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ABSTRACT

Infrared pyrometry is used as a non-intrusive tech-
nigue to assess surface temperatures when conventional
temperature measurements are not feasible. Turbine
engine internal hot part surface temperatures are impor-
tant in understanding many aspects of the design and
operation of aircraft engines such as structural integ-
rity, life, and IR signatures. The problem of assessing
engine internal temperatures is similar to the problem
of measuring surface temperatures in a non-isothermal
cavity. Radiometric measurements made of surfaces within
such a cavity include reflected radiation incident to
the surface of interest. This incident radiation can
cause errors in temperatures determined from the radio-
metric measurements.

A three-color radiance measurement technique is
described for determining the surface temperature of a
heated target that is reflecting radiation from an adja-
cent surface. Radlance measurements are made in three
wavelength bands. If the surface behaves as a graybody,
the three-color technique can correct for the errors
induced by reflected radiation. An experiment was per-
formed to demonstrate the three-color technique for a

simple case, and the results are reported.
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The three-color technique was shown to be highly
sensitive to non-gray behavior. Application of the
three-color technique with corrections for non-gray
behavior resulted in temperature measurement errors less
than 2 percent in the presence of reflected radiation.
Conventional ratio pyrometry (two colors) resulted in
temperature measurement errors greater than 10 percent

in the presence of reflected radiation.
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CHAPTER I

INTRODUCTION

Internal hot part surface temperatures are impor-
tant in understanding many aspects of the design and
operation of aircraft turbine engines including struc-
tural integrity, life, and IR signatures. The problem
of assessing engine internal temperatures is similar to
the problem of measuring surface temperature in a non-
isothermal cavity.

Infrared pyrometry is used as a non-intrusive tem-
perature measurement technique where high temperatures
are involved and where environmental factors render con-
ventional temperature measurement techniques (i.e. ther-
mocouples, thermistors, etc.) of limited use. The
infrared pyrometry technique, however, can result in
significant measurement errors if the emissive proper-
ties of the surface are not well known and if the sur-
face of interest is reflecting radiation from another
source.

This experiment is part of an effort to develop
turbine engine diagnostic techniques that will provide
meaningful and useful surface temperature measurements.
The focus of the experiment is to consider the errors
that reflected radiation can induce on infrared surface

temperature measurements.




The objective of the experiment reported herein is
to investigate a surface temperature measurement tech-
nique that will not require a priori knowledge of the
surface properties and will correct for errors that may
be introduced by the presence of radiation originating
from a source hotter than the target. The technique
requires radiance measurements at three different wave-
length bands (three-colors) and will be referred to
hereafter as the three-color technique or three-color
method. The information gathered through such measure-
ments is sufficient to formulate a correction to the
measured surface temperature to account for the
reflected radiation from a hotter surface. Absolute
temperature measurements within * 5 percent are desired
(+ 30 K at 623 K [350 °C]).

The three-color method assumes that the surface to
be measured behaves as a graybody and a diffuse emitter.
Available data from contemporary engine nozzle surfaces
suggest that this assumption may be appropriate over
carefully chosen wavelength intervals. It is also
assumed that all of the energy incident on the target
can be cecnsidered to emanate from a single source. It
is recognized that these assumptions may not be valid
for application of the three~color method to turbine
engine hot part measurements, but these assumptions are
made in order to simplify the investigation of the
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three-color technique and determine whether further
investigation is warranted.

This demonstration of the three-color technique
used a simple flat plate target. The target surface was
a heated aluminum plate that had been instrumented with
thermocouples to determine an indicated bulk metal tem-
perature. True target surface temperature was consid-
ered to be the bulk metal temperature adjusted for a
temperature gradient across the plate. Blackbody radia-
tion is used as a source of reflected energy, providing
incident radiation at 900° C and at 1000° C.

A discussion of the fundamentals of radiation
theory will be presented in Chapter II. Methods for
single-color and two-color radiometric measurements will
be discussed. The concept of single~color measurements
using the "lowest feasible wavelength" will be dis-
cussed. The concept of "minimum wavelength separation®
for two-color measurements will be introduced and dis-
cussed. The three-color radiometric measurement tech-
nique will be introduced and explained in Chapter III.
The apparatus and procedure used to demonstrate the
three-color technique will be presented in Chapters IV
and V. Solutions with the three color technique will be
compared with two-color solutions and single-color solu-
tions in Chapter VI, followed by conclusions and recom-

mendations in Chapter VII.




CHAPTER IIX
RADIOMETRIC TEMPERATURE MEASUREMENT THEORY
iew o

Any object that is at a temperature above absolute
zero (0 K or =-273° C) radiates energy in the form of
electromagnetic radiation to its surroundings. The sur-
roundings in turn (if above 0 K) radiate energy to the
object. The object is said to be in equilibrium if the
energy leaving the object is equal to the energy enter-
ing the object. Equilibrium also implies that the tem-
perature of the object is not changing with time. For
the purpose of this discussion, objects will be consid-
ered to be in equilibrium unless otherwise specified.

Electromagnetic radiation is typically character-

ized by the wavelength of the radiation from the rela-

tion:

c

A= - eq. 2.1
4

where:

A = wavelength

f = frequency

c = speed of light

The units for wavelength are typically microns
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(pm = 107° meters) or nanometers (nm = 10~° meters).
Thermal radiation is commonly defined as the electromag-
netic radiation in the band from 0.3 to 50 um and
includes all or part of three sub-ranges, the ultravio-~
let, the visible, and the infrared. These sub-ranges
are illustrated in Figure 2.1. (Sparrow, p.4).

In the year 1900, Max Planck ushered in the era of
quantum physics by successfully deriving a formula for
the radiation emitted by an object. (Halliday, p. 762).
The total amount of radiation emitted from a surface
into the hemisphere above the surface at all wavelengths
is referred to as the total hemispherical radiation

given by the equation:

o0

E(T) = J ngngT)qA eq. 2.2
0

where:

cl
Eb(N\T) = eq. 2.3
(AT) n3}\5(ec2/n)\'1‘ - 1) d

€\ = spectral emissivity of the surface
Eb()\T) = Planck's equation

cl = first radiation constant

c2 = second radiation constant

n = index of refraction

A = wavelength
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Values for Planck's first and second radiation con-
stants are given in Table 2.1. (Gubareff p.10,11).
The index of refraction for a given medium is:

(Sparrow, p. 4).

c
n= — eq. 2.4

Co
¢ = speed of light in a vacuum
Co = speed of light through the medium

Since the value of n is exactly 1.0 in a vacuum and
approximately 1.0003 in air (Halliday p. 670), n is
often omitted from Planck's equation. The output of
equation 2.2 is referred to as Radiance, Radiancy,
Radiant Power, Radiant Emissive Power, Emittance, ad
infinitum and similarly it seems that many symbols have
been used to represent this quantity. The author pre-
fers the term Radiant Power (E) to describe radiation
into a hemisphere above a surface, and the term Radiance
(N) to describe the Radiant Power per unit solid angle
(steradian). The units for Radiant Power depend on the
form of Planck's first radiation constant used as shown
in Table 2.1.

The Planck function can be generalized as a func-

tion of the single variable (n)\T). (Sparrow p. 6).




Table 2.1

Planck's First and Second Radiation

Constants
Output
cl c2 Units Reference
1.187-108 2.5896+109%
Btu-um? pme °R Btu
hr-ft? hr-ft2.um | Holman p. 289
3.74126-10"2 | 1.4388
erq-cm? cm<K er
sec cm Gubareff p. 8
3.740+10°° 1.4387
erg.cm? cn+K exg
sec cm Sparrow p. 5
1.191062-108 | 1.438786
watts-ym peK watts
srem pmesr-m? | Nutter p. 8




Nb (\T) c1

3 eq. 205
n375 (MT)S(eCZ/n)\T - 1)
or if n = 1.0
Nb (\T) cl
= eq. 2.6
T (NT) ®(e92/AT - 1)

This form of the Planck function is shown in Figure

Radjation properties

Planck's equation describes the theoretical maxi-
mum enerqgy that can be emitted by a surface at a given
tenmperature (T). An object emitting this amount of
energy is called a blackbody. The ratio of energy
emitted by a given surface to the energy emitted by a

blackbody is called the emissivity (e€).

€ = E/Ep eq. 2.7
E = energy emitted by real surface
at T
Ep = energy emitted by blackbody
at T

Three additional terms used to describe the radia-

tive properties of surfaces are absorptance a, the frac-

tion of incident radiation absorbed by the surface:;




1.40

1.20-
1.00
)
0w W 0.801
« 2
o
w o i
E 0.60
=
0.40
0.204
0.00
1000
Figure 2.2

1500 2000 2500 3000 3500 4000 4500 5000
LAMBDA*T

Planck's Law as a Function of the Single
Variable ()\T).
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reflectance p, the fraction of incident energy reflected
by the surface; and transmittance r, the fraction of
incident energy transmitted through the surface. From

the principle of conservation of energy it follows that:
a+p+71 =1 eq. 2.8
If an object is opaque then:
e+p=1 eq. 2.9

Furthermore, Kirchoff's Law states that for a spe~
cial case called a diffuse graybody, absorptance equals

emissivity. (Sparrow, p. 41).

a=¢ eq. 2.10

A blackbody is defined as a body with a surface

that has the characteristics

A true blackbody can not be constructed but a rea-
sonable approximation is found in an isothermal cavity
with a relatively small aperture. A ray of radiant
energy entering the cavity through the aperture will be

reflected and re-reflected within the cavity

11




until most of the energy is absorbed as shown in Figure
2.3. (Gubareff, p. 4).

Blackbodies are sometimes referred to as cavity
radiators; however, the blackbody radiation is consid-
ered to emanate from an imaginary surface in the plane
of the blackbody aperture. This imaginary surface can be
referred to as a black surface. At low temperatures it
will appear black since it absorbs all incoming radia-
tion.

Commercial blackbodies are constructed using heated
cavities such as shown in Figure 2.4. (Holman, p. 409).
Such blackbodies can attain effective emissivities of
about 0.99. The temperature uncertainty of such a
blackbody is estimated to be t 2 K.

Most real objects are opaque (r = 0). Even glass
and water are opaque throughout most of the infrared
spectrum. The absorption of radiation in opaque objects
is generally considered to take place almost wholly in
the first few molecular layers. For these reasons,
radiation emission and absorption in solid objects are
considered to be surface phenomena. Hence we will gen-
erally refer to surfaces rather than objects. It should
also be noted however, that radiometric temperature
measurements are surface temperature measurements and
are not capable of assessing the temperature at any
immersion depth into the solid.

12




Figure 2.3 A Cavity Approximation of a Blackbody.
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Radiosity

Consider a surface at temperature T as in Figure
2.5. In addition to emitting radiation, the surface may
also be reflecting radiation that is incident on the
surface. Incident radiation will be referred to as irra-
diance (H). The total radiation leaving the surface is
the sum of the emitted radiation and the reflected

radiation and is given the name radiosity (B).

