermocouple, is directly pro-

portional to PV.

The temperature rise or ''pulse' data was clearly separable into two curves, one
for each load. Each load showed AT proportional to PV. The possibility of the
thermocouple being siightly recessed so that at light loads full equivalent

pressure was not placed on the junction may explain the phenomenon.
With proper surface preparation, the rather delicate NANMAC type thermocouple

can be made to work. Its response capability has been demonstrated - the time

of passage of the 4.8 mm pin over the couple at 1500 rpm is 1.6 milli-seconds.
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During this time temperature rises of about the same magnitude as those

recorded by the infra-red camera were observed.

The rough surface preparation required, and the difficulty of introducing
the thermocouple into a working counter-—seal surface, make it unlikely that
the thermocouple can be used easily to provide direct surface temperature

data.

6.2 Infra-Red Camera

The infra-red scanning camera can read surface temperatures directly. The
experiments conducted in this program have shown the level of temperatures
indicated to be roughly the same as those measured by thermocouple. The rate
of surface temperature decay as the counter—sﬁrface leaves the contact is slow
enough that excellent indications of contact temperature can be obtained by

observing the surface outside of the immediate seal contact zone.

By modifying the normal 2-dimensional scanning mechanism to provide a repeti-
tive single line scan, detailed data at a repetition rate of 2500 cps is

available to the experimenter.

The primary problem with use of thé infra-red scanning camera is the deter-
mination of emissivities so as to obtain absolute rather than relative tem-
peratures. This is evident in two areas. The first area has to do with
establishing a reference point during each measurement. In these experiments,
care was taken to have in the field of view at all times a surface of known

emissivity and known temperature. The temperature was measured with a thermo-

couple. The emissivity was measured via a separate calibrationm.

The second and more difficult area is the emissivity of the test surface.

The emissivity of a rod surface, for example, can be determined in a separate
calibration. However, it may become coated with oil, changing its value.

The surface finish may change during the test; and the seal material may
deposit on the surface - both factors which may influence emissivity. Thus
accurate work will require careful attention to these factors in calibration.

(NOTE: Further discussion of this point may be found in Appendix A.)
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Despite these problems, the infra-red technique is viewed as having great
potential for studying the thermal behavior of seals. Some careful research
should elucidate the effects of the factors that have appeared to influence

the behavior patterns.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The general conclusions that can be drawn from this program are as follows:

1. That the fast response NANMAC thermocouple can be made to work with
aggressive surface preparation, but it does not promise to be a useful

tool for seal research;

2. That the scanning infra-red camera has high promise of being a useful
and valuable research tool for seals, particularly in the single-line-

scan mode;

3. That careful attention must be paid to the calibration of emissivity

of the surface being examined in order to obtain accurate dataj and

4. That the thermal phenomena related to rubbing seals are complex.

It is recommended that the thermal behavior of rubbing seals be investigated .

in further research, using the infra-red camera as a principal instrument.

The simple pin-on-plate experimental approach can be used to advantage in
exploring the fundamental behavior of seals using both steel and sapphire coupons.
It is recommended that such research should include the direct measurement of
friction force as part of the work. The research should then be extended to rub-

bing rod seals of both the dry and lubricated type.
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ABSTRACT

A system has been developed to perfénn a computer analysis
on surface temperature data in tribological systems, taken by an
infrared radiation scanning device. The infrared scanner which
normally scans 25 fields per second at 100 lines per field has been
modified to scan any single line at 2500 lines per second. The
system was used to analyze four friction experiments as part of
of a thermal behavior study of stirling engine seals in cooperation
with Mechanical Technology Inc. (MTI), Latham, New York. The
friction experiments involved two tribo-pairs: Rulon on steel

and Rulon on sapphire.
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CHAPTER 1
INTRODUCTION
This report describes the development and utilization of a
scanning infrared temperature measurement system as part of a thermal
behavior study of stirling engine seals in cooperation with Mechanical
Technology, Inc. (MIT), Latham, New York under Purchase Order Number
102-04197.

The development included:

1. Development of software for data analysis on a digital
computer.

2. Modifying the infrared scanner to scan any desired line
within one field repetitively at a rate of 2500 lines
per second.

3. Checking out the data system on a simple low speed
reciprocating contact apparatus.

4. Assisting MIT at Latham, New York in using the infrared
scanner and data reduction system to make thermal profile
measurements in the rub exit zone for a) Rulon on nitralloy
(a low alloy steel), and b) Rulon on sapphire.

5. Assisting MTI at Latham, New York in using the infrared
scanner and data reduction system to measrue exit tempera-
ture profiles on a pumping ring seal operafing in the MII
pumping ring test apparatus.

Previous infrared radiation measurements have been made by

Nagaraj [1] who used a Barnes Rm 2A single spot microscope detector.
This instrument however has no automatic scénning feature and is of

limited use in moving contacts. Kool [2] later studied the applicability



of an AGA 750 scanning device to tribological systems and found it to
be useful. However, area resolution and interpretation of the thermo-
gram produced by the camera was a problem. The temperature measurement
techniques described in this report is a continuation of Kool's work
in that a digital computer is used to reduce the data rather than
visual interpretation of the thermogram. A diagram of the system can

be found in Figure 1-1.



OBJECT

INFRARED
CAMERA [

ANALOG
DISPLAY/
STORAGE

DIGITAL
—{ CONVERSION/
STORAGE

>

COMPUTER

Figure 1-1.

The Total System




CHAPTER II
INSTRUMENTATION

The computerized infrared analysis system as illustrated in
Figure 1-1 requires a variety of instruments each of which needs to
meet very specific specifications in order to contribute to the total
system. In addition it is of vital importance that a proper communi-
cation link is established between the various components. .This
chapter describes the relevant capabilities and limitations of each
instrument as well as the procedures used to determine these limita-

tions.

A. The AGA 750 Thermovision Camera

The AGA 750 is the eye of the total system and the first link
in a chain of four instruments (See Figure 1-1). It is an optical
scanning device which converts electromagnetic thermal energy radi-
ated from an object into electronic video signals. Electromagnetic
energy radiated by an object is focussed by lens into an eight-sided |
prism that rotates around a horizontal axis and thus causes a vertical
scanning motion (see Figure 2-1). This prism is totated at 3.125 rps
by a d.c. motor. The optical output from the veriical prism is passed
through a second prism which rotates around a vertical axis at 312.5
rps and thus causes a horizontal scanning motion. The rotation of
both prisms is controlled by two slotted discs which rotate on the same

shafts as the respective prisms. The rotating slotted discs are
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electronically connected to the horizontal and vertical triggering
circuits, to provide horizontal and vertical trigger pulses to the
monitor. These pulses also control the speed of the vertical and
horizontal prism motors to synchronize their rotation.

Output from the horizontal prism is passed through a set of
relay optics containing a selectable aperture unit and a filter cassette
unit and finally focused 'onto) a single element point detector located
in the wall of a dewar chamber. Liquid nitrogen coolant (LNZ) main-
tains the chamber at a temperature of -196°C thus causing the detector
to be sensitive to the 2 - 5.6 um infrared wavelengths. The detector
produces an electronic signal output which varies in proportion to the
radiation from the object. This signal is amplified within the scanner
unit and produces a video signal which is applied via an interconnecting
cable to the black and white monitor chassié‘[s ].

