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Short wavelengths active bichromatic pulsed pyrometer for solids and
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ABSTRACT

Optical passive methods for temperature measurenmnth as thermography or optical pyrometry are/ weteresting
because they allow a non-intrusive measurement weemissivity is known. The knowledge of this ffioeent is critical
for determining the actual temperature of a surfem® the thermal radiation emitted in a wavelerggind. The bichromatic
pulsed pyrometer allows to overcome the knowledgghie parameter provided that precautions arertakehe choice of
the values of wavelengths. When the object to basored is placed in harsh environments, such gasgitical methods are
greatly disturbed by the presence of an opticailgoabing medium. They are also distorted when teasured objects are
located in very hot environments emitting intensstudbing radiation. In this study, we present aiva bichromatic
radiometric method for measuring the temperatura séirface in harsh environments. The method iscas a localized
excitation by a modulated laser source in the ieftaange. Detecting the temperature modulationciwis correlated with
the excitation, is performed using a lock-in amefifable to extract the signal embedded in a noséo a million times
superior. Working at short wavelengths (visiblegarand near infrared range) offers a large dynaarige and minimizes
the error due to variations in emissivity with tiwavelength. This system collects the radiation tuiby the object at a
distance from a few meters up to dozens of metgpending on the configuration of the optical systBaih the principle
and the design of the active bichromatic opticaffasie thermometer are presented and discussed.effmristrate the
method, results obtained on a molten ceramic stagampresented.

Keywords. Bichromatic pulsed pyrometry, short wavelengths,tteoh radiation, harsh environment, active and non-
intrusive method, signal demodulation.

1. INTRODUCTION

Measurement of high surface temperature in hostidronments remains a particularly complicatedbfgm. The use of
contact sensors like standard thermocouple isdinib stationary solid surfaces maintained at teatpees usually below
1500 °C for a type-S Pt/Pt-10%Rh thermocouple forglerm measurement at high temperdtuhedeed, over this
temperature value, in reactive furnace atmosphdhesalloy of the thermoelectric junction may be stable. Then, the
output response can fluctuate over time due pratigiio the diffusion of atoms of the alloy. In shkind of configurations
engineers prefer to use radiation thermometry tesduhas some advantages. Indeed, radiation theeteos are better
suited in situations where radiation disturbancehigh, especially to measure a moving target, éh-Bjgeed shock
temperatureor an object with small thermal capacitance whametactless temperature measurements are neceBsary.
temperature below 700°C, radiation thermometerskingrwith only one wavelength in the infrared spaktange are
usually used. Bichromatic radiation thermometengehsome advantages when compared to either mormaticoor total
radiation thermometers. The temperature indicatafnhese kinds of sensor are less affected byrtiahce such as both
optical transmission change of the optical patharéhtions in the target emissivityThe spectral emissivity is a function of
the spectral range, the temperature and the direofithe radiation emitted by the object to beetgs



The purpose of this article is to present an optivathod to measure the surface temperature wkiguitable for highly
hostile environments. The method is based on aopthetrmal excitation of the surface by an intensitydulated infrared
laser beam (Cg. A laser beam pulse induces a small periodic tatpre modulation of the surface of the targetgdab.
The amplitude of the resulting periodic heat fluritted by the high temperature surface is then oredsat two short
wavelengths using two lock-in amplifiers. The ratibthese spectral radiation amplitudes dependshenvalue of the
measured object temperature. A calibration on akblady is primarily made in order to calibrate thermometer. An
optical system with a well-suited magnificationdila telescope with two optical channels was smetifi developed to
measure the modulated radiation following two wawgths in the visible and shortwave infrared ranfeent studies,
focused on the use of shorter wavelengths in tsiblei range, for various applications in radiometngl thermography, have
shown the advantages in working in this short wavgllt range even for temperature relatively low (ove®%D for a
blackbody).

