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Abstract

Spectral remote sensing is a very popular method in atmospheric monitoring. The paper presents an approach that
involves mid-infrared spectral measurements of combustion processes. The dominant feature in this spectral range
is CO; radiation, which is used to determine the maximum temperature of nonluminous flames. Efforts are also
made to determine the temperature profile of hot CO», but they are limited to the laboratory conditions. The paper
presents an analysis of the radiation spectrum of a non-uniform-temperature gas environment using a radiative
transfer equation. Particularly important are the presented experimental measurements of various stages of the
combustion process. They allow for a qualitative description of the physical phenomena involved in the process
and therefore permit diagnostics. The next step is determination of a non-uniform-temperature profile based on
the spectral radiation intensity with the 8 m optical path length.
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1. Introduction

Special techniques are required to measure the physicochemical quantities of industrial
combustion processes due to difficult conditions that inhibit the access and installation of
sensors [1, 2]. Spectral radiation carries a great deal of information about the combustion
process. Passive mid-infrared spectral remote sensing can be applied to examine specific
combustion parameters. It appears to have a great potential due to its non-intrusiveness and low
complexity, which allows to place the probe in very difficult conditions (temperature, dust,
vibration). It seems to be particularly suitable for continuous real-time diagnosis. In contrast to
active methods, we do not have to seek an optical path between the transmitter and the detector,
which is problematic in closed facilities. Generally, passive techniques cannot achieve the same
accuracy as active techniques [3]; however, they offer good accuracy for temperatures in
combustion processes. This method utilizes spectral radiation intensity measured along line of
sight within the field of view of the spectrometer [4-6]. The measurement is very simple;
however, its interpretation to determine the sought parameters remains a difficult task. The
inverse problem is solved here, in a similar way to other non-invasive and indirect measurement
techniques [7—11]. Absorption measurements are much easier to interpret but more difficult to
perform in-situ. Furthermore, determining flame transmission spectra requires a high-intensity
radiation source. Otherwise, flame self-radiation must be considered [12]. The best results in
temperature measurements are achieved by passive techniques. The emission spectroscopy term
[13] can be used for passive methods of measuring hot gas spectra, but it is more often used for
UV-VIS and near-IR spectrometry [14].

Hot gas radiation measurements can also be used for such purposes, as comparing the
characteristics of radiation emitted by flames using different fuels [15], the validation of

Article history: received on Feb. 02, 2015; accepted on May 11, 2015; available online on May 29, 2015; DOI: 10.1515/mms-2015-0027.



www.czasopisma.pan.pl P N www.journals.pan.pl
1
S~

S. Cieszezyk: OPEN-PATH FTIR SPECTRAL RADIATION INTENSITY OF HOT COMBUSTION ...

methods of spectral radiation modelling [16], and the verification of spectral data in databases

[17]. However, difficulties in creating appropriate laboratory settings mean that such

measurements can be made only in a limited number of experimental conditions.

The process of determining the sought parameters or quantities based on the measured
quantity is called the inverse problem [18]. The approaches used to solve the inverse problem
of spectral remote sensing can be divided into three main groups [19, 20]:

— Statistical techniques, practically not used to determine the parameters of hot gases. Their
application is often limited to a linear relationship between variables.

— The forward model inversion, which is the most commonly used method. The forward
simulation model calculates the measured quantity based on the sought quantities. Most
inversion processes perform least squares minimization of the difference between the values
of measured quantities and the values from the simulation model.

— The explicit inverse method. The method consists of finding a relationship called a mapping
to convert the measured quantities to the sought ones. The most common algorithms applied
for this purpose are neural networks. The training dataset can be derived from measurements
or from simulation. In practice, it is very difficult to achieve a sufficient amount of
measurement data; therefore, a simulation model is most often used for this purpose.

2. Mid-infrared spectral remote sensing of hot combustion gases
2.1. Classification of methods of spectral remote sensing of hot combustion gases

In the mid-infrared spectral range under consideration, radiation of particles — such as soot
ones — occurs in much smaller amounts than in the near infrared spectral region. The mid-
infrared region is dominated by the carbon dioxide band, which contains information about the
observed path. A general feature of the 4.3 um CO: spectrum is higher temperature than
concentration sensitivity, and therefore much better temperature determination [21]. The
methods of utilizing the spectra can be divided according to the type of temperature
heterogeneity of the studied environment and the specifics of the inversion algorithm. The
approaches used to determine the temperature distribution are different from those used for
typical atmospheric measurements.

