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a b s t r a c t

Diode-laser absorption spectroscopy has been applied to a swirl-stabilized turbulent combustor to detect
high frequency combustion oscillation and combustion state related to combustion noise. Two diode-laser
absorption spectroscopy techniques of scanned-wavelength method and fixed-wavelength method are
adopted. In the scanned-wavelength method, fluctuations of temperature and H2O mole fraction up to
1 kHz are detected. Two dominant peak frequencies of power spectra of these fluctuations, which are about
125 Hz and 140 Hz, coincide with those of pressure fluctuation in the combustor. In the case of control by
secondary fuel injection, the energy at peak frequency of temperature and H2O mole fraction decreases in
accordance with noise reduction. Similar to the combustion noise, temperature fluctuation shows a min-
iode-laser absorption spectroscopy

igh frequency detection
ombustion control

imal value at the appropriate frequency of secondary fuel injection. By analysing transmitted signals, the
fixed-wavelength method provides power spectra similar to those obtained by the scanned-wavelength
method. The advantage of the fixed-wavelength method is capability of detection of high frequency com-
bustion oscillation more than 1 kHz. These results prove that the diode-laser absorption spectroscopy has
great applicability as sensors for the combustion measurement of thermoacoustic oscillating flames and

t com
active control of turbulen

. Introduction

Lean premixed combustion is considered to be a candidate for
ow NOx emission and high efficiency gas turbines. However, the
ean premixed combustion may induce combustion oscillation,

hich generates combustion noise and damages combustor system
echanically. Therefore, the reductions of the combustion oscilla-

ion and the combustion noise are required to realize high efficiency
nd low emission combustor.

There are two approaches to suppress the combustion oscil-
ation. One is passive combustion control, which is optimally
esigned for individual combustor system to prevent combustion
scillation. The other is active combustion control, which is based
n feedback control by combustion monitoring. At present, the
tandard technique to suppress the combustion oscillations is the

assive combustion control. It is recognized that the passive com-
ustion control restricts the operating condition of the combustor.
n the other hand, the active combustion control might be applied

o the combustors for a wide range of the operating conditions, and

� This paper was presented at 8th Symposium of the Korean Society of Thermo-
hysical Properties held at POSTECH, Korea from April 24–25, 2008.
∗ Corresponding author. Tel.: +82 51 5102476; fax: +82 51 5125236.

E-mail address: choigm@pusan.ac.kr (G.-M. Choi).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.06.009
bustion.
© 2009 Elsevier B.V. All rights reserved.

tune the operating condition optimally so as to suppress combus-
tion oscillation. Active combustion control has advantages in terms
of generality and optimization. To realize active combustion control,
high temporal and sensitive sensors for combustion monitoring are
required.

It is considered that most of combustion oscillations and insta-
bilities are caused by feedback interaction between the natural
acoustic mode of combustor and fluctuation of heat release rate [1].
To detect combustion oscillations, sensing of pressure, temperature
and combustion products is necessary, whereas those quantities
include high temporal fluctuation in general. Therefore, in the active
combustion control, sensors with high temporal resolution and
high accuracy are required to monitor combustion oscillation and
to give appropriate control signals for actuators.

Non-intrusive temperature and concentration sensors using
lasers are attractive in many situations where measurements must
be made in a hot and/or erosive environment such as industrial
furnace and gas turbine combustor, etc. Diode-laser absorption
techniques have been developed for real-time combustion monitor-
ing. In the diode-laser absorption spectroscopy, absorption lines by

molecule which can reflect combustion state are used to measure
temperature, mole fraction and velocity. In the previous studies,
diode-laser absorption techniques for H2O [2,3], CO [4–7], CO2 [8,9]
and NO2 [10] have been developed. In order to increase the sensitiv-
ity of absorption coefficient measurement, wavelength modulation

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:choigm@pusan.ac.kr
dx.doi.org/10.1016/j.tca.2009.06.009
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Fig. 1. Experimental set-up of diod

pectroscopy (WMS) was selected [11,12]. This WMS method has
een used for measuring low concentration species such as NO
13] and CO [6], and combusting gases on the micro-gravity field
ere also measured [14]. Since the sensor system based on diode-

aser absorption, which is small and simple, has high temporal
esolution, high sensitivity and non-intrusive characteristics, it has
reat possibility to be used for combustion monitoring in many
ngineering applications. For combustion controls, the diode-laser
bsorption has been used as sensors in the Hencken burner [15],
0 kW incinerator [16], 5 kW dump combustor [17], pulse detona-
ion engine [18,19] and swirl-stabilized combustor [20]. Although
he gas composition and temperature were not uniform along the
ensor line of sight, combustion oscillations and fluctuations were
learly obtained. However, researches on applicability of these tech-
iques for turbulent combustion fields are scarcely found in spite
f the fact that turbulent combustion has been adopted in many
ngineering applications. In addition, a detail understanding about
elationship between pressure fluctuations and sensing properties
y diode-laser is necessary to adopt this diode-laser absorption
ensor to active control of turbulent flames efficiently.

