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[57] ABSTRACT

An apparatus is described which is capable of produc-
ing an image of a smelt bed of inorganic chemicals
collected at the bottom of a kraft pulp recovery boiler.
The image produced is free of interferences of fume
particles and gaseous radiation which have obscured
prior attempts to view hot surfaces under such environ-
mental conditions. The apparatus includes an industnal
closed circuit video camera fitted with an infrared im-
aging detector or vidicon tube. An objective lens ob-
tains the image. An optical filter interposed between the
lens and the vidicon is a key element of the invention
and is selected to reject radiation less than about a mi-
crometer to avoid fume interference. The filter is fur-
ther selected to reject all but limited ranges of radiation
to avoid gaseous species overlying the smelt bed which
are strongly emitting and absorbing. As an example, a
spectral filter centered at 1.68 micrometers with a band
width of 0.07 micrometer is suitable for imaging a kraft
recovery smelt bed.

22 Claims, 2 Drawing Sheets
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IMAGING OF HOT INFRARED EMITTING
SURFACES OBSCURED BY PARTICULATE FUME
AND HOT GASES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

BACKGROUND OF THE INVENTION

The present invention relates to apparatus for pro-
ducing a continuous visual image of the physical condi-
tions in the interior of a hot vessel. The technology of
interest images hot interior surfaces where the surfaces
are obscured by fume and radiation emitting/absorbing
gases associated with a process taking place in the ves-
sel. More particularly, the invention relates to imaging
the interior of a wood pulp chemical recovery boiler.

In a manufacture of wood pulp, raw wood is digested
in the presence of inorganic chemicals. In the sulfate or
kraft pulping processes the active pulping chemicals are
sodium hydroxide and sodium sulfide. An important
aspect of kraft pulping is recovery of these inorganic
pulping chemicals from the liquid pulping waste stream.
This waste liquid, commonly called black liquor, 15 an
aqueous mixture of lignin extracted from the wood and
reacted inorganic pulping chemicals, principally so-
dium carbonate and sulfate. Economics of the overall
pulping process require recovery of the relatively ex-
pensive pulping chemicals from the waste black liquor.

Conventionally, black liquor is combusted in a boiler
designed to recover the pulping chemicals and extract
thermal energy from the organic matter in the black
liquor for steam production. The chemical recovery
boiler receives black liquor after it has been concen-
trated in evaporators. The liquor is burned in the fur-
nace and the chemicals are recovered as a molten smelt
in the bottom of the boiler from which it discharges for
recycling back into a fresh pulping liquor makeup sys-
em.

A principal function of the recovery process is the
reconversion of sodium sulfate back to active sodium
sulfide by the carbon residues in the boiler. Tempera-
ture and air flows are controlled to maintain a reducing
zone in the boiler to change as much of the sodium
sulfate as possible into sodium sulfide. The degree of
reduction of sulfate to sulfide in the melt reflects the
efficiency of the chemical recovery function and deter-
mines the quality of the chemical product from the
recovery boiler.

The characteristics of the bed of molten solids and
how they affect heat and chemical recovery are not
known with certainty. This is largely due to the lack up
until now of a means for accurately observing or mea-
suring bed configuration. Fume and gaseous emissions
from the smelt bed typically prevent significant contin-
uous visual observation.

The bed itself is generally a very porous lattice con-
taining approximately 5% carbon by weight. The typi-
cal smelt bed temperature is about 1000° C. with overly-
ing combustion gases at temperatures of 1100°-1300" C.

What is known suggests that smelt bed height on the
floor of the furnace affects the efficiency of achieving
the primary goal of reducing sodium sulfate to sulfide.
In general, a medium bed height suggests good chemi-
cal reducing environment. On the other hand, a low bed
height is thought to be safest, depending upon boiler
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geometry, providing short cool down times following
emergency shutdowns. Also, an unstable bed size 1s
related, in general, to less stable boiler operations, lead-
ing potentially to dangerous blackouts.

The present knowledge of the effect of bed inventory
and distribution on the operations of the recovery sys-
tem as a whole is enough to suggest that a constant bed
inventory is essential to maintaining stable boiler opera-
tions. To achieve this goal, a clear continuous visual
image of the bed would provide much of the informa-
tion needed to permit improvement of control of the
bed and, hence, improved chemical recovery.