Two infrared lenses can be used with the camera, one with a
seven degree field of view and the other with a 20° field of view.

For close-up work three extension rings of the following lengths were

used:

ring 1: 12 mm
ring 2: 21 mm

ring 3: 66 mm

These rings can be mounted between the lens and the camera body and
permit a significant reduction of the working distance of the camera.
An evaluation of their usefulness can be found in Section C of Chapter

II.



In addition to the features described above a,speciai ""remote
control" unit was built which allows the vertical scanning prism to
be stopped and single-stepped through any angle at a step size of
approximately 800 steps per complete revolution. This allows the
operator to fix any horizontal line within the field of view and scan
it at a rate of 2500 lines per second (the scanning rate of the
horizontal prism). A digital counter indicates which line in the
picture is being scanned. When operated in this single line scanning
mode the monitor display will display each consecutive line scan
right below the previous one, until 100 lines are displayed after
which a VTP occurs and the next line is again started at the top
of the screen.

Rather than having each VTP occur at every hundred horizontal
scans the remote control unit also allows for external triggering.
This is accomplished by a small infrared transmitter-receiver device
that causes a trigger pulse to occur each time the infrared beam
between the transmitter and receiver is interrupted by a chopper
linked to the moving mechanism to be observed. (See Figure 2-2).
This feature is particularly useful when observing reciprocating
machinery since VIP's synchronized with the mechanical cycle provide
information concerning the absolute location of the reciprocating

mechanism.

B. The AGA 750 Scanning Pattern

The scanned field as produced by the monitor is controlled by

horizontal and vertical trigger pulses. The beam starts at the left
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upper corner of the video screen triggered by the coincidence of a
vertical and horizontal trigger pulse (VIP and HIP). The beam sweeps
to the right and downward until it reaches the right hand edge of the
field. While its downward motion continues as a result of the con-
tinuous motion of the vertical prism a new HTP instantaneously forces
the beam back to the left hand side of the field from where its motion
downward and to the right continues.

After 100 HTP's the beam will cross the lower edge of the field
and is drawn back to the top of the field by a VIP. This however occurs
at an x-position shifted to the right by one quarter of a field width
as compared to its x-position at the occurrence of the previous trigger
pulse. This is caused by the fact that the horizontal prism rotates
at 100-1/4 times the rotational speed of the vertical prism.

This phase difference results in the so-called interlacing
effect. Rather than the beam tracing its exact original path each time
a VIP occurs it does so at every fourth VIP. Each consecutive VIP
starts the beam off at a point where it will trace a path shifted
downward one fourth the original distance between two lines. This
causes the next three fields to fill in the space between the lines
scammed during the scanning of the first field (See Figure 2-3). Four

interlaced fields are called a "FRAME'.

C. Determination of Spatial Resolution

1. Procedure
In order to obtain a relative measure of the spatial resolution

of the camera at maximum magnification (using three extension rings
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mounted between the lens and the camera) the following test was devised:

'A sheet of carbon steel 0.014 cm thick with a series of 25 holes
drilled in it varying from 0.343 mm to 1.18 mm was mounted in front of
a flat walled container whose sides were painted flat black. The
container was filled with water and heated to approximately 90°C by
means of an immersible electrical heater. The camera was placed in
front of the steel sheet and focussed such that the radiation measured
through each hole was maximized. This was verified by means of an
oscilloscope.

The test pattern of holes was drilled in such a way that the
camera could always see at least one test hole next to a reference
hole. (See Figure 2-4).

The camera was aimed at the top of the test pattern and lowered
vertically, maintaining the front of the lens parallel to the surface
of the metal sheet. The respective levels of infrared radiation passing
through the holeé were then recorded with the Honeywell 101 recorder.
This procedure was repeated using several combinations of extension
rings in combination with the 20° lens as well as the 7° lens. The
object of this test was to find the smallest test hole that would
appear to transmit the same amount of radiation as the large reference
hole located next to it. This would be indicative of the smallest
spotsize the camera could resolve. Any apparent attenuation of the
radiation passing through the test hole would indicate that the camera
was integrating some of the colder area surrounding the hole.

2. Results

It was found that the resolution of the camera varied with the
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lenses and extension rings used. The results can be found in Figures
2-5 and 2-6 where the percentage of radiation measured relative to the
reference hole is plotted against the test hole diameter for several
combinations of extension rings and lenses. From these curves it

can be seen that the optimum resolution was attained using the 20°
lens in combination with extension rings no. 1 and no. 2, resulting
in a minimum spot diameter of approximately 1 mm at 100 percent
radiation measured.

However, by aiming the camera directly at the black side of
the container at a uniform temperature of 90°C, it was also found
that using this combination of lens and extension rings the signal
was seriously attenuated at the edges of the lens. Instead of seeing
a flat voltage profile on the oscilloscope the signal resembled a
triangle with the peak in the center of the screen. This phenomenon
must be attributed to distortion caused by the lens.

This discovery prompted us to record the signal attenuation
for all the different lens-extension ring combinations. The resulting
attenuéted signals can be found in Figure 2-7. From Figure 2-7 it can
be seen that the combination of the 20° lens with extension ring 1 as
well as (1 + 2) creates an unacceptable amount of distortion as well
as the 7° lens combined with rings nos. 1 and 2.

It was also found that the slope of the distorted signal was
not constant, but varied according to the temperature of the observed
surface. Therefore in trying to find the absolute temperature of an

object in the field of view it becomes very difficult to correct
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Figure 2-7.

20° lens ring 1 + 2 + 3

Lens Distortion using Different Extension Rings
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Figure 2-7.

7° lens ring 3

7° lens ring 1 + 2

Lens Distortion using Different Extension Rings
(Continuation)
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mathematically for the attenuation of the signal at the edges of the
screen since the temperature must be known to know the amount of
attenuation. The findings of the resolution test are summarized in
Table 2-1.

The conclusion was that for our purpose all combinations but
one (the 7° lens with extension ring no. 3) were unsatisfactory,
mainly because of the amount of distortion caused by the lens. - Of all
choices the 7° lens with extension no. 3 offered the maximum resolu-
tion possible (nine spots per line) with an acceptable amount of dis-
tortion. This is not to say that all other combinations of lenses
and rings may not be valid in different applications. Especially the
20° lens and rings nos. 1 and 2 combination could be very useful for
observing small objects when they can be positioned in the exact center
of the screen.

D. Calibration Procedure for
Camera Voltage Levels

In order to use computer analysis for temperature measurements
a relationship had to be established between radiation seen by the
camera and voltage level outputs by the video pre-amp.

A Barnes blackbody infrared radiator was used as a calibrated
temperature source and varied in temperature from 60C to 230C at 15C
intervals. The corresponding voltage output from the pre-amp was
monitored on an oscilloscope. This procedure was repeated for all
camera apertures.