B = €Ep + pH eq. 2.11
€ = emissivity
Eb = blackbody radiant power

p = reflectance

H = incident radiation (irradiance)

It is important to note that conventional radiation
detectors sense radiosity per steradian and not
radiance! In most measurements, pH is assumed to be
negligible and radiosity measurements are referred to
throughout radiation literature as radiance measure-
ments. In the discussion that follows, radiation
measurements will be referred to as radiance measure-
ments, but the reader should understand that radiosity
is really the quantity being measured. According to

Nutter (p. 40,41):

15




Figure 2.5 Radiosity (B).
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"At target temperatures below about 100-150

deg. C, reflected radiation is usually the

dominant source of error in radiation thermo-

metry....The trend in recent years has been

toward trying to develop techniques for desal-

ing with reflected radiation ..."

The radiation properties discussed up to this point
have been total (over all wavelengths) hemispherical (in
all directions) properties. In many practical cases,
the radiation in a given wavelength band (spectral) and
in a given direction (directional) must be considered.
The subscript )\ will be used to denote spectral surface
properties; absence of the subscript )\ will denote total
properties. The subscript ¢ will denote directional
properties; absence of the subscript 8¢ will denote
hemispherical properties. (i.e. €368¢ is spectral direc-
tional emissivity, while € is the total hemispherical
emissivity). Gray, diffuse surfaces have spectral

directional properties that are equal to total hemis-

pherical properties.

€\8¢p = € (gray and diffuse)
Directi e

Radiance (N) is the amount of energy radiated from
a surface per unit time and unit area normal to a given
direction per unit solid angle (sr). Hemispherical inte-
gration of radiance will yield radiant power (Sparrow

17




p.9). For special cases where radiance is isotropic
(independent of direction), hemispherical integration

leads to:
E = %N eq. 2.12

It is often not clear from literature whether
radiant power or radiance is being discussed. The units
and value of Planck's first radiation constant (cl =
3.741 x 108 watts-u.m4/m2 for radiant power, cl/x = 1.191
x 108 watts-um/m?2.sr for radiance) will indicate which
quantity is being addressed. The special case of an
isotropic surface is usually referred to as a diffuse
surface. The radiation leaving a diffusely emitting and
diffusely reflecting surface is uniform in all direc-
tions. It can be seen from Figure 2.6 (Sparrow p. 54)
that nonmetals can be considered diffuse emitters to
about 50 or 60 deg. from a normal to the surface. Met-
als (Figure 2.7) (Sparrow p. 55) can be treated as dif-
fuse emitters out to about 30 deg. from normal.

The situation with reflectance is somewhat more
complex since one must consider the directional charac-
teristics of incoming (incident) and outgoing
(reflected) radiation. Three directional reflectances
to be considered are: (Sparrow p. 56).

1. Directional-hemispherical reflectance

2. Hemispherical-directional reflectance

18




Figure 2.6 Distribution of the Total Directional Emissi-
vity for Several Electric Nonconductors.

8 (DEGREES)

Figure 2.7 Distribution of the Total Directional
Emissivity for Several Metals.
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3. Bidirectional reflectance

Directional-hemispherical reflectance relates the
energy reflected in all directions (into the hemisphere
above the surface) from an incident beam at a specific
angle.

Hemispherical-directional reflectance relates how
the surface reflects all of the incident (incoming)
radiation (from the hemisphere above the surface) to a
viewer situated at a particular direction from the sur-
face.

Bidirectional reflectance denotes a specific angle
of incident radiation and specific angle of collected
reflected radiation. A diffuse bidirectional reflector
will reflect equally in all directions even though all
incident radiation may strike the surface at a particu-
lar angle. On the other hand, a perfectly specular (mir-
ror-like) surface will reflect all radiation at an angle
equal (but opposite from normal) to the angle of inci-
dence. An illustration of specular and diffuse reflec-
tions is shown in Figure 2.8. While no real surface is
truly perfectly specular, metals generally tend to be
specular while non-metals tend to be diffuse, and smooth

surfaces tend to be specular while rough surfaces tend

to be diffuse.




a=9
90 deg

Incident Radiation Reflected Radiation

Specular Reflecting Surface

a. Specular reflections

Incident Radiation

Reflected Radiation

Diffuse Reflecting Surface

b. Diffuse reflections

Figure 2.8 Comparison of Specular and Diffuse Reflec-
tions.
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Spectral versus total properties

Spectral or monochromatic properties refer to prop-
erties at a given wavelength. Spectral radiant power as
given in equation 2.3 has units of energy per time, per
area, per wavelength, and has little physical meaning
unless integrated over a particular wavelength band )\a
to \b. For very small intervals of N\a to \b the Planck

function can be approximated without integration:

b
Eb(\T)d\ = Eb(\c,T) (\b-\a) eq. 2.13
Aa

where:

Aa + )\b
A = ——

The integral of the Planck function from zero to
infinity yields the Stefan-Boltzmann equation (Sparrow
p. 8) which gives the total radiation at all wavelengths

or total radiant power:

<0
J Eb(\T)d\ = n20T4 eq. 2.14
0

o = Stefan~Boltzmann constant
(5.66925 x 10712 yatts cm“zsec'lK‘4)
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In the discussion that follows we will primarily be
concerned with spectral properties. It is important to
note that spectral properties can be easily related to
total properties only under special circumstances. The
most important special case is graybody behavior. A
graybody is defined as one whose surface properties are

independent of wavelength.

R
>
huun

€
a
P
T
Kirchoff's Law states that directional spectral

absorptance equals directional spectral emissivity:
so that for diffuse gray behavior:

a =€ eqg. 2.16

It must be emphasized that the above relation is
only true for diffuse graybody behavior. This means

that although:
for any opaque surface, the relation:

€>\+p>\= 1 eq. 2.18




is true only for a diffuse surface. This distinction
will be very important later on.

Few real surfaces exhibit true graybody behavior
but as long as the surface properties are constant
within the wavelength band of interest, graybody behav-

ior can be assumed.

Radiance Measurements

Many devices have been devised to measure radiant
energy. These devices are typically called photodetec-
tors and are subdivided into two categories: Quantunm
(photoelectric) detectors that convert photons into
charge carriers, and thermal detectors that sense the
heating effect of absorbed radiation. (Nutter p. 49).
Two types of thermal detectors, the thermopile radio-
meter and the thermistor bolometer are described by
Holman. (p. 406-409).

Several photoelectric detectors designed to
operate at room temperature are shown in Figure 2.9.
(Nutter p. 51). 1In order to reduce detector noise, many
instruments provide for cooling the detector down to

liquid nitrogen temperatures.

Determinati ¢ inband radi

The inband radiance describes the total radiance
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measured by an instrument that has been designed to make
measurements in a particular wavelength band. The wave-
length band is typically specified by the lower half-
power point (\a) and the upper half-power point (\Db) .
Alternatively, the band can be specified by a center
wavelength and a bandwidth (\b - )\a). The half-power
points are the wavelengths between which the filter
relative transmittance is 50 percent or greater (Figqure
2.10).

The millivolt response of an instrument is

described by the following relation:

[+ o}
mv = K JFARXGANb(AT)dX eq. 2.19
0

mv = millivolt response

F)\ = Filter transmission

R\ = Instrument response (including
relative spectral response of all
optics plus the detector)

€) = target spectral emissivity

K = instrument gain

Calibration with a blackbody source allows K to be

calculated:

nv
K = eq. 2.20
©
J.FARAEANb (\T) dx\
0
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and inband radiance from )a to \b from an unknown source

can then be computed:

N)\a:>\b = "K— eq. 2.21

Temperature determination-from radiance

If we assume that graybody behavior holds over the band-

pass of the filter (i.e. € is constant between )a and

A\b):

nv °
» = K JFXRA Nb (\T) A\ eq. 2.22
0

Knowing F)\ and R)\ and using K from the blackbody
calibration a curve can be generated that relates inband
radiance to temperature (Figure 2.11). However, since
F\ and R)\ are not always precisely known it is usually
simpler to generate a calibration curve from a multi-
step blackbody calibration. The radiometer can then be
calibrated directly in millivolts (Figure 2.12).

To determine the temperature of a heated surface,
radiometer millivolt readings are taken. An apparent
surface temperature can then be read directly from the

calibration curve. If the value of € is not known, € =
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1 is commonly assumed. Solving for T with ¢ = 1 yields
an apparent blackbody temperature T, that represents the
temperature of a blackbody that is emitting the same
radiance as the target surface. Note that if all other

sources of error are negligible:

Ta = Ttrue
Influence coefficient of radiance to temperature

The influence coefficient or sensitivity of
Radiance to temperature can be determined from differ-
entiation of Wein's approximation to the Planck function
given as:

cl

Nb(\,T = . 2.23
A+ T) As(eCZ/AT) ed

differentiating with respect to T we have:

dN cl =~ (eS2/AT) (~c2/)\T2)
A5 (eCZ/XT)Z

+

c2 (eC2/AT)

- N eq. 2.24
XTZ (eCZ/AT)
dN c2 dAr
— = -— eqg. 2.25
N AT T

31




= — eq. 2.26

From equation 2.23 we can say that for small increments

of dT/T we can approximate radiance by the relation:

N = aTP eq. 2.27
where:
c2
b= — eq. 2.28
AT

This is sometimes referred to as the "power of T"
relationship of radiance (Nutter p. 54). The influence
coefficient of radiance to temperature is the reciprocal
of equation 2.26:

AT

I.C. = — eq. 2.29

c2

It is clear from equation 2.29 that a smaller value
of (\T) will produce a lower influence coefficient of
radiance to temperature. A lower influence coefficient
means that lower errors in the temperature calculation
will result from given errors in the radiance

measurement.
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The temperature error due to error in the value of
€ can be minimized by tailoring the instrument to the
measurement, that is, by selecting a wavelength to mini-
mize the influence coefficient of radiance to tempera-
ture. It can be shown (Appendix A) that the error in
temperature measurement due to non-blackbody behavior is

represented by:

ar AT € -1

T c2 €

eq. 2.30

This temperature error is shown in Figure 2.13 for
4 values of (\T). Obviously the lower values of (\T)
lead to lower error due to non-blackbody behavior.

If an emissivity less than one is used in the tem-
perature determination, the temperature error due to an
error in the assumed emissivity value is:

ar N\T de

— eq. 2.31
T c2 €

To minimize errors in temperature due to unknown

emissivity, temperature measurements should be made at

the "shortest feasible wavelength" (Ibid p. 55).
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Shortest feasijble wavelength

Detector sensitivity and other constraints must be
considered in selecting the shortest feasible wave-
length. Also note that instrument sensitivity is gained
at the expense of dynamic range. However, the most
serious consideration in tailoring an instrument to the
shortest feasible wavelength is that for any given tar-
get temperature, there is a wavelength below which the
emitted radiation from the target is negligible. Negli-
gible radiation in this context means radiation that is
indistinguishable from detector noise.

If the magnitude of the detector noise is known,
the error in the radiance measurement due to noise can
be estimated. An example of the error in the radiance
measurement due to detector noise in a typical black-
body receiver (see Appendix B) is shown in Fiqure 2.14.
The temperature error due to detector noise is:
ar AT AN

T c2 N (noise)

eq. 2.32

and is shown in Figure 2.15.

In order to compute the shortest feasible wave-
length, the temperature of the surface of interest must
be known in advance. However, for measurements at a
given temperature, proper choice of wavelength can lead
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to surface temperature measurements that are relatively
insensitive to errors in the assumed emissivity value.
Unfortunately, temperature determination from radiance
measurements at the lower wavelengths are increasingly
sensitive to errors induced by radiation incident on the
target originating from a surface at higher tempera-

tures.

