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OIIPEJIEJIEHUE TEMIIEPATYPBI T'A3A C IOMOIIBIO IMOTHOTO JIA3EPA
C PACIIPEJIEJIEHHOI OBPATHOI1 CBA3bIO,
PABOTAIOIIETO HA JIJIMHE BOJIHBI TOTJIOIMEHUI KUCJIOPO/IA 760 HM
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IIpensioskeHo MCIOAB30BAHNE METOAA HPSAMOI abCOPOITMOHHOI CIEeKTPOCKONUH IJIs
MOHUTOPUHTA TEMIIEPATYPhI ra3a B TPYyOUATOl KaMepe CropaHus B 00JACTU TEMIIEPATYD
300-900 K ¢ uurepsasiom 100 K. MeTox namMepeHus OCHOBAH Ha CYII[eCTBOBAHUY TeMIIEepa-
TYPHOI 3aBUCUMOCTH IIOTJIOIIEHUSA HA ABYX CIEKTPAJIbHBIX JUHUSAX. CBEeHUA 0 TeMIiepa-
Type rasda MOTYT OBITH ITOJIYUEeHbI U3 JAHHBIX 00 OTHOIIIEHNN UHTErPAJIbHBIX CIIEKTPAIbHBIX
obJiacTell MOTJIOIIEHNST KUCIOPOAOM MBJAyUeHUs JIa3epPHOTO AMOJa C PacIpeesieHHOoi 06-
paTHOi1 cBA3bI0, U3JayUaroero B obsactu 760 amM. B cpaBHeHUU ¢ TEPMOIAPHBIMU METO-
IaMM 9TOT IIOAXOJ I03BOJIAET 00eCIeYnuTh TaKyKe BpPeMeHHOe paspelleHue. PesysbTaThbl
MMOKAa3bIBAIOT, YTO TOYHOCTH M3MEPEHUN HUBKUX TEMIIEPATYD MPEBBINIaeT TAKOBYIO BBICO-
Kux. B ganpHeiiem mpejmnosaraetcsa IOBbICUTh TOUHOCTh METO/Ia U IPOJEeMOHCTPUPOBATE
MOJIE3HOCTH JIa3ePHBIX a0COOIIMOHHBIX HATUYUKOB [AJIsI OAHOBPEMEHHON aKTUBHOM AUarHo-
CTUKU ¥ ONITUMUBAINU IIPOIECCOB CTOPAHUA.
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The direct absorption spectroscopy for gas temperature monitoring in a tube furnace
are proposed over the temperature range 300—900 K with interval 100 K. This detecting
technique is based on the relationship between two lines’ absorption strength and
temperature. The gas temperature can be inferred from the ratio of integrated spectral
area of the oxygen absorption features with a DFB diode laser near 760 nm. Compared
with the thermocouple measured results, the direct absorption spectroscopy approach
also provides a temporal resolution. The results show that the accuracy is better at
low temperatures than at high temperatures. So in the future, we hope to improve the
detection accuracy and demonstrate the utility of the diode laser absorption sensors
operating for active combustion diagnostics and optimizations, simultaneously.
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Introduction

The determination of parameters in combustor
is generally relevant to understand its combus-
tion progress. Unfortunately, due to extremely
harsh combustion environments (high tempera-
ture, high dust and high vapor), many traditional
devices, such as thermocouples, have many dis-
advantages and limited lifetime [1]. As results,
non-intrusive, remote-sensing diagnostics are
desirable for characterizing the parameters in
high temperature. Diode laser absorption-based
sensors can offer significant opportunities and
advantages for making sensitive, selective and
fast in situ measurements. Also, it has been a de-
veloping field over the past decade, such as gas-
eous monitoring [2, 3], velocity measurement [4],
food safety [5, 6], medical diagnosis [7, 8], vehicle
emission monitoring [9, 10] and engine efficien-
cies[11, 12].