In general, the temperature retrieval may involve:

— Uniform temperature area [22-24].
— Determination of the maximum temperature of a nearly homogeneous area or an area of

assumed homogeneity [25-27].

— Determination of the temperature profile of an axisymmetric area [28-30].
— Determination of the temperature profile of a non-uniform medium [31-33].

Inverse problem solution methods for determining the temperature can be divided as follows:
— Comparison of the highest CO» spectral intensity and blackbody radiation [24, 28].

— Comparison of the measured and simulated CO> spectra using iterative least square methods

[34-36].

— Use of a neural network trained with synthetic spectra (forward problem) [28-30].

The determined temperature can belong to one of the following ranges:

— Plume or stack exhaust temperatures, typically below 600 K [24, 25, 37].

— Hot exhaust gases, with temperatures between 500 K and 1000 K [28, 29, 34].
— Flame temperatures above 1000 K [38, 39].

— Very high flame temperatures up to 5000 K [40, 41].
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2.2. Critical analysis and brief review of methods

For a typical remote sensing resolution (0.5—-5 cm™"), the whole 2000-2400 cm™' CO: range
is required for inversion purposes. A very high resolution allows using the narrow spectral range
between 2379 and 2397 cm™' [34]. However, even then, the procedure of downgrading the
resolution from 0.02 cm™! to 25 em™! is considered to be more reliable with the least square
spectra adjustment [42].

In the case of smoke stack plume monitoring, the temperature can be remotely estimated by
comparing the CO> maximum spectral intensity with black-body radiance. Next, the estimated
value is used to calculate the concentration of different molecules by trial and error [43]. A
slightly different approach to plume temperature remote sensing involves using the intensity
ratio of CO; at widely separated wavelengths of 4.19668 and 14.5023 um, independent of gas
concentration [37]. Absolute radiation intensity measurement spectra expressed in radio-
metrical units (radiance) are required for most inversion techniques. Inaccuracy in the
radiometric calibration can cause additional errors in the subsequent parameter retrieval process
[44]. The ratio method eliminates errors caused by inaccuracies in the absolute spectral radiance
measurement. However, some error can still result from spectrometer spectral responsivity,
particularly if the chosen intensities are widely separated in wavelengths. Intensities lying close
to each other are less prone to the relative pattern inaccuracies of the measuring instrument
spectra.

The most commonly used hot gas inversion algorithm involves iterative procedures even to
determine the properties of a homogeneous layer [23]. Multiple line emission in bands specified
by 3 filters is used for an average temperature, HO and CO» concentrations estimation from
the radiance of the combustion flow [23]. The temperature can be estimated directly by
comparing the 2350 cm™' CO; radiance intensity with the Planck curve for a short uniform
optical path and optically thick conditions [24]. A similar principle is used for the 14 m path in
a coal-fired boiler [27] and 1.3 MW pulverized coal flame [25]. The gas temperature is retrieved
by a least-squares optimization method comparing the 4.6 pm CO, emission region (furnace
COa region) with blackbody radiance. The uniform temperature, isotropic scattering and 14 %
gas concentration are assumed.

CO; radiation is also used for the temperature calculation in a flow cuvette [45]. It is assumed
that cold COz absorption does not influence the strong 2270 cm~! emission intensity. In some
cases, atmospheric correction (reduction of a strong spectral feature of cold CO,) is applied to
obtain clear emission spectra [46]. Another example is the use of CO, radiance at 2078 cm™!
for the remote mapping of stack plume structure contours from the 595 m distance [26].

Regularization methods are proposed to increase the stability and convergence of iterative
solution methods for different types of the inverse problem [47, 48]. The retrieved temperature
profile can be provided in a parametric form. One very interesting approach is a base function-
based inversion method, which uses a set of functions to present the searched temperature
distribution [33, 36]. Another regularization technique uses appropriate limitation assumptions
regarding the values of the desired physical quantities. Additional knowledge about the studied
phenomenon based on considering the physical constraints of the temperature profile
significantly increases accuracy of the inversion procedure. The best results are achieved using
adequate assumptions about the considered profile [39].

