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Advanced Sensor Development Program for

\ the Pulp and Paper Industry

S. R. Charagundla, J. Whetstone, J. D. Allen,
A. Macek H. G. Semerjian

X Executive Summary

\
This report describes experimental and theoretical studies toward
development of a remote sensing technique for non-intrusive temperature
measu¥ement based on optical spectroscopic analysis of recovery boiler.
The overall objectives were (a) construction of a fiber-optic system for
measuﬁement of spectroscopic emission intensities at several wavelengths
and (b) development of a computer program relating these intensities to
temperktures of the emitting species.

The em&tting species for temperature measurements in flames can be
either\naturally occurring free radicals (OH, CH, C,) or atoms which, in
turn, ¢an be either naturally occurring or seeded into flames. Sodium
atoms, |the obvious emitters in recovery boilers, are not promising as
thermoﬂetric species because of their high concentration. At high
concentrations, strong self-absorption results cause optical depths to
be much smaller than the sampling depths desired for recovery boilers.
An expérimental program was, therefore, undertaken with the objective of
identification and spectroscopic detection and measurement of other
naturally occurring thermometric species. The program consisted of
several laboratory studies and four field trips to dil “erent recovery
boilerst

During Lhe first field trip, preliminary wavelength scans were made
through| a boiler window to record spectral intensities from 30C to 600
nanomet*rs (nm). These test results showed that temporal intensity
variati¢ns were short relative to spectrometer recording times, making
spectral line differentiation from background noise impossible except
for the sodium line. A second field trip was therefore made for the
purpose\of similar tests but using an optical multichannel analyzer
(0MA) tq record spectral information. This allowed essentially
instantaneous recording of a number of spectral segments, each 30 nm
wide, over the same wavelength range (300 to 600 nm). The results of
this work were: (a) no molecular spectral features (OH, CH, C,) were
observed; (b) the potassium atom doublet at 404.4/404.7 nm appeared with

measurable intensities; and (c¢) there was significant background noise
at all wavelengths.

|
As a reﬁult of the second field trip, it was decided that the best
possibility for an optical on-line sensor would be a four-color fiber
optic igstrument capable of recording, simultaneously, the 404.4/404.7
nm and 766.5/769.9 nm potassium doublets, as well as the background
continu# adjacent to these two doublets, for purposes of subtraction for
quantitative intensity measurements. (For brevity, these two potassium

doublet% will henceforth be referred to as the "blue" and the "red" line
respectjvely.) Consequently, a laboratory study was undertaken, wherein

l vii
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such a system was designed, constructed, and demonstrated to be suitable
for temperature measurements from the intensity ratios of the blue and
red lines. The demonstration was made on gaseous products from a
laboratory burner seeded with potassium.

A third field trip was then made to a boiler site with two objectives:

(a) to record the red line with the OMA; and (b) to make simultaneous
intensity measurements of the red and blue lines with the 4-color
system. The first objective was accomplished, but the second one was
not, because the blue line was too weak for any quantitative.
measurements. This means that either the boiler temperature or the
concentration of potassium in the black liquor (or both) was too low. A
fourth boiler firing potassium-rich liquor at temperatures exceeding
1900 °F was, therefore, targeted for the next series of tests.

Analysis of spectra obtained both in the laboratory and in the field up
to that point indicated a potential for three concerns: (a) the
recovery boiler combustion gas streams may not meet the requirement of
negligible self-absorption occurring between the emitting atoms and the
boiler wall, which is needed for quantitative temperature measurement by
the intensity-ratio technique; (b) the optical depths at the two
wavelengths may be different; and (c) there may be self-absorption due
to temperature gradients in the recovery furnace gas enviromment, As a
consequence, theoretical investigations were undertaken, and plans were
made for a major increase in the experimental capability of optical
probing inside the boiler in the last field test. For this purpose, a
cooled traversing probe, 12 ft long, was designed and constructed for
horizontal insertion into the boiler. Two optic fibers were housed
inside the probe, one viewing straight ahead and the other back toward
the wall. Several heat sensors were attached to the outside wall of the
probe.

A fourth field trip was undertaken with all the experimental equipment
assembled iIn this project, i.e., both the traversing probe connected to
the spectrometer/OMA detector with accessories and the 4-coler
fiber-optic system. Despite the fact that testing was interrupted
before completion by an unscheduled shut-down of the mill, a wealth of
OMA spectra of the red potassium line was obtained across boiler gas
layers of varying thickness, both near the wall and up to 8 ft into the
boiler. Heat sensors on the probe also revealed the existence of
temperature gradients. However, attempts to measure the blue potassium
line were again unsuccessful. In this series of tests the cause of the
failure is known: it was ascertained by independent thermocouple
measurements that beoiler temperatures were only about 1700 °F, i.e.,
much lower than anticipated.

To complement the experimental studies, a computer program was written
for interpretation of the OMA spectra, allowing for calculation of line
intensities and shapes observed at any point in the boiler, either at
the wall or in the interior, under various conditions. For example, the
emitting gas layers can be isothermal or contain temperature gradients,
concentrations of potassium can be constant or vary with the temperature
in specified ways, etc. Application of the model to OMA results
obtained both in the laboratory and in the boilers shows that the

viii




following spectroscopic conditions obtain in boiler environments:

(a) Optical absorption depths at line centers of both potassium
lines are smaller than the boiler widths,

(b) Absorption is much stronger for the red line, i.e., its optical
depth is only a very small fraction of the boiler dimension.
This means that the line becomes optically thin (i.e.,
negligibly re-absorbed) only far from its center.

(c) There are temperature gradients not only near the wall, but also
in the interior of the boiler, as shown by self-absorption of
line centers at all "insertion depths of the traversing probe.

It is concluded that beiler temperatures cannot be determined by
measurement of total intensities of the two potassium lines as
envisioned in the concept of the 4-color instrument. On the other hand,
since the computer model is versatile enough to address various
realistic boiler scenarios, such measurement by means of simultaneous
dispersive recording of the two lines -- wings as well as center -- .
remains a possibllity. The required recording instrument would consist
of a bifurcated fiber, with a dispersive element and a linear array
covering spectral segments around 404 and 767 nm respectively, at each
branch ena. On-line control by real-time integration of experimental
data with line-shape software is also a possibility.

ix



Advanced Senscr Development Program for
the Pulp and Paper Industry

1. Introduction

The black liquor recovery boiler is essential to the kraft process for
the manufacture of pulp, i.e., conversion of wood to cellulose fibers by
delignification of the wood. In the kraft process wood chips are
immersed in caustic chemicals at a sequence of elevated temperatures and
przssures to remove the lignin binding *he cellulose fibers of the wood
together. After separation from the pulp mass the spent liquor is
concentrated via cvaporation and becomes black liquor. It is composed
of the inorganic salts used Jor digestion of the wood, lignin compounds,
and water. In order to make tne kraft pulping process economically
realistic, these inorganic salts must be recovered, chemically reduced
to the original chemical state, and recycled ior use in successive
pulping cycles. This recovery process requires high temperatures, A
sufficient quantity of lignin comvounds are available in the black
liquor to sustain combustinn, thereby providing the means to sustain the
high temperaturcs needed to drive the chemical reduction process. The
recovery boiler takes acvantasre of this with black liquor as its primary
fuel.

Black liquor is introdirned irto the furnace of the boiler by spray
nozzles that produce droplets of a large size and distribution, These
burn, form char particles, and fall to the boiler floor foiming a smelt
bed. The inorganic compounds are largely transferred to the smelt bed
via char and are chemically reduced and removed for further processing
and reuse in digestion, thereby clesing the chemical recovery cycle.
Sufficient heat is produced t¢ maintain the smelt bed at a sufficiently
high temperature to drive the chemical reduction process and to generate
sufficient quantities of steam to completely or substantislly supply
high pressure stear for electrical power generation and subsequently to
the various unit processes comprising an integrated palp and paper mill.

A typical recovery b "ler is shown schematically in figure 1, and
operates on the staged combustion principle; combustion air is
introduced at two levels, or thre. depending on the manufacturer of the
boiler, while the black liquor is sprayed through nozzles into the
boiler at the secondary, or tertiary, levels forming droplets that fall
into the highest temperature zone where they undergo pyrolysis and
combust. The majority ot the lignin compounds in the droplets are
volatized in flight. Some remain in the char mixed with the inorganic
salts of the black liquor and falls to smelt bed on the flooxr of the
furnace. Therefore, the environment within the recovery boiler is
heavily laden with particulates of char as the black liquor combusts and
is quite aggressive chemically. Conventional, contacting thermometry
tzchniques have a very short lifetime in such conditions. As a result,
it 1s not possible to implement real-time control techniques. Current
operation is based on the subjective judgment of the operator.
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A major obstacle to development of wviable combustion control techniques
is the lack of a reaction zone temperature sensing method. The
objective of the research work reported here was to develop such a
temperature measurement technique based on spectroscopic observation of
the light coming from the combustion zone of the boiler. This technique
is based on emission spectroscopy. Such a sensor is non-intrusive with
potential for an on-line, line of sight measurement in a wide variety of
applications [1]. This technique and details of early progress have
been described in previous progress reports to DoE [2,3].

1.1 Background

The characteristics of optical emission spectra obtained from a
generalized combustion zone depends upon the type and concentration of
species present and on the temperature. Temperature distribution may
also be an important parameter in some cases. Spectral features from
three sources (1) continuum emissions, (2) molecular band emissions, and
(3) atomic line emissions have potential to provide a means of
temperature measurement in high temperature, particle-laden regions,
such as recovery bhoiler environments.