Two-color or ratio measurements are useful for sur-
face temperature measurements when the spectral enmis-
sivities are unknown but graybody conditions are known
to exist, when the target does not fill the field of
view of the instrument, and when significant radiance
attenuation occurs in the medium separating the target
and the instrument. Ratio pyrometers have been success-
fully used in the steel industry where graybody condi-
tions can often be shown to exist. (Nutter p. 57) For
the purpose of this discussion, the term "two-color"
will denote measurements made in two discrete wavelength
bands. The ratios of these measurements can be computed
and used to infer a surface temperature value. Both
ratio and spectral information is available. "“Ratio"
measurements will denote those which measure or record
only the radiance ratio itself. Spectral information in

such cases is not available.

38




A common method used to build a ratio or two-color
pyrometer is to use a beam splitter with selected fil-
ters to obtain the spectral measurements desired. One
such instrument is shown in Figure 2.16. (Gardner, p.
410).

The two-color temperature measurement technique
relies on the fact that for a perfect graybody, the
ratio of the radiances at two wavelengths defines a
unique blackbody curve. The temperature of such black-
body curve is equal to the surface temperature of the
graybody (see Figure 2.17).

The radiance ratio, R, is computed at the two wave-
length bands with the shorter wavelength typically in
the numerator:

NA1(T) €\ 1NPAL (T)
R = ——— = eq. 2.33

NA\2 (T) €3 2NbA2 (T)

for a graybody €E\1 = €x2/ therefore:

NA1(T) NbA1(T)
R = —— = — eq. 2.34
NA2(T) Nb)\2 (T)

A calibration curve is determined for the two-color
pyrometer by measuring the radiance ratio of the black-
body at different temperatures. A typical calibration
curve is shown in Figure 2.18.

Note that the actual ratio measurements involve
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inband radiance measurements rather than spectral

measurements.

Nby 1a,)\1b
Nby 2a,\2b

As long as the bandpass is narrow, and the surface
is gray, the inband radiance ratios will be proportional
to the spectral radiance ratios. Spectral ratios and
properties will be indicated throughout the remainder of
this discussion for the sake of simplicity, unless
otherwise noted. When non-gray surfaces are discussed,
the spectral properties within the filter bandpass will

be assumed constant.
dvant S o

For certain applications, two-color pyrometry has
clear advantages over single-color pyrometry:

1. Field of view need not be filled

2. Known emissivity values not necessary

3. Relative insensitivity to attenuation

A discussion of each of these advantages and the errors

that can result in each case follows.
Field of view

The independent parameter in the ratio measurement
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is the ratio of the energy in the two wavelength bands.
If the background area (that area of the FOV that is not
filled by the target) is at a temperature much lower
than the target temperature, the emitted energy from the
background can be neglected. If the background energy
is negligible, the radiance ratio will be constant
regardless of the fraction of the field of view that is
filled. An example of the error introduced by a non-
filled field of view is discussed in Appendix C and is

illustrated in Figure 2.19 for a graybody at 1000 K.

Unkn Emissivity Val

The errors due to incorrect value of emissivity
cancel out in the ratio technique if the surface behaves
as a graybody. If the target surface is not gray, an
error is introduced in the ratio measurement. This error
can be corrected if the ratio of the emissivities is

known.

553 = A2 X ekleAl(T) eq. 2.35

€>\l €>\1 €>\2Nb>\2 (T)

R x

If the ratio of the emissivities is not known, the
error due to non-gray behavior can be minimized by
reducing the interval between )1 and )2, the wavelength
separation. The degree of non-grayness can be charac-
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terized by the slope of the straight line through the
emissivities at \1 and )\2. (Gardner p.409) The ratio of

the emissivities at \1 and A2 can now be defined as:

€\2 m (N\2-)\1)

= —— 41 eq. 2.36
€>\1 €>\1
where slope m = (GAZ - €X1)/(A2 - A1)

If we have assumed graybody behavior (GAI/GAZ

1), then the error in emissivity ratio is given by:

1 - €>\1/€>\2

€A1/€X2 = (6X2/€X1 - 1) eq. 2.37

substituting we have:

de m (\2-\1)
. eq. 2.38

€ €>\1

and since the influence coefficient between radiance

ratio and emissivity ratio is 1.0:

dR m (\2-)\1)
—_— = — eq. 2.39
R €>\1

The relationship between radiance ratio error and
temperature error for a ratio pyrometer (see Appendix D)

is:
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ar (A\1X\2)T dR
—_ = — — eg. 2.40
T (\2-\1)c2 R
so we see that the contribution of non-gray behavior
to the temperature error is:
ar (\1\2)mT

-_ = eq. 2.41
T C2€y1

Equations 2.40 and 2.41 can be written in terms of

wavelength separation (6) where:

A2 = Al
= a

ar § + 1 N\1T dR

T ) c2 R

dT = (6 + 1)\1% m T

3 l

G)\l c2

The temperature error due to non-gray behavior is

shown in Figures 2.20 and 2.21 for a sample case where

the surface temperature (T) is 1000 K and the emissivity

slope divided by the emissivity at lambda 1 (m/eAl) is
0.1. The term (m/ex1) will be referred to hereafter as
the Non-gray Index (N.G.I.) (see Appendix D). While it
is clear that this error is minimized by reducing the
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wavelength separaticn, one should note that this error
is only that attributable to non-gray behavior of the
surface and does not account for other sources of error
in the radiance ratio such as detector noise. By
examining the effect that wavelength separation has on
these errors, a "minimum feasible wavelength separation"

can be determined for a given measurement.

Minimum F ible Wavel th S ti

The relationship between radiance ratio error and
the temperature error or influence coefficient (I.C.)

from equation 2.40 is:

I.C. = eq. 2.44

or in generalized form:

I.C. § +1

eq. 2.45

S l*-

ALT 8

This relationship is shown in Figure 2.22 for the
generalized case (equation 2.45) and in Figure 2.23
(equation 2.44) for four specific cases. Note that for
small values of wavelength separation, the influence
coefficient is very high. The noise induced radiance

ratio error for a typical blackbody receiver is shown in

50



0.002
0.0018-
0.0016-
0.0014+
0.0012-

0.001-
0.0008-
0.0006-

1.C./(lambda*T)

0.00041
0.0002+

0 H Lf 1 T I T T T T
0O 01t 02 03 04 05 06 07 08 09 1

WAVELENGTH SEPARATION (delta)

Figure 2.22 Generalized Influence Coefficient of
Radiance Ratio Error to Temperature Error.




01 02 03

o

at 1000 K.

0.4

0.5

52

0.6

0.7

WAVELENGTH SEPARATION (delta)

0.8

4.5
gi 4
> 3.5
i
O i
o 3
L
& 2.5
8 2 Lambda 1 (microns)
2
w 1.57
)
o
T 1
£
0.5
o) . :

Figure 2.23 Influence Coefficient of Radiance Ratio
Error to Temperature Error for a Surface




Figure 2.24. The noise induced temperature error is
shown in Figure 2.25.

It is clear that there is a "minimum feasible wave-
length separation" below which the influence coefficient
of radiance ratio error to temperature error is so high
that the noise induced errors become unacceptable.

Since the error due to non-gray behavior must be consid-
ered a systematic error rather than a random error, the
combined error due to noise and non-gray behavior is
simply the sum of the two errors (Figure 2.26) and can
be used to compute the "minimum feasible wavelength sep-
aration" which yields the lowest temperature error for a

given measurement.

Attenuatijon

The ratio technique is relatively insensitive to
errors introduced by attenuation of the target radiance
from clouds, dust, smoke, etc. as long as the attenua-
tion is equal in the two wavelength bands. If the atte-~
nuation is not equal, an error will be introduced simi-

lar to the non-gray error discussed previously.

Disadvantages of ratio pyrometry

Disadvantages of the two-color technique include:
1. Lower inherent accuracy
2. Increased sensitivity to incident radiation
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Inhe o]

Aside from advantages in specific applications men-
tioned already, it is important to recognize that:

... for a constant uncertainty in the

[radiance] measurement, a two-color pyrometer

always has a greater error than the one color

temperature calculated from the shorter wave-

length signal, and the closer together the

wavelengths are, the worse the error. (Spjut,

p. 186) (emphasis added)

Spjut further states that two-color pyrometry is
justified only in those three instances already men-

tioned, and for non-gray behavior, the known emissivity

ratio (€A1/€A2) must be at least

/)1
1/X2 - 1/A1

times as accurate as €\1- (Ibid, p. 186).
ensitivit o i d ion

Two-color pyrometers are also subject to increased
sensitivity to errors from incident radiation reflected
into the instrument. The error due to reflected radia-
tion for a sample case is shown in Figure 2.27 for a
single-color pyrometer and in Figure 2.28 for a two-
color pyrometer. Note that the two-color pyrometer is
particularly sensitive to reflections originating from a
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hotter surface. The advantages of ratio pyrometry make
it suited to the problem of measuring hot part tempera-
tures inside the tailpipe of an aircraft turbine engine.
However, the sensitivity of the ratio pyrometer to
errors introduced by radiation reflected by the target
illustrates the need for a measurement technique that
can capitalize on the advantages of the ratio technique

yet remain insensitive to errors induced by reflections.




CHAPTER III

A THREE-COLOR METHOD OF DETERMINING SURFACE
TEMPERATURE IN THE PRESENCE OF

REFLECTED RADIATION

Problem Statement

Surface temperature measurements using infrared
techniques are subject to error if the area of interest
(target) is reflecting radiation from a hotter source.
The magnitude of this error is a function of the temper-
ature ratio between the target and the hotter source,
the view factor between them, and the spectral surface
properties of the target and the hotter source.

Infrared temperature measurement techniques deter-
mine surface temperature by measuring the radiation from
the target surface. The fundamental principles behind
infrared temperature measurements including single-color
and two-color measurements were explained in Chapter II.
It was noted, however, that radiation detectors cannot
distinguish between reflected radiation and emitted
radiation. The quantity that is really being measured
is not radiance, but directional radiosity which is the
sum of the radiance and the reflected incident radiation
(see Figure 2.5). The assumtion that pH is zero is suf-
ficiently accurate for many applications, however, an
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attempt to measure surface temperatures accurately

inside a large radiating cavity such as a furnace, or an
aircraft turbine engine exhaust nozzle, or a turbine
engine combustor, can lead to significant errors due to
reflected radiation.

Atkinson and Strange have done extensive work
using a two-color method to determine aircraft turbine
blade temperatures in the presence of reflected radia-
tion. They have proposed several methods of improving
the accuracy and utility of their two-color method.
Among their recommended approaches is a multi-color
method although no specifics are mentioned. Multi-color
methods have been explored for determining surface tem-
peratures of molten gas-tungsten arc weld pools (Hunter
p. 1081~-1085). This approach uses up to 500 measure-
ments at discrete wavelength bands between 0.60 and 0.80
pm. This method however, assumes that only emitted
radiation is being measured.

The need exists for an improved radiometric tech-
nique that can, without detailed knowledge of surface
emissivities, be applied to the measurement of hot sur-
faces that may also be reflecting energy from another

source.
Three-color Method

This work proposes a three-color infrared measure-
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ment technique for determining surface temperature using
a radiometer with filters at three different wavelength
bands (three-colors). It will be shown that the infor-
mation gathered through such measurements is sufficient
to formulate a correction to the measured surface tem-
perature to account for reflected radiation from a hot-
ter surface.