Neural network inverse models are alternatives to physical iterative methods. Neural
networks are often used to determine atmospheric parameters based on spectral radiation. In
the case of combustion processes, the problem of non-linearity is increased due to much higher
temperatures under consideration. Another important difference is higher ranges of changes in
the sought parameters, as well as worse a priori knowledge. The use of neural networks to
determine the temperature of a plume based on radiation in the considered spectral range has
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also been proposed [28-30]. Tests were made for high spectral resolution simulation data
accompanied by PCA dimensionality reduction. The retrieved profile was divided into five
equal parts [28] or was limited to axial symmetry [29].

It should be noted that the above presented methods do not always relate to determination of
physical quantities based on spectrum measurements, but are often only verification of
spectrum modelling. The temperature, in diagnostics of industrial processes, is instead
determined by assuming a homogenous environment and employing a method of comparing
the CO: spectral radiation intensity with the black body spectrum. For exhaust gases, the
assumption concerns axial symmetry. In other cases, the analysis concerns conditions produced
in the laboratory, generally characterized by a higher level of considerations and
mathematically more advanced inversion methods. However, not all the proposed methods can
be directly applied to real industrial process measurements. The main limitations are
simplifying assumptions relating to the laboratory study that cannot be easily adapted in
practice.

3. Hot gas emission spectrum modelling

Hot gas spectral radiation intensity modelling of homogenous or nonhomogeneous profiles
is an important problem in spectral remote sensing. Modelling a variety of possible cases can
help fully understand the considered phenomenon and better cope with real object
measurements, which is a very important step in the cognitive process of metrology [49]. It is
also necessary for calculation of the synthetic data used to build an inverse model linking the
measurement and sought quantities (explicit inverse), as well as in the forward model iterative
inversion.

To accurately model the spectral radiation intensity, an appropriate spectral database is
necessary. Many works have been devoted to the measurement of gas spectra at high
temperatures and their comparison with currently available spectral databases. This research
ensures that simulation spectra data are reliable. The importance of such works lies in the fact
that it is very difficult to build an adequate test stand. To test the quality of spectral data with a
specified precision, it is necessary to produce an observed path with uniform temperature and
gas concentration. For this purpose, a heated gas cell for hot gas analysis in temperatures up to
1373 K was developed and tested for the CO2 gas [50]. Another heated cell with the temperature
deviation of less than 1% along the 38 cm path was developed [51]. Another research uses a
hot gas cell with the 53,3 cm length to verify spectral gas models with experimental
measurements [52]. The study shows that the HITEMP2010 line-by-line model and the
RADCAL and EM2C statistical narrow-band models present a very good agreement with
experimental results. Low-resolution calculation by the weighted sum of grey gases model
(WSGGM) is also proposed for the temperature inversion based on CO; radiation.

The equation of radiative energy transfer accounts for the temperature heterogeneity of the
observed path. The radiation intensity for a given wavelength can be written as follows:

L0102, m

where 7(/) — the temperature distribution along the observed path, z,(/) — the transmissivity
between spectrometer (/= 0) to the end of analysed path (/= L), L,(T’) —the black body radiance
at the temperature 7.

The radiative transfer equation can also include a scattering term, which may significantly
affect the calculated transmissivity [53, 54]. For the combustion of biomass gasification gases
in the mid-infrared spectral range, it can be assumed that scattering can be neglected. To
compare the modelled and measured spectra convolution with the spectrometer ILS
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(instrumental line shape) is also needed. Exemplary simulation spectra (HITEMP [55]
modelling) for profiles with different path lengths are presented in Fig. 1.
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Fig. 1. Exemplary temperature profiles and corresponding spectra of CO (10% CO,, 1 cm™! resolution).
4. Measurement of spectral radiation with OP-FTIR spectrometer

A Bruker FTIR (Fourier Transform Infrared Spectrometer) OPAG-33 was used for the
spectral radiation measurement. All spectra were acquired with 1 ¢cm™' resolution. The
measurements were performed on a test stand used to study the combustion phenomena of gases
from gasification processes [56]. The power of the test stand was 1.5 MW, and its length was
approximately 8 m. Measurements were made on two sides, one facing the flame and the other
— the exhaust gases (Fig. 2). The measuring path consisted of multiple parts: the hottest flame
part, followed by the region of rapidly cooling exhaust gases, followed by the slow cooling of
the exhaust gases. The spectrometer was located approximately 3 m from the end of the test
stand. The diaphragm system was used to limit the detector signal to avoid nonlinearities.