Continuum, or blackbody, emissions are intense in the infrared region
are much higher in the recovery boiler than in power boilers because
they are black liquor fueled. As mentioned above black liquor
combustion forms a char that exhibits wide size range. Char particle of
several millimeter diameter are easily observed in the recovery boiler’'s
combustion zone. Continuum emissions from these are significant.
Additionally, char particles are a source of noise for any sensing
method based on observation of continuum emissions because they are
expected to have a surface temperature below that of the combustion
gases themselves.

In hydrocarbon flames, molecular band emissions due to the hydrocarbon
radicals OH, CH, and C, ar: usually observed. Sirze the individual line
intensities depend on flaue stoichiometry, Vaidya et al. [6] have used
this dependency to measur: hydrocarbon flame temperatures. Initial
efforts in this work focused on the OH radical as a potential
thermometric species and spectroscopic surveys were made to determine
the intensity and structure of these molecular bands in recovery
boilers,

During the first field trip to an operating recovery boliler, preliminary
spectral surveys of a boiler's combustion zone were made from 300 to 600
nanometers (nm) through a boiler window. These cest results showed that
general intensity variations were short relative to spectrometer
recording times, thereby making spectral line differentiation from
background noise impossible except for the sodium emission line. To
make effective observations of spectral line intensities from recovery
boiler observations a recording method capable of recording regions
spectral in a fraction of a second was needed. This recording method
minimized the effects of overall intensity variations and was achieved
by fitting the spectrometer with an optical multichannel analyzer (OMA),
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A second field trip was made to survey spectral characteristics of
observed in the recovery boiler using the OMA-equipped spectrometer.
This allowed ess ntially instantaneous recording of a spectral segment,
approximately 30 nm wide, over the same wavelength range (300 to 600
nm). The results of this work showed that:

(a) no spectral features from molecular species (OH, CH, C,) were
observed;

(b) the potassium atom doublet at 404.4/404.7 nm appeared with
measurable intensities; and

(¢) there was significant background noise at all wavelengths.

It was originally proposed to use the intensity ratio of two selected
lines in the molecular band emission spectrum of OH for temperature
measurement.. However, the spectral survey results of recovery boiler
emissions established that no OH or other molecular band emissions could
be observed. Analysis of the spectral survey data showed the presence
of atomic potassium emission doublets at 404.5 and 766.5 nanometers
(nm). Further investigation of these two spectral features were
directed at determining their utility for temperature measurement using
the line ratio technique.

1.2 Line Intensity Ratio Technique

In the past, the line intensity ratio technique has been used to
determine the temperatures of hydrogen/oxygen flames, arc jets and
plasmas; Boumans [7], and Alkemade et al. [8] have discussed this
technique which is based on the assumption that the population of atums,
ions or molecules of any species emitting at different energy levels
follow a Boltzmann distribution. The absolute intensity, I,, of a
spectral line involved in the transition from an upper energy level, u,
to a lower one, 1, can be written as,

Iy = Aulhvnigulexp(—Eul/kBT) (1)

where the spectral line constants, A,,, v, g,; and E,, are,
respectively, the transition probability, frequency, statistical weight
and energy level of the excited species at the energy level, u. n; is
the number density of the emitting species, i, and T is the temperature,
Spectral line constants for a number of atomic emission lines are well
documented [9,10}. Based on this relationship, the basic equation for
temperature measurement using the line intensity ratio technique can be
written as,

I, /1, = (Ayg1 2y /A8 A )exp(-(E; -Ey) /kyT] (2)

where, I, and I, are the measured line intensities at two different
wavelengths. In this equation, only I,, I, and T are unknown,
consequently, once the line intensity ratio is measured, the
temperature, T can be calculated. For this technique to be valid two
conditions must be met: (1) both lines must belong to the emission
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spectrum of the same neutral atom population, and (2) the combustion gas
environment must be optically thin, i.e., the effect of re-absorption of
emitted photons by like atoms in the combustion zone is negligible.

1.3 Sensor Development Approach

The approach originally proposed for the development of a spectroscopic
temperature measurement technique consisted of four essential phases:

1) identification of spectra obtained from a black liquor recovery H
beiler, \

2) development of the line intensity ratio technique for ‘
temperature measurement in the laboratory,

3) development of a prototype micro-computer based four color
temperature sensing system, and '

4) demonstration of the prototype in a mill environment.

The tasks associated with the first three phases were conducted as
originally proposed. However, as the investigation of the
characteristics of the emission spectra from the recovery proceeded it -
became clear that an evaluation of the optical thickness of the recovery
boiler was needed and, the fourth phase, as originally proposed was not
undertaken. Instead it was replaced with an experimental and modelling
activity of emission and reabsorption of potassium in the recovery
boiler. These additional tasks became necessary to assess the validity
of the four color sensing technique as originally proposed for recovery
boiler application, and involved the development of mathematical models
and laboratory tests to assess optical emission characteristics of
recovery boilers.

2. Spectral Data from Initial Recovery Boiler Observations

The early work performed prior to April 1983 and summarized in an
earlier report [11], had the objective of characteri. ing the emission
spectra from laboratory flames and from one recovery boiler. In chese
early investigations, an experimental arrangement consisting of a
conventional scanning spectrometer equipped with a photo-multiplier was
used to obtain spectra from laboratory flames. These data clearly
showed the structure of the spectra due to molecular band emissions from
the radical species, OH, CH and C,. However, the results obtained in
initial miil tests were inconclusive and demonstrated that a scanning
type spectrometer system was not adequate to characterize emission
spectra from the highly dynamic emission of recovery boilers. As a
consequence, an optical multi-channel analyzer was substituted for the
photomultiplier tube sensor of the spectrometer. It was used in all
subsequent investigations.



3. Research Investigations
3.1 Laboratory Investigations

Laboratory investigations were used initially to establish the
relationship between spectral line intensities and stoichiometry in a
controlled environment and later to confirm the emitting species of the
spectral profiles observed in black liquor recovery boilers. The
experimentai arrangement (fig. 2) used in these investigations [1]
consists of a source (a premixed methane/air burner equipped with a mist
injector or a particle feeder), a fiber optics probe, a spectrometer,
and a linear detectoxr arvray system.

The burner is of 3-inch nominal diameter and was designed to generate
and stabilize a premixed methane/air flame; fuel and air are thoroughly
mixed in the two chambers packed with spherical beads. The flame is
stabilized on a distributor plate consisting of several equi-diameter
holes arranged in an equi-distant pattern; the distributor plate
generates several equi-distantly located: turbulent flamelets to produce
a steady flame approaching the characteristics of a "flat flame". The
injector tube, coaxially located in the burner body, carries either
particles from a solids feeder or mist from a nebulizer. The solids
feeder was specially designed, based on fluidization principles, to
yield a steady flow of dry uniform stream of particles while the
nebulizer was designed to operate on the "venturi" effect.

i il w

el

The spectrometer used was a 0.5 meter scanning spectrometer equipped

with a 1180 line/mm grating; the spectrometer’s detector was a linear

detector array system, an optical multi-channel analyzer (OMA) system,
= using a specially fabricated telescoping flange. The linear detector
array consists of 1024 elements, a detector controller and a console
with a monitor, two disc drives and a keyboard. The fiber optics probe,
designed for the initial experimental studies, consists of a 3 mm
diameter, quartz fiber bundle with collection optics at one end and
focusing optics at the other.

vilbu

Expleratory tests were conducted [1] to obtain the emission spectra from
methane/air flames of known stoichiometry. Typically the emission
spectra, obtained in the wavelength range of 300 nm to 600 nm, include
the spectra due to OH, CH and C,. The emission spectra due to OH, CH
and C, are shown In figures 3 to 5 respectively. The spectral line
intensities have been found to va"y with flame temperature
(stoichionetry) as evident from the observed spectra due to OH and C,
showm in figures 3, 4 and 5.

ol

el e it Wl o

3.2 Tests at Union-Camp Mill, Franklin, VA

The first series of mill tests [1] with the OMA/spectrometer system was
performed at the recovery boiler of the Union-Camp Mill, Franklin,
Virginia. These tests were conducted essentially to characterize
emission spectra in the 300 to 600 nm reglon, specifically molecular
band emissions due to OH, CH and <,, from the recovery boiler. The
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recovery boiler was of Babcock & Wilcox [12] design and was firing black
liquor containing 3.1% inorganic potassium salts. During these tests, a
fiber optic based viewing system for the spectrometer was used, as shown
in figure 2, to obtaln and record the emission spectra from observation
ports located at the primary, secondary and tertiary air injection
.levels and at the liquor gun level. 1In these tests, because firing
conditions varied substantially in the combustion zone, the emission
intensity was found to vary extensively. As a consequence, the detector
output was found to vary from a negligibly small value to the detector
saturation point. These large changes required a compromise and spectra
were selectively obtained only when the intensity level did not saturate
the detector array.

Observations taken at all boiler levels were devoid of molecular band
emissions due to the radicals, OH, CH, and C,. However, a pair of
emission lines were observed near 404.5 nm. Two records of spectra,
obtained sequentially within a short time interval, are shown in figure
6: these records indicated two emission lines later confirmed by
laboratory experiments to be the emission lines due to potassium at
404.4 nm and 404.7 nm. The intensity of these emission lines and of the
background continuum emissions were found to vary considerably with
time. Also observed were the strongly emitting sodium doublet at 589
nm, mostly in self-absorption, as shown in figure 7. These were
obtained at the same port within short time intervals. Again, the
variation in the intensity of these sodlum spectra is indicative of the
large general emission fluctuations in the combustion zone. In
addition, observation of an emission line due to sodium at 330.2 nm was
obtained (fig. 8); this weak sodium line was observed only once when
viewing the bed surface directly through a port at the primary air
injection level. 1In general, the intensity of emissions varied from
port to port and with time. However, the emission intensity and the
degree of fluctuations were found to diminish with boiler height. A
review of all these spectral records clearly indicated significant
levels of continuum emissions due to the presence of large amounts of

- particulate matter and hot radiating furnace walls.