The three-color approach assumes that the surface
to be measured is gray and diffuse. It is also assumed
that all of the energy incident on the target can be
considered to emanate from a single source.

The radiosity (Bl) from surface 1 (the target) in
the presence of reflection from surface 2 measured in

three different wavelength bands is:

Blyi1 = €\1Eb(A1,T1) + py\1F2-3B2y3 eq. 3.1
Blya = €52Eb(A2,T1) + py2F2.1B2), eq. 3.2
Bly3z = €53Eb(A\3,T1) + py3F2-1B2y3 eq. 3.3

where Bl and B2 are measured radiosities of surface
1 and 2, € is the emissivity and p is the reflectivity
of surface 1, F,.7 is the shape factor of surface 2 to
surface 1, and Eb(),T1l) is the spectral emissive power
of a blackbody at temperature T1 and wavelength ).

The radiosities of surface 1 and surface 2 at the
three wavelengths can be determined by measurements made
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in the three wavelength bands. If we assume that sur-
face 1 behaves as a graybody (€)j1=€)3=€)3=¢ and
pk1=px2#px3=p), this leaves three equations in four
unknowns (p,F5_q,€¢, and Eb(),T1l)). By combining p and
Fp,_-1 into a single unknown g, we now have three equa-
tions in three unknowns which can be solved to yield T1.
However, since Tl is implicit in Eb(),T1l), the solution
is not straightforward. The following solution is pro-
posed.

By algebraic manipulation, equations 3.1, 3.2, and

3.3 can be rewritten in the form:

Eb()\1,T1) BlAl - gBZkl

— = = R12 eq. 3.4
Eb()\2,T1) lez - gB2x2
Eb()\1,T1) BlXI - gBZXl
——— = = R13 eqg. 3.5
Eb()\3,T1) Bl>\3 - gBZ)\3
Eb()\2,T1) BIAZ - ngAZ
— = = R23 eq. 3.6
Eb()\3,T1) BlA3 - gB2A3

where g is a geometry factor (g = pFj.q)

This represents three equations describing the
blackbody radiance ratios of surface 1 at the true tem-
perature computed at the specified wavelengths. There
appears to be four unknowns (g, Rjs, Ry3, and Rj3) in
equations 3.4, 3.5, and 3.6, but Ry5, Rj3, and Ryj are
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functions of T1. The relationship between these ratios

(R12,R13,and Rp3) and Tl can be determined through

calibration with a blackbody (as outlined in Chapter V).

Three solutions for geometry factor (g) can be derived

from equations 3.4, 3.5, and 3.6 yielding the following

three expressions:

gl

g2

g3

RlZBIAZ Blkl
R12B2A2 BZAI
R13BIA3 B;Xl
R1332x3 B2A1
R23B1X3 lez
R23BZA3 82A2

eq. 3.7

eq. 3.8

eq. 3.9

Now if the graybody assumption is true, then g,=g;=gj3

and hence:

RlZBlAZ - le1
RlZBZAZ - BzAl
RlZBIAZ - BlAl
RlZBZAZ - BZAI
R13le3 - le1
R13BZA3 - 32A1

R13le3 BlAl
R1332A3 Ble
R23Bl%3 lez
R23B2A3 BZAZ
R23le3 lez
R23BZA3 BZAZ
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All of the parameters in equation 3.10 can be meas-
ured (assuming that surface 2 can be viewed by manipula-
tion of the three-color instrument) except the radiance
ratios, Ry, and Rj3. They are implicit functions of the
single unknown Tl. For a given value of T1l, correspond-
ing values of Rj;; and Rj3 have been determined from the
blackbody calibration. Equation 3.10 can be solved
iteratively by assuming a value for Tl which then deter-
mines Rj5 and Rj3. A non-zero result of equation 3.10
indicates that the assumed value for T1 was in error. By
raising or lowering Tl and solving iteratively, equation
3.10 can be made to converge on a solution close to
zero. T1 at the point of convergence is the three-color
solution for Tl1. Solutions for equations 3.11 and 3.12
can be derived similarly. 1In the ideal case these solu-
tions will yield a single value for Tl as shown in Fig-
ure 3.la. When real data are used, each solution may
yield a slightly different value for T1 as illustrated
in Figure 3.1b. Unless otherwise specified in the dis-
cussion that follows, the three-color temperature solu-
tion will be represented by the average of the three
values derived for Tl from equations 3.10, 3.11, and
3.12.

As this work was nearing completion, the author
was apprised of a paper by M. H. Horman published in

1976 in which a technique was introduced that uses the
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ratio outputs of a multispectral IR sensor to determine
the true temperature of an object and the relative
amounts of reflected and emitted flux. Horman's tech-

nique is similar to the three-color technique described

herein.




CHAPTER IV
APPARATUS

An experiment was devised to investigate the three-
color measurement technique described in Chapter III.
The apparatus used in this experiment include three
major components; an infrared radiation detection system
(radiometer), a heated target surface, and a high tem-

perature radiation source of reflected energy.
Infrared Radiatio c

The infrared radiation detection system chosen for
this investigation was a Barnes(§>8pectra1 Master
Radiometer, model 12-660 Serial Number (S/N) 119, manu-
factured by Barnes Engineering Company, 30 Commerce
Road, Stamford Connecticut. The Barnes radiometer was
chosen because it incorporated a remotely controlled
eight-position filter wheel (the ability to detect
radiation in at least 3 discrete wavelength bands was
critical in this experiment) and because it uses a vari-
able gain amplifier which gives the instrument a large
dynamic range. The Barnes Radiometer incorporates an
immersed thermistor bolometer detector with a anti-
reflection coated germanium lens. Operating principles
of a thermistor bolometer are described in Holman
(p. 408,409).
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Radiometer Characteristics

The Barnes Radiometer is shown in Figure 4.1. The
bolometer detector spectral response ranges from 1.8 to
28 microns as reported in the operator's manual that
accompanied the instrument (Figure 4.2). The total
response of the radiometer will be affected by the spec-
tral transmission characteristics of all lenses, fil-
ters, and other optical devices in the optical path. An
eight position filter wheel is mounted in front of the
detector (Figure 4.3). The filter wheel is driven by a
remotely controlled stepper motor. A lens holding fix-~
ture is located in front of the filter wheel, though no
lens was installed during the three-color experiment. A
chopper wheel is located in front of the lens holder,
providing a square wave chopping function at 15 Hz. The
front end of the radiometer has a removable cover with a
rectangular aperture measuring 1 by 1.75 in.

The field of view (FOV) of the radiometer as con-
figured for the experiment was determined to be approxi-
mately 20 deg. in the horizontal direction. The verti-
cal FOV was not measured, but because the bolometer lens
is spherical, and the filters are circular, the vertical
FOV is assumed to be approximately equal to the horizon-
tal FOV. The radiometer cover plate does not restrict
the FOV. The FOV is important primarily to help deter-
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mine target spot size, and to ensure that the FOV is
filled during portions of the radiometer calibration

process.
Filters

The Barnes radiometer filter wheel can accommodate
up to eight 0.35 in. dia. filters. Seven filters were
installed leaving one filter position open. The choice
of filters for this experiment was influenced by filter
suitability and availability.

Filter suitability is a function of the temperature
of the surface that is being measured, the response of
the instrument, and the requirement to avoid the atmo-
spheric CO; and Hy0 emission and absorption bands
(Figure 4.4). For this investigation, the surface tem-
perature range was limited to 300 to 600° C by the capa-
bilities of the heated target surface. The three-color
temperature measurement technique requires the measure-~
ment of radiant energy at three discrete wavelengths
that will result in three distinct and usable radiance
ratios. If the center wavelength and the bandwidth of
each filter are selected such that the energy collected
in each wavelength band is of the same order of magni-
tude, the radiance ratios can be computed directly from
the measured radiometer response (millivolts). Energy
levels that are not of the same order of magnitude may
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lead to radiance ratios with significant round off
errors. Using calculated in-band radiance to determine
radiance ratio may obviate the requirement to select
filters with similar total bandpass energy levels, but
for the sake of simpler data reduction, comparable total
bandpass energy levels were considered a requirement for
the filters selected.

Filter availability was also a factor considered,
since the selection of filters sized to fit the filter
wheel (0.35 in dia.) was limited. Fabrication of fil-
ters to match the optimum specifications for the exper-
iment was not economically feasible. Filters were cho-
sen from among those already available through commer-
cial suppliers. They were installed in the filter
wheel as shown in Table 4.1. The spectral response of
the filters (as supplied by the filter manufacturer) is

shown in Figure 4.5.

Target Surface

The target surface for this experiment was chosen
to produce the best experimental results possible using
readily available materials. The primary features that
were considered important for the target surface were
stable temperature control, uniform surface temperature,
independent temperature verification, diffuse surface
behavior, and an emissivity level significantly less
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List of Filters Installed in Barnes ® Radiometer.

Table 4.1
Lower Upper

Wheel Half-Power Half-Power Bandwidth, Center

Position Point, um Point, um um Wavelength, pm
1 1.987 2.063 0.076 2.025
2 2.033 2.385 0.352 2.209
3 3.398 3.599 0.201 3.4985
4 3.398 3.670 0.272 3.534
5 3.807 3.969 0.161 3.888
6 3.939 4.105 0.166 4.022
7 9.948 11.428 1.480 10.688
8 No filter
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than 1.0. An electrically heated aluminum plate was

chosen for the target surface. The properties of the
aluminum plate did not meet the specifications in all
cases, but were believed to provide a reasonable approx-
imation within the available resources. A sketch of the
target is shown in Figure 4.6. The properties of the

target are discussed below.

Target Temperature Control

Target temperature was controlled using an electric
hotplate with a variable power supply. Supply voltage
could be varied between 30 and 120 volts AC. The hot
plate was made of cast iron with resistance heater coils
located behind the cast iron plate. The hotplate temper-
ature at 120 volts stabilized at approximately 500 °C.
The cast iron surface of the hotplate exhibited an emit-
tance very close to 1.0 and was therefore considered
unsuitable for this experiment. An aluminum plate was
bolted to the hotplate to serve as the target surface.
The high thermal conductivity of the aluminum provided

good heat transfer from the hotplate.

Uniform Surface Temperature

Uniform target surface temperatures were important
to the successful completion of this experiment. It was

expected that the edges of the target would be slightly
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cooler than the center. Aluminum was chosen for the
target surface partly for its high thermal conductivity,
which was expected to minimize radial temperature gra-
dients. A circular shaped target would be preferred to
a square or rectangular target from the standpoint of
minimizing circumferential temperature gradients attrib-
utable to radiation from the four corners, but for ease
of fabrication, an octagonal shape was chosen. A
Hughes R Probeye infrared scanning camera was used to
check the radial and circumferential temperature pro-
files. Surface mounted thermocouples were added to fur-
ther assess temperature gradients but were not installed
when radiance readings were taken. A discussion of the
target surface temperature gradients is presented in

Chapter V.

