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Abstract: The possibility of measuring the concentration of HoO molecules in flames based on
the absorption of terahertz free-electron laser radiation was studied. These measurements were
performed using the 177.32 cm ™! absorption line in the rotational spectrum of HyO. This line has
a low intensity at room temperature, and at about 1000 K, its intensity is comparable to that
of the strongest lines. The temperature dependence of the radiation absorption coeflicient at a
frequency of 77.32 cm~! was studied theoretically and experimentally. It is shown that the method
can be used for measurements in a sooty CoHy/Oo/Ar flame, which strongly scatters visible and

UV radiation.
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INTRODUCTION

Interest in the use of terahertz radiation (1-10 THz
or 30-300 pum) for flame measurements is due to the
fact that this range contains the rotational transition
lines of many free radicals that play an important
role in combustion processes. The absorption spectra
of atmospheric-pressure flames in the terahertz range
have been studied [1-4] by time domain terahertz spec-
troscopy using femtosecond lasers to generate short
pulses of terahertz radiation. It has been found that
most of the absorption lines of the flames are due to the
rotational transitions of water molecules in the ground
and vibrationally excited states [2]. The absorption
lines of free radicals whose concentration is much lower
than the concentration of water have low intensity. De-
tection of free radicals in the terahertz range requires
special techniques to improve sensitivity. In [5, 6], OH
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radicals were detected using a technique based on the
rotation of the plane of polarization in a magnetic field.

The free electron laser (FEL) currently operated
in Novosibirsk is a powerful source of laser radiation
tunable in the terahertz range [7]. A technique is be-
ing developed to produce two-dimensional images in the
terahertz range [8]. Of great interest is the application
of this technique to producing flame images with the
use of laser radiation tuned to the absorption lines of
combustion products. The long-wave FEL radiation is
weakly scattered by micron-size particles, which makes
this technique a promising tool for studies of strongly
scattering media which are nontransparent in the visi-
ble range, such as sooty flames (with a large equivalence
ratio) and coal dust flames.

This paper describes a technique of noncontact
measurement of water vapor concentration from absorp-
tion in the terahertz range, and demonstrates the pos-
sibility of using this method to measure water vapor
concentration in sooty flames.
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Fig. 1. Region the spectrum of atmospheric air con-
taining water vapor (a) and the position and relative
intensities of the absorption lines of water vapor from
the database of [9] (b).

SELECTION OF THE ABSORPTION LINE
FOR MEASUREMENTS

At room temperature, the water vapor contained
in the atmosphere has intense absorption lines in the
terahertz range. Figure la shows the absorption
spectrum of atmospheric air in the tuning region of
the free electron laser. The spectrum was recorded
by a Bruker IFS-66 spectrometer with a resolution
of 0.12 ecm™! for an optical path length of 18 cm, a
temperature of 25°C, and a relative humidity of ~40%.
Figure 1b, plotted using the database of [9] shows the
position and relative intensities of the lines in the ro-
tational spectrum of water at 300 K. All the observed
absorption lines of atmospheric air coincide with the
known absorption lines of water vapor. The absorption
coefficient of atmospheric air at the strong lines is large
enough: more than 98% of the radiation is absorbed at
a frequency of ¥ = 88 cm™! and a length of 18 cm.

In a typical experiment, the length of the supply
optical paths is usually significantly greater than the
optical path length in the flame. Therefore, it is re-
quired to decrease the absorption in the supply paths
in the region adjacent to the flame by purging with a
dry inert gas. The problem of radiation absorption in
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the paths is exacerbated by the fact that the width of
the laser emission spectrum is greater than the width of
the absorption line. Therefore, the spectrum of the FEL
radiation that reaches the flame may be very different
from the original one. In fact, in a situation where the
free-electron laser is tuned to a strong absorption line of
water vapor, even when purging the paths, one cannot
be sure that the radiation spectrum on the sample is
not distorted. A situation easily arises where the spec-
tral radiation components coincident with the absorp-
tion line have already been absorbed in the paths, and
the radiation incident on the sample does not coincide
with the absorption line.

Another factor that complicates the measurement
of the absorption of terahertz radiation in the flame is
a sharp decrease in the intensity of most of the absorp-
tion lines of water vapor with increasing temperature.
This is due to a change in the distribution of water va-
por molecules over the rotational levels, resulting in a
decrease in the population difference between the rota-
tional levels. For strong absorption lines of water vapor,
the intensity decreases with increasing temperature as
~ ZogtT™' = T75/2 [6], where Z,o is the rotational
partition function.

