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TineDonNG CAIY, Tu TAN?, Guisti WANG?, Weibong CHEN?, Xiaoming GAOY

1Anhui Institute of Optics and Fine Mechanics, the Chinese Academy of Sciences,
Hefei 230031, P.R. China

2L aboratoire de Physicochimie de I’ Atmosphére, Université du Littoral Cote d’ Opale 189A,
Av. Maurice Schumann, 59140 Dunkerque, France

*Corresponding authors: Tingdong Cai — caitingdong@126.com, Xiaoming Gao — xmgao@aiof m.ac.cn

Gas temperature measurements in a combustion system by using wavelength modulation
spectroscopy 2f ratio of two selected transitions method were presented for 1.39 um. Wavelength
modul ation was performed at 35 kHz, and was superimposed on 500 Hz wavel ength scansin order
to recover full second-harmonic line shapes. H,0 line-pair at 7164.901 cm™ and 7165.215 cm ™
was selected for this measurement. The criteria of the line-pair selection were discussed.
The sensitivity and accuracy of the sensor were demonstrated in a static cell in laboratory (over
the temperature range of 400—1000 K, average bias o1 ~ 5 K). Burner experiments demonstrate
the ability of our system for in situ measurements. The influence caused by variation of total
pressure and species concentration in burning gas during combustion was also discussed.

Keywords: combustion, gas temperature measurements, wavelength modulation spectroscopy, water
vapor.

1. Introduction

Measurements of time-varying gas temperature are important for the combustion
efficiency of some industrial processes such as ferrous metallurgy, aerospace,
petrochemical industry, electric power, and so on. Thermocouples are traditionally
used to measure gas temperature for this application. However, thermocoupl e probes
provide only point measurements with typically a sub-Hz time response.

Laser absorption spectroscopy can provide a fast, sensitive, non-intrusive, and
reliable method for in situ measurements of multiple flow-field parameters such as
temperature, concentration, pressure and vel ocity in various harsh environments[1—6].
The use of near-infrared tunable diode lasers (TDL) is attractive since they are
compact, available, robust, and compatible with optical fiber technology. Much of
the temperature work was focused on atmospheric pressure by direct absorption
spectroscopy [7—10] or second harmonic detection (2f) of wavelength modulation
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spectroscopy (WM S) [11-13]. Theratio of absorbance measurementsof twotransitions
measured by TDL can provide path-averaged gas temperature along the laser beam,
which is a better indication of the bulk gas temperature than the point temperature
measured by thermocouples typically near the wall. Especially the WMS, due to its
increased sensitivity and simplified data analysis, has been used widely.

In this work, the temperature is measured by the WM S-2f ratio of two H,O lines.
Water vapor (H,0) is one of the primary hydrocarbon combustion products and has
a rich absorption spectrum throughout the infrared. A line pair near 1.396 um is
selected because the overtone and combination bands of H,O near 1.4um are
relatively free of interference from absorption by the major combustion products and
commercially available telecommunication fiber-coupled diode lasers and optics are
readily available. The fundamental quantitative spectroscopy for the selected linesis
carefully measured in a heated cell, temperature measurements are validated in this
controlled environment over the expected temperature range of 400 to 1000 K, and
a demonstration of its use in a laboratory flame is presented. Through analysis of
the experimental data, the influence of the gas pressure and species concentration
is also researched.

2. Wavelength modulation spectr oscopy
for temperature measurements

For a diode laser which is injection-current tuned around a fixed central frequency,
the momentary frequency v(t) and laser intensity 1,(t) can be represented by

v(t) = v +acos(o,t) D

lo(t) = Tg+igcos(w,t + w) 2

where v(t) is the instantaneous optical frequency, 1y(t) isthe laser emission intensity,
and i is the phase shift between intensity modulation and frequency modulation.
The quantities v and I, are average optical frequency and intensity of the laser;
a (modulation amplitude) and i, are the maximum small-amplitude excursions of v(t)
and Iy(t) around v and T,

After absorption in a uniform medium, the laser transmitted intensity 1(t) can be
related to I(t) by the Beer—Lambert relation

