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a b s t r a c t

Gas temperature and water concentration are measured by a tunable diode laser sensor using a single laser
near 1.4 �m. Temperature is determined from the ratio of absorption of a H2O line pair near 7079.176 and
7079.855 cm−1, which are chosen using some selected criteria. The second harmonic detection of wave-
length modulation spectroscopy (WMS-2f) is employed to improve the sensor sensitivity and accuracy.
Normalization of the 2f signal with the 1f signal magnitude is used to remove the need for calibration and
eywords:
iode laser
avelength modulation

ombustion
ater vapor

correct for transmission variation due to beam steering, mechanical misalignments, soot, and windows
fouling. An optimum laser modulation depth is selected to make the WMS-2f signals of both lines as big as
possible for the target test conditions. The influence of total pressure and water mole fraction is evaluated
through theoretical simulations. The validation of the sensor is conducted in a controlled static cell, yield-
ing an accuracy of 1.06% temperature and 1.9% for H2O concentration. Burner experiments demonstrate

pera
.

emperature
ater concentration

the accuracy (1.2% for tem
for combustion diagnosis

. Introduction

A tunable diode laser (TDL) sensor based on absorption spec-
roscopy can provide a fast, sensitive, non-intrusive, and reliable

ethod for in situ measurements of multiple flow-field parame-
ers such as temperature, concentration, pressure and velocity in
arious harsh environments [1]. Water vapor (H2O) is one of the pri-
ary hydrocarbon combustion products and has a rich absorption

pectrum throughout the infrared region, as shown in Fig. 1. Fur-
hermore, the well-developed telecommunication laser technology
verlaps with rovibrational spectrum of H2O in the near infrared
NIR) [2]. Hence H2O is often chosen as the target absorbing species
n combustion diagnosis. For example, Furlong et al. [3] developed a
DL sensor using two H2O transitions at 1.34 and 1.39 �m for com-
ustion control of an acoustically forced dump combustor; Teichert
t al. [4] measured water vapor and gas temperature in a coal fired
ower-plant using water transitions near 810 nm; Liu et al. [5,6]
sed multiplexed fiber-coupled diode lasers to measure temper-
ture rapidly by two near-infrared water absorption features in

aseous flows; Reiker et al. [7] presented a near-infrared diode laser
ensor that is capable of measuring time-varying gas temperature
nd water vapor concentration based on two water spectral fea-
ures near 7203.9 and 7435.6 cm−1; Liu et al. [8] determined the

∗ Corresponding author. Fax: +86 551 5591560.
E-mail addresses: caitingdong@126.com (T. Cai), xmgao@aiofm.ac.cn (X. Gao).
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ture and 3.2% for H2O concentration) and potential utility of the system

© 2009 Elsevier B.V. All rights reserved.

gas temperature in the exhaust of an industrial gas turbine using
two water transitions at 7429.72 and 7454.45 cm−1; Li et al. [9,10]
measured temperature and H2O concentration in shock tubes based
on fixed-wavelength laser absorption of two H2O transitions near
7185.60 and 7154.35 cm−1.

In these previous studies of temperature measurements, the
most frequently used dual-laser method has some disadvantages
with regard to cost and system complexity. If transitions should
be chosen suitably, it is possible to perform two-line absorption
thermometry using a single diode laser. A few TDL temperature
sensors using a single laser have been reported previously due to
the infrequent coincidences of laser wavelengths and water transi-
tions; for example, Arroyo and Hanson [11] developed a single-laser
sensor using a H2O line pair near 1.38 �m; Gharavi and Buckley
[12] measured the temperature and H2O concentration simultane-
ously by a single diode laser near 1.477 �m; recently, Zhou et al.
[13–15] systematically analyzed the water vapor spectrum in the
1–2 �m region and developed two single TDL sensors, one using
direct absorption [13] and the other using a scanned-wavelength
technique with wavelength modulation and second harmonic (2f)
detection [14]. By using a single diode laser, the sensor system is
simplified and the cost is reduced.
In this paper, a sensor using a single NIR diode laser based
on second harmonic detection of scanned-wavelength modulation
spectroscopy (WMS-2f) is designed to measure gas temperature
and H2O concentration in a flame, so as to monitor the com-
bustion. This design can reduce the cost of the system compared