——————————————— ——> FTIR

%

Pipe

Diaphragm

Diaphragm

dild «

Fig. 2. A diagram of measurement setup and performed experiment.

Figure 3 shows the spectra of gases from the gasification process flowing through the
combustion chamber to the chimney. These spectra can be observed from the side when there
is no combustion. A strong background radiation from heated parts of the combustion chamber
can be observed. Fig. 3a shows the whole measured spectral range. Fig. 3b presents spectra in
the range limited to interesting spectral emission characteristics of carbon monoxide and carbon
dioxide. Two curves measured at 30-second intervals can be observed. The spectrum labelled
3b2 (Fig. 3b) is of a lower intensity than 3b1 due to a lower temperature of heated element of
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the observed combustion chamber and a lower temperature of gases flowing from the
gasification process.
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Fig. 3. The spectra of gases flowing from the gasification process to the chimney through the combustion
chamber.

Figure 4 shows the spectrum of flame as observed from the side. The gases were ignited by
an additional gas burner. The firing up process was accompanied by an increase in the intensity
of radiation (Fig. 4b). The spectrum labelled 4b1 (Fig. 4b) is measured after ignition, the
spectrum 4b2 represents the intermediate firing up process, and 4b3 — the stable combustion. A
difficulty in access to controlling the process and a necessity of avoiding saturation of a detector
cause that the spectra intensity is not measured in radiometric quantity. However, the spectrum
pattern, as well as the relative intensity between particular spectra are preserved. The whole
spectrum (Fig. 4a) is dominated by the strongest CO> intensity within wavenumbers 2200-2300
cm™!. It creates a characteristic peak with additional absorption from the colder parts
(23002380 cm™'), primarily related to the atmospheric air between the flame and the
spectrometer. During the initial phase of the gasification process, the level of produced gases
supplying the burner is changing, causing instability and large fluctuations of the flame
radiation intensity. During normal operation, the rate of flowing gases is nearly constant, so the
flame radiation intensity changes only to a small extent.
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Fig. 4. The spectrum of the combustion process when viewing the side of the flame during the initial phase
of combustion.
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In Fig. Sa, the spectrum of the additional small gas burner used to fire the main burner is
presented. The path between the flame and the spectrometer is approximately 10 meters,
causing total absorption in the 2300-2380 cm™! range by the cold CO> in the combustion
chamber and the ambient air between the chamber and the spectrometer. The combustion
chamber does not contain gases from the gasification process. Fig. 5b shows the spectra of the
initial process of combustion. A significant increase in the flame intensity occurs, as represented
by CO2 spectral features of 5b1 and 5b2 spectra. Absorption characteristics of colder gas (CO
rotational lines in 20502240 cm™! and CO; in 2250-2380 cm™! range) in the chamber are
shown in contrast with CO; flame emission characteristics. Particularly noticeable are the
rotational lines of CO that is not converted to CO; due to the low combustion temperature. After
the initial combustion process, the conversion of CO to CO; is much more efficient because of
a higher combustion temperature (6al in Fig. 6a and 6bl in Fig. 6b). Thus, the exhaust gases in
the combustion chamber outside the flame are essentially hotter (mainly COz), which is
manifested in the absorption characteristics compared with the hottest flame region. The
absorption spectrum of CO against the hot flame CO; observed in the initial stage of the process
is much less visible.
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Fig. 5. The spectra of the additional gas burner used to ignite the main burner (a) and the spectra of gases
during the initial stage of combustion process taken from the exhaust outlet (b).
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Fig. 6. Comparison of the spectra from the side and back of flame (a); the final stage of combustion process
and quenching the flame observed from the back of the flame (b).
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In Fig. 6a, the normalized spectra measured from the side (6al) and back (6a2) of the
combustion chamber were compared. The emission spectrum from the side is narrower
(2120-2400 cm™) due to a lower value of the product of CO> concentration and path length.
The absorption features (2300-2380 cm™!) are also narrower because they come from
atmospheric air between the chamber and spectrometer. For the measurement of the back of the
chamber, the absorption in the 2180-2300 cm™! range comes from hot exhaust gases in the
combustion chamber outside the flame.