Independent Temperature Verification

Independent verification of the target surface tem-~
perature is required for the validation of the three-
color temperature measurement technique. Installation
of thermocouples directly on the target surface helped
assess surface temperatures, but was not considered
feasible during radiance measurements because the ther-
mocouples and lead wires would interfere with the
radiance readings. Internal thermocouples were imbedded
at four locations around the plate (see Figure 4.6).
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Digital readout of the thermocouples was used to provide
an indication of the surface temperature. The Hughes
Probeye data and the surface mounted thermocouple data
were used to formulate an adjustment to the indicated
temperature (from the imbedded thermocouples) to provide
the best possible estimate of target true surface tem-
perature (hereafter referred to as T¢yye) - (Further
discussion o§ this temperature adjustment is found in
Chapter V). It must be emphasized that throughout this
discussion references to T¢pye are used for convenience
in making comparisons. In reality, Tgpyye cannot be
represented by a single number but as a temperature band
within which the true target surface temperature is
believed to fall. This temperature band (uncertainty) is

estimated to be + 4° C.
us (o]

The three-color surface temperature measurement
technique assumes but does not require diffuse behavior.
Most surfaces of interest are probably more diffuse than
specular. In a specular reflector, the angle of inci-
dence is equal to the angle of reflection. A diffuse
reflector reflects equally in all directions (see Figure
2.7). Any real surface will have some diffuse and some
specular reflection. A polished surface is usually pre-
dominantly specular, while a dull, rough, or oxidized

81




surface will generally be more diffuse. The intent of
this experiment is to develop a temperature measurement
technique that might be used with predominantly diffuse
surfaces; a predominantly diffuse target was therefore
desired. The target surface was made from smooth unpol-
ished aluminum. An experiment was conducted with the
aluminum plate to estimate how specular the surface was.
Incident radiation was directed at the surface at an
angle of 50 deg. from the surface. Radiance readings
were made from the target at angles from 30 to 90 deg.
The untreated surface showed a high specular reflection
contribution as indicated by high readings at 50 deg
(Figure 4.7). The surface was roughened using No. 150
emery paper and the readings were repeated. The specu-
lar reflection of the surface was significantly lower
after the surface was roughened. A surface dimpling

technique was used to introduce a pattern of dimples

approximately 1 millimeter in diameter and one half mil-

limeter deep in the target surface (Figure 4.8). The
dimples act as many small cavity radiators on the sur-
face and have the effect of reducing the specular compo-
nent of the reflection. The reflection experiment
showed that the specular reflection after dimpling was
sharply reduced from that of the untreated surface (Fig-

ure 4.8).
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Figure 4.7 Target Surface Reflection Characteristics
Before and After Surface Treatments.
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An emissivity level between 0.5 and 0.8 was desired
for this experiment. An estimate of the emissivity of a
smooth unpolished aluminum surface obtained from pub-
lished sources (Gubareff p. 263) is shown in Figure 4.9.
Notice that the total emissivity of aluminum increases
slightly with surface temperature. The change of emis-
sivity with a change in surface temperature introduces
an error in a single-color radiance measurement, but if
the emissivity ratio remains constant, emissivity
changes with temperature should not be a source of error
in multi-color measurements (two-color and three-color
methods). Note however, that at a temperature near 500
°C, the total emissivity is estimated to be approxi-
mately 0.1, far below the desired level for this exper-
iment.

An estimate of the spectral emissivity for aluminum
at room temperature is shown in Figure 4.10. Notice
that emissivity varies with wavelength. This represents
a source of error for the multi-color measurement. For
this experiment, the emissivity is desired to be con-
stant at wavelengths from 2 to 4 microns. A discussion
of ways to account for errors due to emissivity varia-
tion with wavelength (non-gray behavior) is presented in

Chapter V.
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High Temperature Radjiation Source

A high temperature source of radiation is required
to provide reflected energy for the demonstration of the
three-color temperature measurement technique. The high
temperature source provides radiation incident on the
target surface. Such incident radiation on the target
surface, reflected into the radiometer, can cause tem-
perature errors in the single-color and two-color
measurements and motivated the proposal of the three-
color method. The source of the incident radiation for
this experiment does not need to be diffuse or gray if
direct readings can be taken with the radiometer. To
simplify the experiment, a pair of one inch black bodies
were selected as the source of the high temperature
radiation (Figure 4.11). The use of black bodies for
the source of high temperature incident radiation in

this experiment eliminated the need to take direct

measurements from the high temperature surface.
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CHAPTER V

PROCEDURE
iome n C
Radiometer Calibration

The Barnes radiometer was calibrated for all eight
filter positions using a 6 inch blackbody (B.B.) source
operated from 200 to 500° C (the maximum temperature
achievable). The 6 inch B.B. was chosen to ensure that
the radiometer FOV would be filled. A filled FOV is a
requirement for single-color calibration. The single-
color calibration consisted of establishing a millivolt
versus B.B. temperature relationship at 6 points for the
radiometer at each filter setting (Figure 5.1). The six
calibration points were used to produce calibration
curves of the form millivolts = a(T)X.

Radiance ratio (two-color) calibrations were deter-
mined by calculating the ratio of the single-color read-
ings in different wavelength bands (filter settings).
With radiometer readings using 8 different filters (the
open position with no filter can be treated as a filter
with 100 percent bandpass over the total range of the
radiometer spectral response), 28 unique ratio combina-
tions may be formed. Of these ratio combinations, the
three that appeared to be best suited to the three-color
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method in the temperature range of this experiment were
from filter 2 (2.0 - 2.4 pm), filter 3 (3.4 - 3.6 um),
and filter 5 (3.8 - 4.0 um). These three filters were
then chosen for the three-color experiment and are
designated as )1, )\2, and )\3 throughout the rest of this
discussion . The radiance ratios with these three fil-
ters (Figure 5.2) are calculated directly from millivolt

readings:

R mv>\1
12(T) = —— eq. 5.1

an>\2

R mv>\1
13(T) = —— eqg. 5.2

IDV)\3

R _ 2
23(T) = eq. 5.3

an>\3

Second order curve fits of the six calibration
points were used to generate radiance ratio tables from

200° to 500° C (Appendix E).

Target Surf calibrati

Four thermocouples were imbedded in the aluminum
target to provide an independent indication of surface
temperature (see Figufe 4.6). Surface mounted thermo-
couples were also added to help determine the magnitude
of radial surface temperature profiles and to derive an
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Figure 5.2 Radiance Ratios with Lambda 1, Lambda 2, and
Lambda 3 from 220 to 500° C.
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adjustment to the imbedded thermocouple readings to pro-
vide the most accurate surface temperature indication
that was possible. High emissivity black paint was
applied to a one inch spot located away from the target
area. A Hughes Probeye camera temperature determination
of black spot temperature agreed within 2 percent of the
surface mounted thermocouple at the center of the target
with the target heated to 500° C. Radial surface tem-
perature profiles are shown in Figure 5.3a. The
radiometer FOV produced a target spot size with a radius
of approximately 1.5 in. The radial profile within this
radius was estimated to be small enough (£ 1° C) to be
ignored in the calculation of target surface tempera-
ture. A correlation between the indicated black spot
temperature internal thermocouple reading at 0 deg. (12
o'clock position) was used to formulate a calculation of
the surface temperature based on the internal thermo-
couple reading. An adjustment of 3° C was applied to
this thermocouple reading to give an estimate of the
surface temperature in the center of the target (see
Figure 5.3b). The indicated target surface temperature
remained stable within + 1° C throughout the experiment
(Figure 5.4). A list of anticipated contributors to
surface temperature uncertainty are listed in Table 5.1.
The total surface temperature uncertainty was estimated
to be + 4° C.
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Figure 5.4. Target Temperature Stability During Three-
color Experiment.




Table 5.1 Estimated Contributors to Target Surface
Temperature Uncertainty.

Source of Uncertainty Estimated Contribution
(less than or equal to)

Thermocouple Reading r 2 °C
Radiation Error on Thermocouple *+ 2 °C
Radial Temperature Profile *r 1 °C
Circumferential Temperature Profile * 2 °C
Temperature Fluctuation with Time + 1 °C
Cumulative (Root Sum of Squares) * 4 °C




Set j Data 2 isiti

The set up for the three-color experiment is shown
in Figure 5.5. The radiometer was positioned six inches
from the target surface. The small distance between the
radiometer and the target was required in order to keep
the target spot size to a minimum (& 3 in. dia.). The
two blackbody radiators were also located about six
inches from the target surface at an angle of about 45
deg. on each side of the radiometer. One of the black-
bodies produced a lower intensity reflection than the
other one despite the fact that they were set to the
same temperature. This difference in reflected energy
is attributed to slight differences in alignment of the
blackbodies or to surface irreqularities. This resulted
in three different reflected energy levels when the
blackbodies were opened and closed in combination.
Blackbody A yielded the lowest level of reflected energy
(= 5 percent @ 1000° C). Blackbody B yielded a level
nearly double that for Blackbody A (& 10 percent @ 1000°
C). The levels were additive when both Blackbodies were
open (= 15 percent € 1000 °* C). The percent reflected
energy (percent reflection) was calculated as shown

below:

Nr
pH% = [ - = 1 ] x 100% eq. 5.4

No
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Barnes Target Surface

Radiometerx

Figure 5.5. Hardware Setup for Three-color Experiment.
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where:
pH¥ = percent reflection
Ny = radiance measured with reflection
No = radiance without reflection

Data Reduction

Reduction of the experimental data was accomplished
using a simple computer program. Raw millivolt readings
and corresponding gain values were combined with the
appropriate zero offset to yield adjusted millivolt
readings for each wavelength band (filter position)
where data were collected. The adjusted millivolt val-
ues were divided by the assumed value for emissivity and
compared to the single-color calibration curves to
determine single-color temperature solutions.

Radiance ratios calculated from the adjusted mil;
livolt values were compared to tabulated radiance ratio
versus temperature data from the radiometer calibration
to compute two-color temperatures. The two-color tem-
perature solutions are denoted T;5, T;3, and Ty;
calculated from Rj,, Rj3, and Ry3 respectively.

Values for the geometry factor (g) were calculated
for Ry, Rj3, and Ry3 as outlined in Chapter III
(equations 3.7, 3.8, and 3.9). An example of these
solutions was shown graphically in Figure 3.1.

The single-color, two-color and three-color tem-
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perature measurement techniques each yield 3 solutions
when the data from 3 wavelength bands is used. Unless
otherwise noted in the discussion that follows, an aver-
age of the three solutions resulting from the three
wavelengths will be used to represent the solution for

each of the measurement techniques.

adi

The two-color and three-color solutions are based
on the assumption that the surface being measured
behaves as a graybody. If graybody behavior is not
assumed, a correction to the radiance ratios can be

made:

Np (N\1,T)
Nb(Ale)

R12 calibration

€A1Nb(%1,T)
€x2Nb (A2, T)

R12 measured

R12 calibration = R12 measured X

Correction for reflectance

For non-gray behavior equations 3.4, 3.5, and

become:




ekl

EAZ

GXl

€x3

£\

€x3

or once the cor

solving for the

Fi-2

P)\1F1-2B2y1

P)\2F1-2B2)2

Py1F1-2B2)3

P\3F1-2B2)3

Py2F1-2B2)2

Bl)l
Rz =

B;XZ

BlAl
Rjz =

BlA3

BlXZ
Rz =

le3

rection

P\3F1-2B2)3

P)\1F1-2B2y1

Py2F1-2B2y2

Py\1F1-2B2y31

PN\3F1-2B2y\3

Py\2F1-2B2y2

Bly;
Ryp!' = L
lez
Bl 1
Ri3' = .
le3
Bly,
Rz3' = .
31%3

shape factor:

P\3F1-2B2y3

B R1pBly; = Bly;
Py\2R12B2y2 = Py1B2\1

B R13le3 BlAl
Py\3R13B2)3 = P\1B2)1

~ R23Blk3 - lez
PN\3R23B2)\3 = P)2B2y;
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eq. 5.8

5.9

eq.

eq. 5‘10

for emissivity ratio is made:

eq. 5.11

eq. 5.12

eq. 5.13

eq. 5.14

eqg. 5.15

eq. 5.16



multiply both sides of the equations by Py1t

RlZB;XZ - le1
P\1F1-2 = eq.
p}\2
—_— R1282A2 - BZAI
P)l
R13BIA3 - Bl 1
P\1F1-2 = A eq.
P)\3
— R1382k3 - Ble
Py1
- R23Bly3 - Bl
Py\1F1-2 = . o eq-
A\3 \2
— R23BZ\3 - —— BZAZ
Pal Pal

The three-color solution now depends on the reflectance
ratios rather than absolute reflectance levels.

