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Abstract-The thermal remote sensing method for recovering the temperature distribution in glass from 
spectral emission data is examined experimentally. An analytical model is formulated and the desired 
temperature distribution is obtained using an optimization scheme which determines the temperature 
profile in the form of a polynomial or a set of discrete points. In order to evaluate the accuracy and 
validityofthe thermal remote sensing method, the recovered temperatures are compared with independent 
measurements using surface thermocouples and a Mach-Zehnder interferometer. Experimental results are 
reported for fused silica (Corning Code 7940) glass samples using a Perkin-Elmer spectrometer to measure 
the spectral radiant energy emerging from the layer of glass. Opaque (high and low emittance) boundary 
conditions at the heated surface of the glass were considered. Temperatures in the range from 500 to 
about 900 K were examined. Spectral emission data between 3.3 and 4.8 pm were used in recovering the 
temperature distribution in the glass samples. The results showed that the recovered and interferometrically 
measured temperature profiles agreed well, with the maximum deviation never exceeding approximately 

2 per cent. 

NOMENCLATURE 

coefficients defined in equation (7); 
velocity of light in free space; 

Planck’s constant; 
spectral intensity of radiation; 

Plan&s function defined as 

2h?/{cg[exp(hv/kT) - l]>; 
Boltzmann’s constant; 

thickness of layer; 

number of independent observations; 
index of refraction; 
temperature; 
depth. 

p’ = cos 0’; 

V, frequency; 

5: dimensionless depth, y/L; 

P? reflectance; 

T”, transmission function defined by equation (6); 

TON optical thickness of layer defined as 

s 

I. 

KU (Y) dy. 
0 

Subscripts 

1, refers to i th independent observation; 
ref, refers to reference condition; 

0, refers to external media; 

8, 

Greek symbols 

P? function defined as 

[1-p~,(~)p~~((I*)exp(-2~o,/l~l)l-’; 
E, emittance: 

refers to interface between semitransparent 
. . . 

solid and the 

refers to inter 
solid 2-A --n 

surrounding media; 

,face between semitransparent 
Lllll upaque material; 

refers to frequency. 
angle between normal and pencil of radiation; 
absorption coefficient; 
wavelength; 
direction cosine, p = cos 8; 
direction cosine in surrounding media, 

1, 

2, 

v, 

Superscripts 

f, positive p direction 

-> negative p direction. 

INTRODUCTION 

*Presently at Gulf Atomic Company. San Diego, 
INHERENT experimental difficulties are associated with 

California 92138, U.S.A. measurement of the temperature distribution in semi- 

TPresently at Detroit Diesel Allison, Division of General transparent and diathermanous materials under 
Motors Corporation, Indianapolis, Indiana 46206, U.S.A. dynamic conditions. For example, measurement and 
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control of temperature is essential in the efficient 
manufacture and utilization of glass products. Two 
standard types oftemperature measurement systems for 
semitransparent and diathermanous materials such as 

glass are probes (primarily thermocouples) and radia- 

tion thermometry. However. the thermocouples distort 
the temperature field by conduction and respond to 

radiation other than local sources, thereby producing 
erroneous temperature results [l]. Radiation thermo- 

meters without an attached filter yield only an 
effective temperature for some unknown depth. Radia- 

tion thermometers are attractive because they can be 

placed remote to the medium sensed. Filters may be 

employed to make the thermometer sensitive to wave- 

lengths only in certain narrow bands; however, various 
difficulties with thermometers have inhibited their 

general and broad application [2]. Optical techniques 

such as temperature-dependent attenuation of a HeeNe 
laser beam [3] and Mach-Zehnder interferometry [4] 

have also been employed. Unfortunately, the latter two 
methods are considered only as research tools rather 

than industrial diagnostic techniques. 

This paper considers the spectral thermal remote 
sensing (inversion or spectral scanning) technique 

for determining the temperature distribution in semi- 
transparent materials. The technique is an extension 
and generalization of radiation thermometry. Thermal 

remote sensing involves the use of a spectral sensor 

(spectrometer. radiometer with filters, etc.) to measure 

the natural emission from the medium and then 

recovering the temperature distribution by inversion of 
spectral emission data. The wavelength interval over 

which data is recorded is controlled by the spectral 

absorption characteristics and temperature of the 
medium and method of data inversion. This technique. 

although limited by the signal-to-noise level of the 
detection system at lower temperatures. is suited for 
thermal measurements since the radiation emerging 
from the medium is a function of the temperature 

distribution. The measurements can be made from 
remote locations providing the absorption due to the 

presence of the intervening media between the detector 
and the material is accounted for. 