THE PRIOR ART

One prior method of measuring bed height involves
the installation of pyrometers at, for example, furnace
air port levels. Temperature measurements are then
used to infer bed height. This simple technique equates
relatively low and high temperatures with the presence
or absence, respectively, of the smelt. A problem with
this technique is that gas temperatures near the bed can
vary greatly with variations in air distribution and cause
false readings unrelated to bed height. Also, such a
monitoring system tells little about the distribution of
bed material at the central regions of the bed, important
information since past observations suggest that mate-
rial distribution is non-uniform.

Many chemical recovery boiler operations presently
employ closed circuit TV cameras to produce images of
the smelt bed. These cameras should provide all neces-
sary information on bed configuration and height in a
form that could be readily interpreted and used by the
recovery boiler operator. However, the image pro-
duced is intermittent with individual regions of the bed
visible only about 10-20% of the time. An impression of
the bed configuration is gained only by observing im-
ages for a period of minutes over which various por-
tions fade in and out of view. Most of the time the image
is obscured by swirling clouds of dust or incandescent
gas. Bright flashes light up small regions of the bed and
occasionally silhouette intervening portions of the bed
producing for a moment a clear impression of bed con-
figuration. The entire bed is, however, never visible at
once and the walls of the furnace are not discernible.
Experience with these video imaging systems has been
that because of the intermittent nature of the image, the
information provided is generally insufficient to permuit
operational control decisions.

A number of imaging systems have been developed
for viewing interiors of closed, hot vessels other than
recovery boilers, to determine some internal character-
istic or condition. Most of these systems are designed
for use in blast furnaces, coke ovens and the like.

In a recovery boiler, typical smelt bed temperatures
are at about 1000° C., with overlying combustion gases
at temperatures of 1100°-1300° C. In blast furnaces, the
stock or ore/coke surface temperatures are on the order
150°-300° C. and the overlying gases are at tempera-
tures of 90°-130° C. Because of these relatively low
temperatures, there is very little visible radiation from
the stock charge, about 12 orders of magnitude less than
the intensity of visible radiation from a recovery boiler
smelt bed. A number of prior art systems suggest, as
does the Ponghis U.S. Pat. No. 3,718,758, the use of an
illuminating source in combination with a TV camera,
both of which are mounted on a probe and inserted into
the vessel. The lack of ambient visible light coupled
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with an interest in measuring stock surface temperatures
led Ponghis to employ optical illumination in the infra-
red range.

Where temperatures of the surfaces to be imaged are
sufficiently high an infrared scanner may be used if
there 1s insufficient visible light available. The Shimot-
suma U.S. Pat. No. 3,588,067, describes just such a
system in which an industrial television camera employ-
ing an infrared vidicon produces an image correspond-
ing to the height and shape of the matenials in the vessel.
The infrared signal also produces temperature distribu-
tions. No mention is made by Shimotsuma of the sys-
tem’s ability to distinguish between the charge and the
overlying gases. In light of conditions observed in re-
covery boiler environments, the lack of mention in
Shimotsuma of any necessity to reject interferences
from obscuring gases or particles suggests that these
conditions are not present in the blast furnace environ-
ment.

In the chemical recovery boiler environment, it is not
sufficient to use an infrared vidicon equipped camera
alone to observe the bed since the vidicon is also sensi-
tive to visible radiation. In contrast to the system of
interest in Shimotsuma, the size and loading of fume
particles in the recovery boiler are such that visibility is
substantially obscured in the visible range virtually all
the time. Elemental sodium and possibly some sodium
hydroxide are vaporized at the bed surface and react
with carbon and oxygen. Sodium carbonate is formed
which condenses into liquid droplets of approximately
0.1 to 0.5 micrometer diameter. These constitute the
fume present in the lower furnace. As these droplets are
swept upward with the rising gas stream, they encoun-
ter regions of high sulfur dioxide concentration and the
carbonate is displaced by sulfate so that the composition
of the fume in the upper part of the furnace is almost
entirely sodium sulfate.

The chemical recovery boiler environment also dif-
fers from blast furnace environments with regard to
absorption/emission of radiation by the gases present
above the material beds. In the recovery boiler, the
gases above the smelt bed are significantly hotter than
the bed surface. Therefore, radiation emitted by the
gases within the spectral absorption and emission bands
associated with the major gaseous species present will
be much more intense than that emitted from the bed.
Also, at the temperatures present in the recovery boiler
these gaseous absorption/emission bands will be greatly
broadened.

In the blast furnace, by comparison, the gases above
the stock line are somewhat cooler than the stock sur-
faces so that the total radiation from the gases will be
small compared so that of the surfaces. The absorp-
tion/emission bands will be fairly narrow compared
with the corresponding bands in the recovery boiler.
The primary effect of the gases in the blast furnace
situation would be to absorb only that portion of the
radiation emitted from the surface which lies within the
relatively narrow absorption bands.