If surface 1 is truly a diffuse emitter and a dif-
fuse reflector, then Kirchoff's law holds for the spec-

tral properties:

ay = €y (eq. 2.14)
and we can say that:

Reflectance ratios required to correct for non-gray
behavior can then be calculated using the emissivity
estimates used in the radiance ratio correction.

For a non-diffuse surface we must concern ourselves
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with the directional properties. The directional
reflectance has both a specular and a diffuse component
and cannot be related to emissivity by the simple rela-
tion in equation 5.20. 1In such instances, the only
reliable method of characterizing the reflectance is to
take detailed measurements of the bidirectional reflec-
tance with respect to the incident and viewing angles.
Such measurements are commonly referred to as bidirec-
tional distribution function (BRDF) measurements.

While the BRDF can be characterized for the target
surface (with the appropriate instruments), the correc-
tion for reflectance ratios for a non-diffuse surface
would require the accurate knowledge of the incident
angle and the viewing angle. Unless surface 2 (the
source of the incident radiation) is a point source,
there will be many incident angles involved. The prob-
lem of assessing the bidirectional reflectance becomes

very tedious and is beyond the scope of this investiga-

tion.




, \

CHAPTER VI
RESULTS
Results With Graybody Assumption

The objective of the three-color measurement tech-
nique is the determination of surface temperature in the
presence of reflected radiation without a priori infor-
mation about surface properties. The two-color and
three-color methods do not require knowledge of emit-

tance values, but emissivity ratios must be known. This

is not a problem if the target surface properties
approximate those of a graybody, for then the emissivity
ratios are known to be approximately 1.0. The assump-
tion of graybody behavior does not stipulate specific
values for €y, €\2s OF €y3. To illustrate data
reduction with no a priori surface property information,
the single-color solutions are computed with
€3\17€)2=€)3= 1.0. The two-color and three-color
solutions were computed with the emissivity ratios
assumed to be 1.0. The temperature solutions for each
of the three methods discussed are presented in Table
6.1. The estimated temperature errors of each of the
three methods are shown in Figure 6.1 plotted as a func-
tion of percent reflected energy which is a measure of
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Figure 6.1 Comparison of Calculated Temperature Errors

with Increasing Reflected Radiant Energy
(Data Reduced with No A Priori Surface
Property Information).
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the relative amount of sensed energy that is due to
reflected energy. This was defined in chapter V as:
Ny

pPHY = [ — - 1 ] x 100% eq. 5.4
No

where:

pH¥ = percent reflected energy
N, = radiance measured with reflected energy
No = radiance without reflected energy

Single-Color Solutions with € = 1.0

The estimated error of the single-color solution
(with € = 1.0) without reflected energy is substantial
(-50° C). This is, of course, due to the fact that the
actual values of ¢ were not used in the data reduction.
(No a priori information is assumed other than graybody
behavior.) Note however that as reflected energy (per-
cent reflected energy) increases, the single-color error
decreases. This result could have been anticipated
since the effect of incident radiation is to increase
the indicated single color temperature and the assump-
tion € = 1.0 causes indicated single-color temperature
to err on the low side of Tg¢yye. However, it must be
noted that at some level of reflected energy, the indi-
cated single-color temperature will reach T¢ryue and at
that point further increases in reflected energy will
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increase the single-color temperature errors. Since the

reflected energy in the typical experiment is neither
controlled or known, it would be difficult to assess
from single~color data whether or not this point has
been reached. sStill, it is important to observe that
the single-color errors in this experiment decrease as

reflected energy increases.

The two-color solutions errors are also presented
in Figure 6.1. Note that the two-color error is over
60° C with no reflected energy. This is no doubt a
result of the incorrect assumption of graybody behavior.
As with the single-~color solutions, the two-color solu-
tions increase with increasing reflected energy. But
since the two-color solution initially errs on the high
side of T¢yye, the two-color temperature errors increase
with increasing reflected energy. Notice also that the
slope of the line through the two color solution errors
is greater than that through the single color errors.
This indicates that the two-color solution is more sen-

sitive to error from reflected energy than the single-

color solution as predicted in Chapter II.




hree-c r tion w ss

The three-color solution with no reflected energy
yields the same error as the two-color solution. This
is expected since the three-color solution with no
reflected radiation reduces to the two-color solution.
(No reflected energy implies that pFj.; = g = 0.) The
three-color solution errors decrease with increasing
reflected energy. This also must be viewed as a for-
tuitous result arising from the fact that the solution
with no reflected energy errs on the high side of Tirye-
The magnitude of the three-color temperature errors are
significantly higher than those proposed for this demon-
stration of the three-color method. The data suggests
that the gray body assumption is not valid for this

experiment.
Results wi sti v vi

The assumption that the target surface was a good
approximation of a gray surface was questioned after
reviewing the properties of aluminum in published
sources. However, the surface properties of aluminum
are so highly variable (dependent on surface prepara-
tion, smoothness, oxidation, etc.) that a reasonable
estimate for the spectral emissivity of the target sur-
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face was difficult to obtain. Additionally, the target
surface in this experiment has a unigque surface treat-
ment (dimples) that has been shown to have a dramatic
effect on the room temperature surface properties. The
two-color method and the three-color method do not
require specific values for spectral emissivity, but the
ratio of emissivity in the wavelength bands of interest
must either be known or assumed. Emittance estimates of
€x1 = 0.166, €y2 = 0.099, and €y3 = 0.088 were obtained
by interpolation of Figure 4.10. The results of data
reduction using these emissivity values are presented in
Table 6.2. The single-color, two-color, and three-color

measurement errors are compared in Figure 6.2.

single-color solutions with estimated values for
enissivi

The single-color solutions with the estimated emit-
tances from Gubareff yield temperatures on the high side
of Typye- The estimated emissivities are no doubt too
low for this target surface as anticipated. Note that
the single-color temperature errors using the published
emissivity estimates increase with increasing reflected
energy. The sensitivity of the single-color temperature
solutions to the percent reflected energy is about the
same using the estimated values for emissivity as for
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the solutions with graybody assumption, but the magni-

tude of the errors is much greater.

Two-color so i wit i ] values
emissivity

The use of published emissivity estimates in the
two-color solution reduces the errors dramatically when
compared with the solution with graybody assumption. The
error with no reflected energy is about -25° C and
decreases to 0° C at 8 percent reflected energy before
increasing to +30° C at 15 percent reflected energy. The
two-color solution using the published emissivity esti-

mates remains sensitive to reflected energy.

Three-colo ions wi s t va o)

emissivi

The three-~color method was applied with radiance
ratios corrected using emissivity ratios derived from
the published emissivity estimates. Bidirectional
reflectance estimates were not available. An attempt
was made to use the estimated emissivity values to esti-
mate the reflectance ratios as outlined in Chapter V.
Use of these radiance ratio estimates cause the three-
color solution to fail to converge. It is recognized

that the target surface has a strong component of
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specular reflectance, which makes corrections for non-

gray reflectance very difficult. Corrections for non-
gray behavior in this experiment were restricted
to radiance ratio corrections with emissivity ratios.
The three-color solution errors after correcting
the data with the published emissivity estimates range
from -40° C with no reflected energy to over -50° C with
15 percent reflected energy. This is not a significant
improvement over the three-color solutions with the gray
body assumption. Note that in this case the measurement
error is increasing with increasing reflected energy.
The magnitude of the three-color temperature errors
remain significantly higher than those desired. The
data suggest that the three-color method for this exper-
iment using estimated values of emissivity obtained from
Figure 4.10, while superior to the two-color method, is

inferior to the single color method.

Results wit e e missij N4 es

Estimates for the spectral emissivity of the alumi-~
num target can be made using the single-color data with
no reflected energy. These estimates of emissivity
using experimental data will be referred to as measured
emissivity values. They are calculated by dividing the
measured millivolt reading by the calibration millivolt
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reading at Tgpyet

mvy 3 (measured with no reflected energy)

€>\1 =

mvy1 (from calibration curve at Tgrye)

Measured values for €); and €y3 are calculated
similarly. Temperature solutions shown in Table 6.3 and
Figure 6.3 were computed using these measured values for
emissivity (ﬁkl = 0.685, €\p = 0.483, and €33 = 0.452)
to make radiance ratio corrections. A comparison of the
temperature measurement errors for the three methods

using measured emissivity is presented in Figure 6.3.

These estimates for emissivity by nature of their
derivation from the data with no reflected energy and
Ttruer Will cause the single-color measurement error
with no reflected energy to approach zero. The single-
color measurements are still subject to increasing error
with increasing reflected energy; however, the errors

remain < 10° C.

Two~-color solu S W u issivi

Use of the measured spectral emissivity values also
causes the two-color measurement error (with no reflec-
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Figure 6.3 Comparison of Calculated Temperature Errors
with Increasing Reflected Radiant Energy
(Data Reduced Using Calculated Emissivi-
ties).
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tion) to approach zero as would be expected if the emit-
tances were precisely known. The two-color method how-
ever, remains highly sensitive to the effects of
reflected radiation with errors increasing to 60° C at

15 percent reflected energy.

Three- ons wi =3 i v

Errors in the three-color solution using measured
emissivity values should also approach zero but were 7°
C without reflected energy. This illustrates that the
two-color method (by virtue of its simplicity) is supe-
rior to the three-color method for the case where emit-
tance ratios are precisely known, and where no incident
radiation is present. The three-color measurement
errors increased with increasing reflected energy as did
the two-color and the single-color errors. The three-
color measurement errors with incident radiation are
about the same order of magnitude as those for the sin-
gle-color solution. But note that the three-color
errors are dramatically reduced over the two-color
errors. This indicates that the fundamental concept of
the three-color solution is valid, provided that the
necessary assumptions are met. While the three-color
method does not appear to yield significantly better
results than the single-color method in this experiment,
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T

one should remember that the single-color solutions |
represented in Figure 6.3 require precise values of €5\1r

€)\2r and €y3, while the three-color solution requires

only that the emissivity ratios are known. This means

that if a truly gray target surface were used, the

three~color method would yield good results without

detailed information about spectral emissivity.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The objective of the experiment was to investigate
an infrared surface temperature measurement technique
that could be used without detailed prior knowledge of
surface properties and could correct for errors that
might be caused by incident radiation. The results dis-
cussed herein lead to the following conclusions:

1. For the aluminum target in this experiment, the
three-color technique does not meet the goal of
less than *+ 30° C temperature error when inci-
dent radiation is present and when graybody
behavior is assumed.