3.3 Laboratory Investigation of Atomic¢ Emissions

’
In the laboratory tests, black liquor solids were injected into a
methane/air flame to obtain emission spectra from the resulting yellow
flame in the wavelength range of 300 nm to 600 nm. In addition to the
molecular band spectra due to radicals produced by the hydrocarbon
flames, a total of four emission lines (two doublets) were observed: one
doublet at about 404.5 nm, and the other at 589.0 nm and 590.6 nm. The
source for doublet at 589 nm (emission lines at 589.0 nm and 590.6 nm)
was readily identified as sodium; however, several species were
candidates for the two emission lines at about 404.5 nm. Black liquor
contains a number of substances including abundant quantities of
inorganic sodium salts and carbonaceous matter, SO, and C; with emission
lines at the wavelengths of 404.56 nm, 404.83 nm, and 404.98 nm
respectively. In addition potassium (with emission lines at 404.4 nm,
and 404.7 nm) and mercury with an emission line at 404.656 nm were

11
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likely candidate emitters. In order to identify the emitter, different
substances were selected so that each substance would contain only one
candidate emitter. TFor example KCl and KOH were selected for potassium
and sulfur and sulfur compounds for S and SO, emissions. FEach of these
compounds were then introduced individually into the flame and emission
spectra around 405 nm were obtained. Initial observations iadicated
potassium to be the best candidate as the emitting species since the
laboratory spectral profiles at 405 nm matched those from the recovery
boller best.

Further exploration in the laboratory with KCl injection into
methane/air flames yielded not only emissions due to potassium at 404.4
nm and 404.7 nm, but also at 766.5 nm and 769.9 nm. Based on these
results, the line intensity ratio technique was developed using the
potassium emission doublets at 404.4 nm and 766.5 nm. Since these two
lines are widely separated, simultaneous recording of intensity levels
at these two wavelengths was not possible with a high resolution
spectrometer. Consequently, these Intensity levels were recorded by
changing the spectrometer setting (figures 9 and 10) which introduced a
time delay between measurements during which the flame characteristics
could conceivably change. To minimize such changes, a nebulizer was
used to introduce potassium sclution and stabilize flame
characteristics.

Several tests, using a methane/air flame with KCl solution mist
injection, were conducted to obtain the line intensity ratio, I,/I,.

The gas temperature, T, was determined using eq 2 and spectral line
constants {9,10]). These computations yielded reasonable but over
estimated values of temperatures, as shown in table 1. For example, the
line intensity ratio technique yielded a temperature of 2123 °C as
compared to 1952 °C obtained from theoretical computations for a near
stoichiometric methane/air flame. Likewise this technique over-estimated
the flame temperatures for fuel-rich and fuel-lean flames. These
discrepancies were attributed to calibration errors and toe uncertainties
in the spectroscopic constants. The results, despite the associated
uncertainties, did indicate the potential for application of this
technique to the black liquor recovery boiler.

Table 1. Pre-mixed methane/air flame temperatures measured by
line intensity ratio technique

Equivslence {Measured Temperature|Calculated Temperature

Ratio T (X) ‘ T, (K) T,/T
1.0 2396 2225 1.08
1.1 2366 2210 1.07

0.84 2196 2053 1.07

LT LT
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3.4 Four Color Sensor System

Due to the strong background emission in the recovery boiler, background
substraction was used in the prototype sensor system resulting in
intensity measurement capability at four wavelengths; at the two
potassium doublet locations and at two wavelengths slightly removed from
each doublet to provide background intensity substraction. A fiber
optic system has been designed and developed to satisfy these
requirements. This system, shown in figure 11, consists of a
four-branched optical fiber bundle with the common end viewing the
source (a calibration lamp, a laboratory flame, or the combustion zone
in a black liquor recovery boiler). The common end collects the light
from a source while the four branches split the light into four
near-equal parts; each end of the four branches is equipped with a
specific narrow band-pass filter, a silicon photodiode and an amplifier.
The narrow band-pass filters were chosen so that the line intensities at
the two emission wavelengths (XA; and A;) and the intensities of
background continuum emission at wavelengths (\;, and X,,) could be
obtained from the same source simultaneously. The outputs from the four
detector/amplifiers were interfaced with an analog to digital convertor
board with simultaneous sample and hold capability; the A/D convertor
board is an integral part of a personal computer system. Observation
data could be analyzed for temperatures based on conventional radiation
(ratio) pyrometry using the continuum emission radiation measured at the
wavelengths \;, and },, (see for example references 4 and 5) in
addition to temperatures based on the line intensity ratio technique.

Tests were conducted with the four color system utilizing ultra narrow
bandpass interference filters; use of these filters reduced the signal
level at 404.41 nm thereby reducing the signal to noise ratio. As a
consequence, it was determined that further improvements would be
required. The results obtained with this system are shown in table 2.
These results were found to be encouraging and have indicated the
potential of the four color sensing technique.

Table 2. Temperatures measured with four-color sensor system

Equivalence|Measured Temperature|Calculated Temperature| T/T,
Ratio T (K) T, (K)
0.99 1933 2222 0.87
1.18 2027 2155 0.94
0.8 1828 2000 0.91

18
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3,5 Tests at Weyerhaeuser Mills, New Bern, NC

Mill tests performed at another recovery boiler of Combustion
Engineering [12] design, i.e., without tertiary air injection, that was
firing black liquor containing a low concentration (0.5 to 0.8 %) of
potassium., During these tests, both spectral data in the wavelength
range of 300 nm to 800 nm and four-color probe data were obtained; the
spectra obtained confirmed the earlier recovery boiler data, i.e., both
the 404.5 nm and the 766.5 nm were observed. However, potassium
emission at 404.4 nm (fig. 12) obtained sequentially, clearly indicate
that the emission lines at 404.4 nm and 404.7 nm were very weak., This
can be attributed to the low concentrations of potassium in the black
liquor fired. Typical intensity variations in recovery boiler emission
spectra are shown in figure 13. Both the line Intensities and the
background continuum emission levels were observed to vary
substantially. These mill tests confirmed for the first time the
existence of potassium emission lines at 766.5 nm and 769.9 om, as
shown in figure 14. 1In addition, these spectra indicated rubidium
emission line at 780 nm in the near infrared. As for emissions due to
sodium, emission lines at 589.0 nm were readily observed as shown in
figure 15; again, three records of spectra, obtained at the same port
sequentially show the extent of changes in the recovery boilers.
However, the weak sodium line at 330.2 nm observaticen in the previous
boiler test was not observed,

In addition to obtaining the emission spectra with the OMA system, the
four color temperature sensing system was used to obtain the line
intensities and background emission levels. As the temperatures were
low, the potassium emission intensities at 404.41 nm were weak and
thereby the line intensity at 404.41 nm, which is essential for
utilizing the line intensity ratio technique, could not be obtained.
Consequently, the line intensity ratio technique could not be used for
the measurement of gas temperature. However, the analysis, based on
Planck's law and using the measured intensities of continuum emissions,
yielded reasonable temperatures, shown as a function of time in

figure 16. These temperature variations, which are indicative of the
temperature of particulate matter, obviously point out that the changes
in the reaction zone are relatively quick and significant.

4, Optical Depth Effects in the Recovery Boiler

Spectral profiles from mill tests have clearly shown two distinctive
characteristics: 1) the emission line at the wavelength of 766.49 nm
appears almost always in self-absorption, (see figure 15) and 2) the
emission spectra appears to be broadened mostly from collisional
processes. The dip at the line center is indicative of self-absorption,
resulting essentially from the existence of temperature gradients. The
observed trend of line widths indicates line broadening, a potential
concern regarding the limitation due to optical depth at this particular
wavelength. Preliminary estimates have indicated that the optical
depths at the two wavelengths, 404.41 nm and 766.49 nm are quite
different: the combustion zone may be optically thin for emissions at
404.41 nm but optically thick for the emissions at 766.49 nm. A large

20
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difference in the optical depth introduces significant inaccuracy in the
temperatures calculated from, the line intensity ratio technique. A
combined experimental and modelling effort was performed to study
optical depth effects and to assess the impact of them on this
temperature measurement technique.

4.1 Investigation of Optical Depth Using a Traversing Probe in the
Recovery Boiler

Since it is impractical to simulate the recovery boiler environment in
the laboratory, a sequence of traversing probe tests was planned and
executed to estimate optical depths in the recovery boiler. The
objective of these tests was to acquire spectroscopic data at various
position in the boiler in two directions, i.e., toward opposite walls,
to determine the magnitude of optical depth effects in the recovery
boiler enviromment. The approach consisted of inserting an optical
probe into the reaction zone to known depths and obtaining emission
profiles at 404.41 nm and 766.49 nm looking straight into the reaction
zone as well as looking directly backwards.

