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INTRODUCTION

Motivation for the Work

Volatilization of boron compounds during melting of borosilicate glasses in tank
furnaces is a well-known problem associated with the manufacture of glasses having
these compositions. While emissions of the particulate matter formed from the volatile
species can be controlled by passing the flue gas through an electrostatic precipitator, the
problem is complicated by the fact that some boric acids, such as HBO, and H;BOs, have
sufficiently high vapor pressures at gas temperatures typical of a precipitator that a
significant fraction of the boron-containing species can pass through the precipitator as
vapor, forming particles downstream or in the stack plume, and contributing to particulate
emissions and plume opacity (Slade, 1996; J. T. Curtin, personal communications, 2000).
At the CertainTeed Corporation insulation plant, where the work described in this report
was done, the escape of boric acid vapor species is further reduced by treating the flue
gas with aqueous sodium hydroxide in a spray tower upstream from the electrostatic
precipitator, promoting conversion of the boric acids to non-volatile sodium metaborate,

CertainTeed engineers were aware, from their experience, that boron emissions
and stack plume opacity depended upon the oxygen to natural gas ratio at the burners,
tending to decrease as the oxygen to gas ratio was increased. However, increasing the
oxygen to gas ratio has the undesirable effect of increasing nitrogen oxides emissions.
The objective of the present work was to quantify the dependence of boron in flue gas on
stoichiometric ratio, in hopes that better understanding of the process might suggest ways
in which the performance of the system could be optimized with respect to both NOx and
particulate emissions. '

Laser-Induced Breakdown Spectroscopy (LIBS)

The technique chosen to measure boron was laser-induced breakdown
spectroscopy (LIBS) or laser spark spectroscopy, which had been successfully applied in
an earlier project, to measure sodium in flue gas at the Gallo Glass Co. plant in Modesto,
California (Buckley, et al., 2000; Walsh and Moore, 2000). In. LIBS, a pulsed
neodymium-doped vttrium aluminum garmet (Nd:YAG) laser is focused in the
gas/droplet/particle mixture to be analyzed. The high electric field at the focal point
breaks down the gas and generates a high temperature plasma spark, which vaporizes
particles and droplets, dissociates molecules into atoms, a,nd electronically excites and
ionizes the atoms. The light emitted as the electrons and ions recombine and return
toward their ground states is collected and resolved according to wavelength using a
grating spectrometer. The wavelengths of the peaks in the spectrum identify the elements
present and, by calibration in the laboratory using aerosols of known composition, the




intensities of the lines can be used to determine the concentrations of individual elements.
A schematic diagram of the instrument is shown in Figure 1.

In general LIBS works best for metallic elements, whose atomic emission lines
tend to be more intense than those of non-metals such as oxygen, chlorine, and sulfur.
The LIBS technique has a number of advantages over traditional extractive sampling
methods for determining metals: (1) the measurement is done in-situ, without having to
extract a sample of the gas/particle mixture or handling of the particles, (2) the laser fires
9 times per second, so the time resolution of the measurement is excellent, even when
large numbers of “shots” are averaged to improve the signal to noise ratio, and (3) typical
detection limits for metallic elements in particulate matter are quite low, on the order of
0.1 pg/m3, the actual value depending upon the element and its mode of occurrence
(whether particulate or vapor and, if particulate, the size and number concentration of the
particles).

Electron Micrograph of the Precipitator Dust

Shortly after a planning meeting in July 2000 at the plant in Chowchilla, Mark
Stahl sent a sample of dust from the electrostatic precipitator to Sandia for analysis. A
semi-quantitative elemental analysis of the dust is given in Appendix A. A scanning
electron micrograph of the sample, in Figure 2, shows agglomerates of very fine particles,
in which the primary particles have sizes of order 0.1 pm, mixed with nearly spherical
particles having sizes as large as 10 pm. In many types of particle samples an energy-
dispersive X-ray analysis of individual particles provides valuable information on the
variation of particle composition; however, the method does not work well for elements
having low atomic weights, such as boron. The elements that could be detected were,
beginning with the most abundant: oxygen, sodium, sulfur, potassium, silicon, and
calcium. Aluminum and chlorine were observed in some particles. The very fine, 0.1
pm, particles are those produced by condensation of vapor. The source of the large
particles is unknown, but possible sources are batch dust, droplets or particles ejected
from the surface of batch piles during decomposition, and entrainment of slag from the
wall of the vertical flue. Some of the large spherical particles are evidently hollow, as
shown by broken shells that could be seen in some of the electron micrographs, though
no such particles are visible in Figure 2.