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:caitingdong@126.com
mailto:xmgao@aiofm.ac.cn
dx.doi.org/10.1016/j.sna.2009.03.004
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Nomenclature

a modulation depth, cm−1

C 1f-normalized WMS-2f signal
E′′ lower state energy, cm−1

i0 linear intensity modulation amplitude
I0 incident laser intensity, W m−2

Ī0 average laser intensity at v, W m−2

It transmitted laser intensity, W m−2

Hk(�̄, a) kth harmonic Fourier component
L total path length, cm
m modulation index
P total pressure, atm
R ratio of 1f-normalized WMS-2f signals
S1f (�̄) magnitude of the absorption-based WMS-1f signal,

cm−1

S2f (�̄) magnitude of the absorption-based WMS-2f signal,
cm−1

Sj line strength of the transition j, cm−2 atm−1

T gas temperature, K
xi mole fraction of the absorbing species i
˛(�) spectral absorbance
� full width at half maximum of the absorption line

shape
ϕj line shape function of the transition j
�̄ center frequency of the laser, cm−1

�(t) laser frequency, cm−1

w
H
b
a
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w
l
b
w
s
a
f

F
d

�(�) transmission coefficient
ω wavelength modulation angular frequency, rad s−1

ith the mode of multiplexed lasers. The absorption transitions of
2O around 1.4 �m are analyzed to select the optimum line pair
ecause the overtone and combination bands of H2O near 1.4 �m
re relatively free of interference from absorption by the major
ombustion products and commercially available telecommunica-
ion fiber-coupled diode lasers and optics are readily available. The
avelength scan of the selected H2O line pair can mitigate the prob-

ems of variation of the power and wavelength of the laser caused
y the temperature, driving current, working environment, etc.,

hich exist in fixed-wavelength approach. Validation of the sen-

or with controlled experiments and demonstration of its use in
laboratory flame is given. A line pair near 1.413 �m is selected

or the TDL sensor using some selective rules established follow-

ig. 1. Survey spectra of H2O at 1000 K in the NIR region based on Hitran/Hitemp
atabase.
tors A 152 (2009) 5–12

ing the design criteria previously reported in [8,13–15]. The laser
modulation depth is optimized to maximize the WMS-2f signals
of both lines and to simplify signal interpretation. The influence of
total pressure and water concentration is evaluated. The TDL sensor
for gas temperature and H2O concentration measurements is first
validated in a heated cell (500–1000 K) containing H2O–air mix-
ture. Measurements in a laboratory flame at atmospheric pressure
are then described to demonstrate the potential of this sensor for
combustion application.

2. Theoretical principles

Following the theory of WMS including real diode laser perfor-
mance [16,17], here we rewrite the equations for the WMS signals
into a form providing the magnitude of the 2f and 1f signals. The
diode laser injection current is sinusoidally modulated with angular
frequency ω = 2�f to produce laser frequency modulation (FM)

�(t) = �̄ + a cos(ωt), (1)

where �̄ is the center frequency of the laser and a is the modulation
depth.

For optical thin samples (˛(v) < 0.1), the transmission coeffi-
cient �(�) of monochromatic radiation through a uniform medium
of length L [cm] can be approximated as

�(�) =
(

It
I0

)
= exp[−˛(�)] ≈ 1 − ˛(�) = 1 − PxiL

∑
j

Sj(T)ϕj (2)

where It and I0 are the transmitted and incident laser inten-
sities, ˛(�) represents the spectral absorbance, P [atm] is the
total pressure, xi is the mole fraction of the absorbing species, Sj
[cm−2 atm−1)] is the line strength of the transition, ϕj [cm] is the
line shape function which is normalized such that

∫
ϕj(�)d� ≡ 1

and T [K] is the gas temperature. It is a periodic even function in ωt
and can be expanded in a Fourier cosine series:

�[�̄ + a cos(ωt)] =
∞∑

k=0

Hk(�̄, a) cos(kωt), (3)

where the components Hk(�̄, a) can be described as

H0(�̄, a) = 1 − PxiL

2�

∫ �

−�

∑
j

Sjϕj(�̄ + a cos �)d�, (4)

Hk(�̄, a) = −PxiL

�

∫ �

−�

∑
j

Sjϕj(�̄ + a cos �) cos k� d�. (5)

Hk is directly proportional to species concentration xi and path
length L when the line shape functions do not vary for the range
of conditions found in the applications [16]. Note that in addition
to the absorption parameters, Hk also depends on the modulation
depth a, this effect can be mitigated by choosing a proper modula-
tion index m, which is defined as

m = a

��/2
, (6)

where �� is the full width at half maximum (FWHM) of the absorp-
tion line shape [18].

For an isolated transition, it is well known that H2 is maximized

while H1 and H3 are zero at line center. Hence near the line center,
the dominant term of WMS-2f signal is the second Fourier com-
ponent H2, and H0, which is close to unity, is the dominant term
of WMS-1f signal [9]. Thus the magnitude of the absorption-based
WMS-2f signal, S2f (�̄) and S1f (�̄) measured by a lock-in amplifier
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an be reduced as

2f (�̄) ≈ GĪ0
2

H2(�̄) = −GĪ0
2

· PS(T)xiL

�

∫ �

−�

ϕ(�̄+a cos �) cos 2� d�,

(7)

1f (�̄) ≈ GĪ0i0
2

. (8)

here G is the optical–electrical gain of the detection system, Ī0 is
he average laser intensity at �̄, i0 is the linear intensity modulation
mplitude.

From Eqs. (7) and (8), the WMS-1f-normalized absorption-based
MS-2f signal is given by

= S2f

S1f
= 1

i0
H2(�̄). (9)

By the normalization of the 2f signal with the 1f signal magni-
ude, common terms such as laser intensity, signal amplification,
ock-in gain and laser transmission variation can be eliminated.
he 1f-normalized WMS-2f signal, C, is a function of laser parame-
ers (i0, a) and gas parameters (P, T, xi) only. The laser parameters
an be determined before the measurements, thus the compari-
on should be made directly between the WMS-2f simulations and
easurements and eliminating the need for scaling between the

wo [9,16].
Gas temperature can be obtained from the ratio of 1f-normalized

MS-2f signals at two selected wavelengths

= C2

C1
= S2(T)

S1(T)

∫ +�

−�
ϕ(�̄2 + a cos �) cos 2� d�∫ +�

−�
ϕ(�̄1 + a cos �) cos 2� d�

(10)

hich is closely related to the ratio of absorption line strengths.
f the total pressure is measured by a pressure transducer, the gas
emperature can be inferred by comparison of the measured ratio
with the simulation of the ratio as a function of temperature at

he measured pressure. After the temperature is known, the species
oncentration can be determined from either of the 1f-normalized

MS-2f signal magnitudes at two selected transitions.

. Sensor development

.1. Line selection

An important step in sensor development is the line selection.
ensor performance can be greatly improved by selecting optimum
ransition. Systematic line selection criteria for absorption-based
hermometry have been developed in literature [8,13–15], here we
riefly list the rules used in the selection based on the HITRAN 2004
atabase [19].

.1.1. Position of the line pair
The line pair must be located near 1.4 �m, where the �1 + �3

ombination band of H2O absorption spectra overlaps with the
ost common telecommunication band. In this region, robust fiber-

oupled single-mode diode lasers and optical fibers are widely
vailable [2].

