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Fig. 3 Maximum temperature for a single cuff, 3 =0.5.
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Fig. 4 Maximum temperature because of periodically placed cuffs:
a=0.53=1.

¢ =0 curve is from Eq. (6) by setting r =0. We see 7T,, increases
dramatically as o« = «,,.

Next consider the interaction between adjacent cuffs. We shall
illustrate with the case « = 0.5, 8 = 1. Figure 4 shows, for large b,
interaction is negligible and 7, approaches the single cuff values
shown in Fig. 3. For given cuff width ¢, T,, becomes infinite as b ~ c,
i.e., when the cuffs are close and prevents most of the surface heat
loss. Increased cuff length ¢ increases the interaction and thus the
maximum temperature. For a given wire and a given temperature
limit, the allowable length and placement of the cuff can be found.
Although other values of « and g are not presented in this Note,
graphs similar to Fig. 4 can be generated easily by the method
outlined here.

It has been known that thermal failure (local melting) of elec-
tric heating elements in household or industrial heating is often
at the hot spots because of the supports.! For electric overhead
power lines, thermal failure is defined as an unacceptable decrease
in tensile strength because of annealing. The maximum allow-
able temperature’ is set at less than 100°C. Typical values for a
power line are as follows. Consider a bare copper wire of diameter
1.17 cm, carrying 200 A at 130,000 V. The resistance per centime-
ter is 0.000126 2. The power lost to Joule heating is 5.05 W/cm.
Thus ¢ is 4.71 W/cm.? Because copper § = 0.004/°C and k =3.86
W/cm/°C we find @ = 0.41. On the other hand, the Nusselt number
for forced convectionin crosswindis experimentally’ O(1) to (100),
giving a value for B from 1072 to 1. The present Note provides a
method to compute the maximum temperature, which may increase
severalfold because of the cuffs. Last, we mention that our analysis
also applies to the internal heat generated by chemical reactions.
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Characterization of Thin-Film
Heat-Flux Gauges

Frank K. Lu* and Kevin M. Kinnear'
University of Texas at Arlington, Arlington, Texas 76019

Introduction

EAT transfer can be a serious problem in applications as di-

verse as combustion, manufacturing, electronics, and flight.
Sometimes, transient or unsteady temperatureand heat transferdata
are needed. These data are still obtained using discrete sensors, such
as resistance temperature detectors (RTDs). An RTD consists of a
thin metallic film applied to a substrate of low thermal conductivity
and connected to a Wheatstone bridge.! The temperature change is
given by

T —Ty= AV /apV, (1)

where AV is the change in the film output voltage, V, is the applied
voltage, and oy is the film temperature coefficient of resistance.
This Note summarizes a new dynamic calibration procedure and
numerical techniques for treating noisy calibration data.

RTDs are designed to satisfy the semi-infinite assumption, with a
negligible effect of the thin metallic film on the substrate response.
The time-varying surface temperature and heat flux are given as'->

1 " 4.

T‘Y(t):«/;«/m i «/:dr 2)

Jpck (' dT/dr q
————— 14
VT Jy At—T

where p, ¢, and k are the density, specific heat, and thermal con-
ductivity of the film. The quantity (ock)'/? is known as the thermal
product of the film. If the heat flux is constant,

Gy = 1 )2/ pck[t(AV Jag V) )

(3)

q4,(1) =
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Equation (4) shows that the voltage change caused by the unbal-
anced bridge is directly proportional to the square root of time. For
nonconstantheat flux, the Cook-Felderman algorithm?

Jpek V(tn)+'§ V(t,) — V(1)

qs(ty) = \/;(YR Vo tr?'s — (t, — £;)05
_ V) -V -) V) - V-
(t, — ;-1 t —1)05 + (8, — ;)03

V)=V 1)

* At03 ®

can be used to integrate Eq. (3). In Eq. (5), n is the number of equal
time steps Af.

Calibrations

Platinum RTDs on MACOR " rods, 10 mm long and 1.6 mm in
diameter, were constructed by hand.* The temperature coefficient
of resistance and the thermal product of the RTDs were obtained
by calibration. Based on experiences of other investigators, only
RTDs with resistance between 75 and 150 Q2 at room temperature
were calibrated and tested.

