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1.0 INTROCUCTION AND SCOPE:

The objective of this program is to provide the engineering tools neces-
sary for an authoritative assessment of the performance of industrial fur-
naces firing pulverized coal. The program incorporates two experimental
tasks and is constructed around an analytical task (Task 1) which will iden-
tify and upgrade the family of computer programs required to undertake the
performance analysis studies. These analytical tools will be used to predict
the effect of parameters such as fuel type and furnace variables on combustor
performance, and to identify those properties. which have a major impact on
thermal performance. The second task uses a combustion reactor to screen
the key'variab]es identified in Task 1 and to provide data on the properties
of coal particulate matter which affect heat transfer performance. Verifica-
tion of the engineering analytical approach will be provided by measurements
~made in a pilot-scale furnace in the third task.

- This present report discusses technical progress during the second three
months of the program effort (January-Apri] 1981), and considers the selection,
documentation, and modification of the appropriate analytical tools and fur-
ther details of the Task 2 experimental system.' In this reporting period
details of the computer programs for the performance of analytical studies
have been documented and presented in an interim report.
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2.0 MODEL IMPROVEMENT AND ENGINEERING ANALYSIS (TASK 1)

During the first quarter of 1981, efforts on Task 1 of the project
have been directed towards:

. An analytical tool verification for the planned combustor analysis,
including the documentation and supply of test examples of three
different mathematical combustor models.

° Upgrading work concerning one of these-mode]s, namely the rectangu-
lar furnace model.

'3 A preliminary study of the influence of submicron particles on
radiative heat transfer, '

2.1 Analytical Too]-Verification

(1)
As described in the First Quarterly Report of the present project,

three different mathematical models have been chosen from available codes to
serve as basic analytical tools for an engineering assessment of the behavior
of p.f.-fired furnaces. These models are

- a 3D model of rectangular furnaces,
- a 2D model of cylindrical furnaces,
- a 2D elliptic flame model.

The first two models are decoupled, pure heat transfer models. They are
based on a so-called semistochastic method(z) for computation of radiative
interchange within a flexible arrangement of macro-sized furnace zones. The
radiative exchange calculation is carried out for given distributions of tem-
peratures and radiative properties within the furnace. However, the tempera-
ture field can also be calculated by means of a total energy balance of fur-
nace zones. For this pukpose, the flow and heat release pattern has to be
prescribed throughout the furnace and net convective, diffusive, and radiative
heat fluxes of each furnace zone, with originally unknown temperaturg, are
equated to the net zonal release of chemically-bound heat. The resulting
heat balance equations are iteratively solved. The radiative exchange cail-
culation is repeated for each improved set of zonal temperatures until final
convergence is achieved. Such a total energy balance has already been embod-
ied in the kectangu]ar furnace model and will be coded for the cylindrical
furnace model in such a way that both models differ only in terms of the
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geometry (i.e. in the type of co-ordinates used and in handling of furnace
symmetries). The third model chosen as a tool for analysis of combustor
performance is a.2D-coupled fluid flow, combustion and heat transfer model
for axisymmetric gas and coal flames burning in cylindrical furnaces. The
model includes submodels of turbulent exchange, homogeneous and heterogeneous
flame reactions, kinetically- or mixing;contr011ed burnout and radiative
transfer. In the finite-difference code, appropriate balance equations of
mass, momentum, matter, and energy are simultaneously solved for so-called
control volumes of an "Eulerian" coordinate system, yielding velocity, con-
centration, temperature, and heat flux distributions throughout the furnace.
Since the control volumes of the finite-difference solution scheme are usually
smaller than the zones of the pure-heat transfer models described above, a
better Tocal resolution of the heat transfer variables of the. furnace is
achieved with the former method. However, besides the complicated and expen-
sive solution process, the coupled flame model suffers still from substantial
uncertainties connected with the various submodels of physical and chemical
processes mentioned above. This. is especially true for the multidirectional
radiative heat transfer which is only coarsely approximated by so-called 2-
or 4-flux methods. However, as experienced in the past, the flame model can
generate at least qualitatively correct recirculating flow and heat release
pattern for enclosed flames. Thus, it will predominantly be used during the
present project to demonstrate the coupling of a code for reacting flows with
the cylindrical heat transfer furnace model which is advanced with respect to
the computation of radiative exchange. '