.1.2. Line separation of the pair
At present time the typical rapid-tuning range of the telecom-

unication quality single-mode DFB diode laser commercially

vailable is 0–2 cm−1. Here the spectral separation of the two tran-
itions should range between 0.3 and 1 cm−1 for a suitable line pair,
o as to insure that the selected lines are close enough together to
e encompassed by a single-laser scan, yet far enough apart to avoid
verlap.
tors A 152 (2009) 5–12 7

3.1.3. Absorption strength of the pair
The peak absorbance of the pair must be large enough to ensure

a good signal-to-noise ratio (SNR), but in order to accord the “weak
transition” assumption associated with wavelength modulation
measurements, the peak absorption should be less than ∼0.1. The
value at different conditions should be calculated by checking the
needed parameters in HITRAN/HITEMP 2004 database.

3.1.4. Relation between the ratio of WMS-2f signals and
temperature

As shown in Eq. (10), the ratio of WMS-2f signals is closely related
to the ratio of the individual line strengths. In order to obtain tem-
perature of the gas through the measurement of the ratio of WMS-2f
signals, the relation between them must be monotone. Hence the
line strength ratio also must be single value with temperature in
the expected range

3.1.5. Sensitivity of WMS-2f signals
′
ratio to temperature

It is known that the relative sensitivity of absorption strength
ratio to temperature is∣∣∣∣∂R/R

∂T/T

∣∣∣∣ =
(

hc

k

) ∣∣E′′
1 − E′′

2

∣∣
T

, (16)

where E′′ is the lower state energy (cm−1). It is generally desirable
that the temperature sensitivity be as high as possible, resulting in
a more accurate sensor. In order to have high temperature sensi-
tivity, the line pair should have a larger difference in lower state
energy. If the 2f peak heights can be determined within 2%, in order
to obtain a temperature accuracy of 5% in the temperature range
of 500–1500 K, the constraint on minimum lower state energy dif-
ference could be given as follows while the influence of line shape
function is neglected

∣∣
E′′∣∣ =
∣∣E′′

1 − E′′
2

∣∣ ≥
∣∣∣∣dR/R

dT/T

∣∣∣∣ × T × k

hc

= 0.02
√

2
0.05

× 1500 × 1
1.4388

= 550 cm−1. (17)

3.1.6. Line shape functions of the pair
As shown in Eq. (10) the peak ratio is not only the function of

temperature, but also depends on pressure and mole fraction due to
the effect of the line shape function. This leads to complications and
potentially added uncertainty for the measurements. This difficulty
should be overcome by selected two lines with nearly identical line
shape function. More specifically, the two lines should have nearly
the same air-broadened halfwidth, self-broadened halfwidth and
temperature-dependent coefficients.

Based on those criterions, the line pair near 7079.176 and
7079.855 cm−1 is selected for the WMS-2f temperature sensor.
Some of their spectral parameters are listed in Table 1. Fig. 2 shows
the simulated H2O (10% water in air) direct absorption and 2f sig-
nals for the selected line pair based on these parameters. The line
strength and their ratio of the pair are plotted in Fig. 3.

3.2. Optimization of modulation depth

As can be seen from Eq. (5), the WMS-2f peak height is depen-
dent on the line shape function, ϕ. This dependence should cause
difficulties in the temperature measurements using WMS-2f spec-

troscopy. In order to infer gas temperature using harmonic signals,
it is desired that the peak ratio should only depend on the line
strengths of the selected line pair. Fortunately, this effect of line
shape function can be mitigated by choosing an optimum modula-
tion depth, as discussed in [14].
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Table 1
The selected H2O line pair for the 1f-normalized WMS-2f sensor based on HITRAN/HITEMP 2004.

� [cm−1] S@1000 K [cm−2 atm−1] �air [cm−1] �self [cm−1] E′′ [cm−1] �E′′ cm−1] n

7079.176 1.1795E − 3 0.0351 0.4300 552.91 569.80 0.64
7079.855 9.4246E − 4 0.0393 0.4200 1122.71 0.53
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tion of H2O mole fraction and pressure. For example, at T = 1000 K,
a quadruple change in H2O mole fraction (changes from 5% to 20%)
introduced only a small change (1.5%) in the WMS-2f peak height
ratio, and a 40% change in total gas pressure also produces a negligi-
ig. 2. Simulated direct absorption and 2f signals for the selected H2O line pair using
he Hitran/Hitemp database for P = 1 atm, 10% H2O in air, L = 20 cm.

