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Nomenclature

A = area of the target point on the specimen, m?

C, = firstradiationconstant,3.742 x 1071 W . m?

C, = secondradiationconstant, 1.4388 x 107>2m-K

F = geometrical coefficient related to the target geometric
position

G = general calibration coefficient of the system, V - m*/W

M = total radiation energy of the specimen surface, W/m>

M, = emissive radiation energy of the specimen surface, W/m>

M, = reflection of the specimen surface, W/m?

P = coefficient of the optical system

R = gain of the amplifier, V/A

T, = temperature of the specimen, K

T, = temperatureof the flame, K

V. = voltage,V

X = geometrical coefficient related to the specimen, the flame,
and the optical detector

o = air-fuel equivalenceratio

g = emissivity of the target surface

& = emissivity of the flame

Ay = wavelength,m

T = photoelectric sensitivity of the photodiodes, A/'W

Introduction

ADIATION pyrometers have been widely applied in industry.

With typical measurement methods, one-color and two-color
pyrometry mainly considers the emission of the target surface, or
introduces some simplification or correctionaccordingto the reflec-
tion of the environmentradiation source on the measured surfacein
classical methods.!'? In some cases, the error may be a little large,
however, because of the radiation complexity of the surface, for
example, the front blade of a gas turbine, the inner surface of a com-
bustion chamber, and so forth. The main difficulties are the existence
of the radiation from the environment and the uncertain emissivity
of the surface whose condition varies with temperature, oxidation
level, and so forth.> As a simulation of typical cases in industry,
the object to be studied in this paper was a metal specimen located
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at the outlet of a combustion chamber. More accurate temperature
measurements were expected using the new method by reducing the
simplification, reformulating the equation group, and rebuilding the
measurement system to eliminate the complex effects.

Pyrometry Model and Experimental Setup

The target studied is a metal specimen located at the outlet of a
combustion chamber. It was heated by the high-temperature fume
and reflected the radiation from the combustion flame and the other
components in the chamber, as shown in Fig. 1. The total radiation
energy M of the specimen surface is mostly composed of two parts:
the specimen emission M| and the specimen reflection M, from the
flame radiation in the combustion chamber. The reflection on the
specimen surface from the other components in the chamber can
be neglected because of their temperature is lower.* It is supposed
that the radiation characteristicsof the emission of the specimen are
similar to that of a gray body among the selected narrow wavelength
band,* namely, &, = ¢,(T}). Itis also supposed that there is only one
environment radiation source, which can also be considered as a
gray body among the wavelengths applied in the experiment> The
gases at the sight path of the detector are transparent, while the
air-fuel equivalenceratio « > 1 among the same wavelengthbands.
Thus, we can obtain the basic equation of M; at a given wavelength
A; according to the simplified Planck’s law:
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Because we are concerned with only 77, in the final analysis, there
are only fourunknownsin the equation, e, 77, &, X, and 75, that must
be solved within four equationsfor four wavelengths. Therefore four
wavelengthsin the infraredregion, 1.0,1.52,2.3,and 3.56 um, were
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Fig. 1 Combustion chamber, specimen installation, and experimental
system: combustion chamber, 1; flame, 2; specimen, 3; optical detector,
4; optical fiber, 5; entrance slit, 6; spectrometer, 7; magazine, 8; wires,
9; amplifiers, 10; A/D converter, 11; and personal computer, 12.

[y




126 J. THERMOPHYSICS, VOL. 15,NO. 1: TECHNICAL NOTES

1 2 3

/A AV,
2% = = X
AN X
O — X
:\ _\ ) ¢

P Ne \s

Fig. 2 Device (unit 8 in Fig. 1) to locate and detect up to four wave-
lengths at the exit window of the grating spectrometer: aligning rod,
1; receiving slit, 2; supporting frame, 3; micrometer screw, 4; rail, 5;
sliding block, 6; and spring, 7.

separatelyselected to build an equation group. Absorption spectrum
bands of carbon dioxide, carbon monoxide, and vapor were avoided
in wavelength selection.

If the radiationcharacteristicsof the specimen are notclose to that
of a gray body, corrections must be introduced into the equations.
Based on the typical metal, the emissivityis a decreasing functionof
the wavelength 7 Considering that the range of the selected wave-
lengths was quite wide, the emissivity of the surface was multiplied
by a correction coefficient less than 1.0 at the longer wavelengths.

The experimental pyrometer system has been built based on the
described model. The pyrometer system is shown in Fig. 1. The
specimen is installed at the position described earlier, and the de-
tector, which collects the total radiation of the specimen, is installed
in the wall of the outlet of the chamber. To obtain the radiation en-
ergy of the target at selected wavelengths, the image of the target is
formed on the inlet of the optical fiber through the lens installed in
the optical detector, and then transmitted to a grating spectrometer
(Fig. 1). Unit 8 of Fig. 1 is designed to locate up to four wavelengths
at the exit window of the spectrometer, with four high-performance
photodiodes and the adjustment system installed inside, as shown
in Fig. 2. The photodiodes are installed behind the receiving slits
separately,and their positions can be finely adjusted by the microm-
eter screws. The output of the photodiodesis amplified before being
transmitted to the A/D sampler. The digital results are processed by
the personal computer system subsequently.