The two furnace models and the flame model are documented in a special
topical report, "Models for Coal Combustor Performance-Analytical Tool Verifi-
cation," delivered to DOE.(3) This documentation, together with the prepara-
tion of suitable test computations,has been the main effort of Task 1 during
the first quarter of 1981. The coﬁtents-of‘the report are summarized in the
following: ‘

Since no earlier documentation was available, the rectangular furnace
model has been documented in full detail with emphasis on the semistochastic
radiation model. In this model, the radiative interchange between furnace
zones is simulated by emission and tracing of a finite number of beams. The
method is similar to Monte Carlo approaches of radiant heat transfer; howevér,




certain events in a beam's history are deterministically evaluated from
geometrical or physical laws instead of approximating these laws with uniform
or weighted random numbers. The. report shows how the total number of beams,
as well as beam distributing parameters, influence the accuracy of predicted
overall radiant heat transfer and local radiant heat fluxes. Also shown is
how the accuracy of local heat flux predictions can be increased for a given
number of beams by random angular shifting of individual bundles of beams
(see also section 2.2.1 of the present report). The parametric study con-
cerning the accuracy as well as sample calculations of the complete rectangu-
lar furnace model has been carried out for a fictional 5 x 5 x 15m methane-
fired combustion chamber of a medium-sized, 1]7:th utility boiler. The
sample calculations which are supplied with compiete input data demonstrate
the influence of three different approaches of flow and.heat—re]ease-pattern
on temperature and heat-flux distributions in the combustion chamber and on
the furnace efficiency. The systems studied were a well-stirred system with
uniform heat release, a plug-flow system with local flame zones on the bottom
of the furnace and a combined recirculation-flow/plug-flow- system with flame
zones raised with respect to the furnace bottom. -

The description of the cylindrical. furnace model is restricted to
departures from the rectangular furnace model due to the handling of axisym-
metry and due to different stages of. development of both models. Since the
available cylindrical code does not yet include total heat balances for fur-
nace zones, the presented sample calculations of the cylindrical furnace model
have been carried out with prescribed zonal temperatures. Two test examples
have been supplied. One example deals with the computation of gray radiation
exchange in a long cylindrical furnace with idealized temperature distribution.
Radiative heat fluxes predicted for this test case are compared to predictions
obtained for a radiation model which is based on exchange coefficients for

zone pairs and was independently deve]oped.elsewhere.(4)

As a second example,
radiative transfer is predicted for a cylindrical furnace fired witﬂ\a Tumin-
ous heavy fuel oil flame. . Model input data, especia]iy the distributions of
temperatures and radiative species, were taken from a flame trial carried out
in an experimental, cylindrical, vertical, water-cooled,1 MW furnace, operated
at Stuttgart University.(s) Results of the radiative exchange calculation
which included the effect of soot particles are compared to calorimetric mea-

surements and to readings of a hemispherical radiometer.
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The 2D elliptic-flame model is documented for the version developed to
predict the behavior of bituminous high-volatile coal flames. Sample calcu-
lations with this model are supplied for two long, nonswirling 2.1 MW flames
of a recent p.f. trial carried out by the International Flame Research Founda-
tion (IFRF) for EPA under subcontract from EER.(6) A major. problem of this
part of the analytical tool verification cohsisted of modeling the complicated
nonaxisymmetric boundary conditions of the test furnace which has been inves-
tigated with the present model for the first time. During this effort, the
model could be extended to handle the effect of ash deposit layers at cooling
tubes which are placed in. front of refractory walls on overall and local heat
transfer in the furnace and on the flame behavior. The two investigated
flames differed by the ratio of secondary air to primary air velocity and by
the primary air amount, i.e. the particle loading of the fuel jet. The over-
all agreement between measured and computed distributions of velocity, burn-
out, temperature, and other flame variables has been found satisfactory. The
predictions reflect especially one principal difference between the measured
behavior of the two investigated flames correctly; namely, that ignition of
the flame with the lower amount of primary air occurred at the jet edges,
whereas the flame with the higher amount of primary air ignited on the furnace
axis. Major local discrepancies between computed and experimental values of
flame variables are attributed to the simple one-step devolatilization model.