The simulated normalized WMS-2f peak heights of the selected
2O line pair versus modulation depth at three temperatures

T = 1000, 1500 and 2000 K; P = 1 atm, 10% H2O in air, and
= 20 cm) with the spectroscopic parameters listed in Table 1 are
hown in Fig. 4. As shown in this figure, the modulation depth
opt = 0.076 cm−1 is optimum. The WMS-2f peak height has a biggish
alue and varies slowly with such an optimum modulation depth.
hus, the ratio of two WMS-2f peak heights is mainly a function of
he well-known line strengths of the selected transitions.

.3. Influence of total pressure and water mole fraction

It is known that the WMS-2f peak height ratio also is a function of
as composition and pressure through their effect on the line shape
unction. The simulated WMS-2f peak height ratio of the selected
ine pair (7079.855 cm−1/7079.176 cm−1) as a function H2O mole

raction (10% H2O in air) and total gas pressure (P = 1 atm) at 5 dif-
erent temperatures with the optimum modulation depth is shown
n top and bottom graph of Fig. 5. The WMS-2f peak height ratio is
losely related to the ratio of line strengths, and is only a weak func-

ig. 3. Line strengths and line strength ratio as a function of temperature for the
elected line pair.
Fig. 4. Simulation of the normalized WMS-2f peak heights of the selected line pair
versus modulation depth a; P = 1 atm, 10% H2O in air, and L = 20 cm.
Fig. 5. The simulated 2f peak height ratios at different water concentrations (top,
P = 1 atm) and total pressure (bottom, XH2O = 10%).
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shape of the selected transition near 7079.176 cm−1 is fitted by a
Voigt profile [20] with the Doppler FWHM fixed at a calculated
value responding to the temperature. This Voigt fit provides the
integrated absorbance, from which the H2O concentration at the
Fig. 6. Scheme of

le change (1.8%) in it. Thus, for combustion gas condition, a reliable
MS-2f peak height ratio yields an accurate gas temperature.

. Measurements demonstration on laboratory static cell

The measurements of H2O concentration and gas temperature
re first performed in a heated static cell, so as to validate the
DL sensor. The static cell can provide a quiet, transient-free envi-
onment where the total pressure, H2O concentration and gas
emperature can be precisely controlled and measured.

.1. Experimental details

The experimental setup used for sensor validations is shown
n Fig. 6. A heated static cell (38 cm long with canted wedged
1.5◦) windows to avoid residual etalon fringes), equipped with a
emperature controller (type SKW), is used for measurements at
emperatures as high as 1000 K. Three type K thermocouples with
n accuracy of ±1% are equally attached to the middle and both ends
f the absorption cell to monitor the temperature of the gas. Max-
mum temperature difference along the path length is of the order
f 20 K. The H2O–air mixtures prepared in a stainless steel tank are
elivered into the cell via stainless steel tubes. The tank and tubes
re heated above the saturation temperature to ensure that all of
he liquid water is evaporated. The gas pressures are measured by
vacuum pressure gauge with an accuracy of ±1% of reading.

The DFB laser (NEL NLK1E5GAAA) used in the experiments can
roduce ∼10 mW of stable output power near 1.4 �m. The laser

s placed in a commercial laser mount (ILX Lightwave LDM-4980)
nd driven with a modular diode laser controller (ILX Lightwave
DC-3724). The laser wavelength is driven by a 500 Hz triangle
amp summed in an adder with a 40 kHz sine wave to provide the
avelength modulation. The sine signal is generated by a lock-in

mplifier (Stanford Research Systems Model SR-830), and is also
nputted into another similar lock-in amplifier as reference signal

imultaneously. The laser beam is collimated by a lens, directed
cross the static cell, and focused by a spherical mirror onto an
nGaAs detector (New Focus Model 2011). The beam path is purged
y high-pure nitrogen so as to avoid the interference from ambi-
nt water vapor in room air. The detector signal is divided into
perimental setup.

two ways, and demodulated by two lock-in amplifiers to recover
the 2f and 1f signals with same time constant of 10 �s. After the
acquisition of 2f and 1f signals is over, the laser should be injection
current tuned with a triangle ramp across the absorption features
near 7079.176 cm−1 to obtain the direct absorption signal. This sig-
nal can be used to determine the actual H2O concentration in the
test mixture for comparison.

