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In this work a simple method was succesfully applied to observe pro� les of high temperatures above 2000 K
in a combustion � eld by combining a chemical seeding technique and a high-speed shuttering camera � tted with
an optical bandpass � lter. Spontaneous atomic emission pro� les of chromium triplets from a partially premixed
� ame of acetylene-oxygen seeded with potassium chromate were measured to estimate the excitation temperature
pro� le in the � ame. An asymmetric Abel inversion was also successfully applied to illustrate radial pro� le of the
excitation temperature. A signi� cant difference in the pro� le was recognized between the results with and without
this process. The lower temperature around the � ame axis and a high-temperature donut in the middle zone were
found and discussed in conjunction with mixing of acetylene and oxygen.

Nomenclature
Anm = Einstein’s transition probability for spontaneous

emission, s¡1

A1i;2i = transition probability from i th sublevel of chromium
triplet 1, 2, 108 s¡1

c = velocity of light, ms¡1

E j = energy of j th level, eV
En = term energy of upper level, eV
E1i;2i = energy of i th sublevel of chromium triplet 1, 2, eV
g j = statistical weight for j th level
gn = statistical weight for upper level
g1i;2i = statistical weight for i th sublevel of chromium

triplet 1, 2
h = Planck’s constant, Js
I1;2 = observed intensity of chromium triplet 1, 2, Wm¡2

J1;2 = spectral intensity of chromium triplet 1, 2, Wm¡3
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kB = Boltzmann’s constant, eVdeg¡1

x = coordinate set along eyeline for observation,mm
y = coordinate set along longitudinaldirectionof � ame, mm
z = coordinate set along transverse direction of � ame, mm
ºnm = frequency of spectral line for transition from nth level

to mth one, s¡1

º1i;2i = frequency of light from i th sublevel of chromium
triplet 1, 2, s¡1

½1;2 = instrumental function for observation of chromium
triplet 1, 2

Subscripts

i = sublevel of chromium triplet (i D 1, 2, 3)
j = energy level of atom
m = lower level of atomic energy state
n = upper level of atomic energy state
p = one of two triplets (p D 1, 2)

Introduction

I N various � elds, such as aeronautics, aerospace sciences, and
energy conversion and furnace technologies, measurements of

high temperatures above 2000 K in � ames and combustion plas-
mas that are hardly measurable with conventional thermocouples
are among the most important basic issues in conjunction with
heat and mass balances, chemical composition,and thermodynamic
characteristicsduringcombustion.Conventionalnonintrusivemeth-
ods for temperature measurements include line-reversal method,1

methods of spectral intensity ratio,2¡4 and laser techniques.5 The
line-reversalmethodshave widely been applied to combustionplas-
mas because their measurable temperature ranges are close to those
of observed � ames, intense resonance lines of seed elements lie
in a visible region, and the instrumentation is relatively simple.
However, most of conventional line-reversalmethods are based on
line-of-sight measurements and require laborious mapping to ob-
tain temperature pro� les. Thus, the spatial resolution is limited,
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and the temperatures obtained are also dependent on the selected
wavelength.

The two-wavelength planar laser-induced � uorescence tech-
nique6 is among the most powerful tools for pro� ling of � ame
temperatures. Because the difference in energy between the lev-
els is small for rotational levels of molecular species such as OH
radicals, however, the precisionwould become poor at high temper-
ature above 2000 K. In addition, sophisticatedlaser systems are not
suitable for in situ � eld measurementsunder harsh conditions,such
as industrial furnaces and propulsion engines.

Thus, simple and rugged methods are required for pro� ling of
high � ame temperatures above 2000 K. Recently, we have reported
preliminary results obtained with a two-dimensional line-reversal
method applied to a potassium-seeded acetylene-oxygen � ame.7

The details will be published elsewhere. In the previous studies our
group developed a simple method for pro� ling high temperatures
above 2000 K, by seeding an analyte � ame with chromium and by
using a high-speed digital camera � tted with an interference � lter
with a narrow optical bandpass width and applied to an C2H2/air
� at � ame.8;9 In this study we applied this method to a C2H2/O2 jet
� ame and also examined effects of the Abel inversion10¡12 to obtain
the radial distribution of � ame temperature.