2.2 Upgrading Work for the Rectangular Furnace Model

The rectangular furnace model as described in the topical report, Ref. 3,
has been upgraded with respect to the following points:

() Increase of accuracy of the radiation model in the case of higher
optical thickness.

® . Handling of furnace geometries with inclined walls.
o Incorporation of simple models of particulate radiation.

2.2.1 Improvement of Accuracy of Radiative Heat Flux Predictions for
Higher Optical Thickness

The accuracy of the semistochastic radiation model described in Ref. 3
is dependent on the optical thickness, or for a given furnace geometry on the
absorption. coefficient Ka' For the same number of beams, the accuracy of the
overall radiative heat transfer predictions decreased with increasing optical
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thickness. This is due to the discrete starting points of beam bundles

which were located in the geometric center of cells of the emitting zones
(Figure 2-1b and 2-1c). The accuracy of the predicted heat transfer became
especially poor when a weighted gray-gas approach was used to account for
nongrayness of radiation. This is shown in Figure 2-2 (curves b + d) where
total emissivities computed with a 1-clear/2-gray-gas approximation approxi-
mation(7) for the methane-fired boiler combustion chamber (see Ref. 3) are
plotted versus the total number of beams which simulate the radiative
exchange in the furnace enclosure. The poor accuracy is caused by the fact
that one of the three gray gases had a very high absorption coefficient as is
usually found in approximations of this type. Computation of radiative
exchange in this gray gas would normally require a diffusion~approach;(8)
however, a significant improvement of the predictions with the present method -
(curve a,AFigure-2-2) could be achieved by random shifting of starting points
of individual beams of a bundle within a cell as shown in Figure 2-le.

The introduction of a random shifting of starting points within cells,
and of random orientation of beam bundles of different volume cells as already
described in Ref. 3 inevitably increased the statistical error. However,
this error is less than that produced by complete random choice of -both beam
direction and starting points as would be found in a pure Monte Carlo approach
(Figure 2-1a). This is illustrated in Figure 2-3b where the statistical error
of local heat flux at the top and bottom wall of the gray radiating combustion
chamber (5 x 5 x 15m, K, = 0.0893 1/m, € = 0.8) obtained for the semistochastic
distribution of beams (curves b, ¢, and d) is compared to the error obtained
for pure random beam distribution (curve a). The statistical error shown by
curve a would be further increased if absorption had also been treated on a
random basis. The decrease in statistical error due to the use of the semi-
stochastic method is not achieved at the expense of an increase in systematic
error since even at lower beam numbers the mean values of predicted heat fluxes
approximate the "exact" value (see Figure 2-3a). .