Figure 6b shows the process of expiring the flame represented by measurements referred as
6bl, 6b2 and 6b3. The decreasing concentration of combustible gases from the gasification
process decreases the flame temperature, which reduces the radiation intensity in the
2100-2250 cm™! region and leads to the worst conversion of CO to CO». The latter phenomenon
is observed in the appearance of the CO rotational line structure against the continuous
background and CO; radiation emission.
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Fig. 7. The spectra of gases flowing from the gasification process after extinguishing the flame, measured
from the back of combustion chamber.

Figure 7 shows the absorption spectrum of gases from the gasification process flowing
through the combustion chamber after extinguishing the flame. The spectrum is observed
against the continuous background of burner parts heated to a high temperature. These elements
are cooled, so that lowering the continuous intensity between 7al and 7a2 spectra can be
observed.

Methods that consist in the interpretation of COx spectra use the spectral radiation intensity
for each wavenumber directly. In the simplest method, optically thick conditions are assumed,
and only the maximum temperature of the observed path is derived. A calibration procedure is
required for this radiance spectrum interpretation, so that the measured spectrum is presented
in radiance units (W/(cm?'sr'cm™)). However, if the radiation gas cloud occupies only a
fraction f of the spectrometer field of view, the acquired radiance L, will be only part of the
emitted intensity L:

L=fL Q)

The presented emission spectra are not measured in absolute units of spectral radiance, so
they represent only a spectral pattern, not the spectral intensity, due to a difficult access to the
process and a need to reduce the high flame radiation intensity by the diaphragm system. Hence,
the spectrum (Fig. 8b) is normalized to unity.

The inversion procedure used for the temperature inversion (Fig. 8a) is based on matching
the subsequent parts of the spectrum. Knowledge of the flame length allowed adjustment of the
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temperature profile as an arctan(l) function. The maximum temperature of the flame and the
end of the transition flame zone (2—4 m) were modelled. This part corresponds to comparison
of the spectrum in the 21002200 cm™! range. Another arctan(l) function represents the part of
the profile farther from the flame, in which the exhaust gases are colder. This part corresponds
to the spectrum in the 2200-2250 ¢m™' range. The remaining part of the spectrum in the
2250-2400 cm™! range is related to atmospheric CO, between the tested object and the
spectrometer.
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Fig. 8. The retrieved temperature profile (a), comparison of the measurement and simulation spectra (b).
5. Conclusions

This paper presents a study of mid-infrared spectral remote sensing methods used for
monitoring combustion processes. The first part of the analysis covers methods of spectrum
measurement and their interpretations for various processes, as described in the literature. The
approaches can be divided into laboratory-scale and industrial investigation of objects. The
latter can be divided into measurements of exhaust gases from engines and turbines and
measurements in closed objects (boilers, furnaces). Literature reports regarding spectra inside
facilities are very rare, and their interpretation is based on the assumption that CO; radiates as
strongly as the black body. More advanced inversion methods are used for laboratory
environments. These techniques, however, require additional information regarding the gas
concentration, the type of tested heterogeneity of the considered profile or its axial symmetry.
Laboratory conditions allow also measurements with a higher spectral resolution.

The experimental part of the paper addresses spectrum measurements of the combustion of
gases from biomass gasification processes. The spectra contain important information about the
state of the occurring process. The dominant spectral feature is, of course, the spectrum of CO,
in the 2100-2400 cm~! range. The gases produced during the gasification process contain a
very high CO content, so its rotational lines are also visible in the acquired spectra. Interesting
phenomena can be observed, especially in the ignition and extinguishing phases of the
combustion process. In both these phases there is an increase in CO, and therefore its spectral
features appear in the spectrum. This phenomenon is accompanied by a decreased intensity of
COs radiation, indicating a reduction of the process temperature. Comparing the emission
spectra of long and short measurement paths (rear and side of the flame) highlights an impact
of measuring distances on the observed spectral characteristics of CO». Finally, the quantitative
analysis of the measured spectrum is presented. The algorithm used here consists in matching
of the subsequent fragments of the investigated spectrum. The determined temperature profile
is presented in the form of a composition of two arctan(l) functions. This profile representation
results from the qualitative analysis of the object and the measured spectrum.
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