Theoretical
The principleapplied to our techniqueis basedon the well-known

two-line method,13 or two-color method. In this study chromium
was chosen as the seed element introduced in an acetylene/oxygen
� ame, and its two triplets of atomic emission were measured by a
high-speed shuttering camera � tted with a narrow bandpass � lter.
The chromium triplets at the shorter and longer wavelengths are

Table 1a Physical properties of the chromium triplets observed:
triplet at shorter wavelength

Weighted transition
Wavelength Excitation energy probability g1i A1i

c=º1i .i D 1; 2; 3/, nm E1i .i D 1; 2; 3/, eV .i D 1; 2; 3/, 108 /s

357.9 3.46 8.3
359.3 3.44 7.0
360.5 3.43 5.2

Table 1b Physical properties of the chromium triplets observed:
triplet at longer wavelength

Weighted transition
Wavelength Excitation energy probability g2i A2i

c=º2i .i D 1; 2; 3/, nm E2i .i D 1; 2; 3/, eV .i D 1; 2; 3/, 108 /s

425.4 2.91 2.0
427.5 2.90 1.5
429.0 2.89 0.95

Fig. 1 Spectrum of the chromium triplet at the shorter wavelength
(——) and transmittance of bandpass � lter ( ).

Fig. 2 Spectrum of the chromium triplet at the longer wavelength
(——) and transmittance of bandpass � lter ( ).

shown in Figs. 1 and 2, respectively, and the physical properties of
their components are listed in Table 1 (Refs. 9, 14). These triplets
are resulting from transitions with the relatively small excitation
energiesof about3 eVand large transitionprobabilitiesto giveeasily
detectable emission intensities at temperatures around 2000 K.

However, the bandpassis notnarrowenoughto separate the triplet
component lines. Thus, the intensity measured is the sum of the
componentintensities.The equationsused to calculatethe excitation
temperature are given as follows.9

The spectral intensity of an atomic line is expressed by the fol-
lowing equations on the basis of the Boltzmann’s distribution law:

Jnm D hºnm Anm Nn (1)

Here, the number density of the upper level Nn is given as a function
dependent on the total number density of atoms of interest N and
the excitation temperature T , namely,

Nn D [Ngn=Q.T /] exp.¡En=kB T / (2)

where Q.T / is the partition function expressed by the following
equation:

Q.T / D
X

j

g j exp

³
¡E j

kB T

´
(3)

The spectral intensity of a chromium triplet is given by the fol-
lowing equation:

Jp D
µ

hN

Q.T /

¶ 3X

i D 1

ºpi gpi Api exp

³
¡E pi

kB T

´
p D 1; 2 (4)

The ratio of the two chromium triplets is expressed as follows:

J1

J2
D

P3
i D 1 º1i g1i A1i exp.¡E1i =kB T /

P3
i D 1 º2i g2i A2i exp.¡E2i =kB T /

(5)

Thus, the excitation temperature can be estimated from the in-
tensity ratio of the two triplets. In practice, however, the intensity
detected by the pixels of the camera detector is necessary to be cor-
rected for the instrumental function depending on the wavelength,
in conjunctionwith the transmittanceof the optical components in-
volved and the pixel sensitivity.In addition, the intensitiesobserved
by thecamera pixels are those integratedthroughthe � ame thickness
from x0 to xl along the eyeline, as given by the following equation:

I p D ½ p

Z xl

x0

Jp.x/ dx p D 1; 2 (6)

The Abel inversion is required to obtain the radial intensities of the
chromium triplets. The algorithm used for this process in this study
is an asymmetry version.15
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a)

b)

Fig. 3 Experimental system for measurement of � ame temperature
pro� le: a) top view of overall apparatus and b) cross section of burner
nozzle.