2.2.2 Handling of Furnace Geometries With Inclined Walls

For the furnace model to be of engineering value it must be able to
handle, without undue increase in computational time, practical geometries
which normally include inclined walls on two planes. In order to account for
such shapes, the code for emission aswell as for beam tracing has been modified.
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The coding of emission of arbitrarily prismatic zones is similar to that
developed for the rectangular zones in a cartesian arrangement. According to
Fjgure 2-4, a prismatic zone VI is enclosed by the smallest possible paral-
1e1ep1’ped~VI’p with respect to the x, y, z frame. VI and VI,p hav? otherwise
the same properties. The distribution of the emitted energy flux Qe,I,p of
the parallelepiped into beams follows the algorithm described in Ref. 3 with
the only restriction that the option of random distribution of starting points:
within a cell is applied (Figure 2-1c or 2-le). Beams with starting points
outside VI are not traced and, therefore, in order to obey the energy balance
of the prismatic zone their energy fluxes AQI,o are subtracted from Qe,I,p‘
Thus, the emitted and traced energy flux finally approaches the one. of the
prismatic zoneAQe’I. The Togistics of beam tracing in thg arrangement of
prismatic zones is the same as for the rectangular zone arrangement; however,.
the path length As within the prismatic zones has to be computed by relatively
complicated trigonometric relations from a knowledge of the coordinates of
each edge point of the entered zone. In principle, if the coordinates of
edge points of all zones and the relevant zonal properties are supplied as _
input data, the present code can predict radiative exchange in zone arrange-
ments very similar to "finite element" structures. When a predominantly
rectangular zone system is required, zone meshes for complex furnace geom-
etries are generated automatically from a knowledge of the edge points of
the furnace contour.

A test computation with the extended code was carried out for a methane-
fired boiler operated as Tisted in Table 2-1. However, the rectangular furnace
shape was replaced by a more complex geometry with ash hopper and nose as it
is shown in Figure 2-5 together with the considered heat release and recircu-
lating-flow pattern. The influence of this new geometric arrangement on both
temperatures and heat flux distribution is revealed in Figures 2-6a and 2-6b,
respectively. The increased temperatures in the lower half of the furnace
with the ash hopper can be attributed to a reduction in both the rad?ating
volume and in the cold-surface area in the lower furnéce zones, compared to
the rectangular furnace. The impact of the furnace nose on temperatures and
heat flux distribution in the upper part of the furnace is significant. The
shadow effect of the nose, in combination with the assumed recirculating
pattern, gives lower temperatures in the volume zones behind the nose, result-
ing in Tow heat fluxes to the neighboring surface zones. The calculated outlet
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Table 2-1. Operating and Boundary Conditions of Modeled
Boiler Combustion Chambers .

Gas-Fired Boiler Coal-Fired Boiler
Furnace Geometry 5x5x15m
Fuel CHg HVA Coal
- (sat'd at 289 K) (1.4% moisture)
Lower Cal. Value- 49961.6 kJ/kgdry' - 31506 kJ/kgdry
Thermal Input 117 MW

Excess Air

Air Temperature

Total Mass F'Iow.M0

Fuel Mass Flow
Wall Temperature
Surface Emissivity

Convective HT Coefficient

Ambient Temperature

30%(half sat'd at 289 K)

298 K
54.55 kg/s _ | 55.50 kg/s
2.34 kg, /s 3.7 kgary/s

700K

0.8 |

=0.0058 kW/m? K
(see Ref. 9)
298 K-
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temperature for the nonrectangular furnace is approximately 30 K higher than
that of the rectangular furnace. This is because the rectangular furnace has
a 10 percent Targer mean beam length and a 10 percent increase in cool surface
area over the furnace with the ash hopper and nose.

2.2.3 ‘Heat Transfer in a Coal-Fired Combustion Chamber

A preliminary study was carried out in order to test simple models of ' §
particulate radiation incorporated into the furnace model and in order to
illustrate the impact of solid particles on the radiative transfer inside a
coal-fired combustion chamber. The input data for the test example was
similar to that used for the gas-fired rectangular combustion .chamber men-
tioned above (Tahle 2-1and Figurc 2-5). llowever,. the rec1rcu1at{ng—mass.f1ow
rate was only half that of the input-mass flow rate, i;e.‘Mr = 0.5 Mo' Fig-
ure 2-7 provides the properties of the high-volatile bituminous coal and the
distribution of radiating species within the furnace zones. Four different
conditions are identified. These are:

1. The tofa] furnace volume is filled with the products of
complete combustion. '

2. The total furnace volume is filled with both the gaseous products
and a uniform distribution of ash particles of mean diameter 16.8 um.
This corresponds to one ash particle per coal particle of 50 um mean
size (see Ref. 9). . |

3. In addition to 2 above, the heat release zone is assumed to contain
char particles. The char concentration is one-tenth of the unburned
coal particles, but has the same specific surface area as coal. A
size distribution factor of 2.39 is chosen for both the char and ash
particles.