The proposed bichromatic photo-thermally excitedhoé can eliminate ambient radiation, influencedoét, smoke and
soot, often occurring in industrial environmentatthan disrupt the optical measurement of the lsadlace temperature.
The second section of the study will introduceithplementation of the active bichromatic laser pdlpyrometry method.
The thermometric effect of the sensing method il presented and discussed in the third sectionciples of usual
radiometric thermometers will be presented anduaysof the influence of both the temperature aral tiko working
wavelengths on the thermometric effect of our djpepyrometer will be computed and discussed. Expental set-up and
optical design will be then presented in sectio®d.example at high temperature presenting a thgram recorded on a
molten ceramic stream in manufacturing industrglats will be also discussed in section 5. Resat® exhibited that the
two color active radiation thermometer is well sdifor measurements in hostile environment, wheriase temperature is
above 1600°C and also, in presence of gas absorptienomena. Indeed, the measured ceramic sudaggetature is in
good agreement with the temperature predictionevdkspite the highly radiative disturbance. Finalbction 6 will present
the expected prospects in a very hostile environrf@nan application to the characterization ofigial temperature of a
ramjet combustion chamber.

2. PRINCIPLE OF THE ACTIVE BICHROMATIC PYROMETER

The purpose of the method is to determine withoyte@ontact the surface temperature of a matertainétted to an intense
disruptive radiation (like flames, hot walls, etim)domains such as the aerospace industry, inteamabustion engines, the
Tokamak, the chemical reactors (for example refoghand the glass industry to bound a melt batjurei 1 below shows a
representation of two kinds of environment for glasd aeronautic industries. In these hostile thitos, the radiation
coming from disruptive sources and reflected by sbdgace of the tested material can be much mopmitant than the
thermal radiation emitted by the surface itself.

Pyrometric measurements are thus impossible witkepéarating the disruptive radiation fraction frire thermal emission
radiated by the measured surface. Furthermoregrtiged radiation can be absorbed by such disreptidiation (flames,
steam or the particles within smokes). This sowfoerror introduces losses of energy in transngttime radiation from the
measured object to the radiation detector and tous¢ taken into account.

The principle of the photo-thermometry consistsoially exciting the surface of the material witmadulated laser source
with a known frequency. In this study, a pulseddréd CQ laser beam which impinges the surface of the targdy at
10.6 um of wavelength was used. The infrared alisorpf the laser light increases periodically theal temperature of the
excited region (typically a variation of 1 or 2 f6r a 30W CQ laser source impinging a ceramic.). The resulting
temperature modulation produces a periodic moduiadf the radiative emission. The amplitude of thigdulation is then
measured at two distinct wavelengths in the visimlenear infrared range for instance, in order énute the actual
temperature of the surface. The choice of the \eagghs is crucial to overcome the absorption ef lames, dusts or
particles. The ratio of the two monochromatic réidiasignals is then extracted by phase-sensitdtedtion, using two lock-
in amplifiers. The ratio is a function of the temgeire of the material. Since only the surface terajure is modulated at a
specific frequency by the pulsed laser beam, thrugtive radiation flux —not modulated- is then osed.
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Figure 1: Examples of applications on a glass mgltath (left) and a turbojet engine (right).

3. RADIOMETRIC PYROMETRY METHODSAND SENSITIVITIESCOMPARISON

Any body emits an electromagnetic radiation in $usrounding environment. The pyrometry consistsngasuring all or
part of the emitted radiation and in determining thmperature of the measured surface using theadation laws. One of
the main advantages of the pyrometry resides margsmission of the temperature information of thdage in the form of
an electromagnetic wave. The surface is usuallyge@dausing optical radiation-temperature sensingceéswvhich mainly
utilize some part of the range 0.3 to 40 um. Pytoynéhus has the advantage not to disturb the @bdethermal

phenomenon. Furthermore, the system can be ladgglgrted and does not require an element physicatigntact with the
measurement point. This aspect is particularly irtged in a bath of fusion (merger) or a Tokamak rehfew materials are
capable of supporting the environment in the nedghbod of the test point. There are several teclasgf pyrometry such
as the total radiation pyrometry, monochromatichbomatic and photothermal. The three first onéferdirom the width of