4.2 Selection of Recovery Boller

The selection of a recovery boiler for these tests depended on both
technical criteria and practical considerations. The two technical
criteria were for recovery boiler operation: 1) operation temperatures
above 1038 °C (1900 °F), and 2) high potassium concentration (in the
range of 2 to 3%) in the black liquor. These criteria were essentially
a statement of conditions required to manifest worst case optical depth
differences in recovery boilers,

In addition to these technical criteria, there were three practical
considerations used in the selection of the candidate boilers:

1) availability of optical probe access ports of sufficient size,

2) availability of ample room surrounding the boiler to accommodate
a long traversing probe, and

3) boiler availability,

An industry survey of potassium concentrations in black liquors from
various US mills (table 3) revealed that a number of recovery boilers
are fired with black liquors containing about 1 to 2% potassium. It was
also generally accepted that the operating temperatures in the recovery
boiler combustion zone vary from a low 1038 °C (1900 °F) to a maximum of
1260 °C (2300 °F). Based on these criteria, a mill site was selected as
the candidate for conducting the traversing probe tests.
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Table 3. Black liqubr composition data (expresséd‘aw weight %
of dry liquor solids)

Residual
active Msr'd Calc.
Mill alkali sulfur  sulfur
No. Na,C0; NA,0, (as Nag,0) Na K S ash ash
1 8.3 1.5 4.8 17.2 2.4 2.56 60.3  58.4
2 10.5 1.0 6.35 19.6 0.88 0.35 63.3 62.5
3 10.7 4.3 5.45 -~ 19.4 1.0 3.96 63.4 62.1
4 9.1 2.6 6.5 18.6 0.93  3.49 62.3 99.5
5 6.8 2.6 5.9 17.2 2.7 4.28 60.4 9.1
6 10.3 4.1 4.25 18.9 0.8 3.05 59.8 60.1
7 8.3 4.3 6.3 18.9 1.0 4.58 62.4 60.2
8 7.5 3.8 6.0 18.0 0.92 3.68 59.4 57.4
9 9.9 5.8 5.8 19.6 2.5 4.61 66.9 66.1
10 9.9 2.9 5.0 18.7 1.0 3.89 60.4 68.0
11 12.3 3.2 7.75 20.5 1.4 4.29  69.2 66.4
12 9.4 2.2 6.0 18.7 1.8 3.92 63,2 61.7
13 7.1 2.3 5.3 17.3 1.2 3.35  59.0 56.1
14 6.9 8.3 6.0 19.8 1.1 6.24 63.9 63.6
15 8.4 4.6 6.8 18.4 1.2 3.95 62.6 59.5
16 9.0 1.6 6.25 17.9 1.5 3.30 60.3 58.6
17 9.6 4.6 4.9 19.3 1.5 4.82  62.9 62.9
18 7.0 2.5 5.55 17.4 0.97 3.38 57.3 55.9
19 10.9 3.2 4.05 18.1 0.88 3.77 60.1 57.8
20 8.7 3.9 7.4 19.4 2.2 3.49 65.1 64.8
21 8.1 4.5 3.9 18.2 1.8 3.79  60.6 60.2
22 7.8 3.2 6.05 18.6 2.1 3.51  63.3 62.1
23 6.7 3.3 6.3 18.6 1.1 4.45  61.1 59.9
24 7.8 0.9 7.3 19.2 1.6 4.02  63.2 62.8
25 9.1 2.6 5.55 18.0 0.44 3.69 59.0 56.5
26 8.9 2.8 5.6 18.3 1.2 3.95 61,3 59.2
27 6.6 2.7 6.85 18.5 1.2 5.57  61.9 29.8
28 7.3 1.5 8.6 20.5 0.86 3.28 65.3 65.2
average 8.7 3.2 5.95 18.7 1.36 3.83 62.1 60.7

4.3 Probe Design and Fabrication

Based on practical conslderations, an experimental traversing probe
system has been designed, developed and fabricated. A description of
the probe’s mechanical details are given elsewhere [13]. The probe
design was specific to the test mill. The traversing probe (fig. 17)
consisted of an inconel probe body (about 1.9 in OD, 1.12 in ID and 12
feet long). The inconel body was fabricated with three concentric
inconel tubes providing a passage for the coolant (Dowtherm J [12]),
circulated by a heavy duty pump. The probe body housed a probe head
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(fig. 18) consisting of two separate optical probes - one to ‘iew
straight into the reaction zone and the other viewing backwards. The
optical viewing ports were provided with inert gas purging to minimize
deposits, and the probe head was cooled independently by circulating the
coolant with another small pump. The outer surface of the probe body
was provided with a total of ten heat flux transducers at selected
intervals as shown in figure 17. The probe was provided with a support
system (fig. 19) to facilitate extraction from the boiler,

4.4 Mill Tests with the Traversing Probe

A sequence of tests were planned to be carried out at the Weyerhaeuser
Mills as documented in Appendix A. These tests required the positioning
of the long traversing nrobe at one of the selected access ports for
horizontal insertion to various depths. The experimental arrangement for
obtaining emission spectra was in principle the same as the one used in
the previous tests (fig. 2). The three major differences were:

1) there was no collection optics and the fiber optic bundles
collected and transmitted the light incident on their ends,

2) the optical fiber bundle used in this arrangement was

necessarily much longer than the one used in the earlier test
arrangements, and

3) this arrangement had an additional (patch chord) bundle to
interface the optical fiber bundles of the probe head with the
spectrometer.

The general arrangement of the probe on its support system is shown in
figuve 20. The probe head and the optical fiber bundles associated with
the probe are shown in figure 21. As the probe was designed for a
maximum depth of penetration of about 8 feet, the penetration depth was
changed at 2 foot intervals. At each probe location spectral scans were
recorded of the emission spectra. The data obtained at each probe
location consisted of the spectral profiles in the 404 nm and 766 nm
regions, obtained with both fibers. In addition, these data were
supplemented with the local heat flux data from the heat flux sensors.

These mill tests were originally planned to investigate the reaction
zones at the first four floor levels, beginning the testing at the
fourth floor level and concluding at the primary air level. Such a
sequence was adopted to increase the survivability of the proke in the
harsh environment especially at the primary alr level. However, at the
time of testing it was discovered that the recovery boiler was operating
at temperatures of approximately 927 °C (1700 °F), substantially lower
than the normal operating temperatures. As a consequence it became
necessary to change the original sequence of the traversing probe tests
and begin with the second floor level and later move to the primary air
level; the tests were prematurely terminated at the primary air level
because of an unplanned mill shut-down.
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Experimental Arrangement for Traversing Probe Tests (Photograph)

Figure 20.
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- In these tests, the spectral records were obtained with the

OMA/spectrometer system while the heat flux data were obtained with a
micro-computer based data acquisition system, specially adapted for this
purpose.

During each test, the probe was subjected to an extremely harsh
enviromment; the top of the probe body was covered rapidly with black
liquor and char., Within a brief period the heat flux sensors and the
optical probe ports were found to be completely covered. As a
consequence there was very limited time available for data acquisition;
in between two successive insertions of the probe, an effort to clean-up
the probe was required. As a result, there was some delay in the
spectral data obtained at various probe locations. The black liquor was
found to be very detrimental to the heat flux sensor leads. Black
liquor would first seep under the sheath containing the sensor lead
wires, expand and raise the sheath away from. the probe tube. Once the
sheath is separated from the cool surface of the probe body, the black
liquor readily burns and damages the sheath and the lead wires as shown
in figure 22. Therefore, data from some heat flux sensors could not be
acquired because of this unexpected failure mode.

4.5 Test Results

Although these tests were terminated prematurely because of an unplanned
mill shut-down, some useful data were obtained. These data include both
the emission spectra and the local heat flux in the recovery boiler,

The initial tests were conducted without the use of the traversing
probe. In these tests the OMA was used to obtain the emission spectra;
the observed spectra were found to be weak. For example, figure 23
shows the emission spectra at 589 nm corresponding to sodium. In
contrast to the extremely intense signal levels observed (mostly in
self-absorption) in the other boilers, the emission spectra of sodium
was weak and at times was found to vanish; also, the spectra did not
indicate any dip at the line center. Likewise, the potassium emission
lines at the wavelength of 766.49 nm, as shown in figure 24, were weak
and didn’t show any indication of self-absorption, Observation of the
404 nm region showed no signal above background. The only explanation
for these weak signals was that the reaction zone temperature was low.
This conclusion was confirmed independently by a thermocouple
measurement which yielded a low temperature of 927 to 954 °C (1700 ° to
1750 °F).

Figure 25 shows the emission spectra of sodium obtained at the first
floor level. These records, although only a few in number, clearly
demonstrated the two important features - significant line broadening
and the characteristic depression due to self-absorption - commonly
found in all the mill tests. In addition, the emission intensities did
fluctuate to some extent, but not as widely as in the previous mill
tests.

The emission profiles of potassium at 766.49 nm viewing straight into

the reaction zone clearly indicated self-absorption. Figure 26 shows
two records of spectra obtained successively with the probe head
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positioned to view straight Into the boiler before insertion. These
profiles demonstrated that the level of intensity varies widely,
obviously indicative of the dynamlc nature of reaction zone; in
addition, there is evidence of self-absorption as Indicated by the dip
at the line center and the nearly equal amplitudes of each line of the
doublet. These records also indicated that the weak emission intensity
indicating absernce of potassium emlission lines. In addition, figures 27
to 30 show the composite profiles of emission spectra obtained with the

. probe positioned successively at four different penetration depths (24,

48, 64 and 78 inches) for the forward and backward looking fiber optics.
These were obtained over an extended period of time during which
significant changes in combustlon conditions occurred as shown by the
variation in profile shapes. Nevertheless, some conclusions can be
drawn. For example, the line broadening observed when viewing straight
through the boiler remained about the same and did not depend on the
probe penetration depth, as.can be concluded by comparing the
corresponding profiles in figures 27 to 30. However, the extent of
self-absorption appeared to vary to some degree, indicating changes in
the cool layer near the wall. :

The data obtained through the 180 degree fiber optics probe looking
backwards can be compared with that of the probe looking straight
through in figures 27 to 30. Generally, the emission profiles obtained
with the backward looking probe were relatively weak and showed less
self-absorption. Obviously, thils pattern of spectra suggests the
existence of a temperature profile with a relatively high temperature in
the recovery boiler interior and low near the walls. This agrees with
the previous conclusion made on the basis of the dips noticed at the
line centers in a number of emission gpectra obtained in previous tests
and in the present tests. These concluslons also agree with the data
obtained with the heat flux sensors. Although these data are limited in
extent and primarily qualitative, the trends appear to be consistent,
although they do not yield a quantitative measure of the optical depth.