These problems can be overcome by a special choice
of the absorption line for measurements. Due to high
absorption in the atmosphere, one should not use the
strongest lines. An important factor is the energy of the
rotational state of the radiation-absorbing molecules. If
the absorption line corresponds to the transition from a
high rotational level of Ho O molecules, which is sparsely
populated at room temperature, the absorption coeffi-
cient at room temperature will be small, and at higher
temperatures it should increase.

For the measurements we chose the absorption line
at a frequency of 77.32 cm~!. This line corresponds
to the 936 — 945 rotational transition (the standard
notation of the rotational states of water molecules
Jk, k,) is used). According to information from [9],
the energy of the lower state is £(936) = 1283 cm™!,
which is about 6kT" (k is Boltzmann’s constant) at room
temperature. For this reason, the absorption coeffi-
cient of this line at room temperature is small (see
Fig. 1). With increasing temperature, the population
of the lower state increases, which leads to an increase
in the absorption coefficient.

Figure 2 shows how the redistribution of the popu-
lation of rotational levels on heating changes the relative
intensity of four absorption lines of water vapor in the
range of 77-80 cm~!. For the most intense line at a
frequency of 79.77 cm ™!, the energy of the lowest rota-
tional state is B4 = 142 cm™!. The intensity of this line
decreases rapidly on heating. This temperature depen-
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Fig. 2. Variation in the relative intensity of four absorp-
tion lines of water vapor in the range of 77-80 cm™":
the corresponding portion of the spectrum at room tem-
perature is shown in the inset; the line chosen for the
measurements is enclosed in a circle.

dence of the absorption coefficient is typical of strong
lines with a low-lying lower state. The 78.92 cm~! line,
for which the energy of the lower state is F3 = 206 cm™!,
shows a similar temperature dependence.

A different behavior is observed for the lines at fre-
quencies of 77.32 and 78.20 cm ™, for which the energy
of the lower rotational state is 1283 and 704 cm ™, re-
spectively. The intensities of these lines increase with
increasing temperature. The most suitable line for the
measurements in the flame is the one at a frequency of
77.32 cm ™!, which has a small absorption coefficient at
room temperature and a relatively weak temperature
dependence at ~1000 K.

EXPERIMENTAL METHOD

The experiments were performed using a NovoFEL
free-electron laser [7]. The laser wavelength can be
tuned in the range of 118-230 ym (2.5-1.3 THz) with a
power of up to 100 W. The FEL radiation spectrum is
controlled by a Bruker IFS-66 infrared spectrometer.

For this work, an important component of the
experimental setup was a system of beam distribu-
tion over the workstations. The FEL is located in a
radiation-hazardous area in which the location of per-
sonnel and experimental equipment of users is not al-
lowed. A sealed system containing rotating mirrors and
transport metal tubes serves to couple out the radia-
tion. The system is filled with continuously circulat-
ing dry nitrogen. At the workstation, radiation exits
from the distribution system through a window with
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Fig. 3. Experimental setup: (1) tube furnace;
(2) laser beam chopper; (3) exit of the laser beam dis-
tribution system; (4) burner; T is a temperature con-
trol unit, SD is a synchronous detector, and ADC is
an analog-to-digital converter PC is a computer.

a polypropylene film 0.3 mm thick. The length of the
optical path to the workstations is about 50 m. The wa-
ter vapor content in the system is reduced to 1073-10~4
of the saturated vapor pressure. However, due to the
large path length in the distribution system, the radi-
ation that coincides with the strong absorption lines of
water vapor is attenuated by several times. Therefore,
using the FEL radiation tuned to these frequencies is
impossible in practice.

A tube furnace 50 cm long and 5 cm in inner diam-
eter (Fig. 3) was produced to measure the temperature
dependence of the absorption coefficient of FEL. The
furnace temperature was measured with a thermocou-
ple and stabilized by an electronic regulator. Inside the
furnace there were quartz tubes for supplying dry ni-
trogen for purging or nitrogen containing water vapor
to the central region. The water vapor concentration
in nitrogen was varied by changing the temperature of
the device for saturation (bubbler). To slow the escape
of water vapor from the furnace due to convection, the
ends of the furnace were closed by diaphragms with 1 cm
diameter holes. This kept the water vapor inside the
furnace for more than 1 min.