the light spectrum used to realize the measure thait sensibility to the disruptive radiations. Tpbhotothermal or
impulsive monochromatic active pyrometry is alsnsstive to the disturbances but depends on therptiso coefficient of

the material too. A schema of a monochromatic agtiyrometer is shown in figure 2. In order to béeab compare the
selective-band radiation thermometers, the baseratimg fundamental relations of usual monochroenatid bichromatic
pyrometers and their resulting absolute incertitdti@re given and discussed below.

%,
'0‘ 0/-.
.0 6/.
.. 7
Pus R
b .
o thermy, 4%,
SOure, . %0
%
-~ bl ~>~ .’0‘
T= <y Surface dS at
Filter temperature To+ AT(t)
‘ Object at

temperature T
Sensof Lens P °

Figure 2: Schematic diagram of pulsed monochronpgtiometry



3.1 Analytical relation of monochromatic pyrometer

Relation (1) gives an analytic form of a monochrimaadiometet * The temperature given by this kind of sensor is

sensitive to the external radiation reflected oe #fample and the factesr; (¢; represents the material's emissivity at

wavelengthl and 7; represents the smokes transmissio. dt the target is a blackbody, the factgr,=1. In this specific

case, if this factor is not equal to unity therd Wwé an error given by the relation (2). This teicfue does not use a pulsed

source like the other "active" techniques. The terafure given by a monochromatic thermometer hasalfowing form:
T=-—-X

1
A In(cst)—In(Scontinuous) ( )

WhereS.oninuoust€presents the DC radiation signal given by thesees A is the working wavelength ar@, = 14388 um.K
is the second constant of the Planck’s law. Theston term notectst (relation 1) depends on the absorption and
conductivity parameters of the material. In thisesghe error can be expressed as follows:

C, 1

AT = }Lciz.ln(s,m) (2
2

The error relation shows that it is better to watkshort wavelengths to decrease the error at reesty in the UV range if
possiblé. The drawback is a high sensitivity of the methmthe reflection of the ambient radiation on theasured surface
as well as the produett,.

3.2 Analytical relation of bichromatic pyrometer in emission

The classical analytical relation for a bichromatitiiometer is given in a previous st@idfrom this relation we have
established the absolute error for this kind ofoamter, see relation (3). As the monochromati¢oraéter, the temperature
given by a bichromatic pyrometer is sensitive te #mbient radiatioh In this case, the error varies with the valueshef
two working wavelengths. Relation (3) shows thatddng the working wavelengths will also offer teduce the absolute
error of this kind of method.
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3.3 Bichromatic pyrometry in emission/r eflection

Emission and reflection measurements are madecatviavelengths so it is possible to almost elimirthgeincertitude due

to &, ande, but the method is still sensitive to the ambiemtiatior} and the needed apparatus is complicated. As tee th
previous methods are dependent on the disturbamater the absorption coefficient of the materdgbulsed active method
is an interesting method to avoid these problenath Bhe analytical relation for this kind of appasaand its related

absolute error are expressed and discussed irektesection.

3.4 Analytical relation of pulsed monochromatic active pyrometer

The temperature given by a pulsed monochromatieeapyrometer is not sensitive to the externalatidn reflected on the
sample, since for a blackbody the coefficiegt oz, ;=1 wherea,o represents the absorption of the pulsed thermatedoy
the aimed surface and the distribution by heat gotioh in the material. In the case of a metalahsorption is low and the
absorbed flow is mainly removed by the high therowiductivity of the metal. It is the opposite the dielectric material
which absorbs the pulsed radiation and being thiynrasulating does not remove this flow; is much bigger for a
dielectric than a metat,, represent the transmission coefficient of the l&s@am up to the materfaWe assume thaj, is
close to 1 at the wavelength of the used lasersomigl,~=10.6 pum). In this case, the temperature is giwethb relation (4)
below:

C, 1

T=—=X
A In(cst)—In(Smodulated)

(4)



Shodulated Fepresent the AC signal extracted by the lockrmplifiers. The constant term notedt’ (relation 4) now depends
onayg andl’,\o.