The theory and application of remote sensing tech- 
niques for gaseous radiation sources such as planetary 
and stellar atmospheres. plasmas. rocket exhaust 
plumes. etc.. have been reviewed by Wang [5] and 
there is no need to repeat that survey. Attempts to 
measure temperature distribution in glass using data 
from two wavelength radiometers have been reported 
by Van Laethan ct al. [6] and Beattie [7,8]. An analysis 
for recovering the distribution in glass from remote 
spectral emission measurements has been presented by 
Chupp [9. lo]. 

The specific objective of this work is to experimentally 

verify the accuracy and validity of the thermal remote 
sensing method developed by Chupp. This is accom- 

plished by comparing the recovered temperature pro- 
files with independent measurements using Mach- 
Zehnder interferometer and surface thermocouples. 

For a critical comparison a well defined system is 
employed which utilizes a plane layer of fused silica 

(Corning Code 7940) glass as a test specimen. 
Emphasis in the paper is placed on the experiment and 

the results with a brief description of analysis and 
inversion technique. Experimental results are reported 

for several different temperature levels in the tempera- 
ture ranging from 500 K to about 900 K for an 

opaque boundary condition (with a low and high 

emittance) at the heated face of the layer of glass. 

ANALYSIS 

Physical model and assumptions 
The inversion procedure is best illustrated by apply- 

ing it to a real system using the physical laws and 
geometry of that system. A schematic diagram of the 
physical model and coordinate system is shown in Fig. 
1. A plane layer of glass bounded on one side by an 

medium 

Radlot 10” 

detector 

-kP 

FIG. I. Physical model and coordinate system. 

opaque material is considered. The glass is assumed 
to be isotropic and homogeneous and able to absorb 
and emit, but not scatter, thermal radiation. The glass 
is also assumed to be in local thermodynamic 
equilibrium; therefore, Kirchhoffs and Planck’s laws 
appropriately describe emission of radiation from the 

glass. 
The spectral intensity of radiation, Iv+(O, 0’), emerging 

from the layer as shown in Fig. 1 can be evaluated 
if the intensity just inside the material at the back 
face, I,?(+(L, 0) is known. Since the refractive index n,, of 
the glass is usually much different than that of the 
surroundings and the opaque medium, the effect of 
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reflection at each of these interfaces must be included in 
L,+(L, /3). It is assumed that interfaces 1 and 2 in Fig. 1 

are optically smooth and reflect specularly. Thus, 

Fresnel’s equations of classical electromagnetic theory 
are appropriate to describe transmission and reflection 
of radiation characteristics of the interfaces. 

Formlllation of the problem 
The basic principles of radiative transfer in semi- 

transparent media are well known [ll]. Radiative 

transfer in glass is based on a fundamental equation 
resulting from a radiant energy balance on a pencil of 
radiation propagating in a given direction. For a one- 

dimensional, nonscattering, plane layer of glass the 
spectral intensity I,.(y, 0) defining the radiation field is 
governed by the equation of transfer 

cos lidi = - h_Jn? I*,,(y) -I&‘, O)]. (1) 

This equation indicates that the spectral intensity 

I,(y,O) is increased by emission and decreased by 

absorption in the path length dy/cos 0. The first term 
on the right of this equation accounts for emission 

while the second for absorption of radiation. It is 

convenient to divide I&, 0) into two contributions: the 
intensity directed in the forward direction (p = cosa > 0) 

which is denoted by 1,: (y, ,u), and that directed in the 

negative direction (,u < 0) denoted by 1,:(y,p). Assum- 
ing that there is no radiation incident from an 
external source, the boundary conditions for equation 

(1) can be written as 

1,: (0, D) = pl, CPU,+ (0, P) for P < 0 (2) 
and 

Equation (1) with the boundary conditions (2) and 

(3) define the spectral intensity at any location within 

the layer. These equations can be solved for the intensity 
just inside the glass at interface 1, I,:‘(O,p). From an 

energy balance on interface 1, the intensity emerging 
outwardly from the glass, ZI+(O,$), is related to the 
intensity just inside the glass by the relation 

V(O,$) = [1-Plr(~)](n~,./12,2)1~(0.~) (4) 

where direction cosines ,U and ,u’ are related by Sell’s 
law of refraction, n,. sin 8 = n,,. sin 8’. From equations 

(1) through (4) the spectral intensity of radiation 
emerging outwardly from the glass becomes 

where the transmission function Y, (a, b, ,u) is defined as 

and where the factor b,.(p) accounts for multiple 
internal reflection between interfaces 1 and 2. 

Assuming that the spectral absorption coefficient K, 
and Planck’s function I,,.[T(y)] are known and 1,’ (0,~‘) 
is measured within experimental error. the problem is to 

recover the temperature distribution in the glass, i.e. 

