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Use of Blackbody Optical Fiber Thermometers
in High-Temperature Environments

Matthew R. Jones¤ and David G. Barker†

Brigham Young University, Provo, Utah 84602-4201

A blackbody optical � ber thermometer consists of an optical � ber whose sensing tip is given a metallic coating.
The sensing tip of the � ber forms an isothermal cavity, and the emission from this cavity is approximately equal to
the emission from a blackbody. Temperature readings are obtained by measuring the spectral intensity at the end
of the � ber at two wavelengths. The ratio of these measurements is used to infer the temperature at the sensing
tip. However, readings from blackbody optical � ber thermometers are corrupted by self-emission when extended
portions of the � ber are exposed to elevated temperatures. Two possible methods are described for correcting
the problem caused by self-emission by the � ber. The � rst method is two-� ber optical � ber thermometry. In this
method a second � ber is positioned parallel to the original � ber. The � bers are identical except that the second
� ber has a re� ecting coating instead of a blackbody cavity at its tip. Because both the emitting and re� ecting � bers
are exposed to the same thermal environment, measurements of the intensity at the end of the re� ecting � ber can
be used to eliminate error caused by emission by the � ber. The second approach is spectral remote sensing. In this
method the intensity exiting the � ber is measured in portions of the visible and infrared spectrum. The measured
spectral intensities are used to reconstruct the temperature pro� le along the � ber.

Nomenclature
A = amplitude of a perturbation
c0; c1; c2 = radiation constants
E = radiative � ux
f = � tness function
I = intensity
Ib = blackbody intensity
Ka = spectral absorption coef� cient for the optical � ber
k = imaginary part of refractive index for Al2O3

L = length of the optical � ber
M = measurement
Np = number of points in the temperature pro� le
N¸ = number of wavelengths
n = real part of refractive index for Al2O3

s = smoothness criterion
T .t/ = temperature pro� le
Tbf = measured tip temperature obtained using

the standard method
Trs = measured tip temperature obtained using

the remote sensing method
T0 = true temperature of the sensing tip
T2 f = measured tip temperature obtained using

the two-� ber method
t = optical length of the � ber
z = distance along the axis of the � ber
¯ = � ber constant
° = calibration factor
1Ä = solid angle de� ned by the numerical aperture

of the � ber
" = normalized rms error in the calculated

radiative � uxes

Received 20 August2001; revision received 21 September 2001;accepted
for publication 11 March 2002. Copyright c° 2002 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0887-8722/02
$10.00 in correspondence with the CCC.

¤Assistant Professor, Department of Mechanical Engineering, 435
Crabtree Technology Building, P.O. Box 24201.

†Research Assistant, Department of Mechanical Engineering, 435
Crabtree Technology Building, P.O. Box 24201.

"avg = average of the normalized rms errors
for the current generation

"max = maximum normalized rms error
for the current generation

"min = minimum normalized rms error
for the current generation

½ = re� ectivity of the re� ective coating

Subscripts

e = emitting
i; j; k = indices
r = re� ecting
¸ = wavelength
º = frequency

Introduction

O PTICAL � ber thermometers (OFT) are devices that use pho-
tonic signals to sense temperatures. Compared to other tem-

perature sensors, OFT have the following advantages: long-term
stability, immunity to electromagnetic interference, high sensitiv-
ity, and the capability of withstanding harsh environments.

Several types of OFT have been developed.1 Interferometricsen-
sors use the thermal expansion of an optical � ber to perturb a laser
signal, and the temperature is inferred using interferometry. Flu-
oroptic sensors have a photoluminescent material attached to the
active end of an optical � ber. An excitation pulse from a pulsed
laser or � ash lamp activates the sensing tip, and the temperature is
inferred from the decay time of the photoluminescentsignal. Black-
body sensors consist of a high-temperature optical � ber with an
opaque cavity attached to the sensing tip. The spectral radiative � ux
detected at the end of the � ber is related to the temperature of the
cavity via Planck’s law.2 Fluoroptic and interferometricsensors are
very sensitive, but their temperature ranges are limited by mate-
rial properties. Blackbody sensors can operate over a wide range
of temperatures, and so blackbody sensors are generally used in
high-temperatureapplications.