Field Work

The metallic elements present at highest concentration in the sample of dust taken
from the electrostatic precipitator prior to the tests were sodium and boron (Appendix A).
The specific objective of the field tests was to determine the mass flow rates of these
metals as functions of the oxygen to natural gas ratio at the burners. Measurements were
made both in the horizontal flue downstream from the furnace and at the exit from the
electrostatic precipitator, in order to separate effects of burner adjustment on
volatilization and carryover from its effects on precipitator performance. The volumetric
flow rate of flue gas at the LIBS measurement points was estimated from measurements
of gas velocity at the center of the duct at each location using a Pitot/static probe, so mass




/- Plasma

Collected
i Light /Laser Beam (1064 nm)

T A, / Nd:YAG Laser
Fh;e g;xsi: and ' . / to Spectrometer
articles Fiber ‘ and Detector
Collection Optic
Optics Cable

Assembly

Figure 1. Schematic diagram of the Sandia laser-induced breakdown spectroscopy
(LIBS} instrument, showing the arrangement of the optical system for focusing the laser
pulses and collecting the light emitted by the spark.




Figure 2. Scanning electron micrograph of particles in a dust sample from the
electrostatic precipitator collected by Mark Stahl on July 18, 2000. The micrograph was
taken by Jeff Chames in the Analytical Materials Science Department at Sandia National

Laboratories.




flow rates of the elements could be determined from the concentration data provided by
LIBS. Numerous temperature, pressure, flow rate, and composition data were also
recorded to provide information needed to interpret the results.




EXPERIMENTAL MEASUREMENTS AND DATA ANALYSIS

Test Site and Instrumentation

The experiments were done at the CertainTeed Corporation’s fiberglass insulation
plant in Chowchilla, California. The measurement points were (1) in the horizontal flue
downstream from the melting furnace, between the vertical flue at the exit of the furnace
and the caustic spray tower, and (2) downstream from the electrostatic precipitator,
between the precipitator and the induced draft fan. A photograph of the LIBS instrument
mounted on the duct downstream from the electrostatic precipitator is shown in Figure 3.
A larger view from a different direction, but at the same location, in Figure 4, shows the
geometry of the duct in the vicinity of the measurement point and the instrument rack
containing the laser power supply and spectrometer. This rack must be within 8 feet or
so of the laser and optical system in order that the information carried by the light from
the laser spark not be degraded in its transmission by optical fiber from the instrument
package mounted on the duct to the spectrometer.

Adaptation of LIBS to the Problem

There is only one boron emission line, at 249.7 nm, in the region of the spectrum
accessible to the LIBS instrument (220 to 900 nm). This peak is close to a strong
emission line of carbon, which is always present at high concentration in the products of
fossil fuel combustion. There was concern about whether or not the boron and carbon
peaks could be resolved well enough to obtain high quality data for boron. As a result of
preliminary work in the laboratory prior to the tests and fine tuning at the site, excellent
separation of the peaks was achieved, as shown in Figure 5, by adjusting the time delay
following creation of the spark before beginning to collect the emitted light, and by
adjusting the duration of the interval over which the signal was integrated. Some
sacrifice of the boron signal intensity was required, but not enough to compromise the
quality of the data. Silicon also emits at several wavelengths slightly longer than the
wavelength of the boron peak, as also shown in Figure 5, but the silicon concentration
was not high enough for these peaks to interfere with the determination of the area under
the boron peak. "

The LIBS signal intensities from boron in the horizontal flue indicated that the
boron concentrations there were much higher than could be run in the Iaboratory
calibration apparatus. Because the calibration relating concentration to intensity cannot
be assumed to be linear at high concentrations, only relative values of boron
concentration could be determined at that location. The boron concentrations at the
electrostatic precipitator outlet were within the range covered in the calibration
procedure. '




Figure 3. Close-up photograph of the LIBS instrument mounted on the duct downstream
from the electrostatic precipitator. The orientation of the figure and the equipment
pictured are approximately the same as in the diagram of Figure 1.