Thus, in the blast furnace situation, where there ap-
parently 18 no significant fume or dust interferences and
himited absorption/emission interferences, a broad band
system which is sensitive to a wide range of visible and
infrared wavelengths would likely work well. How-
ever, in the chemical recovery furnace, there are sus-
pended light scattering particles or fume and gaseous
absorptions and emissions at high temperature, both of
which combine to obscure the surface to be imaged.
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The broad band infrared system of the prior art does not
work much more efficiently than the visible range sys-
tems presently in use.

SUMMARY OF THE INVENTION

What has been discovered is that an infrared vidicon
camera arrangement for imaging produces images suit-
able for boiler operation control where the spectral
sensitivity of the system to specific IR wavelengths is
limited, first of all, to greater than about ! micrometer
by suitable filtering. Secondly, the spectral sensitivity of
the system must also be limited to avoid absorptions and
emissions of radiation from the major species of gases
just above the smelt bed.

The imaging apparatus of this invention for observing
infrared emitting surfaces where the surfaces are sub-
stantially obscured by fume and dust particles which
strongly scatter visible light and by absorptions and
emissions of major species of overlying gases includes
the following elements. An industrial closed circuit
video camera, including an infrared imaging detector or
vidicon tube is located near but insulated thermally
from the surfaces to be detected. A holding means,
mounted on the camera, positions an objective lens for
the camera in line of sight with the surfaces to be im-
aged. An optical filter means limits the spectral sensitiv-
ity of the system to wavelengths greater than about 1
micrometer. The optical filter means also selectively
rejects wavelengths of strong gaseous absorptions and
emissions. Finally, a TV monitor receives the image
detected by the vidicon camera and produces a continu-
ous image of the bed surfaces.

The imaging apparatus of the invention produces a
substantially clear view of the smelt bed of inorganic
chemicals recovered from combustion of kraft black
liquor derived from the pulping of wood. The optical
filter excluding all radiation except a narrow band, thus
avoiding the interferences caused by fume particles and
gases which overlie the smelt bed surfaces and obscure
visibility of those surfaces, is a key element of the inven-
tion. One practical filter is centered at 1.68 micrometers
and has a band width of 0.07 micrometers. All other
narrow band filters which avoid overlying particulate
and gaseous interferences are contemplated as within
the invention, including those for other hot surface
systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of the imaging apparatus of the
invention shown in combination with a chemical recov-
ery boiler smelt bed.

FIG. 2 predicts extinction coefficients (m—!) as a
function of wavelength (micrometers) for emissions of
gases and light scattering particulates overlying a smelt
bed.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, the apparatus of the invention is
depicted schematically. A closed circuit television cam-
era 10, which includes an infrared vidicon tube compo-
nent (not shown in detail), is located adjacent boiler 20
whose interior is to be imaged. A lens tube assembly 11,
mounted upon camera 10, extends into the boiler 20
through an aperture 21 in the boiler wall 22. The lens
tube contains such objective, collecting and collimating
lenses (not shown in detail) as are conventionally neces-
sary to transmit an image to be remotely reproduced
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from the object to be observed to the infrared vidicon
10. The camera 10 is mounted on a stand 23 which
permits horizontal and vertical adjustment to view a
substantial portion of the boiler floor 30 and any smelt
bed 31 accumulated thereupon.

An optical filter 12 is a key element of this invention.
It is selected to limit the wavelength of light transmitted
to the vidicon from the object to be imaged to wave-
lengths greater than 1 micrometer. This limitation 18
imposed to avoid image interferences caused by particu-
late and fume overlying the surface to be imaged.

The optical filter 12 further limits the transmitted
light from the surfaces to be imaged 10 a narrow band
which avoids the light emissions of the principal species
of hot gases overlying the surface to imaged. Careful
selection of wavelengths transmitted to avoid these
gaseous interferences is critical to obtaining the dramat-
ically improved images of the surfaces to be repro-
duced.

Both camera and the lens holder are provided with an
enclosure 13 designed to protect them from the dirty
mill environment. A cooling and purging air system 14
insures that the temperature of the lens and camera do
not exceed safe operating levels. The air cooling system
also creates a high velocity air purge at the end of the
lens to prevent combustion gases, char, or smelt from
fouling the optics. It was discovered that by placing the
end of the lens tube 11 approximately 5-10 cm back
from the wall tubes 22, fouling of the lens tube was
virtually eliminated without sacrificing the field
view,

A cable 17 transmits the image obtained through the
lens and vidicon for reproduction upon a television
monitor 19.