4. The heat release zone was also assumed to contain soot particles,
and their concentration was computed from a simple model described
in Ref. 9. It was assumed that 10 percent of the original volatile
carbon in the coal was converted to soot, with a mixing controlled
reaction time of one-tenth of the residence time of the total
furnace volume.

Radiation of the ash and char particles was assumed to be gray with a mean -
efficiency factor for absorption of 0.2 and 1, respectively. The radiative
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"Figure 2-7. Assumptions for Computation of Radiative Heat Transfer in a Coal-Fired
Combustion Chamber.




properties of the soot gas suspension were modeled with a three-weighted

(7)

gray-gas approach suggested by Johnson.

The impact of the presence of particulates on both the peak heat flux
and the gas temperature distribution is shown in Figures 2-8a and 2-8b.
Although the absolute value of these predictions is in doubt because of the
assumptions used in the assessment of radiative properties and upon the
particulate concentration, the results do illustrate the relative impact
of particulate matter on thermal performance. In this case, the presence
of particles can account for a variation of more than 100 K in the furnace
outlet temperature, and the peak heat flux for the presence of char and
soot in the heat release zone is approximately twice that which would be
calculated assuming only gaseous radiation.

Further results of the impact of particles on the heat transfer in
boilers as well as more details about the used models of particulate radiation
may be found in Ref. 10.

2.3 Preliminary Study of Influence of Submicron- Particles on Radiative
Transfer

This study was carried out to supply Task 2 with information to enable a
suitable choice of particulate analysis techniques. Although submicron par-
ticles are of major concern with respect to pollution it was thought that
expensive, highly-sophisticated equipment for analyzing submicron particles
would only be justified for the present project if submicron fly:ash would
significantly contribute to the radiative transfer. In order. to generalize
the data and to allow a comparison, the present preliminary study covered the
influence of all possible submicron particles of p.f. combustion, namely ash,
soot, coal, and char particles.

Results of the study are summarized in Table 2-2. One important quantity
in the radiative behavior of particles is the complex refractive index of the
particle material. There is little data concerning this index available in
the literature, especially for the temperature range éncountered in a p.f.
combustor. Representative mean values tentatively concluded from a literature

survey(g’]]é]g) are listed in column 2 of Table 2-2 for the investigated species.
For ash particles, also the minimum and maximum values of the refractive

index found in literature are cited.
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Effect of Submicron Particulates (¢ = 15.6 - 10'6kg/m3

Table 2-2.
at 1500 K) on Radiative Transfer in a 5 x 5 x 15m Com-
bustion Chamber
Complex Density Absorption
Species Refractive Con:tant of Coefficient | Emissivity
: Index o Material (Eq. 1)
- 1/Km kg/m3 1/m -
"mean”: : '
Ash 1-50-0.0201 45.8 2300 0.0005 0.0018
max: |
1.50-1.0007 | 2111.5 " 0.0215 0.0795
miﬁé
1.50-0.0051 11.4 " 0.0001 0.0005
Soot 1.90-0.8001' 1233.2 1000 0.0289 0.1053
Anthracite 2.00-0.6001 |[. 879.6 1300 0.0158 0.0592
Eg;‘]‘"“ nous 1.70-0.320i | 621.5 1300 0.0112 0.0422
Char 1.93-1.0201 | 1447.7 900 0.0376 0.1351




For further simplification, it was assumed that the submicron particles
can be represented by a 0.1 ﬁm, monosized distribution (see also Ref. 19) and
that thermal radiation is characterized by a mean wavelength according to

‘X « T =0.004107 mK with T chosen at 1500 K. With these assumptions, the-
radiative behavior of the particles falls clearly into the Rayleigh .regime
of scattering, where the absorption efficiency of the particles can easily
be computed from an approximate solution of the Mie equations.(s) It can be
shown that the absorption coefficient of a particle cloud is given in that
case by

= c ‘
Ka =a, T 5 1/m , : (1

where ¢ is the particle concentration and p the density of the particle mate-
rial (both in kg/m3). Values of the constants a, (1/Km) for the different
species are listed in column three of Table 2-2.