T(y), from equation (5) between y = 0 and y = L. This 
involves measuring the spectral emerging intensity 

I\! (0, p’) with an appropriate instrument for N indepen- 

dent frequencies and/or directions and then recovering 
T(y). The spectral directional reflection and trans- 

mission characteristics of interfaces 1 and 2 as well as 
the spectral optical properties (n, and K,.) of the semi- 
transparent material and their variation with tempera- 

ture are assumed known in recovering T(J). 

Method of inversion 
Inversion of a Fredholm integral equation of the 

first kind such as equation (5) encounters problems of 

instability, nonuniqueness, ill-conditioning and finite 

measurements. These difficulties are well recognized 
[5]. In an attempt to overcome some of these 
difficulties, a nonlinear optimization scheme has been 

adapted [9, lo]. This is a general procedure of inversion 

where a priori knowledge of the temperature distribu- 
tion is not necessarily required and Planck’s function 
need not be linearized. In the procedure developed the 

integral equation (5) is solved repeatedly with trial 
(assumed) temperature distributions in an attempt to 

recover the temperature distribution which best repre- 
sents the spectral emission data. Two possible ways of 

representing the temperature distribution considered 
are: (1) a discrete set of points T(rj). and (2) a linear 

combination of functions. preferably orthogonal poly- 
nomials, such that 

U?;cf = t CjIc/j(5)3 0 Q 5 6 1 (7) 
j=l 

Legendre polynomials have been emptoyed excIusively 
for $) Both of these methods have been used for 

representing the temperature distribution. The inver- 

sion procedure is described in detail by Chupp [9, lo]. 

EXPERIMENTS 
General considerations 

A critical check on theaccuracy of the remote sensing 
method was made by comparing recovered temperature 
profiles with independent measurements. A Mach- 
Zehnder interferometer was employed to independently 
measure the temperature profile without interfering 
with the temperature and radiation fields or introducing 
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a radiation error. An interferometer can measure only a 
two-dimensional temperature held. Thus, any tempera- 
turc variation in the glass in the direction of the 

interferometric beam should bc minimized by reducing 
the edge losses from the glass specimen. Evacuation 

of the environment is an effective way of reducing edge 

losses by convection and conduction. The radiation 
edge losses were minimized using high reflectance 

coatings and shields. 

The sample material had to meet several criteria. 

First, it had to be semitransparent in a frequency range 
which could be detected by spectrometer equipment 

available. Second, the sample should be transparent to 
radiation at the interferometric test beam frequency and 

have a refractive index which varies with temperature 

at this frequency. The sample should also be of high 

optical quality, workable to interferometric tolerance 

and durable with a low sensitivity to thermal stress. 

The latter stipulation implies a low coefficient of 
thermal expansion which has the additional advantage 

of reducing changes in the optical path due to expan- 

sion. Anderson ct ul. [4,12] have developed an inter- 
ferometric technique for temperature measurement in 

glass. They found that fused silica glass meets these 
criteria. In addition, fused silica glass has relatively 

well-known transport and optical properties (i.e. 
spectral absorption coefficient and spectral index of 

refraction). 

Description of‘appuratus 

Applications of the Mach-Zehnder interferometry to 

temperature studies are extensive and its principles well 

known [13]. As discussed by Anderson [4,12], the 

change in the interference pattern (i.e. fringe shift) may 
be related to the temperature field through the index 

of refraction of the fused silica specimen. The interfero- 
meter system and the vacuum chamber used in the 
experiments have been described elsewhere [4], and 
only modifications of the system are discussed here. A 
schematic diagram of the test set-up is shown in Fig. 2. 

A high density modular radiant heater (Research, 

Inc.. Model 5208) was used as the heater source. The 

heater reflector and case body were water cooled. see 
Fig. 3. Two Sorensen power supplies provided the 
heater power. The heater unit was 0.241-m long and 
0.076-m wide and employed six tungsten turbular 
quartz lamps (General Electric Co.. Type T-3) in 
compact array. A 6.35-cm square and 0.635-cm thick 
copper plate was placed over the radiant heater to 
serve as the heating element. The copper plate was 
surrounded by lava insulation to provide stability and 
aid in maintaining a uniform face temperature. The 
test specimen was placed on the top and in direct 
contact with the heating element. 

Thermocouples with 0.25-mm dia. leads were 

/- 
He - Ne laser 

,- Microscope 

r BeamsplItter 

b 

camera and 
photographic 
optics 

FIG. 2. Schematic diagram of the experimental 

apparatus. 

Surface Fused SIIICO sample 

RodlotIon shleids 

Copper heating 

rometer 
am 

Reflector i Coorlng water outlet 
housing 

Coaling water Inlet 

FIG. 3. Cross-sectional view of test assembly. 

attached on bottom surface of the glass sample in 
order to reference the interferometer temperature 
profiles. Type K (Chromel-Alumel) thermocouples 
were used and all thermocouples were calibrated prior 
to installation. 