The FEL radiation was interrupted at a frequency
of =300 Hz by a rotating disk with holes. The disc is
equipped with an optical sensor which produces the ref-
erence signal for the synchronous detector. After pass-
ing through the furnace, the laser beam was incident on
an MG-33 pyroelectric receiver, whose signal was sent
to the synchronous detector. The detected signal was
fed to an ADC (16 bits; sampling step of 4 us) and then
to a PC.

For flame measurements, a burner was placed
ahead of the furnace. The internal cavity of the furnace
was previously purged with dry nitrogen. The flame
was stabilized on a flat burner of rectangular cross sec-
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tion (17.5 x 86.5 mm), and the burner temperature was
maintained by a thermostat at 35°C. The composition
of the premixed fuel-air mixture was CoHy/O2/Ar =
16/18/66% (equivalence ratio ¢ = 2.67). The burner
was made of a sintered brass powder. The speed of the
combustible mixture at the exit from the burner was
16 cm/s (at 20°C). The flame temperature was mea-
sured with a Pt-Pt/10% Rh thermocouple with a wire
diameter of 0.05 mm coated with a SiOs layer. The
thermocouple placed in this flame was quickly covered
with soot, so that it was regularly annealed in the flame
of a spirit lamp. The HyO concentration in the sooty
flame was measured in the postflame zone at a distance
of 15-30 mm from the burner surface.

CALCULATION OF THE ABSORPTION
COEFFICIENT OF THE FEL RADIATION

Information on the integral intensity of each of the
lines in the rotational spectrum of water at 300 K is
contained in the database of [9]. The integral intensity
for an arbitrary temperature A(T) can be calculated by
the formula [6]

Ar)
Asoo (1)

_ exp(—E1/kT) — exp(—Es/kT) 300\ %2
" exp(—FE1 /300kT) — exp(—E»/300kT) \ T ’

where A7y is the integral intensity at temperature T,
Aspo is the integral intensity at 300 K, and FE; and
FE5 are the energies of the upper and lower rotational
levels, respectively. Equation (1) takes into account
the fact that with temperature variation, the value of
Ay varies only due to changes in the populations of
the rotational levels.

To calculate the absorption coefficient of the laser
radiation, we introduce a function f;(v) that describes
the shape of the laser radiation spectrum and a func-
tion fa(v) that describes the shape of the absorption
lines. We assume that f;(v) and fa(v) are normalized,
ie.,

/fA(V)dV = /fz(u)du =1.

The absorption cross section of monochromatic ra-
diation of frequency v is given by the formula

o(v) = Afa(v),

where A is the integral intensity. The laser radiation
absorption is described by the cross section averaged
over the spectrum f;(v):

(o) = / () fi(v)dv = A / FA@) fi(v)dv.
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Fig. 4. Examples of normalized spectra of the FEL:
the three spectra shown here correspond to three
slightly different regimes of laser operation; the ver-
tical line is the center of the absorption line.

From this formula, it follows that the absorption cross
section of the laser radiation is equal to the product of
the integral intensity of the line A by the form factor:

FZ/fA(V)fl(I/)dV. (2)

If the frequency of v is measured in megahertz, the
form factor F has the dimension MHz~!. The calcu-
lation of the form factor is simplified if the absorption
linewidth is considerably smaller than the width of the
laser radiation spectrum. In this case, formula (2) is
transformed to

F = filw), 3)

where 1 is the central frequency of the absorption line.

In experiments with flames, instead of absorption

cross section it is more convenient to use the absorp-

tion coefficient o per unit pressure, determined from
the condition

/1o = exp(—apxl), (4)
where p is the pressure, x is the mole fraction of the
absorbing component, and [ is the path length. The
absorption coefficient @ [em™! -bar™!] is expressed in
terms of the absorption cross section as

(o) AF  AF-108

TR T kT T 1387
where A is in nm? - MHz and F is in MHz .