Figure 31 shows a composite plot of local heat flux measured when the
probe was inserted, successively to three different penetration depths
(24, 52 and 59 inches), into the reaction zone showing that the heat
flux (and therefore the temperature) increases with distance from the
furnace wall. As the heat flux sensor locations are discrete, these

~data do not necessarily yield any information regarding local hot spots

or cool layers. However, these data clearly show that the heat flux
ranges from a high of about 20 W/ecm2 (in the interior away from the
furnace wall) to a low of about 8 W/cm2 near the wall; these data

~represent the heat flux measured by the sensors covered to sone extent

with black liquor and char. The heat flux measured by the sensors
located on the probe bottom, where the black liquor deposits were
minimal, was 30% greater than that measured on the probe top.
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5. Mathematical Modeling and Laboratory Verification
5.1 The Effect of Optical Depth on Obéerved Emission Intensity Profiles

The basic requirement for utilizing the line intensity ratio technique,
i.e., use of amplitude ratio only, is that the environment be optically
thin. The data obtalned for emission lines of Interest (doublets at

404 .4) nm and at 766.49 nm) provide an insight into the optical
thickness of the enviroument. TFor example, the emission line profiles
obtained at the Union-Camp Mills in Franklin, Va provided data, although
to a limited extent, for emissions of the doublet (404.41/404.7 nm). The
ratio of peak emission intensity at 404.41 nm to that at 404.7 nm has
been calculated from the OMA records. This ratio, listed in table 4,
was consistently found to be substantially less than two, contrary to
the theoretical ratio of two for optically thin gas streams. This ratio
was found to be equal to two from the records obtained from premixed gas
flames seeded with a nebulized mist of dilute KOH solution,
Consequently, the gas stream in the recovery boiler is deduced to be
"not optically thin". Similar data were not obtained at the 766.49 nm
wavelength during these early tests as no spectra were obtained beyond a
wavelength of 600 nm.

Table 4. Ratio of peak intensities (I,4, 4,/I404 7) Measured
in recovery boiler mill tests

Measured Ratio

Record No. (Tyoo.4/Thoa.7)
M48 1.14
M52 1.26
M54 1.04
M60 1.37
M62 1.28
M72 1.15
M74 1.17

Likewise the emission line profile records obtained at the Weyerhaeuser
Mills, New Bern, NC provide limited data for emissions at the
766.49/769.9 nm doublet. Again, this ratio was always found to be much
less than two, contrary to the theoretical ratlo of two for optically
thin gas environments. This departure from two, as summarized in table
5, clearly indicates that the gas environment is not thin at this
wavelength either. In addition, these OMA records show a dip at the
line centers; this dip is due to self-absorption arising from
temperature gradients (for example due to a cool layer near the furnace
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wall) along the optical path. The OMA records obtained at 404,41 nm
indicated that the signal to noise ratio is inadequate for any

quantification; however, qualitatively, this ratio was much smaller than
two and most probably closer to one.

Table 5. Ratio of peak intensities (1,46, 49/1769.9)
measured in Weyerhauser recovery boiler at

New Bern, NC
Record No. I,66 . 40/1760. 0
WT1M44 1.19
WT1M46 1.27
WT1M48 1.21
WT1M50 1.36
WT1M52 1.27
WT1M54 1.28
WT1M56 1.27
WT1IM76 1.31
WT1M78 1.29
WT1M80 1.32
WT1M82 1.50
WT2M82 1.11
WT2MB4 1.27
WT2M86 1.18
WT2M104 1.34
WT2M106 1.28
WI2M108 1.30
WI3M72 1.55
WT3M76 1.38
WT4M50 1.47
WT4M52 1.44
WT4M54 1.46
WT4M56 1.43
WT4M58 1.57
WI4M106 1.42
WT4M108 1.58
WT4M110 1.10
WT4M112 1.37

Based on these data, it is concluded that the recovery beiler
environment is "not optically thin" at the two potassium doublet
wavelengths under investigation. In order to confirm this conclusion,
at least qualitatively, two mathematical models have been developed.
The first mathematical model, described next, is based on an integral
approach and does not yield a detailed line shape whereas the second

medel, discussed subsequently provides some insight in to the line
shape.
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5.1.1 Emission Line Intensity from a Radiant Gas Column - Integral
Absorption Approach

The model consists of a column of gas at a uniform temperature with a
uniform concentration of the emitting species. It is assumed that the
number deasity of particulate matter is small and that the presence of
particulate matter does not effect emission intensity. An analysis of
optical depth due to light extinction from the particulate matter using
Mie theory [14) has been performed; the results from this analysis,

clearly support this assumption only when the particulate loading is
small.

The spectral line radiance is calculated by applying Kirchoff’s law for

a thermal radiator [8]). According to Kirchoff’s law, the emission
factor e(A),, defined as the ratio of the spectral radiance B, (A) to
that of a black body B, (A,T) at the same temperature and the same
wavelength, is equal to the absorption factor a(A). The black body
radiation from the gas column is given by

By (A1) = Zhet ), "%/ [exp (3t 1] (3

where

h is Planck’s constant,
¢ 1is the speed of light and
ky is Boltzmann constant.

For an arbitrary optical thickness and any wavelength, the radiance is
given by

B, (\) = A_ B,P(T) (4)

where the integral absorption, A,, is defined as
AL\ = s(\)dx = (1-exp[-k, (A\)n 2] }dA (5)

The integral covers the entire wavelength interval around the center
wavelength, where the absorption factor, k,, differs significantly from
zero. The integral absorption, A, can be represented as a function of
an optical path length parameter, a, as shown in figure 32. This figure
clearly shows that the integral absorption coefficient, A,
asymptotically approaches the optically thin approximation for small
optical path length parameter values and the optically thick
approximation for large optical path length parameter values.
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As a consequence, the intensity of thermal emission from a line can be
readily determined if the integral absorption, A,, of the line at the
temperature is known. The integral absorption depends on the Einstein
coefficients and on the line broadening processes, The Einstein
coefficients are known and tabulated [9,10] for potassium and sodium.
The line broadening processes are rather complex and require precise
calculation from fundamental quantum mechanical models. 1In this
investigation, however, approximations are made following Alkemade [8]
to calculate line widths. |

5.1.2 Line Shape and Optical Depth
The shape of an individuél emission line is modified due to a number of
physical processes in the combustion zone. The pertinent mechanisms
include:

1) Doppler broadening,

2) collisional broadening due to foreign gas molecules, and

3) self-broadening or collisional broadening due to like gas
molecules.

In this model, the self broadening processes due to like gas molecules
are not considered.

The Doppler broadening process is well characterized and the Doppler
width can be readily calculated by

Svp

Yo

Swy i ' 5Ap

]
wO A0

=7.16 x 1077 { T/M (6)

where T is the gas temperature and M is the atomic weight of the
radiating atom.

The collisional broadening processes, on the other hand, are complex
and involve both like atoms (self-broadening or self-absorption) and
foreign gas molecules (pressure or Lorentzian broadening); these
processes become apparently more complex if polar molecules (such as
water) are present. In this analysis, these complexities are neglected,

The collisional processes determine the Lorentzian profile; in the
present approximation, the Lorentzian width is related to the Doppler
width by

B S (7)
Sy (In 2)172
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where the a-parameter is obtained from experiment. The values of
a-parameters for a few emitter atoms and some collisional partners were
measured and a compilation was made by Alkemade et al [4]. These
measured values, obtained from experiments conducted at flame
temperatures, have been used in these calculations. To obtain values of
a for any temperature, the following relation is used.

a=a,T,/T, ." (8)

where a, is known at an experimental temperature of T,.

The Voigt profile, the spectrum line shape that results from a
superposition of the Lorentz and Doppler broadening processes, can be
calculated [13] and used to obtain emission line shapes. This detailed
calculation will be discussed later in this report. However, as an

approximation, the Doppler and effective widths are calculated using
further simplifications,

Relating the Doppler and Lorentzian widths through‘the a parameter of eq
(7, the width of the Voigt profile is calculated by

bvy = 1/2 vy + Jl/a Su 2 + Supy? : (9)

The peak value of the Voigt profile is determined from

Su,viu=u0 = 1/AV.3ff (10)

where,

Avgee = 6v,[1.065 + 0.447 (Svy/6v,) + 0.058 (6vy /6v,)2]. (11)

This peak value was shown [8] to be within one percent. As Av, ;e 1is
known, the integrated atomic absorptivity, k,u,, can be calculated by

Komax = 8.83 x 10713 A 2 £ /AN 4. (12)
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The integrated absorptivity, k,,, 18 calculated from

kmax = kaMax ' np ‘ ' (13>

- The optical depth, L is then readily given by

L=1/Kax- (14)

The radlant emisgions from a gas column depend on the optical quality of
the gas. If the gas is optically thin, the light emitted by the entire
column of gas will escape to the outside; 1f the gas is optically thick,

only a fraction of the emitted light at that particular wavelength will
leave the gas column.

The criterion used to determine the optical quality of the gas is based
on the non-dimensional factor, k,,,£. If k ,, £ is much less than one,
the gas is optically thin. If the factor 1s much greater than one, the
gas column 1s thick. If this factor 1s nearly equal to one, the gas
column can not be approximated as either thin or thick.