A view port with a 5.0%cm dia. CaFl window as 
shown in Fig. 2 was installed at the top of the 
chamber to allow viewing of the glass sample to obtain 
the spectral emission data required for the inversion 
technique. CaFl was selected as the window material 
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because it is transparent to radiation in the spectral 

range considered in the experiment. 

Spectral emission from the sample was measured 
using a PerkinElmer Model 112 spectrometer. Fixed 

mirrors on the top of the vacuum chamber reflected 
radiation emerging from the sample to the slit of the 
spectrometer. During testing the spectrometer and 
optical path to the vacuum chamber window were 
purged with nitrogen to eliminate any gases having 
absorption bands in the spectral region of interest. 

Radiative flux emitted by the sample and incident on 

the slit was detected, amplified and recorded on an 

x-q’ plotter (Honeywell. Inc., Model 500) connected 

directly to the spectrometer. 

Sample prepration 

Corning Code 7940 fused silica glass 5.08-cm square 
and 1.27-cm thick, polished to interferometric toler- 

ances, was used as the test sample. The size was selected 
to keep the interference fringe shift within resolvable 

limits while retaining a reasonable thickness to length 
ratio to minimize edge losses. Radiation losses from the 

edges of the glass were reduced by painting the edges 
with a low emittance gold paint (Liquid Bright Gold, 

Englehard Industries). The paint was cured at high 
temperature which left an opaque reflective gold film. A 
6.35-mm window was left near the center of the sample 

to allow passage of the test beam. High emittance black 

paint (Pyromark High Temperature, Tempil Co.) and 
low emittance gold paint (Liquid Bright Gold) were 

coated on the bottom face to provide different 
boundary conditions. Both the black and gold coatings 

were observed to specularly reflect the visible radiation 
inside the sample and are therefore expected to be 

specular in the infrared. Edge losses were further 
reduced by positioning a silver foil reflection shield 

around the glass leaving only gaps for the interfero- 
meter test beam. 

Experimental procedures and data reduction 

A blackbody was installed in situ in the vacuum 
chamber to calibrate out factors such as the trans- 

mission characteristics of windows and the reflection of 
mirrors. The spectrometer readings could then be 
related to the known spectral radiation characteristics 
of the reference source. 

After alignment of the spectrometer. the vacuum 
chamber was sealed and evacuated and the contents 
allowed to reach equilibrium. The interferometer was 
then adjusted to obtain the infinite fringe (i.e. uniform 
illumination). After steady state had been reached, the 
thermocouples were read and an interferogram photo- 
graph taken simultaneously. At this time the sample 
was scanned and spectral radiation emitted was 
recorded with the spectrometer and x-JJ plotter. The 

highest temperature level obtainable was limited by the 

fact that the black and gold coatings showed severe 

degradation at about 880 K. 

Because the fringe density was relatively high ( - 10’ 
fringes/cm) magnification was required prior to photo- 
graphing. The reading of the interferograms was 
accomplished with a coordinate microscope (Precision 

Tool and Instrument, Ltd.. Vernier Microscope). By 

repeated reading of an interferogram, it was found that 

one tenth of a fringe could be resolved. The index of 

refraction data for fused silica were taken from Wray 
and Neu [ 141. The local temperatures could be resolved 

within 0.3”C accounting for interferometric errors due 
to thermal distortion and refraction effects [ 121. 

RESULTS AND DlSCUSSlON 

General considerations 

In order to examine ihe validity of the thermal 

remote sensing method over a wide range of physical 
parameters samples with opaque (high and low 

emittance) boundary conditions were studied. A range 

of temperatures was considered for each boundary 
condition to examine the accuracy of the thermal 
remote sensing method over as wide a temperature 

range as possible. 
A single glass specimen of 1.27 cm thickness was 

used in the experiments. Spectral emission data were 

recorded in the wavelength range from 2.0 pm to 5.2 

pm; however. only data in the wavelength range from 
3.6 pm to 4.8 pm were used to obtain most experimental 

results. In this spectral region, fused quartz varies from 
being nearly transparent to opaque, i.e. it is semi- 

transparent. Spectral absorption coefficient data were 
taken from Wedding [ 151 and Edwards [ 161. 

For all experimental results, spectral emission data 
were taken in the normal direction (p’ = 1) relative to 

the glass surface. The temperature recovered using the 

inversion technique was constrained [lo] to increase 
monotonically with the dimensionless distance (4). 

Measured and recovered temperature projile results 

The interferometrically measured and recovered 

temperature profiles for the low emittance boundary 
conditions (Liquid Bright Gold coating at the back face 

of the glass) for several different temperature levels are 

presented in Fig. 4 for both the polynomial and 
discrete point methods. Index of refraction data for 
gold were taken from the literature [17] to predict the 
reflection at interface 2. 