An expression of the absolute error can be expddssm the previous relation as follows:

2
AT = %.IH(Q}LOT}LOE}\TA) (5)
In our case, we have chosen a laser excitation leagtihA, = 10.6 um where the transmission coefficigptis generally
very close to 1 because this wavelength is far fithh short wavelengths scattering and there is lmsoration by
atmospheric gases. However, this method (patefiih1984 727A2) is still dependent on the absorptioefficient and
thermal conductivity of the material. It can onlg bsed has a benchmark temperature on the samdamatel under the
same experimental conditions, hence the use giutsed bichromatic active method.

3.5 Principle and analytical relation of a pulsed bichromatic active pyrometer

Our first publication on this field was publishet 2002 and focused on the measurement of temperatuwelding and
there is no other publication on the subject in literature to our knowledge. The subject of thisyious study was to
characterize the dimension of a TIG weld bath ¢&g8). Concerning the TIG welding, the radiationiteed by the plasma
includes very intense emission lines in the visialege and the reflection of the radiation emitigdhe electrode make it
impossible to measure the bath temperature withcthssical radiometric methods. To illustrate tre¥fgrmance, the
obtained thermal image delimiting the size of théhbwvhere the temperature is above 1500°C is pregém figure 3. This
study validated the possibility to extract a sigaanillion times smaller than the noise and thesjility to thermally excite
a heat conductive material such as steel. Thisystias done in our laboratory. The case presentédismpaper is different
since the studied material has a low heat condtictivurthermore the surface targeted is moving iamdleases absorbing
vapors and smokes at very high temperatures. Merethe study was carried in harsh industrial cooit The relation
used to compute the measured signal is expresdetaass:

Cy A5
Loy = @0 X 1) X Ea0,1) X clz— + 7 T P@eT) T Lfﬁc,tee,?)ml (6)
exp(?/pr)-1

Where L is the luminance temperature (or brightness teatpes) of the measured object which depends on the
wavelength/, the solid angled and the object's surface temperatdrgall the indices terms represent the different
dependencies). The brightness temperature is time s& the blackbody, which would have the samenante as the
source in the same observing conditions. Planekisdives the exponential term, it is the blackboatliation. The unknown
are parameters are:

- T the object’s surface temperature (in Kelvin);

- a;0 the material's absorption coefficient at the weamgth of the pulsed thermal source;
- L¥*®Malthe disruptive contribution by reflection;

- £the emissivity;

- 1, the transmission coefficient of the flame;

- puo the reflection coefficient.

C., andC, are respectively the first and second Planck’sseomt values (witfC,;=1.19104 1 W unf m? sr* andC, =
14388 um.K) A is the wavelength expressed in um antepresents the wavelength of the pulsed lasecsoilihe periodic
thermal impulses on the material induce a tempaahtion of the radiative emission of amplitud€. When the continuous
component is eliminated, the relation becomes:

AL = Ly[Ty + AT(0)] — Ly(Tp) (7)



_C2
exp| ===
Which finally leads to: AL; = cst.g. TA_M.A_T ®)

T
The constant term notex$t(equation 7) does not depend on the absorptiorcanductivity parameters of the material any
more, only on the apparatus.

Then, by making the division of the two measuresvatdifferent wavelengths we obtain the ra&ir).