The temperature values were converted into isotherm units using

the AGA supplied HP-65 programs for temperature to isotherm conversions.



Table 2.1 Camera Resolution using Different Extension Rings'

Object Spotsize
to tip Field Diameter Number of Resoluble
Extension of Lens of View at 50% Spots ver Scanned lens Distortion Comments w.r.t.
Lens Rings (nun) {mm) {1nm) At 100% Line per 100% (See Figure 2.7 ) our Application
20° 1+2 89 17 0.43 0.98 17 very much unacceptable*
2 70 12 0.33 1.4 9 much not recommended
(1+2+3) 46 4 0.57 2.4 2 very little unacceptable
7° 3 161 16 0.56 1.8 9 little most useful
. useful but
(1+2+3) 118 11 0.46 1.7 6 very little limited resolution
1+2) much

*of 1imited use if objcct can be centered exactly

TZ
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(See Figures 2-8 and 2-9). This resulted in a direct relationship
between voltage and isotherm units (radiation level) independent
of aperture. These data were plotted and correlated, by means of

a linear regression the following equation resulted.
I = 165.46V + 8.4513
with a correlation coefficient of rz = 0.976, where

radiation in isotherm units

—
1]

<3
1

voltage in volts .

The conversion of isotherm units to temperature as supported by the

HP-65 programs is of the following form

B

T= in(I) - n(A)

- 273C

where A and B are empirical constants dependent on the aperture of the
camera. These constants and their corresponding calibration curves
can be found in Figures 2-8 and 2-9).

These curves correspond to the standard f-stop settings on the
camera. However, whenever extension rings are mounted between the
lens and the camera, the f-stop is changed to one for which no standard
curves are available. In that case, the closest standard curve with a
smaller f-stop is used to calculate temperatures and the answer is
corrected by means of a correction factor. The exact procedure can

be found on page 42 and 86.
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E. The Honeywell 101 Tape Recorder

The Honeywell 101 is the second link and can be called the
primary memory of the system. It's function is to temporarily store
the continuous stream of video data coming from the AGA 750 so that
it can be analyzed at a later time and at a slower rate suitable for
computer analysis. The Honeywell 101 is a high quality magnetic tape
recorder with built-in microcomputer control. It has eight tape
speeds and up to 14 record and reproduce channels. In addition it
also has both direct as well as FM record and reproduce capabilities.
We chose to use FM because it was able to cover a signal frequency
range of zero to 80 kHz at a signai to noise (S/N) ratio of 50 dB.
These specifications are sufficient to adequately record the AGA 750
video signal which requires a frequency response of DC to 80 kHz at
a minimum S/N ratio of 46 dB.

The multichannel and multispeed capabilities allow us to record
the signal as well as the HIP's and VIP's on different channels at
120 ips while reproducing them later at 7.5 ips, thus reducing the

maximum signal frequency by a factor 16, suitable for A/D conversion.

F. The AR-11 A/D Converter .

The AR-11 is the third link in the system and its funcfion is
to translate the continuous signal played back from the Honeywell 101
into a form which can be understood and analyzed by a digital computer.
This process is called analog to digital conversion (A/D conversion).
For a more detailed description of this process, see Chapter III,

section A.
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The AR-11 has a ten bit conversion accuracy which means if can
distinguish one part in (2)10. The conversion time is approximately
43u seconds. It's primary advantage is that it is built into the PDP-11
minicomputer and can be operated by means of a program written in PDP-11

assembly language as well as BASIC. (See also Chapter III, section A.)

G. The PDP-11/10 Minicomputer

The PDP-11 is the fourth and final link and forms the brain of
the system. It takes the information, translated by the A/D converter,
and reduces it to useful information in the form of graphs, tables or
single numbers.

The PDP-11/10 minicomputer is a 16 bit word machine with 28K
word magnetic core memory. 24K words of memory are available
to the user. The machine is equipped with a CAPS-11 magnetic cassette
tape mass storage system and an operating system that supports BASIC
computer language. A built-in AR-11 module allows the user to perform
software controlled A/D conversions either in BASIC or assembly language.
Interactive graphics in BASIC is possible by means of a GT-40 random
scan graphics terminal.

These last two features especially made the use of the PDP-11
attractive since digitized data could easily be displayed and manipulated

on the graphics screen.

H. The EXPLORER ITI Digital Oscilloscope

In addition to the instruments mentioned before we also made use

of a digital oscilloscope manufactured by Nicolet Instrument Corporation.
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The Explorer III oscilloscope is a versatile instrument that allows

us to look at a signal, store it in digitized form in a 4K memory and
plot it on an x-y plotter. The Explorer III has a built-in 32K floppy
disk unit which allows it to store eight 4K signals or 32 1K signals.
The maximum digitizing rate is 2 MHz and thé resolution is 0.025 per-
cent. Once data have been '"frozen' on the screen they may be‘inverted,
moved, added, subtracted, expanded, erased or output to a pen recorder.

The main advantage of this instruments to this project is its

capability to freeze signals and output them to a pen recorder, which

allows preview of a signal before analyzing it with the computer.
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CHAPTER III
SOFTWARE

Programs (software) were written to instruct the A/D converter
and the computer how to go about collecting and analyzing the stream
of data coming from the Honeywell 101. This chapter describes the vari-
ous considerations that had to be taken into account to accomplish
accurate data transfer and interpretation and how they were implemented

in the respective computer program algorithms.

A. Computer Analysis Considerations

Because of the nature of a digital computer any analog (continu-
ous) signal to be analyzed must first be converted to a digital form
(discrete points). This is accomplished by feeding the signal through
an analog to digital (A/D) converter. The critical parameters in A/D
conversion are speed and accuracy. Typical values for high speed and
high accuracy (resolution) are 20 usec/conversion or less and 16 bit
accuracy (1 part in 65536).

The PDP-11 minicomputer that was used for data analysis con-
tains an A/D conversion module (AR-11) that is software controlled.

The accuracy is 10 bits (one part in 1023) and the conversion speed was
found to be approximately 43 usec which classifies it as a medium-fast,

medium-accurate converter.
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Because of its complex nature the data analysis would have to be
done in a high level computer language which also suggested the use of
a high level language to drive the software controlled A/D converter.
Since‘the PDP-11 supports BASIC some extensive tests were taken to
determine the applicability of pre-written BASIC subroutines for A/D
conversion. It was found that the use of BASIC decreaéed the speed of

the A/D converter by a factor ten and only 2300 conversions per second

could be made. Since it takes a minimum of ten points per period
to reasonably describe a sine wave this suggested that the maximum fre-

quency of any signal to be digitized would be limited to 200 Hz! This
was clearly inadequate in the light of the fact that the maximum video
frequency as recorded on an FM recorder even after having been reduced
by a factor 16 could still be as high as 2500 Hz.