An example of an applicationin which the use of blackbodyOFT
is highly desirable is in the thermal control system of microgravity
furnaces that will � y on the InternationalSpace Station. The design
of thesefurnacesis similar to thatof a Bridgmanfurnaceandconsists
of a heater core, insulation jacket, instrumentation, coolant loop

306



JONES AND BARKER 307

Fig. 1 Hot zone assembly for a microgravity furnace.

Fig. 2 Schematic diagram for a blackbody optical � ber thermometer.
The sensing tip (z = 0) is coated with a thin metallic � lm to create a small
isothermal cavity at a temperature of T0. The spectral intensity emit-
ted by the cavity I¸(0) is approximately equal to the spectral intensity
emitted by a blackbody Ib¸(T0 ).

components,a cold zone for directionalsolidi� cation, and a quench
zone for rapid quenching.A sketch of a typical furnace’s hot zone is
shownin Fig. 1. The heatercore is approximately30cmin lengthand
contains four heated zones: Booster 1, Booster 2, Main, and Guard.
The sensor plate is cooled in order to maintain sensors and other
instrumentationat acceptableoperatingtemperatures.The coldzone
is a water-cooled chill block (not shown) that is located adjacent to
Booster 1. This design produces the high thermal gradients required
for directional solidi� cation experiments.

As shown in Fig. 1, the OFT are aligned with the axis of the
furnace in these preliminarydesigns, and an extendedportionof the
� ber is exposed to elevated temperatures. Jones et al.3 showed that
emission from portionsof the � ber other than the sensingtip corrupt
the temperature measurements under these conditions.

This paper describes two possible methods for correcting the
problem caused by self-emission by the � ber. The � rst method is
two-� ber optical � ber thermometry.4 In this method a second � ber
is positioned parallel to the original � ber. The � bers are identical
except that the second � ber has a re� ective layer at its tip instead of
a blackbody cavity. Because both the emitting and re� ecting � bers
are exposed to the same thermal environment,measurements of the
intensity at the end of the re� ecting � ber can be used to eliminate
error caused by emission by the � ber. The second approach is mo-
tivated by previous studies in which spectral remote sensing was
used to determine the temperaturepro� les in semitransparentsolids
and high-temperaturegases.5¡8 In this method the intensity exiting
the � ber is measured in portions of the visible and infrared spec-
trum. The measured spectral intensities are used to reconstruct the
temperature pro� le along the � ber.

Blackbody Optical Fiber Thermometry
A typical blackbody OFT is illustrated in Fig. 2 (Ref. 2). The

probeconsists of a sapphire (Al2O3) � ber whose sensingtip is given
a metallic coating. The sensing tip of the � ber forms an isothermal
cavity, so that emission from this cavity is approximately equal to
the emission from a blackbody.The spectral radiative � ux incident
on the detector is equal to the product of the spectral intensity and
the solid angle subtended by the detector. The ratio of the spectral
radiative � ux incidenton the detector and the output of the detector
de� nes the calibration factor °¸:

Ie¸.t¸L /1Ä D Ee¸ D °¸ Me¸ (1)

An equation relating the spectral intensity at the end of the � ber
to the spectral intensityemitted from the cavity is needed to infer the
temperature at the sensing tip. The required relationship is obtained
by modeling the � ber as an absorbing, emitting, and nonscatter-
ing medium. Because the radiation is transmitted through air or a
vacuum after leaving the � ber, it is convenient to use frequency as
the spectral variable. The spectral intensity at each point along the
� ber is given by the solution of Eq. (2) with the boundary condition
speci� ed by Eq. (3)9:

dIeº

dz
D ¡Kaº Ieº C Kaº Ibº[T .z/] (2)

Ieº.0/ D Ibº.T0/ (3)

Solving for Ibº.T0/ gives

Ibº.T0/ D Ieº.Tº L / expftºL g ¡
Z tºL

0

Ibº[T .tº/] expftºg dtº (4)

where tº D Kaº z and tºL D Kaº L . The exponential in the � rst term
on the right-hand side of Eq. (4) corrects for the attenuation caused
by absorption of the intensity as it propagates along the � ber. The
integral on the right-hand side of Eq. (4) represents noise caused
by emission by the � ber. The usual procedure is to assume that this
integral is negligible:

Ibº.T0/ ¼ Ibº.Tbf/ D Ieº.tºL / expftº L g (5)

Note that the estimate of the spectral blackbody intensity given by
Eq. (4) is greater than the true value, so that the measured tempera-
ture Tbf will be greater than the actual temperature T0 .

