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ABSTRACT

Surface teniperature gradients were measured with miniature
thermocouples instalied in a 58.5 em (23-ineh) square window.
Test measurements at 25 locations were made under vacuum
and with the window operating in radiant heat transfer mode.
The analysis of thermocouple design and installation is presented
along with a lead wire routing scheme to allow for both differ-
ential and absolute temperature measurements while using

a minimum number of signal feedthru paths through the test
‘chamber wall. Typical test data and operational precautions
are presented along with the accuracy analysis for installation
effects and measurement effects to support differential tem-
perature measurement precision values of iO.OSOC RMS (:O.IOF
RMS),

INTRODUCTION

Typically in design activity, a mathematical model is created
of the proposed system, followed by a physical test modcl, the operation
of whieh, under simulated conditions, is used to verify the accuracy of
the mathematical model. The confirmed mathematical model is then used
for further detailed design analysis and development.

The subject of this paper is the measurement of surface tempera-
ture gradients on a glass window in order to confirm the accuracy of a
system mathematical model using such a window. The window, a 25.4 mm
thick glass plate, 58.5 em square, was required to operate in a vacuum
environinent in a radiative heat transfer mode. The relationship of the
plate to this heat flux environment is shown schematically in Figure 1.

The requirements of the test were to instrument a represemative
plate with temperature sensors, expose the plate to the simulated heat
flux environment, and measuge the resulting surface temperature differ-
ences to a precision of +0.06 C or better with the plate operating at a
predicted meun temperature level of approximately 21%¢.

Various measurement approaches were evaluated with the choice
made to use copper-constantan thermocouples made from small diameter
wire and operated in a differential mode in order to provide the required
precision.
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Fig. 1-Heat flux environment relationship

Sensor_Analysis

Two installation approaches were considered for this application.
The first, and simplest, used a miniature thermocouple attached on the
front surface of the window with a patch of adhesive tape; the second em-
ployed a miniature thermocouple element inserted into a hole drilled from
the back of the glass plata to a point 2.54 mm below the front surface.

Evaluation of these proposed installations was carried out using
a steady svate thermal analysis computer program available at our facility
computer library. This program calculates node temperatures to yield the
steady state temperature distribution and also calculates the steady state
heat flow between the nosdes.

Figure 2 shows the node arrangemert used for ealculating the
patch thermocouple case, and Figure 3 shows the node arrangement for
the case with imbedded thermocouples, In all cases of ther ooou%le instal-
lation evaluation, a uniform incident heat flux from a 26.6 C (80 F) black-
body irraciated thc front surface og the pgate and the rear surface radiated
to a blackbody radiant sink at 18.6 C {65 F).

Results of ealeulations showing surface temperature depression
for the ~ase utilizing an adhesive pateh to fasten the thermocouple onto
the fro..* surface are shown in Figure 4 with the associated nodal tempera-
ture .nap shown in Figure 5, where th% temperatures are expressed as
armount of temperature depression in ~C. Patch size was varied from 12.7
mm diameter to 25.4 mm diameter to evaluate the radiant energy blockage
effects caused by the patch. The surface temperature perturbatiorg range
from 0.08°C to 0.127°C, whichis in excess of the requirement 0.06 C, These
values by themselves could be acceptable if it could be guaranteed that
the temperature measurement perturbation at each location would be the
same, but questions such as thermal contact between the thermocouple
and glass, a variation of which would cause a variation in indicated tem-
peratn e cannot be fully assessed, These effects are indeterminate depend-
ing on thermal contact, lead conduction, and tape patch temperature.

'or this reason, this approach was disearded, even though it would have
been the simplest to implement,
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Fig. 3~Node arrangement for case with imhedded thermocouples
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Fig. 5-Nodal temperature map for pateh on nodes #1,2,3 & 4
Temperature depression (°C)

The alternate method considered a thermocouple element inserted
to just beneath the front surface by means of a hole drilled from the rear
surfaee. This proposed configuration was also analyzed using the eomputer
model to assess its effect on the glass.