The concentration of submicron particles is assumed to be 15.6'mg/m3 at
1500 K, which corresponds to a value measured in a coal-fired utility boiler
(see Ref. 19) and which also would mean that about 1 : 2 percent of the coal
ash forms submicron particles by vaporization and condensation, if the sub-
micron particles consist completely of fly ash. Using appropriate values of
the density of particle material (column four), computed absorption coeffi-
cients of the different particle clouds are presented in column five of
Table 2-2.

Finally, emissivities have been calculated with these absorption coeffi-
cients using a mean beam length Lm = 3.6 V/A = 3.86m corresponding to a
5 x 5 x 15m combustion chamber of a medium sized boiler (last column,
Table 2-2). These emissivities should be compared to €= 0.3 which is a
representative emissivity of the volume of the combustion gases in this case.
[t can be concluded that if submicron particles are fly ash--as they are
1ikely to be--, probably no important influence on radiative heat transfer
can be expected. However, this depends very much on the concentration and
on the optical constants of these particles, which may vary for different
types of fuel and combustion conditions. For ash submicron particles also,
maximum and minimum values of e are recorded in Table 2-2 corresponding to
the maximum and minimum values of_ the absorption index found in literature -
and demonstrating the uncertainty to which the present study is subjected.
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3.0 REACTOR STUDIES (Task 2)

Efforts this quarter have been directed toward detailed design and con-
struction of the reactor system and troubleshooting some.of its components.
Next quarter system assembly will be completed and the screening studies will
begin. .

The general objective of the reactor studies is to use a small-scale
reactor, where coal combustion and the properties of particulate material
can be studied under controlled .conditions of temperature and gas composition,
to provide information on those parameters which affect the thermal perform-
ance of coal-fired combustors. Figure 3-1 is a general schematic of the
reactor system. Principal components include:

. Supply System
(3 Reactor System
o Measurement System
. Exhaust System

The following sections present further details of each of ‘these component
systems.

3.1 Supply System

The supply system includes the gas metering system and.the coal-feed
system. The gas metering system consists principally of Matheson rotameters
and valves to monitor and. control the flow of air, supplemental methane, and
backfiring propane to the fluidized bed particle feeder, burner, and back-
fired reactor.

The coal feed system, shown schematically in Figure 3-2, consists of
a fluidized-bed coal feeder based on a desigh'suggested by Hamor and Smith
and a stream splitter. Gas is passed through a porous metal flow distributor
into the narrow fluidizing zone at a sufficient velocity to fluidize the pul-
verized coal. Part of this gas, along with the entrained particles, flows
into a small offtake tube. Carrier gas is added within the offtake tube, and

(22)

transport gas is added at the exit of the offtake tube to prevent clogging.
The stream splitter divides the total flow into five equal streams which
supply the multiple injector burner. The bulk of the fluidizing gas bypasses
the offtake tube and leaves the narrow fluidizing zone. It expands, slowing
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down and dropping out the fluidized particles before leaving the top of the
fluidized feeder. Coal feed rate increases with bed pressure (controlled by
a valve on the bypass stream) and decreases with carrier gas flow as shown

in Figure 3-3. Stream splitter tests indicate that under the same operating
conditions the rate of particles flowing through the different splitter legs
varies by less than 20 percent as shown in Figure 3-4. Calibrations are per-
formed by weighing batch samples taken over a measured period of time.