I(t) = Io(t)r(v(t)) = Io(t)exp(—PXS¢vL) €)

where 7(v(t)) isthe transmission coefficient, P [atm] isthetotal pressure, X isthemole
fraction of the absorbing species, S[cm—2atm™] is the line strength of the transition,
@, [cm] is the line-shape function which is normalized such that M(v)dv =1, and
L [em] is the length of the homogeneous absorbing medium.
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The full expression of the laser transmitted intensity | (t) impinging on a photo-
detector can be obtained by developing theevenfunctionof z(v(t)) = z(v + acos(wyt))
in a Fourier cosine series [14]:

r(v(t)) = ninn(V, a)cos(nwg,t) 4

n=0

Thefunction H (v, a) isthen-th Fourier coefficient of the transmission coefficient
and can be given by

Ho(V, a) = % j 7(V + acosd)do (5)

-7

H.(V,a) = % J' 7(V + acosd)cos(nd)de (6)

-7

For optically thin samples, PXS¢, L < 1 (or lessthan about 0.10), the transmission
should be reduced to

7 = exp(-PXS¢, L) =1-PXS¢, L (7)
and the second-harmonic Fourier component which is used most frequently could be

simplified [15] as

SPXL @(v + acosd)cos(20)da (8)
T

Hy(v,a) = -

In direct absorption techniques, it has already been well-known that the gas
temperature should be measured by the ratio of line strengths of two different
temperature-dependent transitions, just as

S(T)  S(Tg v1) he (. )\ 1 1
S,(T) STy v2) exp{_ K (El_EZ)[?_T_oH ©

where S(T,, 1) isthelinestrength of thetransition centred at v; (cm™) for thereference
temperature T; h is Planck’s constant (Js); c is the speed of light (cms™); k is
Boltzmann's constant (JK™); E" is the lower state energy (cm™); and T is the gas
temperature (K).

The relative sensitivity of absorption strength ratio to temperature can be obtained
by differentiating Eq. (9):

dR/R| _ hc Ei-E3 (10)
oT/T k T
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Similar to direct absorption techniques, WMS also employs the line-pair method
to measure gas temperature. This method can be used to obtain temperature because
the WM S-2f peak height ratio of two transitions is a function of temperature, just as
the ratio of absorption line strengths, i.e.

I ¢(v .+ a,cosd)cos(20)ded
HZ(Vl) _ Sl(T) -

24 Hy) — Sy(T) +n
I ¢(v, + a,cosd)cos(20)déd

-7

(11)

From the above equation, it should be seen that the WMS-2f peak height ratio
(Ry¢) isnot only thefunction of temperature, but isal so related to total pressure, species
concentration and modul ation depth. These factors make the temperature measurement
more complicated, but may be mitigated by setting the modulation amplitude around
an optimum value, as discussed in [16], which will be discussed in follow. So in this
experiment, the modulation amplitude is fixed around the optimum value, and then
the influence of total pressure or species concentration could be studied.

3. Water line pair for temperature measurement

In development of the line-pair thermometry using WM S, the sel ection of an optimum
spectral line pair isvery important. Thereisalot of criterionswhich could be used for
the selection [12, 17, 18]. Theline strength of water over arange of wavelengths from
1to 2 um at atemperature of 1000 K based on the HITRAN/HITEMP database [19]
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Fig. 1. HITEMP simulation of H,O absorption spectraat 1000 K from 7000 to 7300 cm.
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is graphically depicted in Fig. 1. Based on those information, here two lines located
at 7164.901 cm—tand 7165.215 cm~1 are selected as the line pair, and the reasons are
asfollows.

3.1. Position of theline pair

The line pair islocated at the region of 1.39 um, where the v; + v combination band
of H,O absorption spectra overlap with the most common telecommunication bands,
thus diode laser and optical fiber in this band are widely available [20].

3.2. Line separation of the pair

At present timethetypical rapid-tuning range of thetelecommunication quality single-
-mode DFB diode laser commercially available is 0 to 2 cm™. Hence the spectral
separation of the two transitions must range between 0.2 and 1 cm™ for asuitableline
pair. A bigger line separation will lead the laser intensity not sufficient enough to
provide a good signal-to-noise, and a smaller separation will make data analysis more
complicated dueto the overlap of the two absorption features at atmospheric pressure.
Here separation of the pair is 0.314 cm™, so the laser intensity could be sufficient and
interference caused by the overlap of thetwo absorption features al so could be avoided.