High emittance boundary condition (Black Pyro- 
mark coating at the back face of the glass) results are 
presented for the polynomial and discrete point 
methods in Fig. 5. Normal spectral emittance data 
were taken from publications of the Thermophysical 
Properties and Research Center [18]. These data are 
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(a) 

i 

No discrete points Symb Polyn order LIW 
5 a 
3 

580 Dota 0 DZ+a 0 

FIG. 4. Comparison of measured and recovered temperature 
profiles using discrete point (a) and Legendre polynomial 
(b) approaches; gold coating at the back face. N = IO. 

E 2 0.06. 3.66 pm < d < 4.75 lirn. 1.65 < sgi < 40.71. 

“1 (a) (b) I 

FIG. 5. Comparison of measured and recovered temperature 
profiles using discrete point (a) and Legendre polynomial 
(b) approaches; Pyromark black paint at the back face. 
N = 10. E L 0.80. 3.66pm <A <4,75pm. 1.66 < TV;. < 40.70. 

for Pyromark emitting into air. Since this experiment 
deals with a Pyromark-fused silica interface, the 
published data had to be corrected for the difference 
in index of refraction of the adjoining medium. 

Figures 4 and 5 show that the linear recovered and 
measured profiles agree within about 10 K. The second 
order Legendre polynomial profiles and the discrete 
point profiles vary more from the measured profiles 

than the linear recovered ones. The linear recovered 
profiles arc expected to be the most accurate because 
(I) there are only two unknowns and (7) the measured 

profiles are nearly linear. The temperature profiles in 

fused silica under these conditions arc essentially linear 
as verified analytically by ;Inderson ct al. [4] and 

Chupp [lo]. Deviations between the recovered and 

measured profiles are due to errors. The various sources 

of error are discussed in the next section. 

The errors arising in the measurement of glass 

temperature with a Mach-Zehnder interferometer 

results primarily from: (1) interferometric errors due to 
thermal distortion and refractive effects. (2) errors in the 
measurement of the reference temperature and (3) 

errors due to the nonuniformity of temperature in the 
direction of the test beam. The first type of error has 

been accounted for in reducing the data. The reference 
thermocouple is attached to the bottom surface (< = 1) 

of the glass. This thermocouple is affected by radiation 
from the heater. An error analysis showed that the 
thermocouple junction is about 2 K higher than the 

surface temperature assuming perfect contact [ 191. 

Thus. the level of the measured profile is high by 2 K. 
The third type of error in the measured profile 

(nonuniformity of temperature in the direction of the 

test beam) is due to heat losses from the edges of the 
glass sample. The interferometric data yield an average 

temperature along the test beam for the glass specimen. 
whereas inversion dctcrmines the temperature profile 

near the center of the sample. Because of heat losses 
from the edges. it II’;IS observed that a small tempera- 

ture decrease existed from the center towards the edges 

of the sample. Hence. the average temperature along the 
interferometer path is lower than at the center of the 
sample. and thcrcfore the measured temperature would 
be lower than the trccovcrcd one. Therefore the last 
two typt‘s of inherent zrl-01-s would cause the measured 
profiles to be slightly higher than the recovered profile. 
This could adequately explain the differences between 
the linear recovered and mcasurcd temperature profiles. 

There arc also errors in the recovered profiles. These 
errors are primarily of five types: (i) imprecise measure 
of the spectral emitted radiation. (3) computational 
errors due to inversion. (3) imperfect models and data 
for the spectral reflection and transmission charnctcr- 
istics ofthe interfaces. (4) inaccurate spectral absorption 
coefficient data. and (5) limited set of measured value of 
spectral emerging intensity. These errors could affect 
the temperature level of the recovered results as well as 
the deviation of higher order profiles. 

The first type of error was minimized by carefully 
aligning the spectrometer to insure the maximum inten- 
sity was recorded for each test condition. Calibrating the 
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spectrometer with a black-body in situ should also 

minimize measurement error. 

Computational errors have been extensively investi- 

gated [lo]. These errors have been found to be small 

compared to any measurement data error. 
There is some uncertainty in the reflection character- 

istics ofinterface 2. These characteristics were predicted 
from the Fresnel’s equations of the classical electro- 

magnetic theory using experimental index of refraction 

data [17]. Variation with temperature of the index of 
refraction for the gold and black coatings is not 

accurately known. The optical properties of the inter- 
faces and hence the transmission and reflection 

characteristics also depend on the temperature and thus 
introduce small errors in the recovered profiles. In the 

analytical model interface 2 was assumed to be optically 
smooth and specularly reflecting. Examination of the 

coatings prior to testing showed them to be specular. 
However, it is uncertain whether these coatings 

remained specular and opaque over the range of 

temperature conditions during testing. Some degrada- 
tion was noted at higher temperatures. The effect of 

error in the value of the reflectivity of interface 2 is 

considered in the next section. Also, the remaining 
types of error in the recovered profile, i.e. the effect 

of error in the absorption coefficient and the number 

of data points is presented. 