This paper will cover the theoretical aspects
and the temperature detecting experiments using
direct absorption spectroscopy (DAS) techniques.

Molecular oxygen plays a fundamental role in
a large variety of natural and industrial process.
Atmospheric transmission in the vicinity of the
O2X3E; - blEJgr near 760 nm absorption feature
is important for remote sensing and military ap-
plications. And the fast current scanning “finger
mark” lines capabilities of laser diodes are ex-
ploited to achieve the gas temperature monitoring
in the tube furnace under the experimental con-
ditions. Henceforth, the wavelength pair selected
rules will be denoted as section 2. And the laser
is controlled by the homemade circuit boards to
lock the absorption wavelength and scanned by
the digital signal board. Also, this paper presents
the design of the scanned-wavelength tempera-
ture sensor for experiments and demonstrates in
a laboratory tube furnace in section 3. We pres-
ent the results of temperature measurements with
the main emphasis on the experiment system and
algorithm in section 4. The details of our initial
measurements and preliminary results will be
discussed.

1. Basic principle

The fundamental theoretical principle for ab-
sorption spectroscopy is the Beer-Lambert law. It
describes the relationship between gas concentra-
tion X, ., optical length L [cm], the outgoing I(v)
and ingoing Iy(v) laser light intensities through

Absorption
Area Ratio

Wavelength Temperature

Fig. 1. Temperature inferred from direct absor-
ption area ratio of line pair transitions.

a gas sample, respectively. As Fig. 1 demonstrat-
ed, the fractional transmission is

_ Ao, _
Ty = ( To (U))—eXp( k(v)L) )

= exp(—PX 43, S(T)0(v)L),

where k(v) [em™] is the spectral absorption
coefficient which is equivalent to an absorption
per unit length, k(v)L represents the spectral
absorbance, P [atm] is the static gas pressure, ¢(v)
is the gas lineshape function at frequency of v.
The lineshape function, being normalized, will
be unity by definition when integrated across all
frequency space

+o0
f o(v)dv =1.

And S(T) is the line intensity and can be ex-
pressed in term of known line strength at refer-
ence temperature T, = 300 K

_ Q(To)[ﬁ _heE"(1 1
S(T)=S(Tp) QD) \ T exp P [T T()]
1—exp —hch] 2
w____\ kT )
_ _hCVO
1—exp R, ]

Except at high T, {l-exp(-hcvy/(ET))} is
very nearly equal to unity and can be ne-
glected, h [6.63x1073* J s] is Plank’s constant,
¢ [3.0x10' cm/s] is speed of light, % [1.38x10723
J/K] is Boltzmann’s constant, E” [cm '] stands
for the low state energy for the given wavelength,
Q(T) is the molecular partition function and can
be expressed as the following polynomial of tem-
perature

Q(T)=a~+bT +cT? +dT3. 3)
The coefficients of the polynomial expression

for various species are included in the HITRANO08
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database [13]. The two-line absorption technique
is the most widely used method for temperature
measurement in modulation spectroscopy. The gas
temperature can be inferred from the measured
ratio of integrated absorbance for two different
temperature-dependent wavelengths. Because the
two integrated absorbances are obtained with the
same gas pressure, temperature and same path
length, the ratio of these two integrals reduces
simply to the ratio of line intensities, which eq. (2)
is written as

he

= k

E//_E//’

AL 1 S2(@o) | he (Ef — Ef)
Ay S1Ty) kT

(E”_E],_l)

)

where hc/k is the const value 1.438 cm K, A;
and A, are the integrated areas of the absorption
lines for DAS. The ratio of the integrated of this
pair transitions is only function of gas tempera-
ture

A Si(T)

. 5
Ay Sy(T) ©)

By measuring the two transitions integrated
absorbance as shown in Fig. 1, temperature can
be inferred with eq. (4) and (5).