The thermocouple set in the bore * hole, using a ceramic rod,
results in a temperature distribution which is only slightly perturbed. The
distribution is somewhat different in that theré is a slight depression in
temperature at the central nodes near the top of the glass, (See Figure
6.) This condition reverses itself near the bottom of the glass, giving a
slight rise in temperature at the bottom. This unusual temperature dis-
tribution results from the greater conductance of the ceramie rod/thermo-
couple wire combination compared to that of the glass itself, The greater
conductance path transfers heat away from the top surface more rapidly
at the central node depressing its temperature, This greater conductance
path also will conduct greater amounts of heat to the central node at the
pottom surface, causing its temperature to risc slightly. In both areas,
these effects are negligibly small in a practical sense and the temperature
distribution closely approximates the temperature distribution of the un-
disturbed window,
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Fig. 6-Nodal temperature map for inserted thermocouple

It is important to note that the thermocouple itself is located
at a point approximately 2.54 mm below the surface. Thus, its temperature
will be the temperature of the glass 2.54 mm below the surface, For this
modSl, it will differ from the undisturbed temperature by no more than
0.06C. This may be important for absolute temperature measurements,
but should be of little importance to differential measurements where
4!l the sensors will be similarly affected.

On the basis of this analysis, it was determined that a sensor of
this type would be the optimum design approach.

Instrumentation Implementation

A sample window was used as the test article. The 2.16 mm diam-
eter thermocouple holes were drilled by an ultrasonic technique using a
diamond impregnated core drill, followed by a solid drill to provide a flat
bottomed hole.

The sensor design was fabricated using bare 0.05 mm (0.002-inch)
diameter copper-constantan thermocouple wire to insure minimum lead
conduction effects. A ceramic rod with four axial holes was used to hold
the junction in place in the drilled hole. Lead wires from the junction were
run through the axial holes, The thermocouple assembly was potted in the
hole with Laminar X-500 conformal coating. This technique provided an
added benefit because the junction could be easily removed from the hole
with a drill bit in a tap handle in the event of sensor failure. A typical
instullation is shown in Figure 7. A line of nine such sensors was installed
in the plate as shown in Figure B. An additional 16 sensors, not shown in
Figure 8, were installed to provide confirmation of temperature stability,

Lead wire hook-up was uccomplished in a special manner. It was
desired to provide an absolute reading for at least one of the sensor loca-
tions, All locations were to be read differentially, cither as selected pairs
or all referenced to one selected location, To meet both of these aims,

a common constantan lead was provided. All junetions were connected

to this common run, This common constantan run was then brought out
and combined with a reference junction. The copper side of each junetion
was brought out separately, The scheme is shown in Figure 9. To differ-
entially read any pair of junctions, it is only necessary to read across the
copper leads for each junction of the pair. By reading across the copper
lead of any junction and the copper lead of the reference junetion, an
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absolute reading of the junction can be made. Thus, a highly flexible readout
capability resulted which enabled the readout of any differential pair de-
sired, and still enabled the absolute temperature of each location to be
read.
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Fig. 7-Thermocouple installation
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Fig. 8-Thermocouple locations (em)

The copper leads on the window were routed to an edge area where
14 pin IC chip connectors were mounted. The connectors had been modified
by breaking off the pins on one side of the connector. The connectors could
now be bonded to the side of the window with the remaining pins extending
over the surface, facilitating hook-up of the copper leads. The constantan
lead was hooked up to the constantan side of a miniature thermocouple
connector which was also bonded to the side of the window.

The eupper leg of cach junction was routed from the connector
interface on the window by way of the copper leg of & copper-constantan
harness. DIP component headers were attached to the harness (o enable
it to interface with IC chip connectors. The mating plug for the constantan
lead connector was used to complete the harness interface.
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The harnessing was routed to its own penetration through the
test chamber where compensated copper-constantan feedthrus were used.
From the penetration, the harness was routed to a switeh bov. Here the .
switch was wired to provide two readouts, a differential reading of cach ot
junction to one of the junctions which serves as a reference, and an ab- '
solute reading for each junction including the one used as a reference, :
The wiring arrangement is shown in Figure 9. At the switeh, the constantan -
leg was wired to a 0 C reference junction, providing the absolute readout.
The absolute readings were made using a Doric DS 350 digital temperature
indicator (DTI). The switching provides readout of the thermocouple junc-
tions as differential pairs with TC #1 as the common or reference junction
of the pair for each junction. In this way, differential temperatures could
be deduced for any combination of the sensors. Differential readings were
made using a Hewlet-Packard 419 DC null volt-ammeter. The switch is
wired in such a way that a short across the switch and a short across the
connectors on the window can be read. This was done to identify any effects
on the readings due to the lead wires or the switches, With the potarity
switeh in position #1, the absolute temperature of the individual junctions
is read. In position #2, the absolute temperature of the common or ref-
erence junction is read.