Figure 4. View from the direction opposite to that in Figure 3, of the LIBS equipment at
the sampling location downstream from the electrostatic precipitator. The instrument
package on the ground to the left contains the laser power supply, the spectrometer, and
the CCD camera used to record the spectrum of the light emitted by the laser spark.
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Figure 5. Typical spectrum obtained by superimposing the individual spectra generated
by 1000 laser sparks in the horizontal flue, showing good separatzon of the boron peak
from the carbon and silicon peaks.




The most intense emission line of sodium, at 589.0 nm, is normally used to
measure sodium using LIBS; however, the concentration of sodium in the horizontal flue
was 50 high that the emission from this line (and also from a slightly weaker line adjacent
to it) was self-absorbed, i.e. emission from sodium in the hottest portion of the spark was
adsorbed by cooler sodium atoms at the spark boundary. In the presence of self-
absorption, the area under an emission peak no longer has a well-defined relationship to
concentration, invalidating the calibration procedure. Other sodium peaks were
examined during the initial work at the test site and the emission line at 568.2 nm,
associated with an electronic transition between higher-lying energy levels and therefore
less likely to be self-absorbed, was chosen for the measurements. Emission from the
568.2 nm line was well-behaved under the conditions of sodium concentration in the
horizontal flue, but, as in the case of boron, the concentrations of sodium were higher
than could be run in the calibration rig in the laboratory, so only relative sodium
concentrations could be obtained at that location. In contrast, the sodium levels at the
precipitator outlet were low, so the usual 589.0 nm emission line was used for the sodium
measurements at that location.

Test Program and Procedure

The Sandia team left Livermore on Monday morning, August 28, 2000 and, with
the help of many people from CertainTeed, began the set up of the equipment on the
horizontal flue the same day. The following day was devoted to preliminary
measurements and optimization of the LIBS instrument settings, including the
adjustments described above. The measurements in the horizontal flue (7 runs) were
made on August 30 and the equipment moved to the duct downstream from the
electrostatic precipitator. Measurements at the exit from the electrostatic precipitator (10
runs) were made on August 31. The LIBS equipment was packed up and taken back to
Livermore on Friday. One member of the Sandia group stayed behind to record the
spectrum of light emitted from the combustion space on Friday and Saturday, September
1 and 2.

The procedure for a run was to set the oxygen to gas ratio at a desired value, then
- wait until the NOx reading in the stack became steady, usually 20 to 30 minutes.
Typically six, sometimes more, sets of LIBS data were collected in the range of
wavelengths containing the boron peak, each set consisting of the average of the emission
from 1000 sparks. The grating in the spectrometer was then changed to the range
containing the peak for sodium, and six 1000-shot averages again recorded. The grating
was then returned to the range containing the boron peak and, when time permitted, more
data (usually another six sets) were recorded for boron. In the latter cases, all at the
precipitator outlet, there are two separate sets of measurements for boron at the same test
condition. The oxygen to gas ratio was then changed to a new value, and the process
repeated. A minimum of three people were required: one from CertainTeed to set the
furnace conditions, one from Sandia to collect the LIBS data, and another from Sandia to
measure the gas velocity and record the process data. The conditions during the runs are
given in Table 1.
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Determination of Gas Flow Rate

The area under the emission peak for an element is proportional to the mass of the
element in the laser spark and, since the spark volume is fixed, proportional to the
concentration (mass or number of atoms per unit volume) of the element in the
gas/particle mixture. The proportionality constant is determined by measuring, in the
laboratory, the LIBS signals from sprays of aqueous solutions of a salt of the metal at
several concentrations covering the range of interest. However, the quantity of greatest
interest from the point of view of emissions is not the concentration of an element, but its
mass flow rafe, which is equal to the product of its concentration and the volumetric flow
rate of gas.