(5)

MEASUREMENT RESULTS

Prior to the measurements, the FEL radiation fre-
quency was tuned to 77.32 cm™!. Figure 4 gives ex-

amples of the FEL radiation spectra recorded during
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Fig. 5. Measured absorption coefficients of the FEL
radiation by water vapor at different temperatures:
FEL was tuned to the absorption line at 77.3 cm™?;
the curve was calculated by formulas (1) and (5).

one day. The spectrum contained a base peak about
0.6 cm~! (FWHM) wide and additional peaks. The
intensity distribution between them depended on the
FEL tuning. Figure 5 shows the results of measure-
ments of the absorption coefficient of water vapor at the
77.32 cm ™! line at different temperatures. In the calcu-
lations, the form factor was chosen so as to obtain the
best agreement with the experiment. The curve shown
in the figure corresponds to F' = 3.1-107°> MHz L.

As can be seen from Fig. 5, despite the large scat-
ter of the experimental points, the calculation correctly
reproduces the temperature dependence of the absorp-
tion coefficient. The scatter of the measured values of
the absorption coefficient is about +30%. This scatter
limits the accuracy of the concentration measurements
from the FEL radiation absorption. The cause of the
scatter is the instability of the FEL radiation spectrum
and, hence, the variation of the form factor F. Unfor-
tunately, we were not able to control the FEL spectrum
in each experiment and to calculate the value of the
form factor for each measurement. Currently, work is
underway to design a system of operational monitoring
of the FEL spectrum. It is hoped that the advent of
this system will improve the measurement accuracy.

The obtained FEL radiation absorption coeffi-
cient can be used to measure the water vapor con-
centration in flames.  Since the absorption coeffi-
cient depends on temperature, independent tempera-
ture measurements are needed.

Figure 6 shows a photograph of a CoHy/Oo/Ar
flame. The flame has a characteristic bright yellow lu-
minous zone associated with the formation of soot par-
ticles. According to visual observations, the soot for-
mation zone is at a distance of about 10 mm from the

Fig. 6. Photograph of a rich sooty CoH4/O2/Ar
(¢ = 2.67) flame stabilized on a cooled rectangular
porous burner: the dashed arrow is the terahertz
laser beam passing from right to left parallel to the
burner surface at a distance of 20 mm from it.
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Fig. 7. Example of a record of the FEL beam in-
tensity with the turning-on and turning-off of the
burner: the beam passes at a distance of 20 mm
from the burner surface.

burner surface. The transmission of the flame in the
visible range was measured. Radiation with a 532 nm
wavelength (semiconductor laser) was attenuated by
30% by soot particles. The optical path length was
86 mm, and the beam passed at a height of ~20 mm
parallel to the burner surface, i.e., in approximately the
same flame region in which the water vapor concentra-
tion was measured from the FEL radiation absorption.

Measurements of the FEL radiation absorption in
the flame were carried out by turning the burner on
and off. Figure 7 shows how the FEL beam intensity
changed therewith. The water concentration can be de-
termined from these data, using values of the absorption
coefficient of water vapor and the measured tempera-
ture at this point. Results of measurements of the water
vapor concentrations at a distance of 15-30 mm from
the burner surface are shown in Fig. 8 together with
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Fig. 8. H20O concentration profile in a rich sooty
C2H4/O2/Ar flame (¢ = 2.67).

measured temperatures. The same figure presents data
of numerical simulation performed with the CHEMKIN
and PREMIX software using the GRI-Mech 3.0 detailed
mechanism of chemical oxidation of hydrocarbons. It
is seen that at a distance of 20 mm from the burner
surface, the experimentally measured molar concentra-
tion of water vapor is 0.088 +0.010, which is slightly
lower than the calculated water vapor concentration
of 0.095. The reason for this difference may be due
to the fact that in the numerical simulation, a one-
dimensional flame model is considered (all parameters
of the flame are only functions of the distance from the
burner surface) and radiative heat loss from the flame
to the environment is ignored.

CONCLUSIONS

Comparison of the results of experiments and cal-
culations for the flame model showed that the H5O
vapor concentrations measured from the FEL radia-
tion absorption (0.088 +0.010) are in good agreement
with the calculations (0.095). Thus, terahertz rota-
tional spectroscopy provide sufficiently accurate mea-
surements of water vapor concentrations in sooty flames
and in flames of two-phase flows in which such tradi-
tional optical methods are difficult to apply.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. 07-03-01000-a) and
Integration Project No. 143 of SB RAS.
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