As noted above, a most critical element of this imag-
ing apparatus and its ability to obtain unobscured im-
ages lies in the selection of an optical filter 12 which
avoids interferences caused by fume particulate and hot
gases overlying the surfaces to be imaged. The selection
process requires an analysis of the transport of radiation
through particle-laden gases, and identification of those
propertjes of the gases and particles which affect this
transport process. In its simplest form, the solution to
the equation of radiative transport may be expressed as:

IA)=1A)e— Y+ Bu(Tl—e~7)

where I(A) is the intensity of radiation at wavelength A
reaching an observer at a distance 1 from the surface s;
I4)) is the intensity of the radiation at wavelength A
emanating from surface s in the direction of the ob-
server; Ba(Ty) is the black body intensity at the gas
temperature, Tg; and ¥ 1s the extinction coefficient of
the particle laden gases between surface’s and the ob-
server. This assumes that the extinction coefficient and
th= gas temperature are constant along the path 1.

As can be seen from this expression, when 7 is large,
the radiation emanating from the surface is substantially
attenuated and only radiation emitted by the gases
reaches the observer: when ¥ is very small, the radiation
from the surface reaches the observer with littie attenu-
ation and the gases provide little interference. It is these
regions of low v, if they exist, where clear images of a
surface such as the smelt bed of interest here may be
obtained.

The extinction coefficient may be expressed as the
sum of contributions from the gases and particles;
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Y=g+ Ypa+¥ps

where 7y, is the absorption coefficient of the gases, Ypa 18
the absorption coefficient of the particles and vyp; is the
scattering coefficient of the particles. In order to estab-
lish reasonable estimates of the magnitudes of these
quantities, i1t is necessary to examine the conditions
which exist in the environment of interest, here the
lower furnace region.

Specific information which 1s required includes the
magnitudes of gas temperature, gas species concentra-
tions and optical properties, particle sizes and mass
loading, as well as particle optical properties. Virtually
no experimental data exists for any of these quantities In
the lower part of the furnace. However, reasonable
estimates of these quantities can be made which will
permit selection of an appropnate filter.

In the absence of reliable measurement of gas species
concentrations in the various zones in the recovery
furnace, a computer model was designed using thermo-
chemical equilibrium calculations and heat and mass
balances to provide at least rough indications of the
probable magnitudes of these quantities and of the gas
temperatures in the vanous zones of the furnace. See
Merriam. R. L., “Computer Model of a Kraft Recovery
Furnace—Version 1.0,” Vol. I1, p. 3-7, Arthur D. Lit-
tle, Inc. (August 1979). The computer model concentra-
tions were combined with data on the spectral proper-
ties of the products of the combustion of alcohol, which
are CO, CO3, H20, Nz and O3, and with data on the low
temperature absorption spectra of sulfur compounds
expected to be generated, 10 provide rough estimates of
the probable contribution these species make to the
extinction coefficient as a function of wavelength. Esti-
mates of extinction coefficients calculated using the
computer model and related data, based upon typical
concentrations in the lower furnace, are shown in FIG.
2 as a function of wavelength. FIG. 2 shows that the
primary contributions or interferences from gaseous
species are due to CO», H2O, SO; and Na.

A somewhat different analysis is necessary to esti-
mate extinction coefficients for the fume particulate
interference. The reported measurements of particle
emissions from recovery boilers performed both before
and after particle removal equipment suggest the pres-
ance of three distinct classes of particles in the chemical
recovery boiler environment. There are submicron
fume particles (0.2-0.5 micrometer diameter) consisting
primarily of sodium sulfate and some sodium carbonate.
There are large spheres (10-100 micrometers diameter)
of sodium sulfate and carbonate presumably arsing
from suspension burning of liquor droplets. The third
class of particulates includes the very large (up to 2,000
micrometers diameter) char fragments having high car-
bon content.