In this study, in-situ combustion measurements in a swirl-
tabilized turbulent combustor by diode-laser absorption spec-
roscopy sensors are conducted to investigate the suitability of the
iode-laser absorption for detection of high frequency combustion
scillation and understand the detail characteristics of oscillating
ames.

. Absorption spectroscopy

Absorption spectroscopy is based on the Lambert–Beer law as
ollows [2]:

I

I0

)
�

= exp(−�(�)L) (1)

here I0 is the intensity of incident radiation, I is the intensity of
ransmitted radiation, �(�) is absorption coefficient, L is the length
f homogeneous absorbing media in which laser passes and �(�)L is
efined as absorbance. The absorption coefficient is expressed as:

(�) = PXabs

N∑
i=1

Si(T)�(� − �0,i) (2)

here P is total pressure, Xabs is mole fraction of absorbing species,
is an index that denotes a particular transition, N is the number
f probed transition, Si(T) is the line strength of transition i centred

t �0,i and �(� − �0,i) is the line shape function which is normalized
y the following equation:

�(� − �0,i)d� ≡ 1 (3)
r absorption spectroscopy system.

The line strength is expressed by using the line strength at ref-
erence temperature, T0, as follows:

Si(T) = Si(T0)(T0/T)(Q (T0)/Q (T))(1 − exp(−hc�0,i/kT))
(1 − exp(−hc�0,i/kT0)) exp(−hc/kE′′(1/T − 1/T0))

(4)

where Q(T) is the molecular partition function and E′′ is the lower-
state energy. The line strength at reference temperature and the
lower-state energy are taken from HITRAN2004 database [21].

The frequency integral of the absorbance is independent of the
line shape function and is expressed as follows:

∫
�(�)Ld� = PXabsL

N∑
i=1

Si(T) (5)

The temperature can be obtained from the ratio of two integrated
absorbance in the different transitions (denoted by 1 and 2 below)
at the same total pressure, mole fraction of absorbing species and
length of the homogeneous media. The ratio is expressed as a func-
tion of temperature as follows:

R =
∫

�1(�)d�∫
�2(�)d�

=
(∑N1

i=1Si(T0) exp(−hcE′′
i
/k(1/T − 1/T0))

)
⎛
⎝ N2∑

j=1

Sj(T0) exp(−hcE′′
j
/k(1/T − 1/T0))

⎞
⎠

(6)

Mole fraction of the absorbing species at the measured temperature
is expressed as:

Xabs =
(∫

�(�)d�)
)

(
P
∑N

i=1Si(T)
) (7)

The ratio of the peak values of two absorbance depends on not only
temperature but also line shape function, which is as follows:

Rpeak =
(

�1(�p1 )
�2(�p2 )

)

=
(∑N1

i=1Si(T0)�(�p1 −�0,i) exp(−hcE′′
i
/k(1/T − 1/T0))

)
(∑N2

j=1Sj(T0)�(�p2 −�0,j) exp(−hcE′′
j
/k(1/T − 1/T0))

) (8)

3. Experimental method

3.1. Experimental set-up
Fig. 1 shows experimental set-up of the diode-laser absorption
spectroscopy. Scanned-wavelength method and fixed-wavelength
method are used in the present study. In the scanned-wavelength
method, two diode-lasers (NTT Electronics, NT-L200-STD, 15 mW)
were tuned across H2O transitions near 1343 nm (�1 + �3 band)
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nd 1392 nm (2�1 and �1 + �3 bands) by ramp-modulated current
rom arbitrary function generator. Since H2O is one of the main
roducts of hydrogen and hydrocarbon combustions and indicates
tate of the burnt gas, it is desirable to use H2O as absorbing
as to monitor combustion condition. In H2O transitions, wave-
ength regions near 1343 nm and 1392 nm are widely used [3],
ecause line strengths of transitions in these wavelengths are
elatively high and independent of absorption spectra of other
pecies. Radiations of two diode-lasers were lead to measuring
rea by fiber optics (Newport), and were passed through 5 mm
ownstream of the exit of swirl-stabilized turbulent combustor.
ransmitted radiations were detected by photo diodes (Hama-
atsu photonics, B1918-01) and detected signals were recorded