2. The three-color solution errors did not
decrease significantly with the use of emissi-
vity estimates from published sources.

3. The three-color solution errors were less than
10° C (less than 2 percent) when measured val-
ues of emissivity were used to adjust the data.
The measured values were derived from data col-
lected with no incident radiation on the target

surface. The requirement to collect data with-
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out incident radiation does not meet the objec-
tive of the three-color method. However, the
positive results with the measured emissivity
values suggest that the three-color method may
provide acceptable results on surfaces that
more closely approximate graybody behavior.

The two-color solution is highly sensitive to
reflection of incident radiation. Measurement
errors with measured values of emissivity
increased from less than 1° C with no reflec-
tion, to 60° C at 15 percent reflected energy
(the maximum level of incident radiation that
was experienced during the experiment.)

The single-color solution is less sensitive to
errors due to incident radiation than the two-
color solution. The single-color sclution
errors with measured values of emissivity are
the same order of magnitude (less than 10° C)
as the three-color solution errors. However,
while the successful three-color results depend
on precise emissivity ratios, the successful
single-color results require precise values of
emissivity. Such precise values for emissivity
are rarely available a priori even if the

surface approximates graybody behavior. More-
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over, certain circumstances (such as IR attenu-

ation or non-filled field of view) dictate two-
color measurements. The three-color results
show a clear improvement over the conventional

two—-color results.

Recommendations

Further investigations should include the

following:

1.

2.

Investigate optimum wavelength separation for
radiance ratios used in the three-color tech-
nique.

The use of a circular variable filter in future
experiments will allow the flexibility to
select optimum radiance ratios for a given
situation and may allow extension of the three-
color technique to n-colors.

Further corrections to the data reported herein
may be possible if bidirectional reflectance
function (BDRF) measurements are made of the

target at room temperature.
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Possible future applications in turbine engines

might include:

1.

Turbine engine hotparts--The internal surfaces
of a typical turbine engine exhaust system
(designated "hotparts") are much more complex
than the geometry used for the demonstration of
the three-color technique. Further study will
be required to determine the suitability of the
three-color technique to complex geometries
with multiple sources of incident radiation.
Turbine blade pyrometry--The first row of tur-
bine blades downstream of an annular combustor
are subject to significant incident radiation.
The turbine blade geometry is not a great deal
more complex than the simple geometry used in
this experiment. The rotational speeds of the
turbine blades will require pyrometer response
times on the order of a micro-second (10"6
sec.) (Beynon p. 473). Further study will be

required to determine if such a high response

three—-color pyrometer is feasible.
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APPENDIX A

TEMP () U SSIVITY
IN SINGLE-CO ASUREMENTS



o

As described in Chapter II (page 32) the relation-

ship of radiance to temperature is:

ar AT 7 AN
b [ . 2.2
T c24 N

from which the influence coefficient is:

)

Iic. = [
c2

eq. 2.29

The influence coefficient of emissivity to radiance can

be shown to be 1.0:
N = €Nb eq. A.1

if Nb is held constant (neglecting for the moment any

other source of error other than €¢):

aN N

-_— = Nb = _— eqg. A.2

de €

dN de

_— = —_— eqg. A.3
N €

substituting A.3 into 2.26 we have:

aT AT de

— = [ — ] —_— eq. A.4
T c2 €
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The error in emissivity is given by the relation:

de €true ~ €assumed

€ €true

If the value of €3ggumed 1S 1:

where € now represents €¢yye, and:

dT [ Eg ] € -1

eq.

eq.

eq.

A.5

A.6

AI7

Equation A.7 represents the error in the temperature

measurement due to emissivity error.




APPENDIX B

OR; NTS

DUE TO
ETECTO ISE



A typical blackbody receiver will have a uniform
response to spectral radiant power. A thermistor bol-
ometer can be thought of as a blackbody receiver. The
bolometer detectivity is shown to be independent of
wavelength in Figure 2.9 (page 25).

Detectivity (D) is defined as (Holman p. 160):

Ry 1

rms noise-voltage output NEP
where Ry is the responsivity defined as:

rms output voltage
Ry = eq. B.2
rms power incident on detector

The noise equivalent power (NEP) is defined as the mini-
mum incident radiant power required to produce a signal
to noise (S/N) ratio of unity. A normalized detectivity

(D*)is defined as:

D* = (A df)*D eq. B.3

detector area
noise bandwidth

o)
a}
o

The performance of IR detectors is typically specified

in terms of D¥*.
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The radiance error due to detector noise can be

described by:

dN noise voltage 1
m—— = = — eqa B.4
N (noise) signal voltage S/N

From equation B.1l we have:

rms noise-voltage output
NEP = eq. B.5
Ry

multiplying equation B.5 by B.2:

rms noise-voltage output * rms power

NEP =
rms output voltage
or:
N
NEP = B— eq. B.6
S/N

divide equation B.6 by radiance (N):

NEP 1
— = —_— eq. B.7
N S/N
substituting equation B.7 into B.4:
dN NEP 1
- = _— = — eq. B.B

N (noise) N D-N




From equation B.8 we can compute the error in
radiant power due to detector noise. A detectivity
of 0.02 was assumed for a sample case referred to
herein as a typical blackbody receiver. The resulting
error in the radiance measured from a blackbody at 1000
K due to detector noise for this case is shown in

Figure 2.14 (page 36).
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APPENDIX C

ERRORS IN TWO-COLOR TEMPERATURE MEASUREMENTS
DUE TO A NON-FILLED FIELD OF VIEW




The two-color pyrometer does not require that the
field of view be filled to if the effects of background
radiation can be neglected. The two~-color pyrometer
measures the radiance at two given wavelengths. The
ratio of the radiance measurements will be independent
of the portion of the field of view that is filled if
there is no background radiation. The errors that might
be present in the ratio measurement by overlooking the
background radiation can be illustrated in the following
example.

Assume that a target surface at 1000 K is to be
viewed by the ratio pyrometer with j1 being a very nar-
row band centered at 2 microns, and %2 1likewise cen-
tered at 3 microns. Assume that the target and the
background both have emissivities of 0.9. The measured

radiance ratio will be:

€£)\1ND(Tt) ($FOV) + €epky 1Nb(TbK) (1-$FOV)

Ryp =

€£p2ND(Tt) (3FOV) + €pyyoNb(Tbk) (1-%FOV)
eq. C.l

where:

€+ = emissivity of the target

€bk = emissivity of the background

Nb (Tt) = radiance of the target

Nb(Tbk) = radiance of the background

§$FOV = fraction of the field of view that

is filled
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Equation C.1 is evaluated for the sample case given
above. The error in the radiance ratio (R;;) due to a
non-filled FOV is computed as:

dR12 R12 (filled Fov) - R12 (%FOV)

—— = eq. C.2
Rjo Rqo (filled FOV)

and is shown in Fiqure 2.19 (page 45). At room tempera-
ture (=300 K) there is so little radiant energy relative
to the energy at the target temperature that the error
in the radiance ratio for a FOV that is more than ten
percent filled is less than 0.1 percent. Even for a
background at 400 K the ratio error is less than one
percent for a FOV that is more than 10 percent filled.
This analysis suggests that the effects of background
emitted radiation will have little impact on the ratio
measurement. Of course the ratio measurement is also
subject to error if significant amounts of solar or
incandescent radiation are reflected into the instrument
from the background. Reflections from the target itself
can also introduce errors in the ratio measurement;
reduction of such errors is in fact the primary subject
of this investigation. Reflections from the target do
not contribute to the error associated with a non-filled

FOV.
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Influence Coefficient of Ratio Pyrometers

In Chapter II, Wein's approximation was used to

arrive at an approximation of radiance in the form:

Nb(T) = aTP eq. 2.27
where:
c2
b = — eq. 2.28
AT

which led to the calculation of the influence coeffi-

cient of radiance to temperature:

T

- eq. D.l

daT _ [ éz ] d:

c2

In a similar way, the influence coefficient for a

ratio pyrometer can be determined:

Nb(\1,T) a,TP1 -
R t— AP ——— z e - -
12 b 9
Nb()\2,T) a,TP2
Ry, = a5 T(P1 = b2) eq. D.3
AR5 r(by = b3)
—— = (by - by) aj eqg. D.4

daT T




by substituting eq. D.3 into D.4 we have:

ture

dR; 5 aT

—_— = (bl - b2) —
or.

ar 1 dR; ,
T (by = bz) Ry

since by = c2/()\1T) and by = c2/()\2T):

aT AIN2 T dRp,

T (A\1-)\2) c2 Ri2

We define wavelength separation (é) as:

A2 - A
L

and equation D.7 becomes:

daT § +1 AT  dRy,

T ) c2 Ry

eq.

eq.

eq.

eq.

eq.

The influence coefficient of radiance to tempera-

in a ratio pyrometer is therefore:

§ + 1 A1T

é c2

eq.

D.10




Note that the influence coefficient is a function
of §, \1, and T. A generalized presentation of the
influence coefficient (see Figure 2.22, page 51)
can be made in the form:

I.C. § + 1 1

—_— = eq. D.11
1T § c2

Influence coefficient curves for specific values of
temperature can be easily generated for specific cases

as shown in Figure 2.23.
Noise induce [o] o) (o}

In Appendix B we examined how detector noise con-
tributes to the error in measured radiance. Now let us
examine how detector noise influences the errors in the
measured radiance ratios. Detector noise can be esti-
mated in advance by using published values of detecti-
vity (D*) for the detector used (Holman p. 161) and by
knowing the geometry of the instrument. For this dis-
cussion, let us again use a hypothetical "blackbody
receiver" to illustrate the effects of detector noise.
Noise induced radiance error for this blackbody receiver
is shown in Figure 2.14 (page 36). Since noise is a
random phenomenon, the effects of noise in the radiance
ratio are determined statistically by combining the
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noise induced radiance errors at the two wavelength

bands (A1 and )\2).

dR; > f dN)\l 2 (dN)\z “. 2| %
— = | — + | —= eq. D.12
Ry, (noise) Ny1, \ Ny2 )/
where:
de1
—— = noise induced error in radiance at )1
N>\1
dN)\z
——— = noise induced error in radiance at )2
N>\2

For the above described detector viewing a target
at 1000 K, the noise induced ratio error is shown in
Figure 2.24 (page 54). The effect of detector noise on
the temperature error is obtained by multiplying the
noise induced ratio error by the influence coefficient.