For the temperaturesand the wavelengthsof interest,Wien’s limit
can be used to approximate the spectral intensity of a blackbody:

Ibº .Tbf/ D 2hº3n2
º

c2
0[expfhº=kTbfg ¡ 1]

¼ 2hº3n2
º

c2
0 expfhº=kTbfg

(6)

The spectral radiative� ux leaving the � ber is measuredby a spec-
trometer as a function of wavelength. Therefore, it is convenient at
this point to convert the spectral variable from frequency to wave-
length.Becausethe radiationleavesthe � ber and propagatesthrough
air or a vacuum before being detected, the appropriate conversion
formula is9

Ib¸.Tbf/ D
¡
c0

¯
¸2

¢
Ibº.Tbf/ (7)

Combining Eq. (1) with Eqs. (5–7) gives an expression for the
dimensionless emission:

expf¡c2=¸Tbfg D ¸5¯¸ Me¸ (8)

where ¯¸ is a grouping of physical constantsand parameters related
to the properties and dimensions of the optical � ber. In practice the
� ber constantwill bedeterminedas partof thecalibrationprocedure:

¯¸ D
¼°¸ expft¸Lg

c1n2
¸1Ä

(9)

The temperature is obtained by making measurements at two
wavelengths, ¸1 and ¸2. Using Eq. (8), the ratio of Me¸1 to Me¸2 is

Me¸1

Me¸2

D
¸5

2¯¸2 expfc2=¸2Tbfg
¸5

1¯¸1 expfc2=¸1Tbfg
(10)

The measured temperature is obtained by solving for Tbf:

Tbf D
c2.1=¸2 ¡ 1=¸1/£

¸5
1¯¸1 Me¸1

¯
¸5

2¯¸2 Me¸2

¤ (11)



308 JONES AND BARKER

Recall that the integral in Eq. (4) represents the portion of the
detected radiative � ux that is caused by emission from the � ber.
This integral is negligible when the temperature of the � ber is low
fIb¸[T .t¸/] ¼ 0 for t¸ 6D 0g or the optical depth of the � ber is small
.t¸L ¼ 0/. However, Jones et al.3 showed that when blackbodyOFT
are place in a high-temperatureenvironment such as that illustrated
in Fig. 1 the emission by the � ber is signi� cant, and neglecting the
integral in Eq. (4) can lead to unacceptableerrors.This paper focuses
on two methods of accounting for the effects from emission by the
� ber. The � rst approach is two-� ber optical � ber thermometry, and
the second approach is spectral remote sensing.

Two-Fiber Optical Fiber Thermometry
One possible method of accounting for the integral in Eq. (4) is

to position a second � ber next to the original � ber as illustrated in
Fig. 3. The � bers are identical except that the second � ber has a
re� ective layer instead of a blackbodycavity at its tip. The � rst � ber
is referred to as the emitting � ber, and the second � ber is referred to
as the re� ecting � ber.Becauseboth the emittingand re� ecting � bers
are exposed to the same thermal environment,measurements of the
spectral intensity at the end of the re� ecting � ber can be used to
eliminate error from emission by the � ber. Three possible methods
of using the data from the re� ecting � ber to correct the temperature
measurements have been developed.4 The most successful method
is described next.

The governing equation and boundary condition for the spectral
intensitypropagatingalong the re� ecting� ber aregivenby Eqs. (12)
and (13):

dIrº

dz
D ¡Kaº Irº C Kaº Ibº[T .z/] (12)

Irº.0/ D ½º I ¡
rº.L/ C .1 ¡ ½º /Ibº.T0/ (13)

Re� ecting � bers can be fabricated by masking all but the tip of
the � ber and sputtering a layer of MgO onto the � ber. The normal
spectral re� ectance of MgO is approximately0.97 in the 0.4–1-¹m
spectral region.10 The solution of Eqs. (12) and (13) gives

expftº LgIrº .tº L / D ½º I ¡
rº .tº L/ expftº L g C .1 ¡ ½º/Ibº.T0/

C
Z tº L

0

expftºgIbº [T .tº/] dtº (14)