y PC with 12bit A/D converter. Etalons (Laser Mate Inc., BK7
olid Etalon) with 2 GHz free spectral range were used for the
onversion of transmitted signals from a time-dependent form
o a wavelength-dependent one. Wavelengths of two diode-lasers
ere scanned over entire line shapes from 1343.1 nm to 1343.4 nm

nd from 1391.5 nm to 1391.8 nm. In this study, diode-lasers were
uned at 2 kHz repetition rate and the transmitted signals were
ecorded at 1 MHz. This set-up of diode-laser absorption spec-
roscopy can be used for the combustion oscillation with higher
requency by using a fixed-wavelength method. In the fixed-

avelength method, wavelengths of diode-lasers were fixed near
he peak absorption. The transmitted signals were recorded at
0 kHz. Therefore, fixed-wavelength method can detect fluctuation
p to 5 kHz.

In this study, a swirl-stabilized turbulent combustor, which has
een investigated by our previous works [22,23], is used. The com-
ustor can be controlled by secondary fuel injection. Fig. 2 shows
he schematics of swirl-stabilized turbulent combustor and details
f secondary fuel injection nozzle. This combustor rig consists of a
ontraction section, a swirl nozzle section and combustion cham-
er. The swirl nozzle of 40 mm inner diameter is mounted on the
ontraction section. The inner cross-section of combustion cham-
er is 120 × 120 mm2, and the length of the chamber is 590 mm.
he swirl nozzle has swirl vanes of 14 mm inner diameter and
0 mm outer diameter, inclined 45◦ from the nozzle axis. The sec-
ndary fuel nozzle is mounted at the centre of the swirl vanes
nd has eight injection holes (ID = 0.6 mm) inclined 45◦ from the
ainstream direction. The premixed methane–air mixture passes

hrough the swirl vanes and the flame is stabilized on the swirl
anes.

.2. Characteristics of swirl-stabilized combustor

The characteristics of the present combustor have been reported
or no injection and continuous secondary fuel injection cases by
hoi et al. [23] and for intermittent secondary fuel injection cases
y Tanahashi et al. [22]. Here, important characteristics are sum-
arized briefly. It has been reported that secondary pure fuel

njection suppresses pressure fluctuation in the combustion cham-

er and reduces combustion noise without the increase of emission

ndex of NOx. The largest noise reduction was observed for the
ondition of the secondary pure fuel flow rate (Vsf), which is 1%
f flow rate of the main stream (Vm). Dilutions of the secondary
uel by air lead to lower effects for the noise reduction. By inject-

Fig. 3. Transmitted signals of two diode-lasers tuned by the
Fig. 2. Schematics of swirl-stabilized turbulent combustor and details of secondary
fuel injection nozzle.

ing secondary fuel continuously, noise is decreased about 15 dB
compared with the case without secondary fuel injection. If the sec-
ondary fuel is injected intermittently with appropriate frequency
of 40 Hz, the combustion noise is further reduced about 5 dB. Note
that the noise level increases again if the secondary fuel injec-
tion frequency exceeds 40 Hz. The peak frequency of the pressure
fluctuation in the combustor and noise is about 130 Hz for the no
injection case, which is related to natural resonance frequency of
the combustor depending on the mean temperature of combustion
chamber. The appropriate frequency of the secondary fuel injection
for noise reduction is lower than those peak frequencies and seems
to coincide with the beating frequency observed in the pressure
fluctuation [23].

3.3. Experimental conditions

In this study, the flow rate of the main methane–air mixture is
selected to Vm = 300 l/min for all cases. As for the cases with the sec-
ondary fuel injection, pure methane is used for the secondary fuel
and Vsf is set to be 1% of Vm. As for a reference case, no injection
case with equivalence ratio � = 0.717 is selected. For the secondary

fuel injection cases, the injection frequencies are continuous, 10 Hz,
40 Hz and 70 Hz. The combustion noise level is 100 dB for continu-
ous case, 98 dB for 10 Hz, 95 dB for 40 Hz and 104 dB for 70 Hz. The
total equivalence ratio is 0.819 for these cases.

ramp-modulated current with a 2 kHz repetition rate.
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tuation of H2O mole fraction is associated with that of heat release
Fig. 4. Temperature (a) and H2O mole fraction (b) obtained by diode-laser absor