3.2 Reactor System

The reéctor system consists of burner, modular backheated reactor, and
" access module. The first of the burners to be tested is the multiple injec-
tor burner, shown in Figure 3-5. A cross pattern of five injectors is
housed in a water-cooled can. Each injector consists of a central methane
tube concentric within an outer coal/air tube. Swirl vanes impart tangen-
tial velocity to the coal/air streams, rapidly dispersing them to fill the
combustion chamber. The independent methane stream, if used, tends to stabi-
-lize the flame and allows control of the adiabatic flame temperature. Vis-
ual observation of the burner operating dgainst a cold background ' indicates
that the multiple injector burner provides a stable flame over a wide range
~of methane/coal/air flows.

The backfired reactor consists of a series of modules of different
lengths which can be used alone, or in conjunction to vary the residence
time from 0 (no reactor) to 1.5 seconds; sufficient time for complete char
burnout at intermediate temperatures. The interchangeable alumina flow
tube has an inside diameter of 57 mm. Uniform, controlled backheating to
1650 C is achieved by backfiring the reactor with propane fired tangentially
in alternating clockwise, counterclockwise directions. Temperatures are
measured by type B thermocouples (platinum. 6 percent rhodium vs. platinum
30 percent rhodium). The combustion chamber is T1ined with SALI Tow density,
high strength insulation and the alumina flow tube is buffered from:exces-
sive thermal shock due to transient thermal gradients by a thin layer of
the same material. The 30 cm diameter steel housing is flanged for ease
of assembly, connecting on the inlet side to an adaptor for the burner, and
on the outlet side to additional backfired modules or to the access module.

The access module is shown in Figure 3-6. It consists of a 51 mm
square insulated flow chamber housed in a 127 mm square steel tube. Two
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of the opposing sides contain round flanges to hold 25 mm diameter infrared

windows (Z,Se) or collimating probes aligned to provide a clear optical

path through the reactor. The remaining two sides contain rectangular

flanges to house larger glass windows for visual access. The module is
flanged to connect on the top to the backfired reactor or burner adaptor

' and to connect on the bottom to the exhaust system.

3.3 Measurement System

The measurement system provides for a variety of optical and extractive
measurements. Optical instrumentation includes a narrow-angle spectral
radiometer, a high-speed camera, and a laser-doppler anemometer.

The radiometer, shown schematically in Figure 3-7, provides a measure
of the extinction coefficient of the particulate cloud within its narrow
field of view.  In the complete system, radiation from an infrared source
is focused and passed through the hot particulate stream into a blackened
cold-wall collimating probe. Radiation exiting the probe is focused and
split into seven narrow beams which pass through narrow-band filters,
chosen to avoid combustion gas absorption bands, into solid state infrared
radiation detectors. The signal of each of the detectors is amplified,
passed into a rapid-switching multiplexer, converted to a digital signal,
and is reduced by a Digital 11/23 computer. Table 3-1 1ists the detectors,
filter wavelengths, and equivalent noise levels for a 20 microsecond sample
time, corresponding to a 140 second cycle time. Because the residence time
of a single particle in the field of view is approximately 1 millisecond,
this rapid switching capability allows a complete spectral sweep to be
taken of an essentially frozen particulate cloud. Thus intensities at dif-
ferent wavelengths can be compared, even in a rapidly changing combustidn
environment, allowing the development of a spectral profile of radiation
intensity and the measurement of particle temperature by two-color pyrom-
etry. . Choppers located between the source and the reactor and between the
reactor and the detector allow alternating measuremeﬁt of background radia-
tion, flame radiation, and source radiation through the flame. Optics aré
provided to occasionally measure source radiation alone and to calibrate
the system against a blackbody source.
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Table 3-1.