An expression for I ¡
r º.tº L / is obtained by solving for the spectral

intensity propagating along the re� ecting � ber in the direction of
the re� ecting tip. The appropriateequation and boundary condition
are

dI ¡
rº

d³
D ¡Kaº I ¡

rº C Kaº Ibº[T .³ /] (15)

I ¡
rº.0/ D 0 (16)

The boundary conditiongiven by Eq. (16) is appropriatebecause
the end of the � ber connected to the detection system is maintained
at a low temperature. Therefore, emission at the wavelengths of
interest is negligible.Solving Eqs. (15) and (16) gives

Fig. 3 Schematic diagram for a two-� ber optical � ber thermometer.

I ¡
rº.tº L / D

Z tºL

0

expf¡tºgIbº[T .tº L ¡ tº/] dtº (17)

Substituting Eq. (17) into Eq. (14) gives

.1 ¡ ½º/Ibº.T0/ D expftº L gIr º.tº L /

¡
Z tº L

0

f½º expf¡tº gIbº[T .tº L ¡ tº/] C expftºgIbº[T .tº/]g dtº

(18)

Substituting Eq. (4) into Eq. (18) gives

expftºL g[.1 ¡ ½º/Ieº .tº L / ¡ Irº .tº L/] D ¡½º

Z tº L

0

fexpftºgIbº[T .tº/]

C expf¡tºgIbº[T .tº L ¡ tº/]g dtº (19)

An average temperature is de� ned such that

Ibº.Ta/ D 1
etºL ¡ e¡tºL

Z tº L

0

fexpftº gIbº[T .tº /]

C expf¡tºgIbº[T .tº L ¡ tº/]g dt¸ (20)

The combination of Eqs. (19) and (20) gives

Ibº.Ta/ D expftº L g[Irº.tºL / ¡ .1 ¡ ½º/Ieº.tºL /]

½º .expftº L g ¡ expf¡tº Lg/
(21)

The average temperature is used to approximate the integral in
Eq. (4). That is, it is assumed that

Ibº.T0/ ¼ Ibº.T2 f / D Ieº.tº L / expftº L g ¡ Ibº.Ta/

Z tºL

0

expftº g dtº

(22)
Substituting Eq. (21) into Eq. (22) gives

Ibº.T2 f / D
expftº L g

expftºL g ¡ expf¡tº L g

£
³

1 ¡ expf¡tºL g C expftº L g ¡ 1

½º

´
Ieº.tºL /

¡ expftº L g
expftºL g ¡ expf¡tºL g

³
expftºL g ¡ 1

½º

´
Ir º.tº L / (23)

Similar to Eq. (1), the relationshipbetween the spectral intensity
at the end of the re� ecting � ber and the measured value is

Ir¸.t¸L /1Ä D °¸ Mr¸ (24)

Again, an approximate temperature is obtained by making mea-
surements at two wavelengths,¸1 and ¸2 . Following the same steps
used to obtain Eq. (11) results in

T2 f D c2

³
1
¸2

¡ 1
¸1

´, ³³
sinh

¡
t¸2 L

¢

sinh
¡
t¸1 L

¢
(£

1 ¡ e¡t¸1 L C .et¸1 L ¡ 1/
¯

½¸1

¤
¸5

1¯e¸1 Me¸1 ¡
£
.et¸1 L ¡ 1/

¯
½¸1

¤
¸5

1¯r¸1 Mr¸1£
1 ¡ e¡t¸2 L C .et¸2 L ¡ 1/

¯
½¸2

¤
¸5

1¯e¸2 Me¸2 ¡
£
.et¸2 L ¡ 1/

¯
½¸2

¤
¸5

1¯r¸2 Mr¸2

)´́
(25)

Spectral Remote Sensing
In this method the dimensionless emission exiting the � ber is

measured throughoutportionsof the visible and infrared spectrums.
The measurements are used to reconstruct the temperature pro� le
along the length of the � ber. Based on Eq. (4), the temperature
pro� le is related to the dimensionless emission through an integral
equation.
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¸5
i ¯¸i Me¸i D 1

expfc2=¸i T0g ¡ 1
C

Z t¸L

0

expft¸i g
expfc2=¸i T .t¸i /g ¡ 1

dt¸

(26)