2. Selection of O, pairs

Selection of the optimum absorption transi-
tions is the first important step in the develop-
ment of two-line absorption spectroscopy based
on the DAS [14, 15]. For this work, we use the
HITRANOS8 database for sensor design. It con-
tains the oxygen vibrational lines in the infrared
and here we concern ourselves with the overtone
transitions in the region between 0.5 and 2 pm.
The design rules for the line selection are consid-
ered as follows.

First, the selected O, wavelength should be li-
mited tothenearinfrared (NIR)region of 0.7-2 um,
where the fiber-coupled lasers are commercially
available at low fiber loss. There are 988 oxygen
lines listed in the HITRANOS8 database within
above region.

Second, the absorption strength must be large
enough to guarantee a good signal-to-noise ratio
(SNR). There are 43 oxygen lines selected in the
step one.

Third, the wavelengths of both absorption
lines lie within a single laser scan, and should be
minimize interference from nearby transitions.
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Fourth, the line pairs should have sufficient
different line strength and lower state energy E”
to yield a DAS peak height ratio that is sensitive
to temperature as Fig. 2.

Fifth, the line pair’s ratio should be single
valued with temperature and the lines strengths
should have the same magnitude. If one transi-
tion is much stronger or lower, the stronger tran-
sition will influence on the monitoring of the
weak transition. This rule ensures that these two
lines have similar SNR [16]. As this said, the se-
lected two lines sample is shown in Fig. 3.

The spectroscopy parameters for the two se-
lected O, lines have been systematically measured
in the tube furnace for temperatures region of
300-900 K. Considering the selected line pairs
could be recorded in a single scan of the diode
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Fig. 2. The selected oxygen 5-pair lines and low
state energy based on the HITRANOS8 database.
(a) Low state energy, (b) Line strength.
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Fig. 3. The scheme of the selected lines strengths
(wavelength A; = 760.26 nm (1), wavelength
Ay = 760.21 nm (2)) and its ratios (3) for
temperature.



Spectroscopy parameters for the selected O, line

pair
A, nm Intensity, o
cm !/(mol em™2) 296 K ’
L, = 760.26 6.258E 24 260.50
Ay =T760.21 4.337E 24 345.85

laser wavelength across about 0.07 cm™! spectral
interval, so the selected line transitions are listed
in table taken from reference [13].

3. Considerations

Absorption spectroscopy technique with mod-
ulation had been described in details elsewhere
[17]. In this work the butterfly package DFB di-
ode laser with output in the 760 nm, 2 mW range
is used which supplied by Nanoplus, Germany.
The diode laser is driven by homemade current
and temperature controllers to lock the absorp-
tion wavelength. The laser is scanned through the
chosen absorption two lines by a sawtooth signal
at low frequency of 10 Hz from our designed digi-
tal signal board. Also, it was synchronized with
the oscilloscope used for data acquisition.

The DAS schematic diagram of the experimen-
tal system used for preliminary measurements
is shown in Fig. 4. The cell is constructed from
a quartz tube (total heated length 50 cm, inner
diameter 4 cm, and the maximum temperature
gradient is determined to be less 0.5%) insert in
an electrically heated cylindrical oven supplied
by the HEFEI KEJING Materials Technology Co.,
China. The direct absorption signals are collected
by an acquisition card for temperature monitor-
ing extracted from low-pass filter and pre-ampli-
fier using one input channel.

L =50 cm path length

quarts tube Gas Out
0, Mixture as Yu
e e LB S
Colli- | !
mator GSL-1500X Tube Furnace
DFB
[Laser L

I_t_|

Pre-amplifier

TEC Current
Driver Driver
AN Data acqusition
Digital % jas] & Data Processing
Signal Board| ¥

Fig. 4. The experimental schematic of the O,
temperature measurement system.