3.3. Absor ption strength of the pair
The peak absorbance of asingle, isolated H,O transition is

Ay, peak = PXS(T) ¢v, peak L (12)

where ¢, ne iSthe peak value of line-shape function. An empirical approximation to
the Voigt profile [21] is used to calculate the peak value of the line-shape function.
The peak absorbance of the pair must be large enough to ensure agood signal-to-noise
ratio. We assume a minimum detectable absorbance of 1074, and adesired SNR of 10,
which requires a peak absorption be greater than 10~3. But in order to meet the “weak
transition” assumption in (7), associated with wavelength modulation measurements,
the peak absorption should be less than ~0.1.

For a path length of 38 cm and a combustion product water vapor mole fraction
between 0.01 to 0.2, typical of hydrocarbon combustion products at a pressure of
1 atm, the peak absorbance can be calculated as follows

&y, peak = PXS(T) @y, pear L = 1 @m x 1% xS(T) x ¢, peqe X 38 CM 2 1073 (13)
&y, peak = PXYT) @), peac L = 1 atm x 20% xS(T) X @, peq X 38cmM<0.1 (14)
The constraint on the product of line strength and line-shape function becomes

0.0125 cm™atm™ > S(T) ¢, ea = 0.0026 cm~atm™ (15)
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in the temperature range of 300—2000 K. The value at different temperatures should
be calculated by checking the needed parametersin HITRAN and HITEMP database.
Through the cal culation we can find that the absorption strength of the pair is suitable.

3.4. Relation between theratio of WM S-2f signals and temperature

From Equation (11), the ratio of WMS-2f signals is closely related to the ratio of
the individual line strengths. The relation of line strength and line strength ratio of
the selected lines to temperature is shown in Fig. 2. As shown in this figure, the line
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Fig. 2. The relation between line strength and line strength ratio of the selected lines and temperature.

strength ratio is monotone with temperature in the range of 300 to 3000 K. Using
the relation between the line strength ratio and temperature, temperature of the gas
should be obtained through the measurement of the ratio of WM S-2f signals.

3.5 Sensitivity of WM S-2f signals’ ratio to temperature

The uncertainty of the ratio of peak WMS-2f signals (R, ), represented by standard
deviation oy, ., should be calculated using the error propagation equation [17, 22]:

2

o = ol dRy 2+0'2 IRy 252 IR dRy

Rer = TR0 { 9Hy(vy) 1202 9H (1) H201%2) 9H,(vy) OH,(V,)
(16)

The partial derivativesin Eq. (16) are represented as

JRy _ Ros
oH,(vy) H,(v;)

(17)
Ry Ry

OH,(vy)  Hy(1y)
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Assuming the 2f peak heights H,(v;) and H,(15) are uncorrelated, dRy¢ /Ry can
be estimated using

2 2
_ OR,, _ ( O'Hz(vl)j .\ ( OH,( VZ)j (18)
Ryf Hy(vy) H,(v2)

The sensitivity of line strength ratio to temperature is obtained from Eq. (10). Itis
generally desirable that the temperature sensitivity be as high as possible, resulting in
amore accurate sensor.

If the2f peak heights can be determined within 3%, in order to obtain atemperature
accuracy of 5% in the temperature range of 300—1500 K, the constraint on minimum

lower state energy difference could be given as follows while the influence of line
shape function is neglected

hc 0.03./2 1 1
‘T Tl 0.05 x 1500x 14388 - 885 cm
(19)

dRy /R

|AE"| = |E} -E} |2 =

V2

Here the lower state energy difference of the selected line pair is
|AE"| = |E} - Ey| = 99536 cm™* (20)

3.6. Influence of a cold boundary layer

Thedifference of integrated absorbance along the beam path in the boundary layer can
be used to evaluate the impact of a cold boundary layer on the measurement accuracy
of the uniform core temperature [23]:

) S,
AA = A -A = PX[S(TCJ—ISdé:j] = Px| &ds =
0 5
T, N
- Px%ij(T)%ldT (21)
Tb

where A is the integrated absorbance caused by boundary layer water vapor, & is
the boundary layer thickness, £ is the spatial integration variable, the subscript b
denotes quantities evaluated at the boundary temperature and c labels quantities
evaluated at the uniform core temperature, and E(T) is a characteristic energy of
the absorbing species and depends on temperature [23]:

K T d[TQ(M)]
hc Q(T) dT

E(T) = (22)

where Q(T) is the partition function of the absorbing molecule.
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T abl e. Spectral parameters of the two selected H,O lines at 1000 K.
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Fig. 3. Simulated signal for the selected H,O line pair using HITRAN 2004 database for P = 1 atm,
10% H,Oinair, T = 1000 K: direct absorption signal (a); 2f signal (b).

Ascanbeseenfrom Eq. (21), theboundary layer doesnot influencethetemperature
measurement while AA < A, hence the lower state energy E'" must much bigger than
the characteristic energy of the absorbing species E(T)Ey,o(T) range from 431 to
3023 cm™ in the temperature range of 300—1500 K, therefore the lower state energy
E" of the selected lines must be bigger than 300 cm™. Here the influence of the cold
boundary layer should be neglected because E" of the selected line pair meets this
condition; they are 1394.81 cm™ and 399.46 cm 2, respectively.

Figure 3 shows simulated direct absorption and 2f signal for the selected H,O line
pair based on the HITRAN 2004 parameters at the temperature 1000 K; the spectral
constants are listed in the Table.

4. Demonstration of temper atur e measurements
on alaboratory static cell

Figure 4 illustrates the arrangement employed for the measurement of temperature on
alaboratory static cell. Light from adistributed-feedback (DFB) InGaAsP laser (NTT)
emitting near 1.39 um is directed across a heated static cell. The diode laser is
temperature and current controlled (ILX Lightwave LDC-3724) and driven by
a 500 Hz triangle ramp summed in an adder with a 35 kHz sine wave to provide
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T abl e. Continued.
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Fig. 4. Experimental setup.

the wavelength modulation. A lock-in amplifier (Model SR-830) is used to measure
the second-harmonic component of the transmitted laser signal. The beam path is
purged by high-pure nitrogen so asto avoid theinterference from ambient water vapor
in room air. The gas cell (38 cm long with canted wedged (1.5°) windows to avoid
residual etalon fringes) is heated by a temperature controller, and the temperature of
gas samplesis determined by four type-K thermocouples with an accuracy of +1% of
reading placed equally along the heated cell. At each temperature set point in the range
of 400—1000 K, the controller is adjusted to guarantee that the measured deviation of
the four thermocouple readingsis less than 4 K.

The modulation depth is set at an optimum value so as to mitigate its effect.
Figure 5 plots the simulated normalized WM S-2f peak heights of the H,O line pair
versus modulation depth at the temperature of 1000 K. The Voigt line shape with
the spectroscopic parameters listed in the Table is used in the numerical simulation.
As shown in this figure, the WMS-2f peak height of each line varies slowly at
the modulation depth a,, = 0.062 cm1. By choosing this value, the integral in (8)
should remain relatively constant. Hence the effect of modulation depth on the ratio
of two WM S-2f peak heights should be neglected.

Therespective H,O scanned WM S-2f line shapesfor the sel ected linepair measured
at different temperature are shownin Fig. 6. Ascan be seen fromthe picture, intensities
of these WMS-2f signals vary obviously along with the change of temperature.
Figure 7 illustrates the 2f peak to peak height and the 2f peak ratio as a function of
temperature for the selected H,O line pair in temperature range of 400—1000 K, and
asingledatapoint at 700 K isused to calibratethe WM S-2f sensor. Just astheanalysis
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Fig. 5. Simulated WMS-2f peak height for the selected line pair versus modulation depth; P =1 atm,
1% H,Oinair, and L = 38 cm.
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Fig. 6. The 2f signal of the selected line-pair at different temperature.

in Section 3.4, both the heights and ratio are monotonic function of temperature in
the needed temperature range. It confirms that the gas temperature could be measured
by 2f peak ratio of the selected line pair.