. Combustion measurements by scanned-wavelength
ethod

Fig. 3 shows transmitted signals of two diode-lasers obtained
or � = 0.717 and Vm = 300 l/min without secondary fuel injection.
ndividual time-dependent transmitted signal was transformed
o a frequency-dependent line shape using information obtained
rom laser signal, which passed through the etalon. The frequency-
ependent signals were normalized by the incident laser intensity
s shown in Eq. (1). Measured absorbance includes not only the
bsorbance in burnt gas but also the absorbance in ambient air.
n order to eliminate the absorption by H2O in the ambient air, it
s necessary to measure the absorbance of the circumstance, and
o subtract the absorbance by the ambient air from the measured
bsorbance. Temperature of the burnt gas was determined from the
atio of a set of integrated absorbances by Eq. (6), and H2O mole frac-
ion was determined from measured integrated absorbance and the
alculated line strength at the measured temperature by using Eq.
7). Therefore, temperature and H2O mole fraction were measured
t 2 kHz and fluctuation can be detected up to 1 kHz.

The estimated temperature and H2O mole fraction in the burnt
as for the cases of no secondary fuel injection and intermittent
econdary fuel injection at 40 Hz are shown in Fig. 4. For the case of
o secondary fuel injection, temperature and mole fraction show
elatively large oscillations. The mean and r.m.s. value of measured
emperature were 856 K and 151.5 K (17.7%) for without secondary
uel, 964 K and 60.7 K (6.3%) for intermittent secondary fuel at
0 Hz, respectively. On the other hand, the mean and r.m.s. value
f measured H2O mole fraction was 0.0976 and 0.02 (20.6%) for
ithout secondary fuel, 0.109 and 0.008 (7.3%) for intermittent

econdary fuel at 40 Hz, respectively. Table 1 shows mean tem-
erature and mole fraction measured by absorption method for all
ases. In order to ensure the accuracy of the diode-laser absorption
pectroscopy, temperature of the burnt gas was also measured by
hermo-couple (ID = 100 �m, Pt/Pt15%Rh) on the laser path every
mm from the edge to the centre of the exit of the combustion

hamber. For the no injection case, the maximum time-averaged
emperature measured by thermo-couple was 1120 K at the cen-

re of the exit and the minimum one was 700 K at the edge of the
xit. The temperature averaged in time and space by thermo-couple
as 930 K for the no injection case. The difference of temperature
etween the absorption measurement and the thermo-couple is

able 1
ffects of secondary fuel injection on mean temperature and H2O mole fraction.

No injection Continuous 10 Hz 40 Hz 70 Hz

(K) 856 929 993 964 957
H2O 0.0976 0.107 0.115 0.109 0.111
spectroscopy with 2 kHz at the exit of the swirl-stabilized turbulent combustor.

about 80 K, which suggests that, even in the inhomogeneous field
such as the exhaust of the swirl-stabilized turbulent combustor,
diode-laser absorption spectroscopy can measure mean tempera-
ture sufficiently. For the case of the secondary fuel injection, mean
temperature and mean H2O mole fraction escalates compared with
no injection because total equivalence ratio increases by the sec-
ondary fuel injection. The H2O mole fraction from equilibrium
calculation is about 0.14 for � = 0.717 and 0.157 for � = 0.819. The
measured H2O mole fraction values are relatively lower than equi-
librium calculation results. These low concentrations ascribed to
mixing between exhaust gases and surrounding air at the combus-
tor exit. Sound level depends on the frequency of the secondary
fuel injection and becomes minimum at 40 Hz, which is reported
by Tanahashi et al. [22]. Compared with the no injection case, fluc-
tuations of temperature and mole fraction are suppressed for the
case of 40 Hz secondary fuel injection as shown in Fig. 4. The r.m.s.
of temperature and mole fraction is shown in Table 2. For the cases
of secondary fuel injection, fluctuations of temperature and H2O
mole fraction are reduced significantly compared with the no injec-
tion case. Temperature fluctuation decreases in accordance with the
decrease of the combustion noise. For 40 Hz secondary fuel injec-
tion, intensity of temperature fluctuation shows the minimal value,
which is similar to the noise level. R.m.s. of temperature is 17.7% for
no injection, 6.6% for continuous injection, 6.5% for 10 Hz, 6.3% for
40 Hz and 6.6% for 70 Hz. Therefore, the reduction of combustion
noise can be detectable from r.m.s. of temperature fluctuation.