4.2. Results

A set of static heated cell experiments with controlled gas mix-
tures at precise temperatures were performed to validate the sensor
accuracy and reliability for the temperature and H2O concentra-
tion inferred from the WMS-2f peak heights. All experiments are
performed with H2O–air mixture at atmospheric pressure. The
measured H2O absorption spectrum in the H2O–air mixture at the
experimental conditions of T = 1000 K is shown in Fig. 7. The line
Fig. 7. Measured H2O absorption spectrum in the H2O–air mixture with P = 1 atm
and T = 1000 K. Using a best Voigt fit one yields the actual H2O concentration. The
residual of the fit is shown in the top panel.



10 T. Cai et al. / Sensors and Actuators A 152 (2009) 5–12

F
s
a

e
m
g

n
r
m
a
i
W
o
�
r
W
a
7
a
t
2
a
t
c
m
b
m
s
m
a
t
a

ig. 8. Comparison of temperatures (top) and H2O concentration (bottom) from the
ensor with the actual values measured in the static cell. P = 1 atm, ∼10% H2O in air,
nd L = 38 cm.

xperimental conditions can be calculated. The H2O concentration
ay vary during the transmission due to absorption in the tank and

as handling system.
The comparison between the temperatures from the 1f-

ormalized WMS-2f sensor thermometry and the thermocouple
eadings is shown in the top graph of Fig. 8. Correlation of those
easured points has an R2 value of 0.998, and the standard devi-

tion is 1.06% (the error bar is too small to resolve). The results
ndicate that the temperatures measured by the 1f-normalized

MS-2f sensor strongly agree with the thermocouple readings
ver the tested temperature range of 500–1000 K (average bias
T =

∣∣TTDL − TTC

∣∣ ∼ 9 K). The bottom graph of Fig. 8 shows the
atios of the H2O mole fraction measured by the 1f-normalized

MS-2f sensor (xMeasure) and the mole fraction measured by direct
bsorption (xActual). Both measurements use the H2O transition at
079.176 cm−1. The standard deviation between the measured and
ctual H2O mole fraction is 1.9% over the full temperature range. The
emperature and H2O mole fraction from the 1f-normalized WMS-
f sensor agree extremely well with the thermocouple and direct
bsorption measurements. Those results confirm the accuracy of
he sensor for combustion diagnostics. The error in Fig. 8 primarily
omes from uncertainties in temperature measurements by ther-
ocouple (1%), measured spectroscopic data (1%), and error in the

ase line and line shape fits (0.5%) in the direct absorption measure-
ents. Compared with other similar systems reported in [9] (the
tandard deviation between the measured temperature and ther-
ocouple reading is 1.9%, and that value between the measured and

ctual H2O mole fraction is 1.4%) and [14] (the difference between
he measured temperature and thermocoupled data is 10–20 K), the
bility of the current sensor is well.
Fig. 9. Comparison of temperatures (top) and H2O concentration (bottom) from the
sensor with the actual values measured in the flame.

5. Measurements in combustion gases

In order to illustrate the potential of the 1f-normalized WMS-2f
sensor for monitoring the gas temperature and H2O concentra-
tion in the exhaust of combustion, measurements are made on a
burner which can produce a constant-pressure flow-field. The uni-
form flame on the burner has a circular shape, and the diameter
and height are 12 and 2 cm, respectively. The 1.4 �m single-laser
1f-normalized WMS-2f sensor is driven by an external modula-
tion, which consists of a 500 Hz triangle ramp combined with a
faster 40 kHz sinusoidal signal. The beam path is purged to avoid
interference from ambient water vapor. The 1f and 2f components
of the transmitted laser signal are obtained by two lock-in ampli-
fiers (Stanford Research Systems Model SR-830) with same time
constant of 10 �s. A laboratory code is written in LabView for
data acquisition and analysis. Once the acquisition is completed,
the signal processing program transfers the captured data from
on-board memory to PC memory. Data analysis, including peak
finding and ratio calculation, is then performed on the accumulated
data.