Equation (1) indicates that the RTD sensitivity is inversely pro-
portional to V. The maximum applied voltage, however, is limited
by internal heat generation. To determine this threshold, the RTD
bridge was placed in still air and balanced. The current to the bridge
was increased, and, eventually, the bridge became unbalanced due
to ohmic heating. The output was practically nil up to an excita-
tion of about 1 V, above which the effects of ohmic heating became
apparent. However, up to an excitation of about 2 V, this heating
was minimal. Larger voltages caused the internal heat generation
to increase rapidly. Burnout usually occurred before an excitation
of 4 V was reached. Experience indicated that a 2-V excitation is
suitable in practice.

Static calibration was performed against a type-K thermocouple
in a heated glycerin bath. Figure 1 shows static calibration results
for a number of RTDs. The sensitivities of each of the RTDs were
determined by linear least-squaresfits. In each case, the correlation
coefficient was better than 0.999. The good linear behaviorconfirms
thatRTDs can be used for temperaturemeasurements. With R, taken
at 25°C, the coefficient of resistance was obtained from

1 AR
T Ry AT

and its value ranged from 0.00178 to 0.00203/K +1%.

Dynamic calibration, utilizing a pulsed electrical excitation, was
used to determine the thermal product. The RTD bridge, initially
balanced, was supplied with a 6-V pulse for about 5 ms. An initial
imbalance of the circuit will result in a step in the response output
at the start of the test, this appearing as an infinite heat transfer rate.
The bridge circuit must also be as inductance free as possible so
that oscillatory responses are avoided or rapidly damped. Further,

(6)
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Fig. 1 Static calibration for five RTDs.
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Fig. 2 Dynamic calibration results.

the 5-ms pulse was short enough to ensure the validity of the one-
dimensionalassumption. The pulse caused ohmic heating within the
film. The change in resistance was recorded as a change in output
voltage, which is equivalentto the temperature history. The test was
conducted in still air and in a glycerin bath at room temperature.
The parabolic behavior of the temperature rise (or output voltage)
with time is indicated in Fig. 2. Figure 2 includes least-squares
regressions to the data. (Approximately 500 data points were used
for the least-squares analysis.) The regressions had correlation co-
efficients of 0.99, indicating good agreement of the measurements
with theoretical parabolic behavior. The slopes of the regressions
enabled the thermal product to be calculated using’

- - (AV/[O'S)air
(pck)®S = (pck)gli/[m a 1i| 7

where the thermal product of glycerin was obtained from Ref. 1.
The values of the thermal product obtained ranged from 0.190 to
0.216J-cm?- K/s'/2,

Testing

The RTDs were validated by measuring the stagnation-pointheat-
inginashocktube.* The tests were performedin air, initially at ambi-
ent conditions, with an incident shock Mach number of 1.79 4 1%.
Figure 3a is a plot of the response of a typical RTD, including a
least-squares fit, whereas Fig. 3b shows the same data after shock
passagebut plotted againstthe square root of time. The heat flux was
computed from the temperature history 1) by the Cook-Felderman
algorithm and 2) by assuming a constant heat flux. Figure 3a shows
periodicity in the data after shock passage. This problem of ringing
due to the propagationand reflection of stress waves in the RTD is a
concern. In some instances, such as force measurements, elaborate
data reduction procedures can be implemented to account for the
propagation of stress waves. However, the high-frequency ringing
cannot be effectively filtered away for the present because this pro-
cedure will increase the uncertainty in determining the starting time
for heating in the RTD.

The Cook-Felderman algorithm did not converge when applied
to the noisy, raw data but did succeed in calculating the heat flux
from filtered data. The filtered data was in the form of a parabolic,
least-squares fit for # > 0. Using this parabolic fit with the Cook-
Felderman algorithm, ¢, = 28.1 W/em?.

Using the constant heat flux assumption, Eq. (4) was rearranged
to yield

2azV,
AV = R0 443 8)
7 (pck)?

If the heat flux is constant, then the voltage change caused by the
unbalanced bridge circuit is ideally proportional to the square root
of time, as noted in Eq. (4) and indicated in Fig. 3b. Equation (8)
can be rearranged to yield

4. = [(pckm)® /2] ©)