Noise Equivalent Power of Se]ected

Detector/Filters
Filter Noise Equivalent
Detector Wavelength Bandwidth rower 8 30 Kz
(type) (microns) (microns) (watts)
Silicon 0.75 0.01 3.0 x 10712
Silicon 0.95 0.01 2.8 x 10712
Lead Sulfide (-30C) 2.20 0.09 8.5 x 10711
Lead Selenide (-30C) 3.60 0.13 1.3 x 107
Lead Selenide (-30C). 5.10 0.15 1.0 x 107°
Pyroelectric 1 6 6.7 x 10°°
Pyroelectric None 6.7 x 108




With these measurements, at a particular wavelength A, the extinction
coefficient b, a measure of the proportion of incident radiation not trans-
mitted through a particulate cloud of length L as defined by

dI = - bl d2 , <Fr1ed1ander(2”)
where'I is radiation intensity,. can be calculated:
= _ [ source through flame - I flame
bA L 2n ( I source ) A

where the extinction coefficient is the sum of the scattering and absorption
coefficients: '

bx = by scatter1ng + bl absorption.

High-speed photographs, taken through the large recfangu]ar glass
windows of the access module, allow observation of the general physical -
behavior of particles during combustion. This includes in-situ optical
measurement of the size of larger particles and qualitative observation
of volatile emission and soot formation.

Laser-doppler anemometry, planned for the detailed studies, provides
an in-situ measurement.of particle velacity and size. The velocity of a
particle can be calculated from the frequency of modulation of the inten-
sity of a signal caused by the interference of two coherent (split laser)
light beams one of which has been scattered by the moving particle causing
a doppler shift in its frequency. The size of the particle is related to
its visibility, the ratio of the difference to the sum of the maximum and
minimum intensities of the interference fringes as explained by Farmer.(zo)

Extractive particle samples are taken isokinetically through an asi-
ally mobile porous-wall probe shown in Figure 3-8. This probe, similar
to the one used by Mims et al (24), passes two constant streams of inert
gas through the porous walls which cools the sample, quenches all reactions,
and prevents particle deposition to the wall due to diffusion, turbulent
deposition, and thermophoresis. A high flow of inert gas is introduced
near the probe tip where rapid quenching is desired and high velocities
are necessary to overcome high thermophoretic forces; and a much lower
flow of inert gas is introduced to prevent deposition along the length of
the probe.
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Extractive measurements of particle size distribution are taken by
scanning electron microgfaphs of nucleopore filter samples, by cascade
impactor, and by Malvern laser diffraction. Comparison of optical diam-
eter (SEM, Malvern) with aerodynamic diameter (impactor) provides a measure
of particle density. Chemical analysis can be performed on impactor samples
and on nucleopore filter samples to differentiate between Qrganic (soot, char,
coal) and inorganic (fly ash) particulate. '

Size distribution is an important parameter in the determination of the
extinction coefficient b of a cloud. of spherical particles of uniform density:

b= 1.5 0 f kdn (sarofim and Hotte1(25)
p To ; ‘ .
where fm is the mass of particles per unit volume of space, pp is the particle
density, M is the mass fraction of particles of diameter greater than X, and
K is the particle extinction efficiency, a function of the wavelength, par-
ticle size, and complex index of refraction. By measuring the concentration,
density, and size distribution of particd]ate matter, and by assuming a com-
plex index of refraction based on literature values for soot, char, coal, and
fly ash, K at a given wavelength can be calculated numerically from Mie theory
(Hotte] and Sarofim(23)) allowing a comparison of by calculated with b, mea-
sured by the radiometer.

Extractive gas samples are taken through a water-cooled probe. "Instru-
mentation is available to continuously monitor 02 by paramagnetic analysis,
CO2 and CO by infrared absorption, NO by chemiluminescence, and total hydro-
carbons by flame ionization. In addition, batch samples can be taken and sub-
sequently analyzed for HZO’ NH3, HCN, and specific hydrocarbons.

3.4 " Exhaust System

Combustion exhaust and backfired exhaust are cooled by dilution, and
drawn outside the 1aboratdry by a high-pressure blower. Butterfly valves on
the inlet and outlet ducts for each system allow independent control of dilu-
tion flow and combustor and backfired reactor pressure.
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