The volumetric flow rate at each measurement point and run condition was
estimated from measurements of the difference between the static and dynamic pressures
of the gas on the centerline of the duct, using a Pitot/static probe (United Sensor Corp.,
Amherst, NH) and inclined manometer. The Pitot/static pressure difference is given by

APzé-qu N | W

where p is the density of the gas and » is its velocity. The average gas velocity over the
cross section of each duct was estimated using a correlation derived from the Reynolds
number dependence of the ratio of average velocity to maximum velocity for fully-
developed flow in circular ducts (Green and Maloney, 1984). This is expected to have
been a good approximation in the horizontal flue, where there were long runs of straight
pipe upstream and downstream from the measurement point, but it may not have been
such a good approximation at the outlet from the electrostatic precipitator, where there
was an 90° elbow a short distance upstream from the measurement location and a
transition downstream to a larger, square cross section at the entrance to the induced draft
fan, as shown in Figures 4 and 3, respectively.

Determination of the gas density, for calculation of the velocity using Equation
(1), requires knowledge of its absolute static pressure and temperature, both of which
were measured, and its average molecular weight, which depends upon the gas
composition. Evaluation of the Reynolds number requires the gas density and, in
addition, the viscosity, which also depends upon composition. Determination of the
composition of the gas is complicated by the fact that an unknown quantity of air leaks
into the ductwork downstream from the location in the flue at which the gas pressure
drops below atmospheric. The melting furnace was at slightly positive pressure, but at
the electrostatic precipitator outlet, just upstream from the induced draft fan, the pressure
was approximately — 8 in. w. ¢. (Table 1). S '

The gas composition and total flow rate were estimated using the following
procedure. First, an initial, low, guess was made of the air inleakage, then the volumetric
flow rate of gas at the actual conditions of temperature and pressure in the duct were
determined from the air, natural gas, oxygen, batch oil, and batch gas flow rates and

-13 -




compositions, plus the steam derived from quench water and caustic soda solution.
Analyses of the natural gas and batch oil are given in Appendix B. The composition of
the air included nitrogen, oxygen, water vapor (the humidity of the ambient air was
measured during each run, the values are given in Table 1), carbon dioxide, and argon.
The composition of the resulting flue gas mixture was then used to calculate its density
and viscosity, and these were useéd, along with the flow rate, to evaluate the Reynolds
number and calculate a new value for the volumetric flow rate from the Pitot/static
pressure difference on the centerline. If the two flow rates were not in agreement, the
initial estimate of the air inleakage was increased by a small amount and the calculation
repeated until the volumetric flow rates from the feeds and from the Pitot/static AP agreed
to within negligible error. The increments in air flow rate were made small enough that
iteration was not necessary. The computer code used for the calculations is attached as
Appendix C, Viscosities of the gas mixtures were evaluated using the method described
by Golubev (1970), including contributions from nitrogen, oxygen, steam, carbon
dioxide, and argon. : '

The values for the gas flow rates in the horizontal flue and at the precipitator
outlet, calculated as described above, are shown as functions of the oxygen to gas ratio in
Figure 6. The numerical values are given in Tables 2, 3, 4, and 5, where they are used for
the calculation of boron and sodium flow rates from the LIBS concentration
measurements. Comparison of the flow rates at a common temperature and pressure
shows that the flow rate at the precipitator outlet was typically 20% larger than the flow
rate in the horizontal flue, due to the contributions of steam from the caustic soda solution
and additional air entering the flow downstream from the horizontal flue.

NOx Emission

The NOx emission reading from the stack gas monitor, displayed in the control
room, was recorded at each run condition. The values are given in the last column of
Table 1 and their dependence on the oxygen to natural gas ratio is shown in Figure 7.

Spectrum of Light Emirtted by Gaseous Species in the Combustion Space

After completion of the boron and sodium measurements, a completely separate
set of observations was made of the spectrum of light emitted from the combustion space.
The objective of this work was to see if emission from BO2 could be used to map out an
approximate spatial distribution of boron in the combustion space and identify regions
where it is preferentially volatilized and highly concentrated, as had been done for
sodium in a Gallo Glass Co. furnace (Buckley et al., 2000; Walsh and Moore, 2000). The

"emission spectrum was obtained by collecting light emerging through the peep hole at the
base of the vertical flue, sighting along the entire length of the furnace. The spectrum
contained strong emission from sodium and potassium atoms, weaker emission from
rubidium and lithium atoms, and a very weak emission, possibly from BOs, in the
vicinity of 547 nm. Attempts to increase the intensity of this signal by looking along

_higher temperature paths, through the flames, were not.successful. It was concluded that
no emission that could serve as the basis for a useful diagnostic technique for boron was