An estimate of the temperature pro� le is obtained by inverting
Eq. (26). This equation is classi� ed as a Fredholm integral equation
of the � rst kind. This type of equation is frequently encountered
in the solution of inverse problems involving radiative transfer,11

and it is known that the solution to an equation of this type is not
unique. Consideration of the integral of a sinusoidal function with
an arbitrarily large amplitude shows that Eq. (26) allows multiple
solutions. According to the Riemann–Lebesgue lemma,12

lim
! ! 1

Z t¸i L

0

A sin
¡
!t¸i

¢
dt¸i D 0 (27)

Therefore,
Z t¸L

0

exp
©
t¸i

ª

expfc2=¸i T .t¸i /g ¡ 1
dt¸

D lim
! ! 1

Z t¸i L

0

µ
exp

©
t¸i

ª

expfc2=¸i T .t¸i /g ¡ 1
C A sin

¡
!t¸i

¢¶
dt¸i

(28)

Equation (28) shows that for arbitrarily large perturbations A
there is a frequency such that

expft¸i g
expfc2=¸i T .t¸i /g ¡ 1

C A sin
¡
!t¸i

¢

will satisfy Eq. (26). Thus, it is clear that an in� nite number of
temperature pro� les will satisfy Eq. (26). However, the spurious
temperature pro� les will exhibit high-frequency oscillations that
allow them to be rejected based on physical considerations. In the
present case it is reasonable to require that the temperature pro� le
be smooth and nonnegative.

Because there is not a unique solution, conventional gradient-
based search methods are likely to become trapped in local minima
and are generally ineffective in � nding the solution in cases such as
this. A directed random search method such as a genetic algorithm
is capable of � nding the global optimal solution in complex, multi-
dimensional search spaces. Genetic algorithms are based on the
principle of natural selection or survival of the � ttest. The struc-
ture of a typical genetic algorithm is shown in Fig. 4. The following

Fig. 4 Flowchart for a simple genetic algorithm.

paragraphsbrie� y describetheaspectsof the implementationunique
to this study. Detailed discussions of the fundamentals of genetic
algorithmsanddescriptionsof thewidevarietyof optimizationprob-
lems successfully treated using genetic algorithms are available in
the literature.13;14

Selection of an Initial Population

An initial population of 100 possible temperature pro� les was
createdby randomlyperturbingan initialestimateof the temperature
pro� le along the optical � ber.

Fitness Function

The error for the j th possible temperature pro� le in the pop-
ulation is the rms value of difference between the measurements
and the value of .¸5

i ¯¸i M¸i / j obtained from Eq. (26) using the j th
temperature pro� le:

" j D 1
N ¸

NX̧

i D 1

vuut
³¡

¸5
i ¯¸i M¸i

¢
measured

¡
¡
¸5

i ¯¸i M¸i

¢
j¡

¸5
i ¯¸i M¸i

¢
measured

2́

(29)

The smoothness of each temperaturepro� le was quanti� ed using
the second � nite differences:

s j D
2

Np ¡ 2

Np ¡ 1X

k D 2

s»
[T .zk C 1/ ¡ T .zk/].zk ¡ zk ¡ 1/ ¡ [T .zk / ¡ T .zk ¡ 1/].zk C 1 ¡ zk/

.zk C 1 ¡ zk ¡ 1/.zk C 1 ¡ zk/.zk ¡ zk ¡ 1/

¼ 2

(30)

The � tness of the j th possible temperaturepro� le was de� ned as

f j D
"max ¡ " j

"avg
C

smax ¡ s j

savg

(31)

where "max and "avg are the maximum and average values for the
current generation and smax and savg are the maximum and average
values of the smoothness criterion for the current generation.

Creation of a New Population

The possible temperature pro� le with the greatest � tness value
and the possible temperature pro� le with the minimum error from
the previous generation were copied directly into the new genera-
tion.The next 20 possibletemperaturepro� les in thenew population
were created by repeatedly applying a smoothing operator to the
possible temperature pro� le with the minimum error. Ten of the 20
new possible temperaturepro� les were created using the averageof
the temperature at a point with its two nearest neighbors. The next
10 new possible temperature pro� les were created using the aver-
age of the temperature at a point with its four nearest neighbors.
The remaining 78 possible temperature pro� les in the new genera-
tion were created using the crossover and mutation operators.13;14

The crossover operation consists of selecting two possible temper-
ature pro� les according to their � tness values. A crossover site for
each point in the temperature pro� le was randomly selected, and
the portion of the temperature pro� le above the crossover site in
the � rst possible pro� le was combined with the remaining portion
of the second possible pro� le to create a new possible temperature
pro� le. The mutation operator was applied after the new genera-
tion had been � lled. The mutation operator consists of randomly
selecting 1% of all of the temperature values and then randomly
perturbing these values within a range of §400 K.