A set of static heated cell experiments with controlled gas mixtures are carried out
to validate the WM S-2f sensor thermometry. The H,O—air mixtures at atmospheric
pressure are prepared in a stainless tank by choosing a desired mixture composition.
In order to ensure the homogeneous of the mixture, the tank is shaken and allowed to
rest for at least 3 hours before the mixtureis delivered to the static cell which has been
heated to a setting temperature; here two values of water concentration (1% and 10%)
are used. Figure 8 shows the comparison between the temperatures from the WM S-2f
sensor thermometry and the thermocoupl e readings. The top and bottom graphsin this
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figure show the cases while the value of water concentration is 1% and 10%,
respectively. Correlation of those measured points has an R? value of 0.9993 and
0.99853, standard deviation is 1.2% and 1.6% (the error bar is too small to resolve),
respectively. The results indicate that the temperatures measured by the WM S-2f
sensor coincide perfectly with the thermocouple readings over the full temperature
range of 400—-1000 K (average bias ot = |T1p. — Ttc| ~ 5 K). The error in Fig. 8
primarily comesfrom uncertaintiesin temperature measurements by thermocouple (1%0)
and measured spectroscopic data (0.5%). The efficiency and accuracy of the WM S-2f
sensor thermometry show its good potential for temperature sensing.

It iswell-known that the total pressure and species concentration may be changed
during combustion, unfortunately 2f peak ratio is influenced by the two factors as
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Fig. 7. The 2f peak to peak heights and their ratio of the two transitions at different temperature.
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Fig. 8. Comparison of measured temperature with thermocouple temperature with H,O concentration
of 10% (a) and 1% (b).



24 T.Caletal.

35

L | L | L
30 leo:A’ b, ,D=:2%, 1000k | °
e 1 < d—— (¢ Db=#35%<4 900K
5 257— 'S * — m. 800 K ]
%207 v v v D=#09%y 790K |
g 151 A A A AD=z23%,
“— 1 D =+1.0% 1
& 10 e e — oD-21P% ¢ 500K -
s = " n B 400K |
T T T T T T T T
0.8 0.9 1.0 11 1.2 13
35 L L L L
IX=1% - ] b
301 » > %» 1000K |
4 =+ 4
2 25 4//:H .#4'00/2 900K 4
- 4 . _——. 800 K
¥ 207 : v v D=205%y 700K ]
g 1574 A A A AD=E20% 4 gog K
G 1 D=+1.0% 1
& 10] e ° ° o= e 500K
5. | | u m—————0 400K |
T T T T T
0.8 0.9 1.0 11 12 13

Pressure [atm]

Fig. 9. The ratio of the 2f amplitudes of the two transitions at different total pressures with H,O
concentration of 10% (a) and 1% (b).
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Fig. 10. Theratio of the 2f amplitudes of the two transitions at different H,O concentration, P = 1 atm.

the line-shape function ¢, is the function of total pressure and species concentration.
The impact of the change of the two factors on 2f peak ratio will be discussed in next.

The impact of total pressure on 2f peak ratios in the temperature range of
400-1000 K with H,O concentration are 1% and 10%, asis shown in Figs. 9a and 9b,
respectively. As illustrated in these graphs, values of the 2f peak ratios at each
temperatureare nearly the samein pressurerange of 0.8—1.2 atm, the biggest deviation
of each set of pointsis £5%. It indicates that the small influence of total pressure on
2f peak ratio could be neglected. Figure 10 illustrates theimpact of H,O concentration
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in the same temperature range as above at the experimental condition of P = 1 atm.
The influence of the concentration is similar to total pressure. Asgivenin thisfigure,
the biggest deviation of each set of pointsis only +4.9% as the concentration change
from 1% to 10%, and the error may be caused partly by thermocoupl e readings. Hence
the impact of H,O concentration also could be ignored.