MEASURING  TUNC T IONS

(4 ton va ton tu ton tu ton tu don

(R
REBERFaLE
(LT L

Con

——
SENSUOR SELECE SWIHDOH
(SWLICH #1)
t
§ POPARITY SELE b SWhiod
Cu towl ol 0)
v R VUMY IER
L_ o 0 0 00
ICE BATH DlcTIAL
TEMPERATURY
ESHATON

Fig. 9-Wiring urrangement

The necuracy of the ubis}olutc temperature data from the window
thermocouples is :().63 C (+0.46°C RMS), Diffevontial mensurements

are aceurate to *0,067°C in-mngnitud%. For values less than 0.56 C in mag-
nitude, accuracy is better than +0.03°C.



Wire error of +0.42°C Ts included in absolute temperature. The
readout error for the Dorie DTl is +0.19°C. Reference jynetion error is
+0.025"C. The sum of these errors gives +0.64°C (+0.46°C RMS) for abso-
lute temperature measurements. Wire error is not considered in the dif-
ferentia. measurements since the junctions were all made from the same
batch. The readout error is the accuracy of the Hewlett-Packard volt-
ammeter. The meter's accuracy is +(2% of range +0.1u v). For these mea-
surements, the 30uv and 100 v ranges were used. The corresponding ac-
euracies are +0.7uv and +2.1u v, respectively. Temperatur%s are derived
by dividing these values by the cgnversion value of 39.6uv/ C. This gives
temperature accuracies of +0.02°C on the 30uv range and +0.06 C on the
100uv range.

Test Program

The testing was carried out in a vacuum chamber at vacuum

levels better than 10'5 torr. Incident radiant energy was provided by a
zoned array of quartz IR lamps, which irradiated an intermediate, thin
metal shroud which was then the primary test energy source. The test
chamber containing the lamp array also incorporates a LN temperature
background shroud used as a reference heat sink for the la?np drray system.

During temperature measurement systém checkout prior to start
of the test program, considerable data scatter ghd absolute semperature
level errors were noted. Data and test log review indicateddhat the problem
was related to the LN, background shroud cool-down. Lot

A detailed investigation isolated the problem to the chamber
penetration consisting of a standard "copper-copper" { eedthfu which was
used in bringing out the lead wires from the window thermocouples, both
legs of which were now copper due to the wiring arrangement on the plate
for the differential measurements. Investigation revealed that the pins
in the feedthru were a nickel alloy similar to constantan and that since
the back of the feedthru had a good view of the LN_ shroud, as the shroud
was cooled a temperature differential became estag‘lished across and through
the feedthru. Since copper wires were attached to both sides of the feed-
thru, different differential thermocouple elements were created at this
point in each circuit leg which introduced the scatter noted. Since the
constantan leg, which was used for absolute temperature measu ‘ement,
was routed through a norma& consbantan pin, the differentiai in 1he copper
leg caused errors to up to 6 C (10°F). The solution in this instance was
to use a thermocouple grade copper-constantan feedthru, using only the
copper pins for the differential thermocouple wires. When this was done,
the scatter was eliminated and the absolute temperature level returned
to normal.

A vendor search for feedthrus with all pure copper pins has thus
far proved negative. Therefore, this problem should be considered any time
low level voltage measurements are to be made in a situation where tem-
perature gradients are possible on the feedthrus.

With the resolution of the temperature measurement anomalies,
the test program was carried out without further incident and good quality,
consistent data was obtained over an extensive program encompassing
a range of incident heat flux levels,
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Fig. 1’ summary of test data

The initial predic ed temperature response for the window under
typical heat flux inputs is shown in Figure 10. When coinpuared to test data,
a diserepaney was present. A reevaluation of the mathematical model of
the window in its test environment vielded several refinements and modi-
fications in the model, which then provided the expected correlation to
verify the model.,

{onelysions and Recommendations

Detailed sensor i tatiution analysis, using mathematisal model-
ing, provides effeetive information on sensor cheice, installation effects,
test use, und Jata validity,

Assessmuent of thermal sensitivity of the total measurement cir-
cult is a must when low level signals in the v range are being measured.
Speeial care must be riven to material compatibility in the case of vacuum
chamber feedthrus and associated wiring.

ihis paper has deseribed a successful test setup using thermo-
couples 1o measure temperature gradients o glass with a preeision level
of -P.0R7C and hus highlighted the use of mathematical modeling in the
<esign of sensor installation,
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