- 14 -
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Figure 6. Volumetric flow rates of gas in the horizontal flue and at the electrostatic
- precipitator outlet as functions of the oxygen to natural gas ratio. The volumes are
specified at the actual conditions of temperature and pressure in the ducts. The pressures
have little effect on the flow rates, but the temperatures at the two locations are quite
different, approximately 809 °F in the horizontal flue and 419 °F at the electrostatic
precipitator outlet (the values for each run condition are given in Table 1).. Reduction of
the two flow rates to common temperature and pressure shows that the flow rate at the
precipitator outlet is typically 20% larger than that in the horizontal flue, due to the water
and air introduced in the caustic spray tower and inleakage of air.
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present in the wavelength range of the spectrometer, from 300 to 900 nm. Laser-induced
fluorescence, or other more exotic methods, might be possible, but these should first be
investigated at smaller scale in the laboratory.
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RESULTS AND DISCUSSION

Boron

As mentioned above, absolute concentrations of boron in the horizontal flue could
not be derived, with any certainty, from the LIBS measurements because the
concentrations indicated by the boron LIBS signal intensities were 7 to 8 times higher
than the highest concentrations of boron that could be run in the Iaboratory calibration
rig. Relative average concentrations of boron, from the relative intensities of the LIBS
signals from boron in the horizontal flue, are given in third column of Table 2. The
standard deviation of the six or more 1000-shot averages is given in the column to the
right of the average. The gas flow rates, determined by the procedure outlined in the
previous section, are in the fifth column. The relative mass flow rates of boron, equal to
the products of its concentration and the gas flow rate, are given in the nexi-to-last
column, followed by the standard deviation of the measurements. ‘

, The calculation of the mass flow rate of boron from its concentration is illustrated

by the plots shown in Figure 8. The boron concentration is at the top, in Figure 8a, and
the corresponding values of the gas flow rate are shown in Figure 8b. The mass flow
rate, equal to the product of the boron concentration and gas flow rate, is shown in Figure
8c. The mass flow rate of boron in the horizontal flue is practically independent of the
OXygen to gas ratio, suggesting that the flux (mass or moles per unit area per unit time) of
boron-containing species from the surface of the molten glass in the furnace is not
sensitive to burner adjustment. The decrease in boron concentration with increasing
oxygen to gas ratio, shown in Figure 8a, is then the result of increasing dilution of an
approximately constant rate of boron loss by an increasing volume of combustion
products. The results for the mass flow rate of boron, from Figure 8c, are shown in a
larger format in Figure 9. In these figures and the others which follow, error bars indicate
the standard deviations of the results from the six or more 1000-shot averages, with the
exception of Figure 12, where the range of the measurements at each oxygen to gas ratio
is shown instead.

The measurements of boron concentration and mass flow rate at the outlet from
the electrostatic precipitator are given in Table 3. The concentrations and flow rates are
those of elemental boron, not a hypothetical boron compound. If one wished, for
example, to assume that all of the boron were present as metaboric acid, its mass flow
rate would be estimated by multiplying the boron mass flow rate by the ratio of the
molecular weight of HBO; to the atomic weight of boron, 43.82/10.811 = 4.1. In contrast
to the approximately constant flow rate of boron in the horizontal flue, the flow rate at the
precipitator outlet shows a marked dependence on the oxygen to gas ratio, as shown in
Figure 10. The boron flow rate decreases by roughly 30% on going from an oxygen to
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Table 2.
Relative Concentrations and Mass Flow Rates of Boron in the Horizontal Flue.

Run O,/n.g. -B Conc., arb. units- Gas Flow -B Flow, arb. units-
No. viv ave. std. dev. actual m3/s ave, std. dev.
1 1.85 1401~ 053 6.488 99 34
2 2.0 1311 028 6.629 86.9 1.9
3 1.9 13.68 0.43 6.521 89.2 2.8
4 1.8 - 13.41 040 6.201 83.2 2.5
5 1.7 13.74 0.51 - 6.105 83.9 3.1
6 1.6 15.69 0.46 5.780 90.7 2.7
7