A second problem was that in order for the convertor not to limit
the spatial resolution of the camera, at least 100 points per horizontal
scanning line would have to be converted. This would require a minimum
of 10,000 words of computer memory per field digitized, just for data
storage. Because the PDP-11 contains only 24K (24 x 1023) available
words of memory 16K of which is taken up by the BASIC interpreter in
addition to the memory space required to store a program, there would
not have been enough core memory space available to store half of a field.

This justified the decision to separate the A/D conversion process
from the analysis stage so that a low level language could be used to

digitize the data at greafer speed and less memory.
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It was found that a program could be written in PDP-11 assembly
language capable of driving the AR-11 converer at 23,000 conversions
per second while leaving approximately 20K words of memory for data
storage. This was clearly sufficient for our purpose. The program
that resulted is capable of selecting any specified field as recorded
on analog tape to be digitized. It will then proceed to fill up about
9,700 words of core memory with digitized data points after which it
writes all data on cassette tape in the appropriate format so that the

data can later be analyzed by a program written in BASIC.

B. A/D Conversion Considerations

The AR-11 A/D converter resident in the PDP-11 can be programmed
to operate in the range of -2.5V to 2.5V as well as OV to 5V. For our
purpose we chose the 0 to 5 volt range, meaning that the AR-11 can dis-
tinguish any signal between 0 and 5 volt at intervals of 4.888 x 10'3
volt. (5/1023). This implies that in order to benefit most from this
fixed resolution, the signal being fed into the AR-11 should always be
amplified or attenuated such that its total amplitude range spans 5V.
Any range less than 5V would decrease the accuracy of the A/D converter
while any range greater than 5 volt would cause saturation.

In the case of our specific application there is the added com-
plication that the signal output by the interface between the AGA 750
and the Honeywell 101 is Znverted and thus spans a range from 0 to -1
volt.

This problem was solved by using a Tektronix 502A dual beam

oscilloscope to invert and amplify the signal until it satisfies the
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requirements for optimal A/D conversion. The Tektronics scope proved
particularly useful for this purpose because of its following features:

a) large amplification range,
b) 1large DC offset capability,

c) standard input channel which always causes the
signal to be inverted (180° out of phase),

d) ability to monitor two signals simultaneously
on the screen.

C. Description of Trigger Pulse Timing

In order for the computer to be able to reconstruct the data
in intelligible form it is important that the assembly program keeps
accurate track of all vertical trigger ﬁulses (VIP's) and horizontal
trigger pulses (HTP's) since they are the only reference points in a
continuous stream of data.

In order to accomplish this order the VIP's and HIP's are
recorded separately from the video signal on independent channels and
fed into the computer on separate channels. When displayed on an
oébilloscope where the two pulses are superimposed on each other with
the VTP inverted, the picture looks like Figure 3-1. This picture
illustrates that the VIP and HTP are out of phase and that each con-
secutive VIP is shifted over to the right one quarter, thus causing

the interlacing effect.

The camera generates 2500 lines/sec. Therefore one line is
scanned in 400 usec. Since the data are recorded at 120 ips and played

back at 7.5 ips, Table 3-1 can be generated.
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Table 3-1. A/D Timing Chart

TAPE SPEED

120 ips

7.5 ips

line frequency

line scanning time

V.T. duration

H.T. duration

maximum conversions per line (at 43 psec/conv)
maximum conversions per V.T. (at 43 usec/conv)

maximum conversions per H.T. ‘(at 43 usec/conv)

2500 lines/sec
400 usec
35 usec
80 psec
10
1

156.3 lines/sec
6400 usec
560 usec
1280 psec
149
13
30

¢e
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D. The A/D Conversion of Data Collecting Algorithm

The PDP-11 has a core memory of 28K words or 56K bytes. 4K words
at the top of the memory are not available for general use. When the
assembly program is loaded, the following memory allocation is estab-
lished. (See Figure 3-2)

After all variables are initialized the program requests six
input parameters:

1. # of fields to skip before digitizing the first field
2. total # of fields to digitize

3. # of fields to skip in between each digitized field

~

# of lines to skip in each field before digitizing
the first line

5. total # of lines to digitize in each field

6. # of lines to skip between each digitized line.
All these parameters should be entered as decimal integers. As soon
as the last parameter has been entered the program starts to make a
series of A/D conversions on channel three of the A/D converter until
a starting pulse of at least 0.8 volt is found. This starting pulse
has been pre-recorded on a separate channel on the Honeywell 101 and
is a reference point for the computer.

As soon as the starting pulse is found the program abandons
channel 3 and shifts to channel 2 to look for a vertical trigger pulse
which would indicate the start of a field. As soon as a VIP is found
the program checks how many fields (and thus VIP's) it was supposed

to skip and compares this with the number of times it has already
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found a VIP. If not enough have been skipped it proceeds with checking
channel 2 for new VIP's, discarding the next 16 checks in order to
allow the previous VIP to vanish. Every time a VIP is found a special
mark (#4000B) is stored in the data buffer. As soon as the appropriate
amount of fields has been skipped the program assumes it has found the
top line of a new field and shifts to chammel zero to start converting
the video signal. The first 160B (one hundred sixty octal) conversion
are discarded since the program has no way of telling where on the top
line it found the vertical trigger pulse. (Only one in every four trigger
pulses starts at the beginning of a line.) It then shifts to channel
one to look for a HTP. As soon as a HIP is found the program now knows
for certain that it has found the beginning of the third line from the
top. It then checks how many lines it was to skip and discard a
corresponding number of HTPs. When the first line to be converted is
reached a HIP mark (#3000B) is written in the data buffer and the program
switches to channel zero to convert the signal. One hundred sixty-five
octal data points per line are being converted and immediately stored
in the data buffer. After 165B conversions, the program knows it has
almost reached the end of the line and switches back to channel one to
look for a horizontal trigger pulse. When found, another HIP mark is
written in the data buffer and the procedure repeats itself. Whenever
a certain amount of lines is to be skipped between lines the program
simply discards those digitized data during the specified amount of
HTPs. The program will then repeat the search procedure for VIPs while

discarding as many VIPs as needed between the last digitized field
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and the next one. Since the maximum number of lines that will fit on

a 150 foot cassette is approximately 80, it is vital that the number of
lines to digitize times the number of fields to be digitized does not
exceed 80. _

The program finishes by placing 41B End-Of-File (EOF) marks in
the data buffer and stores the memory location of the last EOF mark.
Finally the program terminates the A/D conversion cycle and proceeds
to rewind the cassette and writes a header record to get the cassette
ready to accept the data.

Before the data can be written on tape they first need to be
converted from binary to decimal according to the standards of the
AMERICAN STANDARD CODE for INFORMATION INTERCHANGE (ASCII). The ASCII
code for number zero through nine is 60B through 71B.

Each data word is retrieved sequentially from the beginning of
the main buffer and converted to eight bytes of ASCII code. These
bytes are stored in an intermediate Buffer (ASCII Buffer) that can hold
128 bytes. As soon as the ASCII Buffer is full it is "emptied" on
cassette tape after which the next block of data is read from the main
buffer into the ASCII Buffer. This procedure continues until the
end of the main buffer is reached. The program then terminates.the tape
write by writing a so-called "sentinel file' which marks the logical end
of the tape. The tape then rewinds and the program is automatically

restarted, ready to accept a new cassette.
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E. The Data Analysis Programs

The software to analyze the digitized data is written in BASIC
and consists of five programs each capable of performing different
functions. The division into five different programs was necessary
because of limited core memory space which did not allow for one large
program capable of performing all desired functions. This section

describes the different programs and their capabilities.