Optically Thin Case

The radiance, B, of the emission line when optically thin is given by
B=(he/4n), ) (g,/Q) exp [-Eq,/kyT]A ,n, L ) (15)

The partition function, Q in these calculations 1s set equal to the
statistical weight at the lower energy level.

The integral absorption, A, , of an optically thin line is approximated
as

A, = 8.83 x 10713 2f n,t (16)
Optically Thick Case

When the emission line is optically thick, the integral absorption is
determined by
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A, = 1.33 x 1076 ), J;;prqnpﬁ . (17)

As a consequence, the radiance of the optically thick line can be
readily determined from eq (4) as follows: ‘

B = A, BY(T) (4)

For the emission lines which cannot be approximated as either thin or
thick, no closed form expressions for the radiance and integral

~absorption are available. In such a situation, a numerical analysis
which accounts for detailed line shapes is needed,

5.2 Calculation of Optical Depth Base on the Integral Absorption Model

A computer program was developed to estimate optical depths and emission
line intensities in recovery boiler environments, The basis for the
calculations have been discussed in the previous section. The input
required for the computer model includes the spectroscopic data for the
emisslion lines of interest as well as speclification of relevant
parameters describing the boiler.

The spectroscoplc constants needed for a few of the atomic lines of
potassium and sodium are resident in the program, However, if the user
needs to calculate emission intensities of any other lines due to either
potassium, sodium or other elements, the relevant spectroscopic data and
the corresponding a-parameter values must be provided by the user
according to the menu directions.

The other variables and parameters include specification of the emission
lines of interest and the concentration of the emitter species, the
reaction zone temperature and the optical path length. This computer
model does not include an equilibrium model for calculating the emitter
species concentrations in the recovery boiler. The program is written
in TURBOPASCAL (v 3.02) [12] and requires about 36 KB of RAM on a PC.
The model requires the input of a number of variables and parameters
including the total optical path length 1, the reaction zone temperature
T, the wavelengths of interest and the emitter concentrations. The total
optical path length or recovery boiler width is treated as a variable
because recovery boiler size varies from one mill to another. However,
the actual calculations are made for a range of path lengths from 1 cm.
to 2048 cm, covering the maximum representative path length anticipated
from industrial black liquor recovery furnaces. The reaction zone gas
temperature depends on the operating conditions as well as the reaction
zone location; however, as these temperatures are not known, the
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temperature is treated as a parameter. In most of the computations,
these temperatures are set to vary from 900K (1161 °F) to 1600K

(2421 °F). | '

The concentration of the emitter species is not well known. Because of
the absence of any relevant measurements, these concentrations had to be
assumed, and as a first approximation, are set to be equal to those
obtained from equilibrium models such as the A, D. Little model [15] and
the SOLGASMIX model [16). The validity of these equilibrium models for
the computation of potassium or sodium concentrations in recovery boiler
environments is considered to be somewhat uncertain based on recent work
{17] by the Institute of Paper Chemistry on fume production.

5.2.1 Calculation Procedure

The calculation procedure is summarized in the flow chart, shown in
figure 33. Initially, the spectroscopic data and a-parameter values
corresponding to the wavelengths of interest are loaded into the data
file. Subsequently, the optical path length of the combustion zone and
the reaction zone temperature (boiler temperature) are specified. 1In
addition, the emitter concentration is either specified or is computed
from one of the equilibrium models mentioned above.

For a given wavelength, the sequence of calculations is as follows:
Step # 1:

Computation of the frequency, w and wave number, v for the emission line
using the equations,

frequency, w = 1/X (18)

and

wave number, v = c/\ ‘ (19)

In this step, the computations are also made for the Doppler width using
eq (6).

Step # 2:

The widths of Lorentzian and Voigt profiles together with an effective
width are calculated using eqs (7) to (11). The equations used are
approximations [8] with an accuracy claimed to be within one percent.

In addition, the oscillator strength, f _ is calculated if needed using

pa
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Figure 33. Computation Procedure (Flow Chart)
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foq = 1.50 A2A, £,/8, (20)

Step # 3.

The black body radlation is computed using eq (3). In addition, values
for the factors necessary to determine the optical quality of the
reaction zone are developed. These factors are then used to determine
whether the gas column is optically thin, thick, or somewhere in
between, In any event, the optical thickness is computed using eqs (12)
to (14).

Step # 4.

Calculations are made to determine the radiance, B, of the emigsion line
and the integral absorption, A,, in the following manner:

For an optically thin gas environment, the radiance B and integral
absorption, A, are computed from eqs (15) and (16).

If the gas column is found to be optically thick, the computations of B
and A, are made according to eqs (4) and (17), respectively.

If it is determined that the gas column i1s neither thick nor thin then
the computations are somewhat involved and simplified approximations are
not available, ‘

5.2.2° Sample Calculations

Three different sets of calculations are made and the results from these
calculations are summarized below for various emltter concentrations,

5.2.3 A. D. Little Model

The results from the A. D. Little model do not provide potassium atom
concentrations. In order to perform these calculations, it 1s assumed

"that the ratio of potassium atom concentrations to the sodium

concentrations in the recovery boiler combustion zone is equal to the
ratio of these atoms In the black liquor feed. These computations
further assume that the a-parameters available in the published
literature as compiled by Alkemade [8] are valid,

The input for these calculations are:

Temperature = 1400K
Mole fraction of Na (A. D. Little model) = 1.4 x 1074
Moles of K / Moles of Na in the black liquor = 0.0342
Range of Optical Path Length = 1 - 2048cm
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The results are plotted in figures 34 and 35 to show the integral
absorptivity, A, as a function of optical path length. These results
indicate that the potassium doublet at 766.49 nm is thick for the entire
path length while the line at 404.41 nm is thin only for short optical
path lengths and thick for long optical paths.

5.2.4 Measured Line Widths

These computations were made to compare and check the results from the
present model with Ariessohn’s computations. Ariessohn [18] has
measured the line widths of potassium and these measured line widths are

clearly much larger than the calculated widths.

The input for these calculations is as follows:

Temperature = 1400 K
Potassium atom number density = 2,8 x 10'?® cm-3
£,/81 = 1.5

Delta Omega for 404.41 line = 73 cm-1
Delta Omega for 766.49 line = 285 cm-1

These results are summarized in table 6.

Table 6., Comparison of calculated optical depths with
Ariessohn'’s calculations

Calculated Optical Depth, L (cm)

Wavelength (nm) Ariessohn Present
404 .41 650.0 647 .08
766.49 23.4 ' 22.53

5.2.5 SO0LGASMIX Model

The SOLGASMIX rrogram was developed and used extensively for black
liquor recovery boiler applications. This model gives equilibrium
compositions for both the gas phase and the condensed phase (smelt bed).
For example, the model [16] gives the equilibrium concentration of
potassium atoms in the gas phace as a function of temperature for a
number of black liquor feeds with different sulfidity, chlorine and
potassium content., These computations were made with air throughput
corresponding to 70% theoretical air.
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One set of results from the equilibrium calculations, made for one of
the black liquors with composition shown in table 7, has been used in
the present calculations.

Table 7. Black liquor composition

Atoms C H 0 S Na X Cl

mols 10 12.5 7 0.36 2.4 0.36 0.36

The potassium concentrations, obtained in the equilibrium computations,
are plotted as a function of temperature as shown in figure 36. For the
purpose of the present calculations, a curve fit for these data has been

generated and used,

As the equilibrium concentrations of potassium are much greater than
those obtained from the A. D. Little model, the potassium lines are
optically thick for almost all of the path lengths. The computed
optical depths are summarized in table 8,

Table 8. Computed optical depths

Optical Depth, L (cm)

T (K) [K] (cm-3) 404,41 nm 766.49 nm
1200 4.2 % 1013 2.33 9.5 x 1073
1400 1.6 x 1013 5.82 x 1072 2.4 x 1074
1600 6.4 x 1015 1.37 x 1072 5.6 x 1073

5.2.6 Model Results

The computer model, which is based on semi-empirical approximations for
line widths, has yielded estimates for the intensity of emission lines
and optical depths. This model has been used to compute the emission
intensities and optical depths of potassium emission lines for a few
sample conditions. These sample computations have been made using the
equilibrium potassium concentrations at three selected recovery boiler
temperatures: 1200, 1400, and 1600 K. The results indicate that the
potassium emission lines at the wavelengths of 404.41 nm and 766.49 nm
are optically thick. As the model is based on assumed potassium
concentration levels in the recovery boiler combusilon zone, the res
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will be as accurate as the assumed concentration levels. Consequently,
a dependable model for estimating these atom concentrations is needed.
The SOLGASMIX model is anticipated to provide the needed atom
concentration levels at least as a first approximation for various
recovery boiler conditions. Since the results obtained from the model
suggest that the potassium emission lines are thick, it is essential to
verify both the approach used in the model and the input provided to the
model. As a consequence, an effort to calculate in detail the shape of
emission lines was undertaken.

6. Emission Profile and Optical Depth Models

A model was developed to characterize emission line profiles of
thermometric species as viewed from the side of a combustion zone,
having temperature profiles and species concentrations similar to those
of recovery boilers. The primary assumptions of this model are

1) the combustion zone is in a state of local thermodynamic
equilibrium, and

2) the concentration of emitting/absorbing species is explicitly
dependent on temperature.

Effects due to scattering by particulates are not considered, although
this is possible with the addition of algorithms based on the
appropriate scattering theory. Also, the effects of collisional
broadening due to polar molecules, i.e., water molecules, which may be
significant are not explicitly considered due to lack of data and models
describing these interactions.