(see Figure 2.25).

ar § + 1 \1T {”dnm‘) 2 ;" dNy , ‘\; 2] %
— | + | ——
T é c2 |\ Nyg \ Nyo
LA M2/ eq. D.13
Ratio Pyrometry errors due to Non-gray Behavior

A method of characterizing the error in the ratio

measurement due to non-gray behavior of a surface is
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outlined by Gardner (p. 409). The variation of the
spectral emissivity with wavelength can be represented
by a straight line through e\1 and €)\2. The slope of
this line is:

€EX2 — €)1l

m= —— eq. D.14

A2 - Al

The ratio of the spectral emissivity can be represented

as:

EN2 exl + m(\2 - A1)

= eq. D.15
exl €Nl

€\2 m

— = 1+ — [x2 - 1) eq. D.16
€\1 e\l

Since the ratio technique assumes:

€N2

€A1

= 1

the term:

— N2 - A1
€Nl

represents the error in the ratio measurement due to

non-gray behavior:
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—2f - {XZ - Xl) eq. D.17

Recalling our definition of wavelength separation,
§, from equation D.7 we can rewrite equation D.17 in
terms of wavelength separation:

dR; o m
— )1 eq. D.18

The term (m/e)\1) will be referred to as the non-
gray index (N.G.I.) of the surface. (A non-gray index

of zero would imply graybody behavior).

—— = non-gray index (N.G.I.)
€Nl
Substituting equation D.18 into D.9 gives the tem-
perature error due to non-gray behavior for a ratio

pyrometer:

dar m T
— = — §+1)\12 — eq. D.19
T €N\l c2
This error is shown in Figure 2.21 (page 49) for a sur-
face at 1000 K, and N.G.I. = 0.1.
It can readily be seen from equation D.18 that the

radiance error is reduced by reducing §. 1In fact, as §
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approaches zero the radiance error due to non-gray
behavior approaches zero. This is where Gardner's ana-
lysis seems to stop. But as implied in Figure 2.23
(page 52), as § approaches zero the radiance to tempera-
ture influence coefficient approaches infinity! An even
more important observation is that noise induced temper-
ature error in the ratio measurement jncreases (Figure
2.25 page 55) as § decreases below a certain point. The
error due to non-gray behavior is not a random error and
therefor a statistical combination of errors is not

appropriate. A sum of the two errors is suggested.

darT daT daT
_— = e 4+ —
T T (noise) T (non-gray)
dT  &+1 AT |[dNyq\2 faNy ;)2 % m T
— = — = + + —— §+1 \12 —
T § c2|\ Ny, Ny2 exl c2
eq. D.19

An example of this error for a surface at 1000 K
and N.G.I. = 0.1 is shown in Figure 2.26 (page 56). The
minimum in the temperature error curve suggests a "mini-
mum feasible wavelength separation" for the ratio
pyrometer.

Note that the determination of the minimum feasible

wavelength separation requires a priori knowledge of:
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a) X1, the shorter of the two ratio wavelengths
b) the noise characteristics of the detector

c) the temperature of the surface of interest

d) the nature of the spectral emittance variation

or non-gray index of the surface of interest

Determination of X1l

Determining the best value for )\1 (the shorter of
the two wavelengths in the ratio measurement) is the
same as determining the "shortest feasible wavelength"
for a single color instrument as outlined in Chapter II.
Note that if atmospheric attenuation is a concern, the
choices for )\1 and )\2 are constrained to the available

atmospheric "windows" (see Figure 4.4).

Surface Temperature

The accurate determination of surface temperature
is the goal of ratio pyrometry. To require that the
answer be known in advance is somewhat of a paradox.
However, if the approximate temperature of the surface
to be measured is known in advance, the ratio pyrometer
can be designed to operate optimally and reduce the

errors associated with the ratio measurement.
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on- a

It is not clear to the author that a reliable
method exists for predicting the non-gray index of a
particular surface without detailed measurements. Spec-
tral emissivity variations are so widespread that pub-
lished values are rarely of great benefit. However, it
} does seem possible that for a given material, the non-
gray index may be less sensitive to surface condition

than emissivity. This is an area for further study.
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APPENDIX E

TABULATED RADIANCE I ROM 300 TO 500 C

FOR BARNES RADIOMETER (Rj3, Ry3, AND Ry3)



Tabulated Radiance Ratios from 300 to 500°C

Temperature
300
301
302
303
304
305
306
307
308
309
310
3n
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

345
347

349
350

R12
u.3059
0.3076
0.3094
0.3112
0.3130
0.3148
0.3166
0.3184
0.3202
0.3221
0.323¢
0.3257
0.3276
0.3295
0.3313
0.3332
0.3351
0.3370
0.338¢9
0.3408
0.3428
0.3447
0.3466
0.3486
0.3505
0.3525
0.3545
0.3565
0.3585
0.3605
0.3625
0.3645
0.3665
0.3686
0.3706
0.3726
0.3747
0.3768
0.3789
0.3809
0.3830
0.3851
0.3872
0.3894
0.3915
0.3935
0.3958
0.3979
0.4001
0.4023
0.4044

155

R13
0.3419
0.3444
0.3470
0.3495
0.3521
0.3547
0.3573
0.3599
0.3626
0.3652
0.3679
0.3706
0.3733
0.3760
0.3787
0.3815
0.3842
0.3870
0.3898
0.3926
0.3954
0.3983
0.4011
0.4040
0.4069
0.4098
0.4127
0.4156
0.4186
0.4215
0.4245
0.4275
0.4305
0.4336
0.4366
0.4397
0.4427
0.4458
0.4489
0.4521
0.4552
0.4583
0.4615
0.4647
0.4679
0.4711
0.4743
0.4776
0.4809
0.4841
0.4874

R23
1.1194
1.1209
1.1225
1.1240
1.1256
1.12n
1.1287
1.1302
1.1318
1.1333
1.1349
1.1364
1.1380
1.1395
1.1410
1.1426
1.14414
1.1457
1.1472
1.1487
1.1503
1.1518
1.1533
1.1549
1.1564
1.1579
1.1595
1.1610
1.1625
1.1640
1.1656
1.1671
1.1686
1.1701
1.1717
1.1732
1.1747
1.1762
1armr
1.1793
1.1808
1.1823
1.1838
1.1853
1.1868
1.1883
1.1899
1.1914
1.1929
1.1944
1.1959




Temperature
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
37
372
i3
374
375
376
377
378
379

381

385
387

389
390
391
392
393
394
395
396
397
398
399
400

R12
0.4066
0.4088
0.4110
0.4132
0.4155
0.4177
0.4199
0.4222
0.4244
0.4267
0.4290
0.4313
0.4335
0.4358
0.4381
0.4405
0.4428
0.4451
0.4475
0.4498
0.4522
0.4545
0.4569
0.4593
0.4617
0.4641
0.4665
0.4689
0.4713
0.4738
0.4762
0.4786
0.4811
0.4836
0.4860
0.4885
0.4910
0.4935
0.4960
0.4986
0.5011
0.5036
0.5062
0.5087
0.5113
0.5138
0.5164
0.5190
0.5216
0.5242
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R13
0.4907
0.4941
0.4974
0.5008
0.5041
0.5075
0.5109
0.5143
0.5178
0.5212
0.5247
0.5282
0.5317
0.5352
0.5387
0.5423
0.5458
0.5494
0.5530
0.5566
0.5602
0.5639
0.5675
0.5712
0.5749
0.5786
0.5823
0.5860
0.5898
0.5935
0.5973
0.6011
0.6049
0.6088
0.6126
0.6165
0.6203
0.6242
0.6281
0.6320
0.6360
0.6399
0.6439
0.6479
0.6519
0.6559
0.6599
0.6640
0.6680
0.6721

R23
1.1974
1.1989
1.2004
1.2019
1.2034
1.2049
1.2064
1.2079
1.2094
1.2109
1.2124
1.2139
1.2154
1.2169
1.2183
1.2198
1.2213
1.2228
1.2243
1.2258
1.2273
1.2288
1.2302
1.237
1.2332
1.2347
1.2362
1.2376
1.2391
1.2406
1.2421
1.2435
1.2450
1.2465
1.2480
1.2494
1.2509
1.2524
1.2538
1.2553
1.2568
1.2582
1.2597
1.2611
1.2626
1.2641
1.2655
1.2670
1.2684
1.2699



Temperature
401
402
403
404
405
406
407
408
409
410
41
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
4462
443
bbb
445

(794

449
450

R12
0.5268
0.5294
0.5321
0.5347
0.5373
0.5400
0.5427
0.5453
0.5480
0.5507
0.5534
0.5561
0.5588
0.5615
0.5643
0.5670
0.5697
0.5725
0.5753
0.5780
0.5808
0.5836
0.5864
0.5892
0.5920
0.5948
0.5977
0.6005
0.6034
0.6062
0.6091
0.6120
0.6148
0.6177
0.6206
0.6235
0.6265
0.6294
0.6323
0.6353
0.6382
0.6412
0.6441
0.6471
0.6501
0.6531
0.6561
0.6591
0.6621
0.6651
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R13
0.6762
0.6803
0.6844
0.6886
0.6927
0.6969
0.7011
0.7053
0.7095
0.7137
0.7180
0.7223
0.7265
0.7308
0.7352
0.7395
0.7438
0.7482
0.7526
0.7569
0.7614
0.7658
0.7702
0.7747
0.7791
0.7836
0.7881
0.7926
0.7972
0.8017
0.8063
0.8109
0.8155
0.8201
0.8247
0.8293
0.8340
0.8387
0.8433
0.8481
0.8528
0.8575
0.8623
0.8670
0.8718
0.8766
0.8814
0.8862
0.8911
0.8960

R23
1.2713
1.2728
1.2743
1.2757
1.2772
1.2786
1.2801
1.2815
1.2830
1.2844
1.2858
1.2873
1.2887
1.2902
1.2916
1.2930
1.2945
1.2959

1.3188
1.3202
1.3216
1.3231
1.3245
1.3259
1.3273
1.3287
1.3301
1.3315
1.3330
1.3344
1.3358
1.3372
1.3386
1.3400
1.3414



Temperature
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
47
472
473
474
475
476
477
478
479

481

485
486
487

489
490
491
492
493
494
495
496
497
498
499
500

R12
0.6682
0.6712
0.6743
0.6773
0.6804
0.6835
0.6866
0.6897
0.6928
0.6959
0.6990
0.7021
0.7053
0.7084
0.7116
0.7147
0.7179
0.7211
0.7243
0.7275
0.7307
0.7339
0.7371
0.7403
0.7436
0.7468
0.7501
0.7533
0.7566
0.7599
0.7632
0.7665
0.7698
0.7731
0.7764
0.7798
0.7831
0.7864
0.7898
0.7932
0.7965
0.7999
0.8033
0.8067
0.8101
0.8135
0.8170
0.8204
0.8238
0.8273
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R13
0.9008
0.9057
0.9106
0.9156
0.9205
0.9254
0.9304
0.9354
0.9404
0.9454
0.9505
0.9555
0.9606
0.9656
0.9707
0.9758
0.9810
0.9861
0.9913
0.9965
1.0016
1.0068
1.0121
1.0173
1.0226
1.0278
1.0331
1.0384
1.0437
1.0490
1.0544
1.0598
1.0651
1.0705
1.0759
1.0814
1.0868
1.0923
1.0977
1.1032
1.1087
1.1142
1.1198
1.1253
1.1309
1.1365
1.1421
1.1477
1.1533
1.1589

R23
1.3428
1.3442
1.3456
1.3470
1.3484
1.3498
1.3512
1.3526
1.3540
1.3554
1.3568
1.3582
1.3596
1.3610
1.3624
1.3638
1.3651
1.3665
1.3679
1.3693
1.3707
1.3721
1.3735
1.3748
1.3762
1.3776
1.3790
1.3804
1.3817
1.3831
1.3845
1.3859
1.3872
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