The process of selection,crossover,and mutation continueduntil
the followingcriteria were met. First, the pro� le with the lowest rms
error for the current generationhad to reach a speci� ed minimum at
the same time the averageof the rms errors for the entire population
reached a speci� ed value. If these two criteria were satis� ed and
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the maximum actual error of the radiant � ux compared to the mea-
sured � ux was less than a speci� ed tolerance, the algorithm would
terminate and yield the most-� t solution. The algorithm was also
terminated if signi� cant improvement were not made over 12 gen-
erations for cases 1 and 2 and over 14 generations for case 3. This
was determined by the variation of the rms average error; if it did
not change more than a speci� ed amount over 12 generations, the
algorithm was terminated, and the results returned (see Figs. 5–7
for the criteria values for each case).

Fig. 5 Reconstructed temperature pro� le for case 1. Convergence cri-
teria: "min = 0.001, "ave = 0.015, maximum radiant � ux error = 1.8%,
maximum generations= 500, tolerance for equivalent generations =
0.001, consecutive equivalent generations = 12; 185 generations were
required to converge.

Fig. 6 Reconstructed temperature pro� le for case 2. Convergence
criteria: "min = 0.003, "ave = 0.06, maximum radiant � ux error = 1.8%,
maximum generations= 500, tolerance for equivalent generations =
0.001, consecutive equivalent generations = 12; 185 generations were
required to converge.

Fig. 7 Reconstructed temperature pro� le for case 3. Convergence
criteria: "min = 0.005, "ave = 0.35, maximum radiant � ux error = 1.8%,
maximum generations= 1500, tolerance for equivalent generations =
0.004, consecutive equivalent generations = 14; 589 generations were
required to converge.

Simulated Temperature Measurements
Three typical axial temperature pro� les for the microgravity fur-

nace illustrated in Fig. 1 were obtained from a detailed thermal
model (Thermal Design Data Book, Quench Module Insert, Prelim-
inaryDesign Review, NASA, Tec-Masters,Inc., and SverdrupTech-
nologies,1999,personalcommunication). Simulatedmeasurements
of the dimensionless emission were calculated using these temper-
ature pro� les and Eq. (26) for a number of wavelengths.Values for
the spectral absorption coef� cients were calculated using Eq. (32)
and linear interpolation of tabular data available for the imaginary
part of the refractive index for sapphire9:

Ka¸ D 4¼k=¸ (32)

Figure 8 shows the spectral absorption coef� cient used in this
study. Because the wavelength at which the peak emission occurs
increases as the average temperature decreases, it would be prefer-
able to make measurements at longer wavelengths to reconstruct
temperaturepro� les with lower averagetemperatures.However, ob-
taining measurements at longer wavelengths is dif� cult because of
increasedabsorption,and measurementsat longer wavelengths lead
to very large dimensionlessemission measurements,¸5¯e¸ Me¸ . The
magnitude of the measurements at these wavelengthswould weight
the lower temperatureportionof the temperaturepro� le too heavily.
For these reasons the maximum wavelength used in this study was
4.0 ¹m, and it is expected that the reconstructionof the temperature
pro� le will be more dif� cult as the average temperature decreases.

For the remote sensing approach 51 wavelengths between
0.5 and 4.0 ¹m were used to reconstruct the temperature pro� les
in each of the three cases. The wavelengthsused in the standardand
in the two-� ber approaches were 0.8 and 0.95 ¹m. The measured
tip temperature obtained using the standard approach is compared
with the temperaturesobtainedusing two-� ber OFT and the remote
sensing approach in Table 1. Table 2 shows the average and maxi-
mum errors in the reconstructedtemperature pro� les for each of the
three cases.