The profile of a single spectral line is obtained from a calculation
procedure for the Voigt profile given by Armstrong [14]. Since doublet
states of potassium are the spectral lines of interest, a superposition
of the Voigt profile was used to develop a wavelength grid, with
associated amplitudes. This is used to cover the wavelength regions of
interest near 766 and 404 nm. Appropriate selection of Voigt profile
calculatlion parameters provides a means to include varying degrees of
collisional and Doppler broadening effects on the line shape.

6.1 Emrission/Absorption Model

The expression for the intensity emitted, Byon» at wavelength, A, from
an elemental volume of width L containing n, emitters is

Bgen = S, [he/bmr] (gy/g,) exp[(E, - E;)/KT) Aj,n L (21)
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where h - Planck’s constant g; - statistical weights of the
¢ - speed of light upper and lower energy
k - Boltzmann constant levels of tranmsition
T - Temperature E;, - the upper or lower level
8, - Voigt amplitude at energy ‘ ‘
AL A,, - the transition’s Einstein
Coefficient

This expression does not account for absorption effects. (In the
terminology used in discussing the integral absorption model, the
emission zone is considered to be optically thin.)

This model is a solution of the radiative heat transfer equation which
involves integration along a path traversing the combustion zone to
obtain the intensity observed or detected at the edge of the bhoiler. To
obtain predicted profiles from the model the integration was performed
at each wavelength grid point covering the doublet region under
consideration. Non-uniformity in the optical path along which the
integration proceeds results from temperature variations along it. To
account for absorption effects along a non-uniform optical path, each
integration element’s width was tested for the level of absorption of
incident radiation. The element’'s width was adjusted to minimize
absorption effects which are neglected in the intensity source term of
the integral. '

Attenuation of the intensity at every wavelength occurs as the numerical
integration of the emission intensity proceeds across the combustion
zone. The radiation Intensity transmitted through each integration
element, B,.,..,» 1s dependent upon the absorption coefficient, K
species number density, n,, and the optical path length.

the

a'’

Berans = Bin eXP(-Kaan).

The total intensity leaving a spatial integration element, B, ,., is the
sum of the generation and transmission terms,

Bout = Bgen + Btrans = Bo exp('Kaan) + Bgen (22)

where B, is the intensity entering the elemental volume. The value of
the absorption coefficient, K,, was computed from the Voigt profile
calculated for each line of the doublet considered. To obtain the
effective absorption coefficient, contributions from each line of the
doublet were included. The method used was to determine the position of
the integration wavelength in terms of the Doppler width as measured
from each line center of the doublet. The absorption coefficlent ratio
for each line was obtained using the Voigt profile calculation, and
multiplied by the absorption coefficient at the line center of the
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corresponding line to obtain each line'’'s contribution to the total
absorption coefficient. The sum of these two is the effective
absorption coefficient value, K, ,used in both the generation and
attenuation terms.

Integration of the radiative heat transfer equation begins at one side
of the combustion zone and proceeds to the opposite side using discreet
elements of variable length. The length of the integration element used
in each step was adjusted so that the absorbed intensity in the element
was maintained below a fixed level (5% absorption), i.e., the optically
thin assumption for each integration element was maintained. This
provided a means to minimize errors in the integration caused by
neglecting absorption of intensity generated within the element
resulting in a width limit of each integration element. Width limits
are maintained below 5 percent absorption in the current element.
Investigation of integration element width selection indicated that the
5 percent absorption limit was conservative. A larger value could have
been used, however, the use of 5 percent was sufficient to maintain
acceptable computation times for all profiles.

Selection of the integration element width allows non-isothermal
temperature profiles in the combustion zone to be investigated. Four
temperature profiles were investigated: isothermal, trapezoidal, a
three reglon isothermal profile, similar to the trapezoidal but having
step boundaries rather than sloped ones, and a trapezoidal profile with
a lower temperature region in the center of the combustion zone. The
lsothermal results were used to test the calculation against results
computed from the analytical solution of the radiative heat transfer
equation and good agreement was obtained.

For the isothermal temperature profile, easily quantifiable optical
depths for each grid wavelength could be obtained. The results of the
isothermal profile calculations showed that near the center of each line
of the doublets optical depths could decrease to the order of several
centimeters. The magnitude of the optical depth was strongly dependent
on temperature and potassium concentration, n,. At wavelengths romewhat
removed from the line centers, the optical depth increascd to the boiler
dimension at all wavelengths. At wavelengths near the line centers
optical depth was also concentration and temperature dependent.

The trapezoidal profile combines zones of linearly increasing and
decreasing temperature bounding an isothermal core region,
(Calculations for all temperature profiles used total combustion zone
dimensions of 1000 cm to approximate the dimensions of recovery
boilers.) The non-isothermal bounding regions were 30-50 cm wide with
temperatures lower than the central isothermal region. The trapezoidal
profile and the three region isothermal profile were used primarily.
Both cases allowed investigation of the effects of cool layers bounding
the hotter inner core of the boiler. Initially species concentrations,
i.e, potassium number density, n,, were computed using polynomial fits
to the results of the thermal equilibrium model of Pejyrd and Hupa [17]
as a function of temperature. This was later modified to either include
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a nmultiplier to reduce n,, while maintaining the shape of the
temperature dependence, or to use a fixed value of n, for each region of
the temperature profile. Pejyrd and Hupa's n, values caused the model
to produce line intensity profiles that approached the black body
radiatlon limits for all grid wavelengths and at temperatures thought to
be considerably lower than expected for recovery boilers, i.e., 1125 -
1200 K (1565 - 1700 °F).

6.2 Model Calculation Results

The results of the calculations are spectral line shapes for the two
potassium doublets, To test the capability of the model to reproduce
known optically thin profiles, calculations were made for very low
potassium concentrations which resulted in line shapes closely
approximating those expected and observed for optically thin conditions
in laboratory flames. The calculated profiles are shown in figure 37
for both potassium doublets and an isothermal temperature profile. The
ratio of the longer wavelength line to its doublet partner is 2 as
predicted by the ratio of statistical weights for each doublet. Use of
potassium concentration, n,, values as given by Pejyrd and Hupa cause
the line shapes of both doublets to change radically due to re-
absorption effects, i.e., attenuation of previously emitted photons by
potasgium atoms located closer to the observer. The effect of such re-
absorption is to limit the distance over which photons from the interior
of the boiler may be observed from its edge, i.e., a decrease in optical
depth,

This occurs because emission, which is greatest at the doublet line
centers, reaches the blackbody limit there first. Once this happens,
further increase in intensity only occurs at wavelengths away from the
line centers resulting in a change in the emission profile. For these
doublets, having statistical weight ratios of 2, the ratio of amplitudes
of the doublet's transitions begin to decrease toward unity as the lower
amplitude transition increases intensity while the other remains at the
blackbody limit. In the case of isothermal temperature profiles and
higher temperature and/or concentration values, both transitions become
blackbody limited and continued intensity increases occur in the line’'s
wing regions, further distorting emission profiles.

Emission profiles observed through the cooler bounding layers of non-
isothermal temperature profiles (three region profile with step
boundaries) are additionally modified by strong re-absorption around the
line centers. These effects, illustrated in figure 38, are most
pronounced near the line center. These results, calculated using the
Pejyrd and Hupa equilibrium concentration values computed for the three
temperatures, illustrate the evolution of line shape distortion caused
by re-absorption as temperature and concentration increase. The ratio of
amplitudes for the 404 nm doublet decreases as the temperature increases
from 1125 to 1175 K. At 1175 K the shorter wavelength line has begun to
show reduced intensity near the line center due to re-absorption in the
50 cm. cool layer. Both lines are at the black body emission limit for
that temperature. Similar effects are seen for the 766 nm doublet.
However, the blackbody limit is reached at the lowest temperature with
dips formed at both line centers. As the temperature increases, the
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magnitude of the dip around the line center is increased due to
intensity increase in the wings of each line,

Similar emission profiles result from'calculatiéﬁs in which the

temperature values for the core and cool layer regions are held constant
while values are varied, or for fixed n, values with variation in
temperature, 1llustrating the interdependence of temperature and
concentration. Figures 39 and 40 illustrate such a situation. Emission
intensities are less for the lower core region concentration levels used
in computing the profiles in figure 39, Each line of the 766 doublets
are narrower, and the amplitude ratio of the 404 nm doublet are closer
to 2 than in the higher concentration case of figure 40. Figure 41 also
illustrates the similarity in profile characteristics obtained for fixed
temperatures of the core and cooler bounding layers. ‘

Models such as the one discussed here are dependent upon correct
estimates of n, to realistically predict emission line shapes in a
strongly absorbing medium. Comparison between recovery boiler emissions
and the results of this model show that the calculated line shape of the
potasgium doublets can be made to closely resemble those observed. This
is accomplished by decreasing the n, values, relative to Pejyrd and
Hupa, and temperatures as free parameters until the calculated line
shapes resemble those of the observations. For temperatures ranging
from 1125 to 1300 K, use of n, values in the range of one to two orders
of magnitude below those predicted by Pejyrd and Hupa resulted in
emission profiles of similar shape to those observed in recovery
boilers. Further décrease in n, values would produce similar profiles
for the temperatures normally thought to occur in the recovery boiler.

6.3 Optically Thick Gas - Analytical Expressions

A similar approach, which is valid for both optically thin and thick
environments depends on the relatilonship of Einstein coefficients for
emission and absorption. The Einstein coefficient, A,  for emission at
energy level, q, is related to the Einstein coefficient for absorption,

B,, by the following relation:

Agp/Bgp = 87 hyy®/c? (23)

The absorption coefficients B

and B are related by the statistical
welghts of the two levels.

ap

Byp/Bpq = gp/gq (24)

The oscillator strength is given by

= 2
qu = (hm, v, /ne )qu.
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The absorption coefficient, K(v) is determined from

K(v) = By S,bwon,/c = ( o

8mv,

~) /e S A (26

where S, is the function that describes the line shape, i.e., the Voigt
profile function for this calculation.