Literature studies show mass mean particle size to be
about 1 micrometer. These studies typically involve
sampling after the boiler, and it is highly likely that most
of large particles in the furnace would have been cap-
tured on the boiler tubes. Thus, the mean mass diameter
of particles in the furnace will be much larger than 1
micrometer. One model indicates that approximately 35
percent by mass of the particle loading is fume from the
bed and 65 percent is char and carryover from liquid
suspension burning. This would suggest that the mass
mean diameter of particles in the furnace would be
heavily weighted toward that of the larger carryover
particles. Recént measurements of superheater deposits
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show a deposition rate consistent with an aerodynamic
mean diameter of 50 micrometers, which is supported
by scanning electron microscope photographs of spher-
ical particles collected in the upper furnace. Another
model shows that about 9 percent of the sodium in the
black liquor ends up in particulates which suggests for a
typical kraft recovery boiler that the total mass loading
of particulates will be about 2.3 g/m3.

Analysis of the literature and models permits estima-
tion of particle sizes, mass loadings and compositions as
shown the following table.

M

KRAFT CHEMICAL RECOVERY BOILER

Estimated Particles Sizes, Mass Loadings and Compositions
Mass Mass Volume
Mean Load- Concen- Number
Particle  Diameter ings tration Density Com-
Type (em @mY) (m3/m) (cm—3)  position
Fume 0.3 0.8 3.0 x 10=7 2.0 x 107 NasSO4 +
Na;CO3
Carry- Z275.0 1.5 55 x 10-7 2.5 Na3So, +
over + Na;CO3 +
Char C

M

To make estimates of the magnitudes of the particle
absorption and scattering coefficients, it is necessary to
consider both their size and composition. The absorp-
tion and scattering coefficients are related to “efficiency
factors” for absorption and scattering described by Mie
theory for the interaction of light with small particles.
See H. C. Van De Hulst, “Light Scattering by Small
Particles,” John Wiley and Sons, New York (1957) and
M. Kerker, “The Scattering of Light and Other Elec-
tromagnetic Radiation,” Academic Press, New York
(1969). The particle absorption and scattering coeffici-
€nts may be expressed in terms of these efficiency fac-
tors as follows:

Ypa=3/2Q4Am, AYC,/D3>

Yps= 3/2Qdm, AYC /D33

where Q. is the mean absorption efficiency for a given
collection of particles, Qs is the mean scattering effi-
ciency, m is the complex refractive index of the parti-
cles, A 1s the wavelength of light, C, is the volume con-
centration (m? of particles per m3 of gas) and D33 is the
Sauter mean diameter of the particle collection which is
equal to the total particle volume divided by the total
particle surface area.

The fume particles are composed primarily of sodium
sulfate and sodium carbonate which are virtually trans-
parent except in localized spectral regions in the infra-
red beyond 5 micrometers. Therefore, except in those
regions, the imaginary part of their refractive index will
be negligible making the absorption efficiency also neg-
ligible. In the region beyond 5 micrometers, their small
size with respect to the wavelengths will result in ex-
tremely small absorption efficiencies even in a case
where the imaginary part of the refractive index is Sig-
nificant. Thus, in the case of fume particles, Ypa Will be
negligibly small. However, the scattering efficiency
exhibits a strong resonance at wavelengths comparable
to the particle diameter. Therefore, scattering by these
particles will be substantial throughout the visible and
out to about 1.0 micrometer in the infrared. This is
shown by the large peak in the extinction coefficient
curve for particles at about 0.2 micrometer in FIG. 2.
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The larger carryover and char particles are likely to
contain significant amounts of fixed carbon, making
them highly absorbing having large imaginary refrac-
tive indexes. This, coupled with their large size, at all
wavelengths of interest, results in the scattering and
absorption efficiencies for these particles being both
very nearly equal to unity. Because they are so large,
however, their number density is very low (2-3/cmd).
Thus, the absorption and scattering coefficients due to
these particles are small (ypo=7vp=0.015 m-1) for
wavelengths less than about 30 micrometers. This effec-
tively sets the lower limit on extinction for the gas parti-
cle system throughout the region of interest. Thus, it is
apparent that apart from a sodium emission/absorption
phenomenon, it is scattering by fume particles which
limits visibility in the visible portion of the spectrum. In
this region, the extinction coefficient due to fume parti-
cles is on the order of 1-5 per meter, which implies that
the intensity of radiation originating at the bed is re-
duced by 98 percent in 1-4 meters. This explains why it
1S not possible to see the far wall of a 10-meter wide
furnace utilizing visible light.

Beyond a wavelength of about 4 micrometers in the
infrared, the extinction coefficient for particles is pre-
dominantly due to large carryover and char particles,
and is nearly constant at 0.03 m—!. Therefore, in the
spectral windows between the gaseous absorption/e-
mission peaks, radiation should be able to travel a dis-
tance 130 meters before suffering 98 percent attenua-
tion. In these regions, visibility within the furnace
should be excellent.