Sensitivity studies 

The effect of error in the various parameters was 
investigated by systematically perturbing the values of 

selected parameters and observing the effect on the 
recovered profiles [ 191. Only results for first and second 
order profiles are presented. 

Typical results showing the effect of the number of 

data points are given in Table 1. The case where N = 10 
corresponds to that considered in Fig. 4. The data in 

Table 1 reveal that varying the number of data points 
does not greatly affect the results for N < 10. This is 

because the two unknowns are evaluated from the data 

Table 1. Effect of the number of emission data points on the 
recovered results for fused silica glass with a gold coating at 
the back face: 3.66 pm < i < 4.75 pm, back face tempera- 

ture = 655 K 

R, 

4 
I 

IO 
15 

RMS deviation* 

2; 

0.71 
0.90 
0.89 
3.75 

Average deviation* 
in emission data 

(“/“I 
~~~- 

0.65 
0.82 
0.73 
3.70 

.~~ 

*Linear rccovcrcd profile. 

being least-square fit. However, increasing N above 10 

adversely affects the results. This is attributed to the 

fact when the number of emission data points is larger 
than ten, the wavelength intervals of data points are 

smaller than the resolution of the spectrometer (i.e. 
approximately 0.1 pm). Therefore, the individual points 

are no longer independent and errors are introduced. 
The effect of varying the back surface emittance 

for the gold coating case is shown in Table 2. The 

0 02 o-4 06 08 0 0.2 04 06 08 I.0 

E 

FIG. 6. Effect of back surface emittance on recovered 
temperature profiles using Legendre polynomial approach; 
Pyromark black paint at the back face, N = 10, 3.66 
pm < I. < 4.75 pm, 1.99 < roJ, < 40.70. (a) E 2 0.80 and (b) 

E % 0.88. 

Table 2. Effect of decreasing the back surface emittance on the recovered temperature profile; 
polynomial approach with a gold coating at the back face. 3.66pm < i. < 4.75 pm, N = 10 and 

I.65 < ~~~ < 30.08 

T. K 

\ 

0 
0.20 
0.40 
0.60 
0.80 
1.00 

1st order polynomial 2nd order polynomial 

c;, = 0.06 i:; = 0.03 ci = 0.06 F;. = 0.03 

531.7 531.8 531.8 531.9 
535.9 536.1 536.0 535.9 
540.3 540.3 540.1 540.1 
544.5 544.6 544.6 544.5 
548.7 548.X 549.0 549.2 
553.0 553.1 553.2 553.9 

Measured 

528.2 
533.9 
539.5 
545.5 
549.6 
554.1 
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data in this table reveal that changing the emittancc 
had only a small effect on the recovered temperature 
profiles. Decreasing the emittance slightly increased the 

back surface temperature and vice versa. Figure 6 shows 
the effect of changing the back surface emittance for the 

Pyromark coating case. Increasing the emittance by 10 

per cent yields a slightly better agreement between the 

measured and recovered temperature profiles. Such an 
error in emittance is possible because only room 

temperature spectral emittance data are available for 
Pyromark paint [18] and the total emittance increases 

with temperature [ZO]. 

The influence of a uniform error in the spectral 
absorption coefficient data on the recovered results is 

shown in Fig. 7. This figure reveals that uniformly 

643 

620 

600 

b4O 

Y 
623 

k 

600 

Cc) 
0 

640 
0 

0 m 0 

620 
0 

Data 0 

600 
0 02 04 “6 08 IO 

FIG. 7. Effect of soectral absorotion coefi- 
cient on recovered temperature profiles 
using first order Legendre polynomial 
approximation for goldcoating-at ;he back 
face. N = 10. i: 1 0.80. 3.66 urn c i c 4.75 
pm: (a) K;, increased by 5 -per ‘cent 
(I.89 < 5oi < 35.09). (b) tij unchanged 
( I %O < T,)~, < 33.40) and (c) K, decreased 

by 5 per cent (I.71 < T,)~ < 31.72). 

altering the absorption coefficient data by i 5 per cent 
does not seriously affect the linear profile results; only 
the temperature level. An error in only part of the 
absorption coefficient data is possible. Chupp [IO] 
has shown that correcting lower absorption coefficient 
values by less than 10 per cent cut the deviation of 
higher order profiles from the linear ones in half. This 
correction had only a minor effect on the linear profiles. 
This study then demonstrates that error in the absorp- 