The line shape as a function of wavelength is obtained from
S, = Sy(X,%/c). - @n

The absorption coefficient, K(v) is then given by

~\ 2
cA,

K(V) = [ ,_2_) (gq/,gp) SAllpqu' (28)

8 v,

The atomic absorption coefficient, k, for a resomance line is given by

c A2
k, (v) = (___ °2) (81/80) Sy Ayp- (29)

8n v

o

The intensity of emission of a resonance line, with line center at A
at a wavelength of X is given by ‘

0!

Ay he d 4
B, = I dB, = [__13»_" ] Sy I n, (x)dx exp [-[* k, (A\)n, (x/)dx/)

DWW o
x .
= (Do) A f M ekprou) M a
LAy kKO0 o n (%) ax/ (30)
where
u = exp [-[* k, (\)n, (x/)dx/]; _fg =k, (M)n, (x/) (31)
° dx

Substitution of eq (29) into eq (30) yields

) () () e e o
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where

a(d) =1 - exp [-| k,(M)n,(x) ax/ |} (33)

6.4 Laboratory Tests

Laboratory tests were performed to confirm the model results, especially
to show tliat the ratio of the two peak intensities of a potassium (or
sodium) doublet is equal to 2 the ratio of statistical weight, g,/g,
i.e., when optically thin, less than 2 when one of the lines is
optically thick, and nearly equal to one when the gas is optically
thick. When both lines are optically thick, the peak emission intensity
ratio corresponds to that of a black body at the temperature of the gas
stream.

The apparatus used in these tests consisted of a 3 inch diameter
premixed methene/air burner equipped with a nebulized mist injector; the
experimental arrangement used was essentially the same as the one used
in the earlier laboravvry tests (fig. 2).

Initially, several KOH solutions of different ccncentrations were
prepared by diluting a saturated KOH solution with varying amounts of
distilled water. In the first series of experiments, the potassium
emission spectra at 404.41 nm and 766.49 nm were obtained from a fuel-
rich flame injected with only dilute KOH solutions. The peak intensity
ratios (I,/I,) of either of the potassium doublets were found to be
equal to 2 as expected for emissions from optically thin gases. The peak
intensity ratio of each of the potassium doublets remained equal to two
even when the flame was injected with saturated solutions of KOH,
provided the effective path length was kept to a minimum. Figure 42
shows the emission spectra of potaésium doublet at 766.49/769.92 nm,
obtained in both fuel-rich, and fuel-lean flames at about the same
adiabatic flame temperatures; as can be seen the peak intensity ratios
are nearly equal (1.9 and 1.96 respectively), at these conditions, the
peak value at the wavelength of 766.49 appears to be saturated,
especially in the fuel-rich flame. However, when the KOH spray was
increased to increase the effective path length, the ratio was found to
decrease as shown in figure 43. This decrease varied depending on the
quantity of potassium in the flame and approached values as low as 1.2,

In addition to these tests with KOH solutions, a sequence of tests with
sodium hydroxide solution were conducted. Dilute NaOH solutiocns
injected into premixed flames yielded the peak intensity ratio of two
(fig. 50) for the sodium doublet at 589 nm. However, when a saturated
NaOH solution was injected at an ircreased flow rate, this peak

73




uoTssTuy Uiyl ATTe2T340 - HOX
ulTa pa3jdafuy sawmeyg L1o3ezi0Qe] WOXJ SOTTIJOIJ SUIT PIINSBIN ‘7Y 3an813

(Wu) HIDNITIAVM ~ T
- . . . | . . . .
| }
9671 =i/t
(leonaioayy) M €412 = P81 1
£6°0 = ¢ ‘olley aousjeanbl s
1 m .
- ~
wu 6°692 w
4 -
£
061 =°i/H 4
(jleal@Iosyl) M 6612 =P°L 1
21'L = ¢ ‘oitey mo:m“m>_3vm\ 1
wu ot
wu 6499/ T
AVHdS HOM HLIM a31D03rNI SNV 14 AHOIVHOGY 1
IWOHd SNOISSING 3NIT-M

T TRUNC I RN TR T TIF S KT R T T TRE e TR TIR TN TR L LA U 1 L R T L o
y | f 1A mor



LI T | AR

S9SBe) JNOTYL pue UTY],
A11ed>T3dQ 103 woT3os{uU] HON - SSTIJOIJ SUTT UOTSSTEY peansesy ¢y aand1g
T
(WU) HIDNITIAVM -

-

181 =%/}
M €712 = PBy
£6°0 =¢ ‘oljey aouajeAinby

75

Wwu 6°694

ALISN3LNI

9.1 =21/t 1
X 6612 =P°L I
2Lt =¢ ‘oney sousieainbg wu oL St

wu 6°992 ,

AVHdS HOM HLIM @3 LO3rNI S3NVYI4d AHOLYHO8VY 1
INOYd SNOISSIWG INIT-M

g__s_‘_zé_ﬁ LT



waw A @

”Hi wokn b Al

i
mu il

il

.'m
=

i
I

!

il

il

|

1

b

intensity ratio was found to decrease to a value much lower than two but
still greater than one, as expected.

Based on these limited data it was concluded that it is feasible to
demonstrate that the emission Intensity of an optically thick line is
equal to the emission intehgihy from ‘a black body at the gas
temperature. Such an effort, wh%ﬁh would require further modifications
to the burner and nebulizer, wad not undertaken because of limitations
in time.

Theoretical considerations suggest that an appropriate increase in
optical path length causes an optically thin gas stream to become an
optically thick one. To illustrate this, a simple approach was
developed and tested. A ceramic rod, about 3 mm (1/8 inch) diameter was
dipped into a saturated KOH solution so as to cover the rod up to a
length of 6 inches. The rod was then removed to dry and obtain a KOH
coating. This rod was inserted horizontally, just 1/8th inch above the
burner plate, into a fuel rich flame, Once the rod was inserted into
the flame, it generates a vertical sheath of yellow flame. The light
emitted by this sheath was observed through collection optics located
about an inch above the ceramic rod. The light gathered was transmitted
into the spectrometer to obtain emission spectra. These spectra were
obtained when looking normal to the flame sheath, which is about 0,5 cm
thick, the peak Intensity ratio was found to be very closely equal to
two. On the other hand, when looking along the 6.5 cm long sheath, the
peak ratio decreased to 1.14. These results clearly demcnstrate that if
the peak ratio were measured to be less than two, the combustion zone is
optically thick., Similar results were obtained when the sodium doublet
at 589.0 nm was investigated.

These results clearly demonstrate that the emission lines observed in
the recovery boilers investigated thus far -- Na doublet at 589 nm and
potassium doublets at 404.41/404.7 nm and 766.49/769.9 nm -- are
optically thick.

7. Summary and Conclusions

The investigations reported here from the mill tests have yielded the
following results: |

1. Molecular flame spectra (OH,CH,C,) have not been observed in
recovery boilers.

2. In addition to the sodium spectral line at 589 nm, observed
largely in self-absorption, strong emission from the potassium
at 766/769 nm was observed in all boiler tests. In addition, a
much weaker potassium doublet at 404 nm was observed at
sufficiently high temperatures.
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3. The observed line shapes show that the 766/769 nm doublet was
always optically thick, i.e., re-absorption or self-absorption
effects distort the line shape. The limited data on the 404 nm
doublet is also indicate probable self-absorption effects.

Since the simplest form of line intensity ratio technique is primarily
useful for measuring temperatures from observation of optically thin
lines, i.e., negligible re-absorption, this approach doe not appear
promising for combustion temperature measurement in recovery boilers.

A computer-based model was written allowing correlation of spectral line
profiles and intensities with boiler gas temperatures and concentrations
of thermometric species (ng;). This model was applied to the potassium
lines. The results of the model calculations demonstrate a high degree
of sensitivity to thermometric species concentration, n,, values. The
integrated absorption and intensity models discussed here are dependent
upon correct estimates of n, to realistically predict emission line
shapes and optical depths in the strongly absorbing medium found in
recovery boilers. Comparison between recovery boiler emissions and the
results of the intensity model show that with reliable concentration
data, the calculated line shape of the potassium doublets can be made to
closely resemble those observed in the boiler. This can be accomplished
by adjusting the n, values and temperatures as free parameters until the
calculated Jline shapes resemble those observed.

For temperatures ranging from 1125 to 1300 K, values of in the range
of one to two orders of magnitude below the values predicted by Pejyrd
and Hupa were necessary to obtain generally expected line shops. Higher
temperatures require a corresponding decrease in n, to obtain similar
line shapes. It would appear from the results of the intensity model
studies that concentrations published by Pejyrd and Hupa do not
correspond well with conditions in the recovery boilers in which
observations were made. This may be the result of large disparities

between the black liquor compositions actually used and that on which
the equilibrium model is based

Generally the results of the intensity model for isothermal cases
indicate that optical depths near the line centers of both potassium
doublets are a small fraction of the size of the boiler. This is in
agreement with the integral absorption model results and the results
from laboratory-burner experiments performed after boiler experiments.
Inference of temperature from observations of the potassium doublets at
404 and 766 nm appears to be quite complex, requiring detailed
information of the shape of each doublet. Essential to such an approach
is realistic prediction of potassium concentration in the boiler which
would require a realistic equilibrium model and, perhaps, on-line
sampling of the black liquor feed stream for potassium concentration in
boiler fuel. This suggests, that with correct values for the potassium
concentration, that combustion temperature measurements are possible
when combined wi*h this type of intensity model and could be the basis
for a valia gas temperature measurement for the recovery boiler.
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