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The paper presents the results of simulation and experimental study on the efficiency of selecting a pair of
excitation lines of OH hydroxyl radical for the (1-0) transition for the A’£*—XI1 system for local temperature meas-
urement in a hydrocarbon flame. The LASKIN software was used for the numerical simulation. The temperature field
for a laminar methane-air premixed flame (with equivalence ratio equal 1.1) at the atmopsheric pressure was measured.
Different combinations of literature-recommended pairs of excitation lines were considered. The results of numerical
simulation agree with a theoretical dependency for the temperature range of 1200—2100 K for the coupled excitation
lines Q(5):Qi(14) and Qi(5):Qx(11). However, a moderate discrepancy is observed for the pairs R(2):Rx(13) and
R2(2):R5(10). It is concluded that the coupled excitation of Q;(5):Q;(14) and R,(2):R,(13) lines provide a higher sensi-
tivity to the temperature variation. The benefit of the latter pair is that these transitions correspond to close values of
the excitation wavelengths in the vicinity of 282 nm. Therefore, this can be convenient for the arrangement of experi-
ments.
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The method of Planar Laser-Induced Fluorescence (PLIF) is widely used for the diagnos-
tics of flows. This method is based on the imaging of the local molecular fluorescence intensity
which is induced by a laser in a selected plane of the flow. For flows with combustion, the va-
rying of laser wavelength makes possible the exciting different types of reactive molecules
(hydrocarbons and O,), intermediates (HCHO, HCO, CH, CO, OH, etc.) or combustion pro-
ducts (NO, NO,). The technique is used also for the tracking of reaction-inert molecules
(I, SO,). In particular, the PLIF technique is often used for the analysis of the spatial distribu-
tions of radicals and for the visualization of the hot zones or local regions with chemical reactions
[1-3]. The PLIF method can be used also for non-intrusive measurements of temperature fields
in reacting or non-reacting gaseous flows. For example, NO is used for the temperature mea-
surements in high-speed flows [4] and in flows with combustion at high temperatures
(up to 2300 K) [5].
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For the case of a steady laminar flame, the scanning of the excitation wavelength for NO
fluorescence (with concentration up to 2000 ppm) offers the 2D temperature field measure-
ments (up to ~ 2200 K) with the accuracy better than 10 % [6]. The limitation of this approach
is a long time of the measuring procedure; therefore, it can be applied to steady flows only.
A similar PLIF-based thermometry approach relies on the fluorescence excitation for two dif-
ferent transitions. This approach, unlike the wavelength scanning, provides a lower accuracy,
but a better time resolution and can be applied to study turbulent flames (only two laser pulses
are needed). The 2D [7, 8] and 3D [9] visualization of almost instant temperature distributions
is possible through OH fluorescence registration (excitation for two separate bands [10]).
These two approaches (excitation of two bands or scanning of OH fluorescence spectrum) for
measuring temperature fields had been discussed in [11].

In general, this two-line OH PLIF method is based on the recording the ratio of fluores-
cence intensities while exciting two transitions into one upper state. Typically, the PLIF with
excitation of OH (hydroxyl radical) (1-0) band for the wavelengths near 282 nm and recording
the intensity of (1-1) and (0-0) bands within the range 300 —320 nm is used. Since the selection
rules put limits on the rotational quantum number, the temperature sensitivity of the method is
low, when the excitation is performed for two close initial states in the oscillation band (1-0).
Therefore, the method is used for the excitation transitions not overlapping with the other ones.
In particular, R,(10), R;(12), Ry(2), R,y(13), Q,(5) lines are used near 282 nm and Q,(11) and
Q,(14) lines near 286 nm. Sometimes, the spectral lines overlapping with other lines are
used, e.g., P,(2) which is near R;(14), or Ry(8) which is near R,(5). The common practice is to
use the ratio of the fluorescent intensities of the pair lines P;(2):R,(13) and Q,(5):Q,(14) (see
[7, 10] and [9, 11]) and also the pairs P;(2):Q,(11), Q,(5):Q,(11), P(1):R,(14), Ry(8):Q,(11)
[11-13]. Different publications offer controversial conclusions about the efficiency of the dif-
ferent paired bands for the temperature measurements.

In this paper, we performed a numerical and experimental study for the efficiency of us-
ing the most popular combinations of the excitation lines (Q,(5):Q,(14), P;(2):R,(13)) and less
common combinations (Ry(2):R,(13), Ry(2):R,(10)) for the band A*X"—X*IT (1-0) while record-
ing the fluorescence intensity for spectral transitions (0-0) and (1-1). The LASKIN software was
used for the numerical simulation of OH fluorescence [14]. The experiments were performed for
a laminar premixed methane-air flame (with an equivalence ratio ® = 0.9). The fuel-air mixture
is supplied from a profiled axisymmetric nozzle with the outlet diameter of d = 15 mm. The axial
mean flow velocity at the nozzle exit was U, = 1 m/s, and the Reynolds number was Re = 1000.
The PLIF recording system consisted of a tunable pulse dye laser (Sirah Precision Scan), a pul-
sed pump Nd:YAG laser (Quanta-Ray), and a Princeton Instruments PI-MAX-4 intensified CCD
camera (1 Mpixel, 16 bit, S20 photocathode), with a fused silica lens and a band-pass optic
filter (310 + 10 nm).