Program MAIN
The purpose of this program is to allow the user to display

the signal of one individual horizontal scan as a function of voltage
versus position along the scan on the GT-40 graphics screen. Because
of the detailed information that can be extracted by this method, this
is the primary program that will be used for data analysis. It is
designed such that the user can analyze the signal using interactive
graphics. This means that the program displays a "menu'" of commands
on the screen each of which can be executed by simply pointing the
light pen at the desired command.

The program runs in two modes: scanning mode and analysis mode.
In scanning mode the user can instruct the program to display any line
and if so desired to keep displaying consecutive lines as well as rewind
the data tape to the beginning of the data file in order to display
previous lines. When the user desires to analyze a particular line
he can enter the analysis mode by aiming the light pen at the word

"analyze" in the menu. This causes the whole menu to be changed to
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analysis commands.

In analysis mode the user can identify one particular point in
the picture as being a reference point. This is done by aiming the
light pen at a point on thé graph. As soon as this is done the program
will request the temperature, f-stop used and emissivity at that point.
From that moment on thé temperature an any.point on the line scan can
be obtained by aiming at it with the light pen and entering the emis-
sivity at that point. The temperature will be displayed on the graphics
screen. Analysis mode will also allow the user to quickly find the
highest and the lowest temperature in the picture as well as the average
temperature of a region between two points identified by the light pen.
The average is determined by the program by adding up the voltage values
of all points between the left and right limit indicated with the 1light
pen and dividing the sum by the total number of points. This average
voltage value is then converted to an average temperature value as dis-
cussed on page 41. One can switch back to scanning mode by aiming the
light pen at the word "exit".

After a reference point has been identified and the data tape
has been rewound to the beginning of the data file the user can use
the "auto-scan' feature to determine the temperature of a single point
or average value of a fixed region on each scanned line as it varies
with each line. After identifying the x coordinate(s) of the point(s)
to be examined the program will automatically scan each line, find
the temperature of the desired point or regioﬁ on that line and "‘dump"

that value on another digital cassette mounted on cassette drive zero.
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This cassette will later be accessed by program "PLOT" (see page 43)
which will plot the values dumped on this cassette as a function of
time.

In determining the absolute temperatures within a scanned field
the computer makes use of a set of standard calibration curves (See
Figures 2-8 and 2-9) that have been supplied by the camera manufacturer.
These curves can be mathematically described by the following
equation:

I=Axexp 773§Iﬂf
where A and B are constants

I

isotherm level .

T

temperature

For each standard f-step setting of the camera there is a specific
constant A and B resulting in a unique relationship of I as a function
of T.

Before any absolute temperatures can be determined within a
field the computer must know the absolute temperature of at least one
reference point. This is Tra which has a corresponding digitized
voltage level V?a associated with it.

When the temperature of a point within the field is desired,
the operator identifies this point with the 1ight pen. The computer
finds the voltage level corresponding to that point CVO) and calculates

a corresponding isotherm value for that point using the experimentally
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determined relationship (See Chapter II, Section D)
I0 = 165.46 X Vb + 8.4512g .

Similarly, it calculates the isotherm level Ir of the reference point

from its voltage level, and subtracts them to find the difference:

Al = Ir - I0

The program then uses the known absolute temperature of the reference
point to determine the corresponding absolute isotherm level Ira using
the standard calibration curve equation corresponding to the aperture

setting of the camera:

_ B
La=AXexp st -

The absolute isotherm level of the object point can now be found:

I _=1_-AI
oa ‘ra ,

which allows the program to calculate the absolute temperature of the
object point using the inverse calibration curve equation

B

T =- - 273 .
oa zn(Ioa) - an(A)

When extension rings are placed between the camera and the lens,
the f-stop of the camera is changed to one for which no standard calibra-

tion curves are available. However, since the amount of radiation
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received by the detector should vary proportionally to the square of
the f-stop, it is possible to use the calibration curve of the closest
smaller f-stop and correct for the difference in radiation by multiply-
ing the constant A of the calibration curve by a correction factor equal

to:

where

f-stop with extention ring

Hh
1]

h
I

1 closest f-stop less than f2 for which a calibration

curve is available.

From the set of calibration curves; however, it can be seen that,
for a constant temperature, the isotherm level does not vary propor-
tionally to the square of the f-stop but rather by a constant factor
of approximately 1/1.8.

In order to correct for that, our final correction factor should
be

2 1
7 T8
2

C, = X
O

fl
fE
where f3 = closest f-stop greater than f2 for which a calibration curve

is available. The standard isotherm curves arc fitted to the following
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expression

I=AXep peor
where A and B are experimentally determined constants.

Any non-standard aperture curve should also follow this expression
and have a unique value for A and B. However, multiplication of a stan-
dard isotherm curve by a factor C2 amounts to correcting only for A. The
reason the introduced error is not significant is that the constant B
varies less than one percent for all the standard aperture curves and can
safely be assumed to be constant.

Program PLOT

This program allows the user to plot the data that were dumped
by program MAIN as a function of time. This is particularly useful if
one is interested in temperature changes at one point (or region) of an
object as they occur over a time period. The user must indicate whether
the data were obtained from the camera operating in ''field scan mode'
(normal operation where both prisms were rotating) or in ''single line
scan mode' (where the vertical prism was stationary). When in ''field
scan mode'' the program wiil plot the dumped value of one particular
line in each field as a function of that field. However, since each
field was scanned in 1/25 of a second the x-axis of the plot is given
in increments of 1/25 of a second. In addition to plotting the dumped
value of one single line, the program also allows for plotting the
average of the dumped values of a series of consecutive lines as a

function of time. This is of particular value if the dumped values
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were average values over a certain part of each line rather than single
points. The plot will then represent the average temperéture value of

a square regioﬁ of the object plotted against time, rather than a single
point. Usually this is more significant than plotting the value of single
points since the camera has a finite resolution and therefore already
averages the signal over a certain finite region.

When operated in "single line scan mode' the program will display
the dumped values as a function of line scan number. Besides graphical
output on the GT-40 graphics screen the program can also produce a hard
copy output in the form of either a plot or a table produced on a
printer terminal. A hard copy plot will be a rough copy of the plot
on the graphics screen while a table will consist of the printed values
of '"field #', "temperature', "voltage', "minutes" and ''seconds". If
the option of a short table is chosen only the values of ''temperature"
and "seconds'" will be printed. In single scan mode the option of a
long table is not available and only the values of "temperature'' and
"'scan #'" will be printed.