Table 1 Simulated tip temperature measurements

Case T0, K Tbf , K T2 f , K Trs, K

1 1440 1458 1440 1441
2 1169 1200 1169 1170
3 877 895 877 877

Table 2 Errors in the reconstructed temperature pro� les

High-temperature region Low-temperature region

Average Maximum Average Maximum
temperature temperature temperature temperature

Case error, % error, % error, % error, %

1 1.4 3.7 2.4 8.2
2 1.5 6.9 5.1 9.4
3 3.5 11.1 15.0 35.5

Fig. 8 Spectral absorption coef� cient for Al2O3.
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The errors in the measured temperaturesobtained using the stan-
dard approach to blackbodyOFT vary between1 and 3%. The larger
errors occur when portions of the � ber are at temperatures greater
than the temperature of the sensing tip (cases 2 and 3). Note that, as
predictedby comparingEqs. (4) and (5), the measurementsobtained
using the standard approach are biased toward higher values.

The two-� ber approach eliminated the errors in all three cases.
The tip temperaturewas also accuratelymeasured(to within 0.15%)
using the remote sensing approach in each of the three cases.

The reconstructedtemperaturepro� les obtainedusing the remote
sensingapproach are comparedwith the actual temperaturepro� les
in Figs. 5–7. The initialestimatesused to obtainthese resultsare also
shown in these � gures. As expected, the reconstructed temperature
pro� le is more accurate when the pro� le has a higher average tem-
perature. Table 2 lists the average and maximum deviations for the
high- and low-temperatureregionsof the reconstructedtemperature
pro� les for each case.

To asses the effect of the initial guess on the results, case 1 was
run using the initial temperature pro� le shown in Fig. 9. After 466
generations the tip temperature had 0.14% error, and the entire pro-
� le had an averageof 13.4% error. Comparisonof these results with

Fig. 9 Reconstructed pro� le for case 1 using a poor initial guess. After
466 generations the tip error is 0.14%, and the average error is 13.4%.

Fig. 10 Comparison of the dimensionless emission for the actual tem-
perature pro� le and for the reconstructed pro� le for case 1.

Fig. 11 Comparison of the dimensionless emission for the actual tem-
perature pro� le and for the reconstructed pro� le for case 2.

Fig. 12 Comparison of the dimensionless emission for the actual tem-
perature pro� le and for the reconstructed pro� le for case 3.

the results given in Fig. 5 and Table 2 shows that a poor initial guess
greatly increases the time required to � nd a solution. However, this
case and the results of other cases not presented indicate that the
algorithm will eventually � nd a reasonably accurate solution inde-
pendent of the choice made for the initial temperature pro� le.

Although the reconstructed temperature pro� les differ from the
actual temperaturepro� le by as much as 20% in some locations, the
dimensionlessemissioncalculatedusing the actual temperaturepro-
� le is in nearly perfect agreement with the dimensionless emission
calculated using the reconstructed temperature pro� le. The dimen-
sionless emission for the actual temperature pro� le and the recon-
structed pro� le are plotted in Figs. 10–12. The maximum deviation
for the three runs occurred in case 3, and it was 1.1% at 0.5 ¹m.
The average deviation for this run was 0.49%.

Conclusions
The use of blackbody OFT offers a number of advantages, but

errors caused by self-emission by the � ber prevent the use of the
standard approach in applications where extended portions of the
� ber are exposed to elevated temperatures.Two methods that elim-
inate the errors from emission by the � ber have been described in
this paper.

The remote sensing method accurately retrieves the temperature
at the tip of the OFT, eliminating the bias toward higher tempera-
tures that occurs when the standard approach to blackbody OFT is
employed. In addition, this approach produces an estimate of the
temperature pro� le along the entire length of the � ber. The high-
temperature portion of the reconstructedtemperaturepro� le agreed
fairly well with actual temperature pro� le. As expected, the recon-
structed temperature pro� les were more accurate in the cases with
higher averages temperatures.

Two-� ber OFT uses a second � ber with a re� ecting tip to es-
timate the fraction of the measured spectral radiative � ux that is
from emission by the � ber. This approach also eliminates the bias
toward higher temperatures and accurately measures the tempera-
ture at the tip of the OFT. The two-� ber approach is less complex
than the remote sensingapproach,and its use is preferablewhen the
temperature pro� le along the length of the � ber is not of interest.
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