= Al _ an _G(1_ 1
R(T) - ALy - CSt.Sz‘L’z ' EXp{ T (111 Az)} (9)
The temperature can now be deduced as a functiB(iTQin the following form :
— G 1i_1
T'=—cst In(R(T)) (/11 Az) (10)
o . dR(T C; A,-2
The sensitivity of the measurement is: D) _ & Aoy .dT (12)

R(T) ~ T2 1,2,

If dT = 1K (as in the plot presented in figure 4) théordR/Ris greatly improved il; andA, are in the short range. To
increase the sensitivity, the te@i;—z has to be increased thus to work at short wavéiengor example, ;= 0.5 um and
112

if A,=0.9 um then the sensitivity of the pulsed raditsimenethod is 10% of signal variation for 100°Ciethis a good
result.
The error due to the measurement principle is gbxerelation (3):

T? A1y

€1T1
C2 M2z ln(szfz)

AT =

The error function is plotted in figure 5. Becausés close tol, we assume that r; is almost equal te,, and ife; ; =
&, 7, We can see through smokesl£0). If different it must be corrected. This errorsecond-class compared with both
errors established on one hand by the misundeisrad the emissivity of the material and on théesthand by the

reflection of radiations on this material. To dexge the error due to the variation of the emissiwith the wavelength the
term% should be decreased at most thus in practiceibrtest possible wavelengths should be chosen.
1=12

The measuring accuracy depends on the knowledgheofatio of both emissivities in the chosen wangths. This
uncertainty can be estimated at 10% and accordimglation (11), at approximately 2000 K with= 0.5 pm and, = 0.9

KM we obtain a relative precisiéfl = 2.5% which is satisfying for measuring in a very digegenvironment. Considering

the various electronic noises, the sensitivityhewt +/- 10 K around 2000 K, that is 0.5%. Thissstvity value allows to
control an industrial process in such environments.
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Figure 3: Schematic diagram of the TIG weldingtflahd measured temperature field thermal of thie fraght)
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Figure 4: Influence of and T on the sensitivity dR/R Figure 5: Influemé& and T on the error of the
measurement principleT

4. DESCRIPTION OF THE MEASUREMENT APPARATUS

The apparatus uses a g@ser (30 W of power, class 4) that emitagt 10.6 um, in order to overcome thglHabsorption
in the infrared range. It can be pulsed from a &tz up to 5 kHz. The frequency of the pulsat®adapted to the material
to have the best measurement amplitude. For exanglgork at 150Hz to measure a molten ceramic istré@ practice the
optical axis has to be the same as the laser beaaube the optical apparatus needs to observe sathe direction of the
thermal excitation. In order to do this, the labeam goes through a drilled mirror that refleces émitted radiation to a
second mirror (optional) then into a convergingslefhe optical apparatus is composed of a 3' lier&d¢m) and a dichroic
beamsplitter that separate the collected radiai®mshown in figure 6. The dichroic beamsplitter kgdike a filter, all the
radiation emitted at wavelengths superior to 9 are transmitted as shown in figure 7. Lock-in Hfieps are used to
detect and measure very small AC signals, all tag eown to a few nano-volts. Accurate measurenraats be made even
when the small signal is obscured by noise sourcethousands of times larger.
The noise can have various causes, very oftenrefeagnetic disturbances, either the thermal enwiemt in which are
made the trials. In our case (remote analysist aflnoise), the radiation emitted by walls or flewwf a combustion chamber
can be 100 - 1000 times larger than the emittedhtiad on surface. Lock-in amplifiers use a teclwidknown as phase-
sensitive detection to single out the componerthefsignal at a specific reference frequency areb@hNoise signals at
frequencies other than the reference frequencyeggeted and do not affect the measurement.

The final calculations (to obtain the temperatune) also done using the Labview program. A photagraf our apparatus
is shown in figure 8. The main components aredistelow:

- aCQ laser source of 25W from ULS, equipped with a nlaser diode for the alignment and pulsed at 150Hz.

- 2 lock-in amplifiers with a 110 dB dynamic range.

- alow frequency generator for the reference ofdkk-in amplifiers and the modulation of the laseurce.

- a Si amplified sensor from Thorlabs, surface 3.8.6mm for the acquisition &t (IR range) and an avalanche

photodiode, also from Thorlabs, surface diametemifor the acquisition at, (visible range).