Experimental
Instrumentation

Figure 3 shows the schematic diagram of the experimental sys-
tem assembled for this study. The system consists of the premixed
acetylene/oxygen � ame supported on a conventional burner used
for welding, the chromium seeding apparatus, the high-speed shut-
tering camera of a � eld size of 768 £ 493 pixels, and an image
intensi� er with a variable gate width (shutter speed) ranging from
20 ns to 1 ms (Hamamatsu Photonics Model C4053) � tted with an
optical bandpass � lter, the dedicated interface, and the microcom-
puter (Macintosh Model 7100/80). The direction of burner axis is
horizontal.A monochromatic� ame image of spontaneousemission
of chromium atoms is focusedon the charge-coupleddevice (CCD)
detector of the digital camera through the � lter and the lens. Two
� lters with a transmittance of 20–45% and a bandpass width of
10 nm at 359 and 427 nm were used for the measurements of two
chromium triplets, respectively (see Figs. 1 and 2). The gate width
of the image intensi� er was set at 1 ¹s. One-hundred twenty-eight
frames were acquired at a rate of 30 frame/s and integrated on the
interface memory to give a time-averaged image, followed by the
computer storing and postprocessing.

Figure 4 shows the detail of the chromiumseedingor introduction
apparatus. This consists of the nebulizer (TSI Incorporated Model
3076), the heating chamber, and the condenser for desolvation.An
aqueous solution of 5–10 gCr/` as potassium chromate contained
in the reservoir is taken up and nebulized with oxygen gas. The
reagent of analytical grade and deionized water were used for the
chromium solution. The particulates diameter ranges 0.02–0.3 ¹m
(nominal) and the � ner ones are transported into the heating cham-
ber. The coarse particulates are drained back to the reservoir and
recirculatedfor further nebulization.The aerosolwater is vaporized
in the heating chamber and drained out from the condenser. The
resulting dry aerosols and the oxygen carrier gas are then mixed
with the acetylene � ow and fed to the burner (see Fig. 3b). The es-
timated amounts of chromium and potassium that reach the burner
are 0.22–0.45 ¹g/min and 0.34–0.68 ¹g/min, respectively.The re-
duced � ow rates of oxygen and acetylene were regulated at 3.43
and 1.95 `/min with � uctuation within 2.5% throughout a run for
30 min, respectively.The � ame generated by the burner is laminar
steady jet � ame.

The atomic emission spectra of the chromium triplets were ob-
served by a multichannel spectrometer with a linear CCD detector
of 1024 channels, a grating of 1200 grooves/mm, and a blaze wave-
length of 500 nm (Hamamatsu Photonics Model C5095).

Fig. 4 Chromium-seeding apparatus.

Fig. 5 Outline of image data processing.

Data Processing
Because backgroundemission exists in the raw image data of the

chromium triplet intensity, its removal is necessary to obtain the net
spectral intensity. In addition, the correction is also necessary for
the two chromium triplets with regard to the difference in the instru-
mental function depending on the wavelength. The data processing
including these corrections is shown in Figure 5.

The background emission images for the chromium triplets
I1bg.y; z/ and I2bg.y; z/ were separatelymeasured with interference
� lters of central wavelengths337 and 450 nm and a bandpasswidth
of 10 nm, respectively. Here .y; z/ is the coordinate of image. The
pretreatment, or step 2, is applied to the four images thus obtained,
the raw images I1.y; z/ and I2.y; z/ and the background images
I1bg.y; z/ and I2bg.y; z/: the dark current images acquired before
are subtracted from the raw image data pixel by pixel. The correc-
tion for the instrumentalfunction,or step 3, includesthe dependence
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Fig. 6 Characteristics of the spatial � lters.

of the image intensi� er/CCD detectorsensitivityon the wavelength,
the CCD ° function, and the dependenceof the transmittanceof the
opticalelements.The overallwavelengthdependencewas calibrated
using an National Institute of Standards and Technology Standard
Lamp (Genaral Electric Company Model EPT-1336). Furthermore,
detailed correction for likely spatial optical effects should be made.
However, it was dif� cult because the effective area of the lamp
� lament was limited.