The radiationenergy M; is convertedto voltage V; through the op-
tical detector, optical fiber, spectrometer, photodiode, and amplifier
for each wavelength. It can be written as

Vi=(M;/F)xAx P, X1, xR, ?2)

where F' and A depend on the geometrical relationshipbetween the
specimen and the optical detector, P; and 7; are the only functionsof
the wavelengthamong the variablesin Eq. (1) and can be considered
to be constant for given wavelength. R; can be also considered as
a constant. Thus, Eq. (2) can be simplified to V; = M; x G;. G; is
calibratedby the standard tungsten strip lamp before the experiment.
During calibration, there is a geometrical relationship between the
tungsten strip lamp detector and the specimen detector. The value of
M; of the specimen can be calculatedeasily via G; in the experiment
from the voltage sampled by the A/D system.

The structure of the optical detectoris shownin Fig. 3. The optical
detector consists of two stainless steel concentric tubes. A sapphire
lens is installed in the front of the inner tube. The tubes and the lens
were cooled by a nitrogen stream, which can be considered optical
transparenceforradiation. The radiationinlet end of the optical fiber
was installed in the inner tube.

The target point was located at the front surface of the specimen,
where a type K thermal couple was embedded to contrast with the
new pyrometer system.

Table1l Comparison of pyrometer and thermocouple results

Thermal Pyrometer, Error,
Experiment couple, °C °C %
1 1060 1039 1.98
2 1060 1050 0.94
3 1065 1037 2.63
4 1065 1049 1.50
5 1065 1065 0
6 1100 1096 0.37
7 1110 1049 5.50
8 1140 1112 2.46
9 1150 1093 4.96

Fig. 3 Structure of the optical detector: outer tube, 1; lens, 2; inner
tube, 3; nitrogen inlet, 4; and optical fiber, 5.

Results

The Newton iterative method was utilized to process the exper-
imental data, and the initial values were provided by the negative-
slope method. Some simplifications were introduced to the com-
putational method in the actual experiments. The absolute error
was less than 5%, as shown in Table 1, which compares the re-
sults obtained by the new measurement system with those of the
thermocouple.

Conclusion

A new infrared multiwavelengthtemperature diagnostics method
is presented and proven by experiment. The results of the new py-
rometer systemare compared with those of a classicalthermocouple.
Corrections must be introduced to the emissivity when the radia-
tion characteristics of the target are not the same as that of a gray
body. This new temperature measurement system can be utilized
to make the surface temperature determinations in many actual in-
dustrial cases that are similar to that in the experiment described
in this paper. It is suitable not only to measure the mean tempera-
ture of the specimen, but also to obtain the temperature distribution
of the specimen surface if coordinated with another scan mecha-
nism. Furthermore, it has important significance for high-speed and
real-time temperature measurement and control in complex condi-
tions.
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Computational Algorithm for
Thermodynamic Properties
of Air to Extreme Temperatures
and Pressures
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Introduction

HE current study was motivated by the need for an easily ap-

plied computational method to determine the thermodynamic
propertiesof extremely high-temperatureair. This need arose during
our investigations of the atmospheric entry of large meteors. These
entry bodies’ trajectories are significantly effected by aerothermal
ablation, and a reasonable estimate of the ablation rates requires
a knowledge of the thermodynamic state of the shock layer. Pre-
vious investigators have published widely used curve fits for the
thermodynamic properties of high-temperature air.!~* The works
of Tannehill and Mugge! and Srinivasan et al. extend to 25,000 K
and 1000 atm pressure, whereas the original curve fits of Gupta
et al. extended to approximately 30,000 K and 100 atm pressure?
Reference 4 extended Gupta’s curve fits to a maximum of 1000 atm
pressure and 32,600 K. Whereas these methods are sufficient to
allow the calculation of equilibrium shock layer temperatures for
meteors entering Earth’s atmosphere at speeds up to about 20 km/s,
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most comets enter at velocities between 20 and 30 km/s (Ref. 5).
Hence, a rapid computational method that extends to more extreme
conditions is needed.

Methodology

The derivation of the desired computational algorithm was made
possible by the use of thermodynamic data developed and reported
by the Chance Vought Research Center in the early 1960s.° The ther-
modynamic propertiesin the Chance Vought Research Center report
were calculated for a gas mixture model thatincluded 30 species (up
to the fifth level of ionizationfor nitrogen, the sixth level for oxygen,
and the eighth level for argon), whereas the data used to develop pre-
viously published curve fits accounted for only 11 species.>* The
higher number of speciesconsideredin the Chance VoughtResearch
Center study allows the range of applicability to extend from 3,000
to 100,000 K and from a density of 1.2(107%) kg/m* to approxi-
mately 70 kg/m? (Fig. 1). Unfortunately, the data in the report were
presented only in graphical form, and the computer models used to
produce the document are no longer in existence. This is in marked
contrast to the work of Refs. 1-3, which present both plotted data
and computercurve fits designed for the rapid calculationof thermo-
dynamic properties. Therefore, to use the Chance Vought Research
Center data in our meteor entry studies, it was necessary to develop
an algorithm to accurately calculate the desired data over a very
wide range of conditions. The method devised uses well over 1500
data points read from the published plots. To fit this large quantity
of data accurately, a surface fit interpolation subroutine known as
ITPLBV’ was employed. ITPLBV is well suited for the required
task because it is a bivariate routine (one designed to evaluate pa-
rameters that are functions of two independent variables) and uses
local procedures. (The term local procedures refers to an approach
in which only known data points near the desired point are used in
the interpolation, rather than all of the known data points.) This was
appropriate in our case because thermodynamic data can vary by
as much as 10 orders of magnitude over the range analyzed. The
interpolation routine develops a set of bicubic polynomials where
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Fig. 1 Range of Chance Vought Research Center data.
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