Program QUICK

This program allows the user to take a quick look at the ''raw"
digitized values and the horizontal and vertical trigger pulse marks
as they have been written on tape by the assembly program. This is
particularly useful in case there is any doubt that the assembly program
has not skipped the right amount of fields or lines. This can quickly
be verified by counting the number of HTP and VTP marks as displayed

on the screen. The data are displayed in five colums on the screen
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until the screen fills up. The next block of data will be displayed
by typing any one digit numbér followed by a carriage return. EOF
marks will have a value of 3584B. VIP marks will have a value of 2048B
while HTP have a value of 1536B. For easy identification the HTP marks
will appear as blinking numbers.
Program 1SO

Program ISO plots the digitized data.on paper in a two-dimensional
matrix while assigning a value of one to 20 to each point depending on
what its digitized value was. Values greater than ten were assigned
alphabetical characters starting at A = 11. The map thus produced
clearly identifies regions of approximately equal temperatures and can
be enhanced by drawing lines around each region. Although it is not
possible to assign actual temperature values to the isothermal regions
because of limited memory space of the computer, the isothermal map
can be very useful in locating "hot spots" and steep thermal gradients
(See Figure 3-3).
Program MAP

This program will read the digitized data from the cassette in
drive #1 and display them on the GT—4O graphics screen in a matrix while
assigning different intensities to each data point, based on its
digitized value. The result is a rough picture of what one scanned field
or part thereof looks like. This program can be helpful in identifying
the different objects the camera looked at when the recording was made.

No hard copy output is available from this program.
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CHAPTER IV
TRIBOLOGICAL EXPERIMENTAL APPARATUS AND PROCEDURE

This chapter discusses four tribo-experiments that were used

to test the infrared radiation analysis system.

A. Rulon Pin on Sapphire Disk

A device was built by Mr. Scott Bair ;hat would allow a pin of
5.1 mm diameter made out of "Rulon E" (a filled teflon) to be loaded
against a reciprocating sapphire disk by air pressure (see Figure 4-1)
The AGA 750 camera looked through the sapphire disk at the circular
contact area between the pin and the sapphire. The sapphire disk was
connected to a dc motor turning at 113 rpm by a mechanical link which
caused the disk to reciprocate. The maximum sliding velocity was 11
cm/sec. A load of 44N was applied to the pin and a recording was made
of the signal produced by the infrared camera as it scanned the contact
area of the pin (see Figure 4-2). The system infrared emission was

recorded for seven seconds from start-up.

B. Rulon Pin on Steel Plate

This was the first of three experiments conducted at Mechanical
Technology, Incorporated (MII) in Schenectady, New York. A 0.476 cm.
diameter Rulon pin was pressed against a reciprocating Nitrolloy (low
alloy steel) plate. The pin was mounted stationary relative to the

camera while the plate was forced back and forth in a reciprocating
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Figure 4-1. Rulon Pin on Sapphire Disk Experiment

Figure 4-2. Thermogram of Rulon Pin on Sapphire Disk

MT1-+20785
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motion by a DC motor (See Figure 4-3). The stroke length was 40 mm.

A surface micro-thermocouple had been inserted in the metal surface

in an attempt to measure the surface temperature to compare it with the
IR measurement. The thermocouple is shown schematically in Figure 4-4.
The camera was located to observe the steel surface as it emerged from
under the pin.

In this experiment the camera was switched to single line
scanning and the vertical scamning prism was positioned such that the
camera would scan one single line parallel to the motion of the plate
and through the center of the track of the pin on the plate. Recordings
were made of steady periodic operation using three speeds: 500 rpm,
1000 rpm, 1500 rpm and three loads: 1.18 kg, 2.18 kg, 4.18 kg at each
speed. A small strip of black nbn~glossy paper having an emissivity of
0.9 was placed on the right side of the scanned line in order to provide
a reference source of known emissivity and ambient temperature. The
ambient temperature of 26C was assumed to be that of the reference source
on the plate. A special triggering device designed by Mr. Gene Clopton
was used to externally trigger the vertical camera trigger pulse
(normally produced by the camera itself). It was set up such that it
would produce a vertical trigger pulse each time the sliding plate was
in its left-most position.

This triggering device as shown in Figure 2-2produces a small
infrared beam at a 30 degree angle that will be reflected back into a
receiver by a reflecting strip of paper attached to the reciprocating
device. As soon as the amount of radiation received goes from high to

low it causes a vertical trigger pulse to be produced.
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Figure 4-3. Rulon Pin on Steel Plate Experiment
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C. Rulon Pin on Sapphire Plate

This experiment was the second experiment conducted at MIT and
a modification of the experiment described in Section 4B. (See Figure
4-5). The 0.476 cm Rulon pin was caused to slide against a stationary
sapphire plate and loaded with 1.18 kg, 2.18 kg and 4.18 kg at three
velocities; 500 rpm, 1000 rpm and 1500 rpm at a stroke of 40 mm. Again
the camera was set up to scan a single line parallel to the sliding
motion of the pin and through the center of the pin. The vertical
trigger mechanism was coupled to the DC motor such that it would cause
a vertical trigger pulse at the point that the pin would attain its
maximum velocity moving to the right. Only the right one-half of the
cycle was being scanned because the use of the 66 mm extension ring
limited the field of view of the camera to approximately half the
stroke. The strip of black reference paper was not attached on the

left of the pin and moved with the pin.

D. Stirling Engine Seal Simulator

This was the third experiment conducted at MIT. A Nitrolloy low
alloy steel circular rod was reciprocating in and out of a circular
Rulon seal. The stroke length was about 50 mm (See Figure 4-0).
Recordings were made at four speeds: 300 rpm, 600 rpm, 900 rpm and
1100 rpm and five seal pressures: 0 psi, 225 psi, 450 psi, 600 psi
and 900 psi. The seal was loaded around the rod by means of air

pressure. The camera was aimed such that it would scan a single line
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Figure 4-5. Rulon Pin on Sapphire Plate

Figure 4-6. Stirling Engine Seal Simulator

MI1~20784
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perpendicular to the motion of the rod at the point immediately above
the seal. A thermocouple was attached to a hex-nut that appeared on
the left side of the picture and which would serve as a reference
object of known emissivity and temperature. The emissivity of the nut
was determined to be 0.98. The vertical trigger pulses were triggered

as the rod was in its uppermost position and starting to move downward.



54

CHAPTER V

PRESENTATION OF THE RESULTS

This chapter presents the results of the computer analysis of
the infrared radiation data recorded during the experiments described

in Chapter IV,

A. Rulon Pin on Sapphire Disk

The first analysis done on these data was a transient average
temperature analysis of one line scamned through the center of the pin.
It was found that the average temperature of the chosen line oscillated
in a range of approximately two degrees C with a frequency of approxi-
mately 0.26 seconds. The maximum observed temperature during an observa-
tion period of seven seconds rose from 21C to 32C and was still slightly
increasing at the end of the seven seconds of recovery. A plot of
temperature versus time can be found in Figure 5-1.