5. Temper atur e measur ements of combustion gas on a burner

In order to illustrate the potential of the sensor for monitoring the gas temperature in
the exhaust of combustion, measurements are made on a burner. The burner can
produce a circular uniform flame with a diameter of 12 cm and a height of 1.5 cm.
The 1.39 um single-laser sensor is driven by an external modulation, which consists
of a500 Hz triangle ramp combined with afaster 35 kHz sinusoidal signal. The beam
path is purged to avoid interference from ambient water vapor. The second harmonic
components of the transmitted laser signal are obtained by alock-in amplifier (Model
SR-830) with atime constant of 10 us. A laboratory code is written in LabView for
data acquisition and analysis. Figure 11 show the representative WMS-2f signal
obtained along middle axle of the flame at some heights above the burner. Once
the acquisition is completed, the signal processing program transfers the captured data
from on-board memory to PC memory. Dataanalysis, including peak finding and ratio
calculation, is then performed on the accumulated data. The single-point calibration
in the heated cell could be used to convert the 2f peak ratio to temperature.

For calibrating the temperature obtained by 2f peak ratio, the thermocouple is
traversed forward and back to confirm stability of theflametemperature. The combustion
flows of the type studied here should be sufficient to assume an approximate
temperature distribution in reducing the data. Comparison of the temperatures from
the WM S-2f sensor thermometry with thethermocoupl e readingsintheflameisshown

0.12
0.08
0.04 -

0.00

2f signal [arb. u.]

—0.04+

71646 71648 71650 71652 71654
Frequency [cm™]

Fig. 11. Representative WMS-2f signal obtained in CsHg/air flame.
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Fig. 12. Comparison of the temperatures from the WM S-2f sensor thermometry with the thermocouple
readings in the CgHg/air flame.

in Fig. 12. These test data are all in the error range of £25 K. Correlation of those
measured points has an R2 value of 0.994, the standard deviation is 3%, which shows
the perfect performance of the temperature sensor. The error in this figure primarily
comesfrom uncertaintiesin the measured spectroscopic data, temperature measurements
by thermocouple, approximation of the uniform temperature assumption and combustion
problem such as instability suppression.

We acquire the distributed profile of temperature in the flame by moving the laser
and detector from one side to the other with a step length of 1 cm along the horizontal
direction to probetheburned gas1 cm abovethe burner surface, the same measurement
isdone at each height of 2 to 6 cm above the burner surface with astep length of 1 cm.

Fig. 13. Distributed profile of temperature in the flame measured by the WM S-2f sensor.
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The profileis shown in Fig. 13. As can be inferred from the graph, the cross-section
of the temperature profile has a trapezoidal shape. This indicates that temperature in
the flame becomes higher gradually from the edge to center at each height and
becomes lower as away from the flame in vertical direction. This distributed profile
of the temperature obtained by the WMS-2f sensor meets the real routine of
temperature in a flame. These results demonstrate the utility of this fast temperature
sensor for applications to real-time combustion sensing and control.

It should be noted that the present sensor provides accurate temperature for
situations in which the temperature distribution along the beam path is uniform or
approximately uniform. Under other condition where temperature changes signifi-
cantly and the relative temperature profileisunknown, it may be attractive to consider
multi-linethermometry [24]. Note that the selected line pair isimmuneto theinfluence
of cold boundary layers, just as the description in 3.6, which will mitigate the temper-
ature error for typical combustion. Also note that a rapid measurement of relative
temperature change is more important than determination of an absolute value while
dealing with combustion problems such as instability suppression or lean-blow-off.
Hencethetwo-linetemperature sensor can provide apotentially useful control variable
even for condition with significant temperature gradient.

6. Conclusions

A single-diode-laser sensor based on wavel ength modulation spectroscopy techniques
in H,O vapor is developed, validated in a controlled laboratory environment,
and demonstrated in a combustion gas. The H,O transitions at 7164.901 cm™ and
7165.215 cm™ areidentified as the best line pair through the considerations of proper
position and separation, appropriated absorption strength, the monotone relation
between ratio of WM S-2f signals and temperature, sufficient temperature sensitivity
and adequate immunity to the effect of cold boundary layers. These considerations
also could be used as lines selection criteria. Laboratory experiments in a static
cell were conducted to examine the temperature-sensing capability and accuracy of
the two-line sensor. Good agreement between temperatures from the WMS-2f
sensor thermometry and thermocoupl e readings shows the sensitivity and accuracy of
the sensor. Experimentswith real flames on aburner confirmed the utility of the sensor
to monitor on-line temperatures and the potential application to combustion control.
The influence caused by variation of total pressure and species concentration in
burning gas during combustion could be ignored.
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