tion coefficient data is present but would not cause the 

deviations between the mcasurcd and linear rccovcred 
profiles. Accuracy of absorption coefficient data would 
be important for more complrv temperature profiles. 

Reliance on handbook data for spectral radiation 

properties of semitransparent materials. such as high 

temperature glasses. is risky when recovering more 
complex profiles not only because these property values 

are poorly known but also hecause small impurities 

(e.g. iron oxide) have very large effects on spectral 
absorption coefficient. For example. an error In K,. 
affects the recovered tcmpcrature near the front surface 

for large tOi. and. for smaller r,),. error in I\; alfects 
the overall average temperature. To overcome some of 

these difficulties a proccdurc has been developed to 
recover the spectral absorption coefficient of the sample 
from the spectral emission data obtained in the cxpcri- 

ment. In this procedure the temperature distribution 
is taken as known and an average (over the tempera- 

ture range in the sample) spectral absorption coefficient 

is recovered. This information is particularly useful 

where data are lacking and/or large uncertainties in K, 
exist. The details of the analysis can be found clscwhcre 

r 101. 
Other investigations of the thermal remote sensing 

method for recovering temperature distribution in glass 

have been completed. The method has been used to 
recover nonlinear temperature profiles under dynamic 
conditions in a slab of clear float glass which was 
being cooled by convection and radiation [II]. The 

situation when the material is being heated by an 

external radiation source has also been considered and 

satisfactory results have been obtained [19.21]. It is 

expected that the method could also bc used to 
recover the temperature distribution in scmitrans- 

parent materials when there is external radiation 
reflected on the top of the surface into the detector. 
providing the reflected radiation is accounted for in the 

model. 

CONCLCSIONS 
The results in this paper demonstrate the validity of 

the thermal remote sensing technique for the recovering 
of the temperature profile in a fused silica layer having 
an opaque back surface. The linear recovered profiles 
agree with the independently measured profiles within 
experimental error. Thus, the technique accurately 
recovers the temperature protile for the experiments 

performed. 
Sensitivity studies show that: (I) varying the number 

of emission data points has only a minor cflect when 
the number-of-unknowns-to-number-of-data-points 
ratio is small (providing the instrumentation spectral 

resolution is not exceeded). (2) error in the back 
surface emittance appreciably affect the recovered 
results for the high emittance back surface but not 
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for the low emittance one, and (3) error in the absorp- 7. J. R. Beattie and E. Coen, Spectral emission of radiation 

tion coefficient data could explain part of the deviations 

of higher order profiles from the linear ones. The results 

showing the effect of absorption coefficient demonstrate 

that good property data would be needed if nonlinear 
temperature profiles are encountered. 

The spectral thermal remote sensing method appears 
to have potential as a diagnostic technique for recover- 

10 

ing temperature distribution in semitransparent con- 

densed phases at high temperatures under both steady 
and dynamic conditions since it can yield detailed data 
(where desired) that is not possible with probes or t1 

radiation thermometry. 12. 
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VERIFICATION EXPERIMENTALE D’UNE METHODE DE DETERMINATION 
A DISTANCE DE LA DISTRIBUTION DE TEMPERATURE DANS LE VERRE 

R&urn&On Ctudie expkrimentalement la d&termination de la distribution de temptrature dans le verre, 
h partir des donnies d’imission spectrale, par une mCthode d’haluation h distance. On formule un 
modtle analytique et on obtient la distribution de temperature cherchke par une procOdure d’optimisation 
