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(ABSTRACT)

The goal of this thesis is to develop a set of standards for use in calibrating heat
flux gages at elevated temperatures in a radiant heat transfer environment by
comparing several "trial" standards. l|deally, the same incident heat flux is
derived from each standard when exposed to the same heat source. Three
heat flux standards are proposed and evaluated. The standards are based on
temperature measurements, material properties, and electrical measurements.
The theory and design of each standard are described, as are the calibration
procedures used. For experimental comparisons, two standards are
simultaneously exposed to heat fluxes of up to 220 W/cm?2 by placing one

standard on each side of a graphite flat plate heater.

The temperature measurement based standard derives incident heat flux from
the temperature of a blackbody heat source and the Stefan-Boltzmann law. The
heat flux gage employed in this standard is a water-cooled Gardon gage. This
standard does not operate at high temperatures. The calibration of this

standard produced highly repeatable results.



The material property based standard is a bar of stainless steel and derives its
heat flux from the material properties and a transient surface temperature
measurement. A transient, nonlinear finite-difference solution was used to
compute absorbed heat flux from measured face temperatures up to 870° C,
the maximum temperature for which material properties were available. The
configuration of the thermocouple used to determine the face temperature was

found to have a large impact on the computed heat flux.

An analysis of the graphite flat plate heater was performed to determine the
difference in heat flux caused by maintaining one standard at elevated
temperature while the other remains at room temperature. This correction
ranges up to 8 W/cm? for a hot sensor at 870° C. The analysis also revealed
significant variations in heat flux over the standard faces which approach 25%
of the absorbed heat flux. The variation impacts the material standard heat flux
because of the size of its active sensing area. The temperature and electrical

measurement based standards are not effected due to their smaller size.

Analysis of the calibration apparatus for the electrical measurement based
standard reveals nonuniform heat flux at the heat flux gage. The nonuniformity
is as high as 5% over the gage area. Area weighted averaging may provide a
satisfactory calibration if the sensor design tends to average heat flux. If
averaging is not sufficient, redesign of the calibration system will be required to
reduce the heat flux variations. Testing of the electrical measurement based
standard was not performed. However, it is expected to operate at

temperatures up to 500° C,
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Thermocouple Thermocouple
legs spotwelded leg A
to face

Thermocouple
leg B

Heat flux applied
to this face

Figure 3.9: Material Standard Face Thermocouple Attachment
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The configuration used does not minimize local heating and cooling at
the junction locations due to conduction in the thermocouple legs but it

does ensure survival of the thermocouple.

The other four thermocouples were located along the length of the bar.
One was located 2.5 cm from the face, two were located 19.0 cm from the
face and the fourth thermocouple was located at the end opposite the
face (35.5 cm from the face). The thermocouples at 2.5 and 35.5 cm and
one at 19.0 acquired data for comparison to the finite difference model (to
be discussed in the next section). The second thermocouple at 19.0 cm
was used in the feedback loop for the heaters which established and
maintained elevated bar temperatures prior to exposing the face to heat

flux.
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3.2.3 Heat Flux Calculation

Heat flux was calculated from the face temperature measurement in two
ways. The first was a modification of a method developed by Cook and
Felderman [9]. The second was a one-dimensional finite difference

model of the entire bar.

The unmodified Cook and Felderman solution is an exact semi-infinite
solution that does not account for variation of the material thermal
properties with temperature. The 17-4 stainless steel has significant
variation of thermal conductivity and large variations of specific heat with
temperature. The Cook and Felderman solution was modified to use the
average properties computed from the current and starting temperatures

of the face.

The finite difference solution included full temperature dependence of the

material properties. The node spacing is outlined in Table 3.1

The measured face temperature was used as input into the model which
returned nodal temperatures for each time step. The computed
temperatures were output every 0.1 second, which matches the data
acquisition rate used during the tests. Absorbed heat flux was computed

using the equation

_pCANT =TT k(T;‘A—xT{‘) (3.3)

9. A
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Table 3.1: Material standard finite difference node spacing

Node # Distance Distance
from face between

(cm) nodes

(cm)*

1 0 N/A
601 15.24 0.0254
602 15.29 0.0508
603 15.367 0.0762
604 15.494 0.127
762 35.56 0.127

%

This distance applies to all nodes

between the current node and the

next lowest node listed.