Another set of optic lenses converted the laser beam into a collimated laser sheet with
the width of 50 mm and thickness of 0.8 mm. The average laser pulse energy (emission at
281—285 nm wavelength) was about 20 mJ. The linear mode of fluorescence was checked by
varying the laser emission power. The problem of accounting for the nonuniform laser energy
distribution and pulsations of the laser energy was solved by redirecting a part of the laser
beam power (5 %) by reflecting it by using a quarts plate into a calibration cuvette (filled with
a 6G rhodamine solution). The spatial distribution of the fluorescent signal inside the cuvette
was recorded using a CCD camera (ImperX Bobcat IGV-B4820, 16 Mpixel, 12 bit).

Figure 1 presents the ratio of fluorescence signals integrated for the range 300—320 nm
taken for different excitation pairs. The symbols are the simulation data using the LASKIN
software, and the curves are the analytical functions for the signals ratio vs. temperature which
are based on equation:
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where R is the ratio of fluorescence signals (S> and S) excited by different transitions,
1 is the energy of the laser pulse, B is the Einstein absorption coefficient for the ground state,
Jis the rotational angular momentum quantum number, £, and E, are the energy levels of
the excited states, & is the Boltzmann constant, and T is the temperature. The energies of ground
states £, and E, are taken from [15]. The vertical dashes on the analytical lines depict the limits
of the range of the experimental data available for this particular pair of transitions.

The graphs indicate that the best matching between the results of the numerical simula-
tion and theoretical formula takes place for these pairs: Q; (5):Q, (14) and Q, (5):Q,(11). For
them, the discrepancy is below 7 % for the temperature range 1200—2100 K. Meanwhile,
the Q1 (5):Q1 (14) pair demonstrates the higher sensitivity for this interval (the intensity ratio
varies by four times for the interval 1200—2100 K). The data for R,(2):R,(13) and
R, (2):R,(10) pairs also demonstrate a good compliance with the experimental data in this
temperature interval: the discrepancy is less than 14 % while providing a high temperature sen-
sitivity for R, (2):R, (13) pair. Although the P, (2):R,(13) and P,(2):Q,(11) pairs demonstrate
a high sensitivity, the discrepancy between the simulation and theory is much higher.

The PLIF error can be decomposed into a precision (the random error related to signal-
to-noise ratio) and accuracy (a systematic error, including the calibration inaccuracy). In this
study, we use a single-detector registration scheme, correct for the radiation energy within
the laser sheet and subtract the background. Therefore, the systematic error from the detector is
considered much lower than that of the calibration. For the improvement of the signal-to-noise
ratio, the images can be averaged. As a result, the actual signal-to-noise ratio was higher than
30:1. Thus, the random part of error was below 5 % of the measured value. The publications
[16, 17] offer a detailed analysis of error sources occurring in the temperature-and-concent-
ration measurements for the flame (the technique of Spontaneous Raman Scattering — SRS).
These data give the standard deviation of the measured temperature by the method [18] as
a value of about 10 %.
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Fig. 1. The OH fluorescence ratios for different excitation
transition pairs of the (1-0) band in A*Z*—XII system.

1 —Q,(5):Qi(14), 2—Q(5):Q,(11), 3 —Ry(2): Ry(13),
4—R,(2):Ry(10), 5 —P,(2):Q,(11), 6 — P (2):Ry(13).
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Fig. 2. Comparison between the local temperature values estimated from two-line OH
PLIF and SRS [18] (filled symbols). Symbols are taken from Fig. 1.

Figure 2 shows the temperature profiles (at 22.5 mm from the nozzle exit) calculated from
experimental PLIF data and similar data measured by the SRS technique [18]. The data for
the R, (2):R, (10) pair provide a significant overestimation of the temperature (even compared
to the adiabatic temperature 2118 K for this fuel-air mixture): this might be explained by a low
sensitivity for this pair. For the spectral pairs P;(2):R, (13) and P, (2):Q2(11), the temperature
is underestimated. Probably, this is due to the fact that Py (2) line is close to R;(14) line
and the excitation of two transitions generates a high calibration error. For the set of lines
(Q,(5):Q,(14), Q;(5):Q,(11), and R, (2):R,(13)), there is a high compliance between the tempera-
ture estimates (mismatch is less than 90 K). The minimum values of the detected temperature
for all cases are approximately 1350 K.
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