1.85 12.95 0.20 6.417 83.1 1.3
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Figure 8. Example showing the dependence of: a. the boron concentration in flue gas,
b. the volumetric flow rate of flue gas, and ¢. the mass flow rate of boron, on the oxygen
to natural gas ratio. The decrease in concentration with increasing oxygen to gas ratio is
due almost entirely to dilution by the increasing gas flow, so the boron mass flow rate,
equal to the product of its concentration and the gas flow rate, is nearly constant.
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Figure 9. Dependence of boron mass flow rate in the horizontal flue on oxygen to
natural gas ratio. (Same data as shown in Figure 8c.) Relative, rather than absolute, mass
flow rates are given because the boron concentration was outside the range that could be
run in the laboratory calibration apparatus.
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Table 3.
Concentrations and Mass Flow Rates of Boron at the Electrostatic Precipitator Outlet.

Run Oy/n.g. - B Conc., mg/m3 - Gas Flow - B Flow, Ib/hour -
No. viv ave. std. dev. actual m3/s ave. std. dev.
8 1.85 1.530 0.025 5106 0.0620  0.0010
9 2.0 1.526 0.026 5.652 0.0684  0.0012
10a 1.95 1.623 0.020 5.650 0.0728  0.0009
10b 1.95 1728 0053 5.650 0.0775  0.0024
112 1.7 1970 0.049 4737 00740  0.0018
11b 1.7 2.219 0.068 4731 0.0834  0.0025
12a 1.6 2.454 0.051 4729 0.0921  0.0019
12b 1.6 2.659 0.047 4.729 0.0998  0.0018
13a 1.75 2.103 0.032 5.064 0.0845  0.0013
13b 1.75 2.057 0.023 5.064 ©0.0827 0.0010
14a 1.65 2.281 0.041 4778 0.0865  0.0016
14b 1.65 2.231 0.134 4778 0.0846  0.0051
15 1.7 1.933 0.029 4729 0.0725.  0.0011
16a 1.95 1.596 0.038 5382 0.0682  0.0016
16b 1.95 1.612 0.049 5.382 0.0689  0.0021
17 1.85 1.677 0.015 5.141 - 0.0684  0.0006
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Figure 10. Dependence of boron mass flow rate at the electrostatic precipitator outlet on
oxygen to natural gas ratio. '
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gas ratio of 1.6 to a ratio of 1.85. The curve shown in the figure is a least squares fit of a
second-order polynomial to the data, and suggests that the boron mass flow rate begins to
increase again at higher oxygen to gas ratios. The upward trend at high oxygen to gas
ratio should be viewed as tentative, however, because the scatter of the data is too great to
firmly support such a conclusion.

Considering the absence of any significant trend in the flow rate of boron leaving
the furnace, shown in Figure 9, inspection of Figure 10 indicates that the efficiency with.
which boron was removed from the flue gas by the electrostatic precipitator increased as
the oxygen to gas ratio was increased from 1.6 to 1.85, then passed through a maximum
near an oxygen to gas ratio of 1.85. Considering the trends of NOx and boron emissions,
Figures 7 and 10, respectively, the Chowchilla Plant personnel have done quite a good
job of identifying the optimum oxygen to gas ratio at which to operate the furnace.

_ The authors are not aware of any explanation for the variation in collection
efficiency with stoichiometry of the combustion products. Evidently the vapor pressure
of some boron species at the temperature in the electrostatic precipitator depends upon
the oxygen or carbon monoxide content of the gas. This question warrants further
investigation using one of the equilibrium codes developed to calculate the
thermodynamic properties of mixtures of inorganic compounds, such as ChemSage,
F*A*C*T, HSC, or MTDATA.

Sodium

The sodium concentrations in the horizontal flue were higher than the maximum
sodium concentration that could be run in the calibration apparatus in the laboratory, so
the LIBS signals from sodium in the flue could not be converted to absolute
concentrations. Determination of relative values was, however, possible by comparison
of the sodium emission intensities for the various run conditions. The results are given in
Table 4 and shown graphically in Figure 11. In contrast to the trend for boron in the flue,
sodium increased significantly with increasing oxygen to gas ratio. Evidently, the vapor
pressure of sodium species at the surface of the molten borosilicate glass is higher at
stoichiometric than under rich combustion conditions. It is difficult to imagine that the
increase in sodium volatilization could have been due, say, to an increase in mass transfer
from the glass surface to the bulk furnace gas as burner and flame gas velocities
increased, because such an effect is expected to be small and because no such trend was
observed in the boron measurements.