Step 4 involves operations of spatial averaging by a recursive
in� nite impulse response (IIR) � lter16 and a moving averaging17;18

to remove high-frequency noises. Figure 6 shows the amplitude-
wave-number characteristics of a low-frequency passing recursive
IIR � lter and a spatial moving-averaging � lter used for numerical
treatment in this step. In general, the spatial resolution is almost
determined by the latter � lter and is estimated to be about 6 mm
based on the cutoff spatial frequency that is calculated from the
curve in Fig. 6. Step 5 is for the background image correction.

Step 6 is the calculation of the excitation temperature image
obtained by pixel-by-pixel calculations. The temperature pro� le
is not a real radial distribution but more of averaged pro� le be-
cause the image intensity is observed as integrated along the trans-
verse direction of the � ame. Step 7 is the Abel inversion process
to obtain the radial pro� les of the spectral intensity. This process
is applied to the image data after steps 1–5. The asymmetric Abel
inversion is adopted to permit the process for both symmetric and
cylindrically asymmetric emission pro� les19 along the � ame axis.
Finally, step 8 is the calculation of the radial pro� les of excitation
temperature.

Results and Discussion
Temperature Pro� le Without Abel Inversion

Figure 7 demonstrates the typical images of spontaneous emis-
sion intensities I1.y; z/ and I2.y; z/ of the chromium triplets at the
a) shorter and b) longerwavelengths,obtainedafter the spatial aver-
aging and background-subtraction processes (steps 1–5). The total
time requiredfor measuringa) the � rst image for 4.3 s, changing the
optical � lter and b) the second run was within 10 min. The left end
of the image � eld corresponds to the position 73 mm downstream
from the burner nozzle. The abscissa represents the longitudinal
distance from the burner nozzle and the ordinate the transverse dis-
tance from the burner axis: the signs C and ¡ indicate the upper and

Fig. 7 Observed images of emission intensity for the triplets at the a)
shorter and b) longer wavelengths.

lower direction from the horizontallysupported� ame, respectively.
As seen from these � gures, the combustionzone is within from ¡20
to C30 mm in the transverse direction. The � ame length visually
estimated was around 200 mm.

Figure 8 shows the temperature pro� le obtained by using Eq. (5)
without the Abel inversion (step 6 in Fig. 5). The temperature in
the central region of the � ame is around 2250 K and becomes lower
towards the peripheral zones: its gradient is steeper on the lower
direction, compared with that on the upper one. This is probably
caused by the buoyancy effect causing the � ame asymmetry. The
highest temperature exists in the central region above the burner
nozzle or the upstream and becomes lower gradually along the lon-
gitudinal direction of the � ame. The temperature measured with a
line-reversal method of potassium, which is again not the radially
resolved temperature, was 2200–2300 K in an area of 4 £ 4 mm at
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Fig. 8 Pro� le of excitation temperature without the asymmetric Abel
inversion. Unit of numbers inside � gure is Kelvin. Central line (– - – -)
shows the elongation of burner axis.

Fig. 9 Radial pro� les of emission intensity for the triplet at the shorter
wavelength after the asymmetric Abel inversion. Numbers inside � gure
shows relative intensity in an arbitrary unit.

the position 8.4 cm apart from the burner nozzle.20;21 The temper-
ature at the same position in Fig. 8 is around 2250 K and thus in
good agreement within a relative error of 5%.