Spectral windows generally suitable for smelt bed
imaging identified by the above analysis include the
following: 1.57 to 1.73 micrometers; 2.23 to 2.43 mi-
crometers; 3.25 to 4.05 micrometers; 4.80 to 5.30 mi-
crometers; 6.90 to 7.20 micrometers; 7.60 to 7.80 mi-
crometers; 7.90 to 13.90 micrometers. Other windows
beyond 13.90 micrometers are evident from inspection
of FIG. 2.

Clearly the best visibility predicted by these calcula-
tions occurs beyond about 4 micrometers within the
windows in the gaseous absorption/emission spectrum.
However, infrared imaging devices capable of operat-
ing at these long wavelengths are quite costly, have
relatively low resolution and often utilize detector ele-
ments which require cryogenic cooling, making them
inappropriate for permanent unattended operation in a
mill environment. Furthermore, special infrared trans-
mitting optics are required for wavelengths greater than
about 2.5 micrometers.

Within the last few years infrared sensitive vidicon
tubes compatible with standard closed circuit TV cam-
eras have become commercially available. These tubes
typically are sensitive to radiation out to about 2 mi-
crometers wavelengths.

Inspection of FIG. 2 shows that the lowest predicted
value of extinction coefficient in the region below 2
micrometers in the window at about 1.7 micrometers
between two water vapor bands. At this wavelength the
predicted extinction coefficient is approximately 0.2
m— 1. This is an order of magnitude smaller than in the
visible region of the spectrum and based on this esti-
mate, light originating at the bed should propagate
across the 10 meter-wide furnace with about 86 percent
attenuation. This implies that the far wall will be visible
at this wavelength.
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EXAMPLE

The modified system of this invention is similar 10
commercial, visible light systems currently used except
for the substitution of the infrared vidicon tube for the
standard visible light tube and the addition of a narrow
band interference filter. A Motorola high temperature
CCTYV system, including an enclosed camera and fur-
nace lens tube as described above, was mounted, as
shown in FIG. 1, with the lens tube inserted through a
secondary air port of a Babcock and Wilcox kraft chem-
ical recovery boiler. A Hamamatsu Type N 214, lead
sulfide, 2.54 cm (1 inch) diameter infrared 1maging de-
tector vidicon tube manufactured by Hamamatsu Com-
pany of Hamamatsu City, Japan was substituted for the
standard Motorola vidicon tube. A narrow band inter-
ference filter centered at 1.684 micrometers and having
a band width of 0.07 micrometers was used as the spec-
tral filter.

In testing this assembly, 1t was discovered that focus
improved substantially by moving the vidicon tube
further away from the lens tube by inserting a spacer
between the camera body and the lens tube. It is be-
lieved that this increased separation was necessitated by
the increase in focal length of the lens elements at the
longer wavelengths. Once the focus had been adjusted
it was discovered that the visibility at the wavelength
selected was much better than with the conventional
system. The entire bed within the field of view could be
seen clearly and continuously and the height and con-
figuration of the bed could be easily perceived. Surface
features of the bed could be distinguished even at the far
wall of the furnace. The bed was very low at the time of
these tests and the primary and secondary air ports on
the far wall could be seen fairly clearly as dark rectan-
gular regions on the generally bright wall surfaces.

It is noted that the resolution of the infrared vidicon
system is such that the individual primary air ports,
approximately 5 cmX25 cm, could be discerned. The
image indicates that under normai operating conditions,
the system allows the resolution of features having di-
mensions of a few centimeters or less at a distance of 10
meters.

The infrared vidicon also has an intrinsically slower
time response than the visible vidicon tube. This may be
partially responsible for the fact that even large sus-
pended particles and liquor droplets did not appear in
the image. However, the time response is sufficiently
short that material falling from the walls was observed
as well as large “boulders” rolling across the bed from
time to time. Dust raised by the primary air jets and by
falling material hitting the bed was observed.

Because the system is relatively insensitive to radia-
tion from the gaseous species which appears primarily
at filter-excluded wavelengths and because the system
operates in infrared range, the radiation observed is
thermal radiation emitted by solid surfaces. Therefore,
the observed intensity is related to the temperature of
those surfaces. However, the orientation of the surfaces
as well as their emissivity will also contribute to ob-
served intensity distribution. The fact that visual judg-
ment of bed contours agrees very well with the direc-
tion of travel of objects rolling on the bed surface under
the influence of gravity supports the view that surface
orientation plays a significant role in determining Ob-
served intensity distribution. At the same time, the fact
that material falling from the walls which has been
cooled by contact with the water tubes appears dark
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when it first hits the surface, but gradually becomes
bright and indistinguishable from surrounding bed me-
dium supports the view that the temperature of the
material is also of great significance in 1mage intensity.