The averaging temperature of the absorbing
layer is changed by regulation of the electric cur-
rent of the tube furnace. The strategy for tem-
perature monitoring by DAS is validated over the
300-900 K with intervals of 100 K. After each
step of the temperature increased, the tempera-
ture stabilized in about 30 min. These measure-
ments are performed inside a tube furnace where
the radiative corrections and stability to the ther-
mocouples are minimized within +10 K errors (as
see 1, 2, and 3 in Fig. 4). During one measurement
cycle signal is recorded, averaged and stored in
the personal computer memory. As is well-known,
the SNR increases with the increase of average
times. But, considering the response time, sensi-
tivity and action effect, we used the 16 scans av-
eraging signals to analyze and calculate the peak
heights ratio for temperature monitoring.

4. Results and discussion

As above introduced, we presented applica-
tions of DAS to monitoring temperatures with the
electrical tube furnace at the experimental con-
ditions. The example results about 20% O,&N,
mixture absorption system are discussed in this
section.

Figure 5 shows the measurement O, absorp-
tion spectroscopy of different temperature at
T = 300-900 K. A 3-order polynomial fit with
non-absorbing wings is performed to extrapolate
a zero-baseline for the purpose of creating the ab-
sorption profiles in different temperatures. And
also the absorption profiles are best-fit using
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Fig. 5. Expanded view of DAS for selected O,
line pair in the 760 nm region. 1 — 300, 2 — 400,
3-500, 4-600, 5- 700, 6 - 800, 7—900 K.
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Fig. 6. Comparison of measured temperatures
using DAS (1) and thermocouple temperatures (2).

Lorentz lineshape function and digital smooth-
ing processing. Consequently, the above fitting
method introduces some residual noise to the line
shape with the temperature increase. Especially,
when the absorbing feature is weak, it is difficult
to know the correct non-absorbing wings of a sig-
nal feature begin and end. So the incorrect base-
line fits will lead to the sources of measurement
errors. Therefore, only small errors for direct ab-
sorption measurement will lead to maximum er-
rors at lower gas concentrations.

The comparison of the measured temperatures
and thermocouple data shows good agreement in
Fig. 6. The abscissa and ordinate are the thermo-
couple monitoring temperatures and measured
temperatures values, respectively. The five-start
line stands for the DAS measured temperatures,
and the circle line stands for the thermocouple
measured temperatures. The temperatures in-
ferred from the direct absorption profiles are
seen to extremely well with the thermocouple
measurements (max error value is 51 K).

From this graph, we can draw a conclusion
that with the increase of gas temperature, the
measured temperatures errors become more obvi-
ously. But limited to the experimental conditions,
we can only assume that the measuring gas pres-
sure is maintained constant. As the case stands,
the temperature changes cause the gas pressure
different, and then cause the absorption broad-
ening different, and cause the modulation depth

changes, and finally disturbed the measured
gas temperature’s errors, theoretically. In other
words, the integrated absorption profiles increase
with the gas pressure and decrease with the gas
temperature. Under laboratory existing condi-
tions, these factors will be further discussed in
the future experiments.

Conclusions

Diode laser absorption spectroscopy is applied
for the remote measurement of temperature, gas
pressure, velocity and concentration. We pre-
sented an application of DAS to the measurement
gas temperature in the tube furnace. Building on
this experiment, however, temperature strategies
based on absorption spectroscopy in more than
two lines may then be derived to yield expanded
temperature information, and therefore enable
temperature monitoring in a non-uniform condi-
tions.

This procedure greatly simplified the selection
of the most important periods of the industry
process. And spectrometer is easily extendable to
other gases such as CO, CO,, HCl, NH; and H,S
by a simple change of laser diode. Therefore, it
has the capability to become a universal tool for
industrial gas analysis in advanced combustion
control applications. It is should be note that the
present sensor provides average temperature for
situation in which the temperature distribution
along the beam path is uniform. So in the future
work, the multi-line light-of-sight temperature
distributions, gas concentration distributions and
total pressure, respectively, will be inferred from
the dynamic absorption spectral division with the
“CT” model and complicated algorithms to inves-
tigate the detailed internal situations.
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