- adichroic beamplitter that split the collectediasion atis=0.9um.

- a7.5cm diameter lens witk20cm.

- aUSB portable DAQ from National Instruments.

- a Labview program for acquisition and calculatiemgose.
The apparatus is also equipped for harsh envirotsweith a thermo-isolated enclosing and a built@oling system using a
Vortex tube (figure 8). Finally, the acquisition tfe signals coming from the lock-in amplifiersdene through a USB



portable DAQ, which can also provide the phaseiteagletection and the laser modulation using bview program, in
case the signals are not too small (mV range). Beatpres are given by the relation 10

Figure 9 presents a calibration curve of the aathdéometric apparatus. For temperatures below ¥87Be results appear
linear. This means that a blackbodyX) can be used to calibrate the device WiflR(T)) = a * R(T) + b as shown in
figure 9. Indeed, blackbodies above 1873 K are gstable because the source (often made in grapikitejtered by
sublimation.
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Figure 8: Photography of the complete apparatusactbsing
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5. TEMPERATURE OF A MOLTEN CERAMIC STREAM

To demonstrate the performance of our method,dbkelts on a molten ceramic stream are presentesvbé&he aim of the
study is to determine the best composition for mécabricks used in industrial furnaces (figure 1Dhese bricks have to
resist high temperature above 1600°C. The manufagtprocess involves heating the composition uthéomelting point,
using high power electrodes (from 50 to 500kW) Hreh cast it into the specified mold. The main ésiguto determine the
temperature of the casting in order to have badtletter understanding and control of the manufaatuprocess. Figure 11
shows a thermogram obtained for a 500kW cast withearetical temperature of 2300°C at a distancé ofeters. The
obtained average temperature is between 2200 a3 @3Fxcept the bump between 25 and 35 secondan@reproblems
encountered were a lot of steam and smokes indhgeitie casting (like instant mold-cooling using graand smokes
coming from the furnace during the cast), inducingpt of absorption. The main disruptive radiatwwas the radiation
coming from the furnace, which was not really algem since the observed surface was situated eutsék figure 10). But
the observed surface was a moving ceramic casthwehiplains the “noise” on the thermogram presemdiyure 11. The
bichromatic results are quite noisy but accurateceming the theoretical temperature. They als@ hawe compared to the
monochromatic ones that really show the advantadgéh® pulsed bichromatic method as shown in figi® The
temperature results with the pulsed monochromagithod are too low, even if when they are recaledl@assuming thate 7
= 0.1. This demonstrates the influencexeof on the monochromatic method, in this casemust be really low, inferior to
0.1. The influence of smokes can also be notedherinfrared range with the leap observed on T_igufé 12) around 50
seconds and also by the fact that the infrared ¢éeatpre is inferior to the visible temperature.
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6. CONCLUSION

The different results obtained in a high-tempeturstile environment prove that the system is wutied to work with the
presence of absorbing phenomena like the ones ibdedcabove. The pulsed bichromatic pyrometry isabéo of

overcoming all these drawbacks as long as the & slavelengths are well chosen. Furthermore, tiséesy is able to work
on heat conductive materials such as metals, orcnaductive materials (dielectric) like ceramics glass. For the
experiments, a preliminary study of the absorpsipactrum should be done before the measuremerghwhirecommended
for the right choice of the wavelengths. With itsog sensibility (10% of signal variation for 1005@¥ strong dynamic in
temperature (from 1000°C up to 2800°C) and itsitghib measure signals 1000 times smaller tharathbient radiation, the
system is well suited to industrial environmentmalty, the bichromatic method also proved its sigréy compared to
monochromatic methods mainly because these angptist by absorption phenomena (in case of the pcesef steam for
example) unless the chosen wavelength is in therdhge. The system is currently being used to déterrtine surface
temperature of the outlet chamber of a ramjet obdjet engine. In this case of a heat conductiveéerrad, the main

disruptive radiation is the reflection of the flamagliation on the observed surface.
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