qui d&ermine le profil de tempkrature sous une forme polynomiale ou un ensemble de points de 
discrbtisation. Pour &valuer la prkcision et la validit de la methode, les tempiratures calculkes sont 
comparkes h des mesures indkpendantes par thermocouples de surface et par interftromitrie Mach-Zender. 
Des rksultats expCrimentaux sur des Cprouvettes de silice fondu (Corning Code 7940) sont obtenus avec 
un spectromttre Perkin-Elmer pour mesurer l’inergie spectrale transmise par I’kpaisseur de verre. On 
considkre des conditions aux limites d’opacitt: (emittance forte ou faible) sur la surface chauffie, et un 
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domaine de tempirature allant de 500 K :I 900 K. On a utilisC les donnCes d’Cmission spectrale entre 
3.3 et 4,Xpm pour determiner la distribution de temperature. Les rCsultats montrent un bon accord 
cntre les profls de tempkrature calculus et mesures par interfirombtrie, la dt:viation maximale n’excCdant 

jamais 2 pour cent. 

EXPERIMENTELLE DURCHFUHRUNG EINER THERMISCHEN FERNMESSMETHODE 
FitR DIE ERMITTELUNG DER TEMPERATURVERTEILUNG IN GLAS 

Zusammenfassung-Die therm&he Fernmenmethode fiir die Ermittlung der Temperaturverteilung in 
Glas aus spektralen Emissionsdaten wird experimentell erprobt. Ein analytisches Model1 wird aufgestellt 
und die gesuchte Temperaturverteilung unter Verwendung eines Optimierungsschemas erhalten, welches 
das Temperaturprofil in Form eines Polynoms oder einer Tabelle diskreter Werte liefert. 

Urn die Genauigkeit und Gijltigkeit der therm&hen Fernmenmethode zu beurteilen, werden die so 
erhaltenen Temperaturen mit unabhsngigen Messungen verglichen, fir welche Oberfllchenthermo- 
elemente und ein Mach-Zehnder-Interferometer verwendet werden. 

Versuchsergebnisse werden fiir geschmolzene Silikatglasproben (Corning Code 7940) angegeben, wobei 
ein Perkin-Elmer-Spektrometer zur Messung der spektralen Strahlungsenergie, die von der Glasschicht 
abgegeben wird, Verwendung findet. An der beheizten Oberflichedes Glases wurden die Randbedingungen 
der Strahlungsundurchltissigkeit (bei hohen und niedrigen Emissionskoeffizienten) beriicksichtigt. Der 
Bereich der untersuchten Temperaturen war SO0 bis ca. 900K. Fiir die Ermittlung der Temperatur- 
verteilung in den Glasproben wurden die spektralen Emissionen im Bereich von 3.3 bis 4,8pm 
herangezogen. 

Die Ergebnisse zeigten eine gute ijbereinstimmung zwischen den so ermittelten und den inter- 
ferometrisch gemessenen Temperaturprofilen. wobei die maximale Abweichung niemals iiber (‘II. 2”, lag. 

3KCnEPMMEHTAJlbHAH IIPOBEPKA TEIIflOBOrO JIMCTAHUMOHHOI-0 
YY BCTBMTEJI bHOl-0 M ETODA BOCC03,QAHMR PACn PEAEn EHMIl 

TEMnEPATYPbl B CTEKJIE 

AHHOT~LWI -- B pa6OrC 3KCW2pMMeHTanbHO HCC”efiyeTCR TennOBOfi 4MCTaHUMOHHblii YyBCTBMTe,lb- 

Hblfi MeTOLl paCITpeLIC,lCHHn TeM”e,,aTypbl B CTeKIe IT0 L,aHHblM CneKTpa>lbHOrO !43IlyqeHM)1. c$Ophly- 

nwpoeaUa ananMTMqecKafl cfoilenb M nonyrcuo MCKOMOe pacnpeneaeHMe TeMneparypl,l c noMouIbto 
Cxehlbl ORTMMM3aUMM. tioropaR onpeneJ,neT TekjneparypHblA npo+wnb 13 BMne ,TOJlMHOMa MlIM 

COBOKynHOCTM ,!IMCK,,CTHb,X TOYeK. &lH OUCHKM TOYHOCTM M cnpasennMBocrM ilMcraHuI4o~~noro 

h,eTOL,a BOCCO3,~aBaeMblC Teh,“e,,aTypb, C,,aBHMBa,OTCn ;: pe3ynbTaTaMM He3aBMCMMblx WMepeHMfi, 

“POBO~MMblY n,,M I1”\1OU,M “0BepxH”CTHblX TepMOnap II F!HTep@epOMeTpa Maxa-UeHnepa. r@4BO- 

flRTCR pe3yJlbTaTbI 3KCllepMMeHTOB Ll,lR 06pa3uoB M3 KBapUeBOrO CTeKJla (Corning Code 7940) no 
M3MCpeHMH2 CneKTpaflbHOfi 3He,,TMM M3ny’4eH&iR o6pa3uoe. nO.lyYeHHble C nOMOlUbK) CnCKTpOMeTpa 

nepKMHa-3,lbMepa. i’aCCClaTl7MBanMCb He,T,703,,aqHble (C BblCOKOii W HL43KOti JyYeWTyCKaTe.TbHOti 

C~~OCO6HOCTblO) r,,aHL,‘,Hb,e yCnOBll5I Ha HarpeTOil nOBepXHOCTM CTeKna. M3yYa;TMCb rehfnepaTypbl 

B awana3oHe OT 500 ti IlO 900 K. &ln BOCCO3AaHM~ paCITpeneneHMFi 1eMnepaTypbl B CTcK.vlHblX 

o6na3llax MC”onb3oBanMCb JaHHble CnetiTpanbHoro M3nyqeHm B mana30He 3,3%4,8 p/,1. Pe3ynbTaTbl 

3KcnepMMetrra rroKa3aJnI. YTO BOCCO?&aeMble M FFOnyqeHHble C nOhlOU,bH) MHTCp@epOMeTpa 

TeM”epaTypHb,e ITpO@lJIH XO,,OLUO COr.TaCyWTCS C 2laKCHMaJTbHblM OTK.7OHeHMeU OKOJO 4ByX 

npOL,eHTOB. 