Radial Pro� les of Atomic and Background Emission Intensities
The temperature pro� le shown in Fig. 8 does not re� ect the real

radial temperature pro� le because it is calculatedwith the intensity
pro� les integratedalong the transversedirectionof the � ame. To ob-
tain the radial temperature pro� le, the asymmetric Abel inversion
was applied to the emission pro� les (step 7 in Fig. 5). The results
on the vertical cross section including the � ame axis are shown in
Figs. 9 and 10 for the triplets at the shorter and longer wavelengths,
respectively. There are � uctuating contours of the emission inten-
sity around the C17 mm off-axis region. This is mainly caused by
the ampli� cation of spatially high frequency caused by improper

Fig. 10 Radialpro� les of emission intensity for the triplet at the longer
wavelength after the asymmetric Abel inversion. Numbers inside � gure
shows relative intensity in an arbitrary unit.

Fig. 11 Radial pro� le of the backgroundemission near the chromium
triplet at the longer wavelength after asymmetric Abel inversion. Num-
bers inside � gure shows relative intensity in an arbitrary unit.

setting of the � ame axis. In spite of uncertaintyby such � uctuation,
some characteristicsof the � ame can be recognized. In the longitu-
dinal direction of the � ame, the atomic emission intensity is higher
around the � ame axis for both of the chromiumtriplets.The spectral
intensityof the triplet at the shorterwavelengthbecomes lower more
signi� cantly in the peripheral zones than that at the longer wave-
length. This re� ects that the excitation temperature is higher and
lower in the central and peripheral regions, respectively. After the
asymmetric Abel inversion the intensity is suppressed in the central
region while it is enhanced in the peripheral ones (compare Fig. 7a
with Fig. 9, and Fig. 7b with Fig. 10).

Figure 11 shows the radial pro� le of the background emission
near the chromium triplet at the longer wavelength.The most likely
species causing this background through the interference � lter at
450 nm includes CH radicals with the band head wavelength of
431.2nm. The backgroundemission level was negligiblysmall near
the chromium triplet at the shorter wavelength.

Radial Pro� le of Excitation Temperature
Figure 12 shows the typical radial pro� le of excitation tempera-

ture. A largedifferencein the temperaturepro� le is recognizedfrom
a comparison of Figs. 8 and 12. In the radial pro� le there are two
high-temperature regions in the middle zones, or three dimension-
ally a high-temperaturedonut, whereas without the Abel inversion
the high-temperatureregion is given in the central region around the
� ame axis. Thus, the Abel inversion is effective to illustrate the
real radial distribution. The temperature is lower by 200–300 K
around the � ame axis. This is mainly attributable to the incomplete
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Fig. 12 Radial pro� le of the excitation temperature after asymmetric
Abel inversion. Unit of numbers inside � gure is Kelvin. Central line
(– - – -) shows the elongation of burner axis.

combustion because of insuf� cient mixing of the fuel with oxygen
suppliedfrom the outer ring of the burnernozzle.In the donut region
the oxygen is also supplied from the ambient air to allow more ef� -
cient combustion,and temperaturescloser to adiabatic temperatures
are attained consequently.

Conclusions
In thisworka newtemperature-pro� ling techniquewas developed

by combininga two-line method of chromium triplets and the high-
speed digital camera � tted with the optical interference � lter. The
excitation temperature was in good agreement with that obtained
with the line-reversal method. To illustrate the radial distribution
of the excitation temperature, the asymmetric Abel inversion was
applied to the emission intensities of the chromium triplets, prior
to the temperature calculation, and the results with and without
this process were compared. The former pro� le indicated that the
temperature was lower around the � ame axis and that there was the
high-temperaturedonut structure.This was reasonablyexplainedby
thedifferencein mixing rate in the radial location.There is a problem
that is related to the precision in the asymmetric Abel inversion
and re� ects onto the radial pro� le of the excitation temperature.
Another problem is that the seed element chromium is toxic for the
environment. Iron is an alternative element usable for this method.
The optimizationof the � ame-axis setting for the asymmetric Abel
inversion and iron seeding are now under investigation.
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