The ability to view the inside of the furnace clearly
provides an unprecedented opportunity 1o observe n-
ternal furnace processes and increase understanding of
boiler operating phenomena. This invention is not lim-
ited in usefulness to just the kraft pulping chemical
recovery boiler system. It is useful in viewing any hot
curfaces obscured by overlying hot gases, fumes and
particulates where appropriate filters can be selected,
according to the above-described strategy, 10 avoid
imaging interferences.

I claim:

1. An imaging apparatus for observing infrared emit-
ting surfaces of a kraft waste liquor recovery boiler smel:
bed where the surfaces are at temperatures of at leas?
1000° C. and the overlying gases and fumes are at substan-
tially higher temperatures with the smelt bed surfaces being
substantially obscured by fume particles which strongly
scatter visible light and by hot gas species which are
themselves strong infrared emitters and which selec-
tively absorb radiation from the infrared emitting sur-
face which comprises:

a. image detection means sensitive in the infrared
region for sensing an image of the emitting sur-
faces;

b. lens means for projecting and focusing the infrared
image of the surfaces on the detection means;
optical filter means limiting the spectral sensitivity
of the imaging apparatus to wavelengths longer
than 1 micrometer and rejecting wavelengths
strongly scattered by suspended fume particles and
strongly radiated by or absorbed by said gaseous
species overlying the surfaces to be imaged; and

d. display means responsive to the detection means
for producing a substantially interference free vi-
sual image of the surfaces being observed.

2. The imaging apparatus of claim 1 wherein the
optical filter means limits spectral sensitivity of the
apparatus to bands lying in the infrared regions between
1.57-1.73, 2.23-2.43, 3.25-4.05, 4.80-5.30, 6.90-7.20,
7.60-7.80, and 7.90-13.30 micrometers, said bands sub-
stantially avoiding interference caused by fume parti-
cles, water vapor, carbon dioxide, and carbon monox-
ide.

3. The imaging apparatus of claim 2 wherein the
spectral sensitivity lies in a narrow band centered sub-
stantially at 1.68 micrometers.

4. The imaging apparatus of clam 1 wherein the
detection means is a television camera.

5. The imaging apparatus of claim 4 wherein said
detection means includes an infrared sensitive vidicon
tube. - |

6. Apparatus for observing the smelt bed surface and
adjacent furnace surfaces in a pulp liquor chemical
recovery boiler, wherein the surfaces are substantially
obscured by fume particles which strongly scatter Visi-
ble light and by hot gas species which are themselves
strong infrared emitters and which selectively absorb
radiation from the infrared emitting surface which com-
prises:

a. image detection means sensitive in the infrared
region for sensing an image of the emitting sur-
faces;

" b. lens means for projecting and focusing the infrared
image of the surfaces on the detection means,;

C.
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c. optical filter means limiting the spectral sensitivity
of the imaging apparatus to wavelengths longer
than 1 micrometer and rejecting wavelengths
strongly scattered by suspended fume particles and
strongly radiated by or absorbed by said gaseous
species overlying the surfaces to be imaged,
wherein the optical filter means limits spectral
sensitivity of the apparatus to bands lying in the
infrared regions between 1.57-1.73, 2.23-2.43.
3.25-4.05, 4.80-5.30, 6.90-7.20, 7.60-7.80, and
7.90-13.30 micrometers, said bands substantially
avoiding interference caused by fume particles,
water vapor, carbon dioxide, carbon monoxide,
and sulfur compounds; and

d. display means responsive to the detection means
for producing a substantially interference free vi-
sual image of the surfaces being observed.

7. The imaging apparatus of claim 6 wherein the
spectral sensitivity lies in a narrow band centered sub-
stantially at 1.68 micrometers.

8. The imaging apparatus of claim 6 in which the
optical filter means adapts the apparatus for use in an
environment in which the fume particles and hot gases
above the surfaces being observed are hotter than the
surfaces.