The oscillating frequency of the temperature corresponds to
twice the rotational frequency of the DC motor (which ran at 113 RPM)
and shows that the pin cools off by approximately two degrees twice
during the cycle, and identifies the instance where the relative
sliding velocity was zero (the reciprocating points). From Figure 5-1
it can be seen that the temperature profile is different for the upward
motion of the disk as compared to its downward motion. We attribute this

to uneven loading combined with the fact that the shaft on which the
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Rulon pin was mounted was flexible and caused the pin to be moved
upward and downward relative to the examined line. Since the tempera-
ture distribution over the pin is not uniform due to uneven loading.
The camera would not see the same temperatures on the downward stroke
as compared to the upward stroke.

The maximum temperature of 32C is based on an emissivity of 0.3
for the Rulon pin and may be considered an upper limit because the
emissivity of the Rulon was later recalibrated and found to be approxi-
mately 0.9, which will lower the maximum temperature by several degrees.
The ambient temperature was 21C.

The second analysis concerned the plotting of an isothermal map
of the contact using program ISO. The results are shown in Figure 3-3.
The motion of the sapphire plate was vertical and downward. A hot spot
on the contact can be found below the center of the contact and also a

steep thermal slope can be observed on the trailing edge of the contact.

B. Rulon Pin on Steel Plate

An attempt was made to trace the temperature of a fixed point
on the steel plate during part of the stroke in the 1500 rpm and 4.18
kg load. Since the thermocouple could be clearly identified during
each scan displayed by the computer during analysis, three points were
chosen relative to the thermocouple (see Figure 5-2). Their temperatures
were recorded as a function of position on the screen during each scan
where they were visible and the results were plotted. (See Figure 5-3).
It was found that the surface temperaturec of the thermocouple

was consistently higher than the temperature of the surrounding surface



THERMOCOUPLE

PIN REFLECTION

/

STEEL MOVEMENT

[,

STEEL SURFACE

REFERENCE POINT

1500 RPM

378 PSI RULON PIN ON STEEL PLATE

Figure 5-2. Rulon Pin on Steel Plate Center Line Scan

LS



=0.3

TEMPERATURE,C E

8o

70

6o

50

40

== . TOP OF THERMOCOUPLE
© == LEFT OF THERMOCOUPLE

O == RIGHT OF THERMOCOUPLE

MOVING TO RIGHT

ZERO VELOCITY

/

MOVING TO LEFT

Figure 5-3. Rulon Pin on Steel Plate.

Plate Temperature as a Function of Stroke

128

110

80

0.1

8§



59

apparently because the thermocouple changed the local thermal resistance
of the surface. However both the temperatures of the points to the left
and right of the thermocouple as well as the thermocouple itself decayed
slightly during the period in which they were observed. This was to be
expected since the only energy input into the plate took place just before
and after the observed period and thus only cooling could take place.
The cooling rate was very small however as can be seen in Figure 5-3
which is consistent with our findings in Section D of this chapter.

In addition the temperature of the plate was recorded at a point
fixed to the right of the Rulon pin as the plate was sliding by. A
plot of plate temperature at this point versus cycle position is pre-
sented in Figure 5-4. The data points that are off the scale represent
the thermocouple passing through the point being examined and form con-
venient reference points as to what instant in the cycle is being
observed. From this graph the following information can be derived.
As the plate moves to the right friction between the pin and the plate
causes it to be heated as it emerges from under the pin. Since there
is very little cooling taking place, the temperature seen at the right
of the pin remains high even after the plate has started to move to
the left again. It isn't until the plate has reached its leftmost
position that the rightmost part of the plate slides under the point
being observed. This part of the plate remains relatively cool since
it never encounters the pin itself. The temperature seen at this
point therefore is a low point in the graph. As soon as the plate starts

to move to the right again. Parts of the plate that have been exposed
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to increasing pin sliding velocities appear under the observed point and
the temperature rises again to a maximum. If any significant cooling
had taken place during the cycle the temperature should have dropped
after the plate had reversed its direction from right to left. Since
this is not the case we may conclude that an essentially constant
temperature profile exists across the plate during the cycle where the
middle of the plate which is subjected to highest pin velocities is
hottest while the ends are coolest.

The apparent scatter in the data is most likely caused by small
DC voltage variations within the camera as well as the fact that the
friction coefficient and emissivity are not constant during the cycle.
Also the presence of the thermocouble causes a severe scatter of some
of the data points.

Since the temperature profiles are similar for all speeds and
loads, a table was made recording the maximum and minimum temperatures
found during each cycle of different rpm and loads taken at a point
slightly to the right of the pin. (See Table 5-1)

Even though the emissivity of the surface was calibrated with
the camera and found to be approximately 0.05 we believe that it was
higher because of the development of a Rulon transfer layer rubbed
off on the steel. Therefore the data was analyzed at both an emissivity
of 0.1 and 0.3 to give an upper and lower bound for the plate tempera-
ture. All temperatures were found to be decreasing with decreasing
load and speed although the decrease from 100 kg to 50 kg load at each

speed appeared to be smaller than expected.
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Table 5-1. Rulon Pin on Steel Plate
(Plate Temperatures)
E=0.1 E=20.3

Load highest lowest highest.: lowest
RPM kg temperature temperature temperature  temperature
1500 4.18 84 64 52 38

2,18 79 64 48 39

1.18 78 65 48 39
1000 4.18 68 59 43 39

2.18 62 46 40 32

1.18 59 46 38 31
500 4.18 56 44 38 29

2.18 53 39 35 30

1.18 53 38 36 29
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C. Rulon Pin on Sapphire Plate

The data from this experiment were examined for contact
temperatures at the point of maximm velocity during the stroke as well
as at the'reciprocating point as the pin was in its rightmost position.
The field of view of the camera was limited to the right half of the
stroke and the temperature values at the very leftmost part of the screen
are less reliable because of lens edge distortion. Therefore the
temperatures for maximum velocity (being on the left hand side of the
screen) were recorded as the pin was moviﬁg to the left as well as
when it reappeared on the screen going to the right. These temperatures
are based on an emissivity value for Rulon of 0.9 which was measured.

The difference between the minimum and maximum temperatures during
one stroke never exceeded 10C as can be seen in Table 5-2, and the
maximum temperature observed was 66C at 1500 rpm and 4.18 kg. The high
point was consistently found at the left hand side of the screen which
corresponded to a higher velocity while the low point in the cycle was
always found during the point of zero velocity at the right hand side of
the screen. This was to be expected since the highest energy input into
the pin occurs at highest velocities. From Table 5-2 it.can also be
seen that the temperatures decrease with loading as well as with
velocity, although the decrease is very slight when comparing the results
for 2.18 kg loading and 1.18 kg loading.

A temperature profile of the pin as scanned by the camera can

be found in Figure 5-5. This plot was produced with the EXPLORER III



Table 5-

2.

Rulon on Sapphire (pin temperatures)

Maximum Minimum
Load Temperature °C X position Temperature °C X position
RPM kg E=0.9 on screen E =10.9 Oon screen
1500 4.18 - 66 296 58 820
65 389
2.18 - 57 279 52 802
58 177
1.18 - 53 338 47 761
50 380
1000 4.18 - 64 211 49 812
57 270
2.18 51 338 46 812
55 228
1.18 - 49 245 43 718
51 126
500 4.18 - 58 287 48 803
60 126
2.18 55 110 47 803
1.18 - 55 177 47 786
56 177
Note: A negative value indicates the pin was moving to the left.