The sensor is aligned to probe the burned gases 1 cm above the
burner. For calibrating the temperature obtained by 2f peak ratio,
the thermocouple is traversed forward and back to confirm sta-
bility of the flame temperature. The combustion flows of the type
studied here should be sufficient to assume an approximate uni-

form temperature distribution in reducing the data. Comparison of
the temperatures from the WMS-2f sensor thermometry with the
thermocouple readings in the flame is shown in top graph of Fig. 9.
They are in good agreement over the tested temperature range of
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ig. 10. The temperature (left axis) and water partial pressure (right axis) versus
ertical position above the burner.

00–1200 K with an error range of ±20 K. Correlation of those mea-
ured points has an R2 value of 0.995, the standard deviation is
.2%. The bottom graph of Fig. 9 shows the ratios of the H2O mole
raction measured by the 1f-normalized WMS-2f sensor (xMeasure)
nd the mole fraction measured by direct absorption (xActual) in the
urned gas over the full temperature range. Both measurements
lso use the H2O transition at 7079.176 cm−1. The standard devia-
ion between the measured and actual H2O mole fractions is 3.2%.
emperature and water concentration are also measured across
he burner along the radial way at nine vertical locations with a
tep length of 1 cm. Examples are shown in Fig. 10 with error bar
o indicate measurement uncertainty. As shown in this figure, the
ertically scanned temperature and water concentration measure-
ents indicate large spatial variations, which certainly exist along

he measurements as well.
In the temperature measurements it must be noted that the

resent sensor provides accurate temperature for situations in
hich the temperature distribution along the beam path is uniform

r approximately uniform. Under other conditions where temper-
ture changes significantly and the relative temperature profile is
nknown, it may be attractive to consider multi-line thermometry
21]. Note that a rapid measurement of relative temperature change
s more important than determination of an absolute value while
ealing with combustion problems such as instability suppression
r lean-blow-off. Hence the two-line temperature sensor can pro-
ide a potentially useful control parameter even for a condition with
ignificant temperature gradient.

. Conclusions

A TDL sensor using a single diode laser based on wave-
ength modulation spectroscopy with second harmonic detection
s developed, validated in a controlled laboratory environment,
nd demonstrated for measurements of gas temperature and H2O
oncentration on a burner. The sensor is based on two H2O transi-
ions near 7079.176 and 7079.855 cm−1, which are selected as the
est line pair for the target temperature of 500–1500 K at atmo-
pheric pressure based on some design rules. Normalization of the
f signal with the 1f signal magnitude is used to remove the need
or calibration correction for transmission variation due to beam
teering, mechanical misalignments, soot, and windows fouling. An
ptimum laser modulation depth is selected to make the WMS-2f

ignals of both lines as big as possible for the target test conditions.
he influence of total pressure and water mole fraction is evaluated
hrough theoretical simulations.

Validation of the 1f-normalized WMS-2f sensor for the temper-
ture range of 500–1000 K (P = 1 atm) are performed in a static cell.

[

[
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Temperature measurements are within 1.06% of the thermocouple
reading, H2O concentration measurements are within 1.9% of the
expected values over the full temperature range. Then the sensor is
examined in combustion gases on a burner to confirm the capabil-
ity and accuracy in a real flame. Temperature measurements by the
1f-normalized WMS-2f sensor are within 1.2% of the thermocouple
reading, and H2O concentration measurements are within 3.2% of
the expected values. Good agreements between the measurements
of the sensor and actual values and comparisons between the cur-
rent sensor and other similar systems confirm the accuracy and
potential utility of the sensor.
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