Power spectra of temperature and H2O mole fraction are shown
in Fig. 5 for the no injection case and continuous secondary fuel
injection case. In power spectra of temperature and H2O mole frac-
tion for no injection case, two large peaks are observed at about
125 Hz and 140 Hz, which correspond to the peak frequencies of
the pressure fluctuation in the swirl-stabilized turbulent combustor
[22]. Since combustion oscillations are caused by feedback inter-
action between natural resonance of combustor and fluctuation
of heat release rate, fluctuation of temperature, which is closely
related to the fluctuation of heat release rate, shows the same
frequency with that of pressure in the combustor. In addition, fluc-
rate, since H2O is one of combustion products. Therefore, diode-
laser absorption spectroscopy can be used to detect the fluctuations
of temperature and H2O mole fraction, which may correlate with
the pressure fluctuation in the combustor. By injecting secondary

Table 2
Effects of secondary fuel injection on r.m.s. values of temperature and H2O mole
fraction.

No injection Continuous 10 Hz 40 Hz 70 Hz

T (%) 17.7 6.6 6.5 6.3 6.6
XH2O(%) 20.6 6.8 7.1 7.3 7.5
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ig. 5. Power spectra of temperature and H2O mole fraction obtained for no sec-
ndary fuel injection and continuous secondary fuel injection.

uel continuously, energies at the peak frequencies are reduced and
hose of high frequencies decrease. However, a new peak is induced
t about 230 Hz. These results indicate that continuous secondary
uel injection does not sufficiently suppress combustion oscillation
nd that new feedback interaction is induced by secondary fuel
njection.

Fig. 6 shows effects of intermittent secondary fuel injection on

uctuations of temperature and H2O mole fraction. For the cases
f intermittent secondary fuel injection, energies at the peak fre-
uencies are suppressed compared with continuous secondary fuel

njection case. However, new peaks are induced at injection fre-

ig. 6. Power spectra of temperature (a) and H2O mole fraction (b) obtained for
ontinuous and intermittent secondary fuel injection.
Fig. 7. Transmitted signals of two diode-lasers (a) and power spectra of trans-
mitted signals for no secondary fuel injection case and 40 Hz injection case in
fixed-wavelength method (b).

quencies. Especially for 70 Hz injection, the new peak energy is
larger than peak energies of continuous injection case. This charac-
teristic might be the reason why the noise level of 70 Hz injection is
larger than that of continuous injection. On the other hand, for 40 Hz
secondary fuel injection, which is appropriate for the reduction
of combustion noise and the suppression of pressure fluctuation,
the energy at injection frequency is relatively low and energies in
high frequency region are low compared with the other injection
cases. These results show that combustion oscillation and combus-
tion state related to combustion noise can be detected by the power
spectra of temperature and H2O mole fraction measured by using
diode-laser absorption spectroscopy.

5. Combustion measurements by fixed-wavelength method

Transmitted signals of two diode-lasers fixed at the centre
wavelengths of transitions are shown in Fig. 7(a) for the no fuel
injection case and 40 Hz injection case. Transmitted signals show
fluctuations similar to those of temperature and H2O mole frac-
tion obtained by the scanned-wavelength method shown in Fig. 4.
By injecting secondary fuel at 40 Hz, fluctuation of the signals is
suppressed about 3%. Power spectra of these signals are shown
in Fig. 7(b). Power spectra obtained by fixed-wavelength method
shows similar tendency of those by scanned-wavelength method.

The energy at the peak frequency and in high frequency region is
reduced for 40 Hz injection case remarkably. In fixed-wavelength
method, it is difficult to measure temperature and H2O mole frac-
tion, since the ratio of the peak values of absorbances is a function
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f not only temperature but also mole fraction and wavelength as
hown in Eq. (8). However, combustion oscillation can be detected
y analysing frequency characteristics of transmitted signal. In
ddition, this fixed-wavelength method can be applied to high-
ressure condition like gas turbine, where molecular absorption
ands may be broad significantly. The advantage of the fixed-
avelength method is capability of detecting higher frequency

scillation more than 1 kHz.

. Conclusions

Diode-laser absorption spectroscopy has been applied to the
wirl-stabilized turbulent combustor to detect high frequency com-
ustion oscillation and combustion state related to combustion
oise.

Scanned-wavelength method has revealed that peak frequen-
ies of temperature and H2O mole fraction correspond to those
f the pressure fluctuation in the combustor, and that secondary
uel injections reduce the energies at peak frequencies and in high
requency region.

Intensity of fluctuation of the temperature shows minimal value
hen the secondary fuel is injected at appropriate frequency of

0 Hz.
In fixed-wavelength method, the power spectra of transmitted

ignals show the same tendency with those of temperature and H2O
ole fraction obtained by the scanned-wavelength method.

Diode-laser absorption spectroscopy has high temporal reso-
ution and high accuracy enough to detect turbulent combustion
scillation.
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