79
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digital oscilloscope. This figure presents the pin as it is moving to
the left at 1500 rpm, at 4.18 kg loading. Similar plots have been made
at different speeds and it was found consistently that at high loads
the left side of the pin was hotter than the right side, regardless of
the direction in which the pin was moving. We believe this was due to
uneven loading during the movement of the pin. This is a reasonable
explanation since we found that while we were making the first test
runs with this apparatus the camera indicated that the bottom half of
the pin was considerably hotter than the top half even though we thought
initially that the pin and the sapphire were properly aligned. A new
alignment corrected the problem but this clearly indicated the effect

of even the slightest uneven loading.

D. Stirling Engine Seal Simulator

The data taken from this experiment were analyzed to find the
highest and lowest temperatures during one éycle of steady state
operation at each speed and seal pressure. These values can be found
in Table 5-3. These temperatures were based on an emissivity for the
steel of 0.05, which was based on measurements done with the camera at
MII. We feel however that these temperatures represent an upper limit
in light of the fact that the surface of the rod was not as smooth as
the sample we used for emissivity calibration and a slight oil film
was present on the rod. This may have changed the emissivity to as
high as 0.3, thus lowering the maximum observed temperature from 195C

at 1100 rpm and 900 psi to 97C.
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Table 5-3. Stirling Engine Seal Simulator Rod

Temperature
Highest Lowest
Pressure Temperature (°C) Temperature (°C)

RPM (psi) E = 0.05 E =0.05
1100 900 195 153
675 180 141
450 159 123
225 136 115
0 123 104
900 900 122 108
675 122 109
450 120 114
225 115 105
0 123 108
600 900 142 119
675 136 112
450 124 106
225 116 105
0 114 106
300 900 110 101
675 111 104
450 113 104
225 115 104
0 110 94
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In general the temperatures observed decreased with pressure
and velocity the only notable exception being the 900 rpm case where
temperatures seemed to be fairly constant. We have no firm explanation
for this phenomenon other than the fact that the 900 rpm runs were made
as a last minute decision immediately after all other runs had been done,
the previous one being the 1100 rpm run. Since the recordings at 900
rpm were made in order of increasing pressure it is conceivable that the
rod had not had a chance of cool off adequately from the 1100 rpm run
and thus caused the low pressure case temperature readings at 900 rpm
to be too high. This explanation seems particularly likely since
further analysis of our data as presented in this section indicates that
the cooling rate of the rod was considerably longer than its heating rate.

A plot was made of the temperature at the center of the rod
as a function of time for the 600 rpm, 9060 psi case. The results are
found in Figure 5-6. Originally we had exvected the temperature to be
high as the rod would come up out of the seal and Zow due to air cooling
as it would move downward into the seal. However it was found that the
temperature profile was essentially symmetrical with respect to the lower
reciprocating point in the stroke, i.e., the rod's temperature profile
was nearly identical for the downward part of the stroke and the upward
part. This indicates that during steady state operation the cooling
rate of the rod is slow compared to the mechanical cycle time which
controls the heating. Therefore the thermal mass causes the temperature
profile over the rod to remain essentially unchanged during the down-

ward part of the stroke. Since the bottom and top of the rod always
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enter the seal at low velocities the temperature remains low at these
points while the middle of the rod remains hottest because it always
enters and leaves the seal at highest velocity.

Another interesting aspect of Figure 5-6 is that the tempera-
ture decreases slightly at the point of highest velocity in the stroke
and thus causes a '"dip'" in the graph at both peaks. We think that this
is caused by an oil film being developed at the high velocities.

(A thin layer of oil was present on the rod.) Frictional energy is

in part a product of velocity and load. As the velocity increases the
friction may decrease if an oil film forms between the two rubbing
surfaces. If the decrease in friction offsets the increase in velocity,
the temperature will decrease locally.

The apparent scatter of the data points in Figure 5-6 is due to
an interfering signal picked up during the recording, a slight fluc-
tuation in the DC level of the camera, and friction coefficient varia-
tions during the stroke.

A radiation profile was plotted using the EXPLORER III digital
oscilloscope and can be found in Figure 5-7. This figure represents
one scanned line across the rod as it emerges from the seal at 300 rpm

and 900 psi.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

From the analysis of the four friction experiments we conclude
that the system can calculate surface temperatures and display surface
temperature profiles on scanned lines. The single line scanning modi-
fication proved to be very useful for temperature observations in high
velocity situations. The external triggering device performed well in
starting each scanned line at approximately the same point in the cycle
although reference points on the object itself as seen by the camera

proved more useful for easy cycle position identification.

A. The Computer-aided IR System

One of the main limitations of the AGA 750 is its spotsize

over which radiation is integrated. With the extension rings and lens
employed to give a flat field the diameter of this spotsize is somewhat
less than one-tenth of the scan width. If the area from which the
radiation is received is known, then temperatures on an area whose diam-
eter is 0.13 mm could be measured. Another limitation is the necessity
of having a calibrated reference object with known emissivity and
temperature in the field of view in order to be able to calculate
absolute temperatures. The main limitations of the computer analysis
aspect of the system were:

memory Size

computing speed

1
2.
3. data transfer speed and reliability
4. 1limited hard copy output
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Possible sources of error introduced by the system are:

1.

integration of temperatures over a finite region due to
finite resolution,

uncertainty in reference temperature and emissivity,
uncertainty in object emissivity which may vary with
temperature,

varying DC level of the camera,

amplifier instability during signal amplification,
inaccuracies in the calibration curve used by the
computer, especially in calculating temperatures less

than 60C which requires extrapolation.

In view of these limitations the following recommendations for

future use of the system can be made:

1.
2.

Fresnel lenses can be used to pre-magnify the object.
Screens with known emissivity and a known hole size smaller
than the spotwise of the camera may be used to find témpera-
tures at small spots.

The calibration curve mentioned on page 41 can be recalibrated
for temperatures less than 60C.

Use of a computer with more core memory and a BASIC Compiler
rather than a BASIC interpreter will greatly speed up the
data processing.

Use of high-speed mass storage like floppy disks rather

than cassette tapes will cut the data transfer time by a

factor of 100.
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6. A matrix printer terminal rather than a teletype terminal

will greatly speed up and improve the quality of hard
copy output.

B. The Friction Experiments

Both in the Rulon-on-steel and the stirling engine seal experi-
ments it was found that the surface cooling time was long in comparison
with the cycle time of the device. As a result a temperature pattern
was created on the surface that remained during the cycle. Radiation
profiles of the steel plate in the Rulon-on-steel experiment showed
that the presence of the thermocouple changed the thermal characteristics
of the surface due to a changed thermal resistance. From the Rulon-on-
sapphire experiments we learned that alignment of the specimen had a
major influence on the temperature distribution across the contact

surface of the pin.
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