9. The imaging apparatus of claim 6 wherein the
detection means is a television camera.

10. The imaging apparatus of claim 9 wherein said
detection means includes an infrared sensitive vidicon
tube.

I1. An imaging apparatus for observing an infrared
emitting surface in a kraft pulp liguor recovery boiler
where the smelt bed surface Is substantially obscured by
Jume particles which strongly scatter visible light and by
hot gas species which overlie the smelt bed surface and are
themselves strong infrared emitters and which selectively
absorb radiation from the infrared emitting surface, which
apparatus comprises smelt bed surface observation means
including:

(@) infrared radiation sensing and detection means in-
cluding optical filter means, said radiation sensing
and detection means being responsive only to radia-
tion in a limited band avoiding absorptions and emis-
sions of radiation from the hot gas species overlying
the smelt bed surface and greater than about 1 mi.
crometer 10 avoid fume interference; and

(b) display means responsive to the limited band radia-
tion detection means providing a substantially inter-
Jerence free visual image of the smelt bed surface.

I2. The imaging apparatus of claim 11 wherein the
image detection means includes an infrared sensitive vid-
icon tube the spectral sensitivity of which is in the region up
to about 2 micrometers wavelength.

13. An apparatus according to claim 11, wherein the
spectral sensitivity of the sensing and detection means lies
in a narrow band centered substantially at 1.68 microme-
fers.

14. The imaging apparatus of claim 11, comprising filter
means limiting the spectral sensitivity of the apparatus to
the infrared region between 1.57 and 1.73 micrometers.

13. The imaging apparatus of claim 11 in combination
with a kraft pulp recovery boiler.

16. In an apparatus for recovering inorganic chemicals
from black liguor, said apparatus including a pulp liguor
chemical recovery boiler for receiving said black liguor in
regulated amounts, said black liguor entering said recovery
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boiler and forming a smelt bed with a smelt bed su rface
within said recovery boiler; ignition means within said
recovery boiler for burning said black liguor and Jorming
Jume particles and hot gas species which together overlie
said smelt bed surface at temperatures of about
1100°-1300° C.; and smelt bed surface observation means,
said observation means comprising, in combination:
image detection means mounted on said recovery boiler
Jor sensing an image of said smelt bed su rface and
adjacent interior surfaces of said boiler in a limited
band of radiation out to about 2 micromerers wave-
length and responsively providing a radiation image
thereof:
lens means for projecting and focusing the infrared
image of the surfaces on the image detection means:

optical filter means limiting the spectral sensitivity of the
imaging apparatus to wavelengths longer than 1 mi-
crometer 1o avoid fume interference and rejecting all
but a limited band of radiation to avoid emissions and
absorptions from hot gaseous species overlying the
smelt bed surface: and

visual display means, responsive to the limited band

radiation detection means providing a subsian tially
interference free visual image of said smelt bed sur-
face and adjacent interior surfaces of the boiler.

17. An apparatus according to claim 16, wherein the
image delection means includes an infrared sensitive vid-
icon tube with a spectral sensitivity limited to the region up
to about 2 micrometers wavelength.

18. An apparatus according to claim 17, wherein the
spectral sensitivity of the apparatus lies in a narrow band
centered substantially ar 1,68 micrometers wavelength.

19. In an apparatus for recovering inorganic chemicals
from black liguor, said apparatus including a pulp liguor
chemical recovery boiler for receiving said black liquor in
regulated amounts, said black liguor entering said recovery
boiler and forming a smelt bed with a smeli bed surface
within said recovery boiler; ignition means within said
recovery boiler for burning said black liquor and Jorming
fume particles and hot gas species which together overlie
said smelt bed surface ar temperatures of about
1100°-1300° C.; and smelt bed surface observation means
viewing the smelt bed surface through a port of the boiler.
the observation means comprising infrared radiation sens-
ing and detection means including optical filter means,
said radiation sensing and detection means being respon-
sive only to radiation in a limited band avoiding absorp-
tions and emissions of radiation from the hot gas species
overlying the smelt bed surface and greater than about |
micrometer to avoid fume interference; and

display means responsive to the limited band radiation

detection means providing a substantially interference
JSree visual image of the smelt bed surface

20. An apparatus according to claim 19, an image sens-
ing and detection means including an infrared sensitive
vidicon tube with a spectral sensitivity limited 10 the region
up to about 2 micrometers wavelength.

21. An apparatus according to claim 19, wherein the
spectral sensitivity of the sensing and detection means lies
in a narrow band centered substantially at 1.68 microme-
rers.

22. An apparatus according to claim 19, an optical filter
means limiting the spectral sensitivity of the apparatus to a
band lying in the infrared radiation region substantially

between 1.57-1.73 micrometers wavelength.
i % & i *®
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