Sodium flow rates at the precipitator outlet were very low and highly variable, as
shown by the results in Table 5 and Figure 12. Sodium emissions were below 0.01
Ib/hour in all cases. Because the variability in the sodium mass flow rates was so great,
the standard deviations of the measurements have little meaning, so the error bars in
Figure 12 show the ranges of the measurements (maximum and minimum values)
instead.
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Table 4. :
Relative Concentrations and Mass Flow Rates of Sodium in the Horizontal Flue.

Run O,/n.g. Na Conc., arb. units Gas Flow Na Flow, arb. units
No. viv ave. std. dev. actual m¥/s ave. std. dev.
1 1.85 1.0867 0.0148 6.488 7.051 0.096
2 2.0 1.0437 0.0243 6.629 6919 0.161
3 1.9 1.0265 0.0112 6.521 6.694 0.073
4 1.8 0.9993 0.0082 6.201 6.197 0.051
5 1.7 1.0071 0.0152 6.105 6.148 0.093
6 1.6 0.8737 0.0204 5.780 5.050 0.118
7

1.83 0.9673 0.0107 6.417 6.207 0.069

R
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Figure 11. Dependence of sodium mass flow rate in the horizontal flue on oxygen to
natural gas ratio. Relative, rather than absolute, mass flow rates are given because the
sodium concentration was outside the range that could be run in the laboratory calibration

apparatus.
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figures.
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The rate of caustic soda injection into the flue gas and the density of the solution
are displayed on the monitors in the control room. The values were recorded during all
of the runs when measurements were being made at the electrostatic precipitator outlet,
but they are not included in Table 1 because there was no variation in the readings from
run to run. The flow rate was 1 gal/min and the density 1.09 g/mlL, corresponding to a
NaOH concentration of 8.3 wt%. The sodium feed rate obtained from these data is 23.8
Ib/hour. Based on this figure alone, neglecting any contribution to sodium from
volatilization, and taking an approximate upper bound of 0.01 Ib/hour on the sodium flow
rate at the exit from the precipitator (Figure 12), one would conclude that the efficiency
of the electrostatic precipitator for collection of sodium was greater than about 99.96%.

If we assume, because the sodium mass flow rate at the precipitator outlet was so
low, that all of the boron observed there was present as metaboric acid, then, using the
conversion factor from B to HBO,; of 4.1 determined earlier and the average boron mass
flow rate of 0.065 Ib/hour at the oxygen to gas ratio of 1.85 (Table 3 and Figure 10), the
contribution of metaboric acid to particulate matter at the precipitator outlet under this
condition would have been 0.27 Ib/hour.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The influence of burner adjustment on volatilization and capture of boron and
sodium were investigated in the range of oxygen to natural gas ratios from 1.6 to 2.0,
from quite rich to approximately stoichiometric. The volatilization of boron, measured in
units of total mass per unit time or units of mass per unit of melting area per unit time,
was independent of the oxygen to natural gas ratio at the burners, to within approximately
+ 7%, over this range of burner adjustment. Sodium volatilization, on the other hand,
increased by approximately 40% over the same interval. The boron mass flow at the exit
from the electrostatic precipitator decreased by 30% over the range of oxygen to gas
ratios from 1.6 to 1.85 then increased slightly at the higher ratios of 1.95 and 2.0.
Because the boron flow rate entering the precipitator was nearly independent of oxygen
to gas ratio, the latter observation suggests that there was a maximum in the efficiency of
the precipitator for collection of boron near the oxygen to gas ratio of 1.85, under the
conditions investigated. The actual collection efficiency for boron could not be
quantified because only relative values of boron concentration entering the precipitator
were determined. The sodium flow from the electrostatic precipitator was highly
variable, but below 0.01 Ib/hour under all of the conditions at which data were obtained,
over the range of oxygen to gas ratios from 1.6 to 1.95. A very conservative estimate
placed the efficiency of the electrostatic prec;pxtator for collection of sodium above
99.96%; it may be sxgmﬁcantiy higher.

The NOx emission at an oxygen to natural gas ratio of 1.9 was 49. 6 Ib/hour; at a
ratio of 1.85, it was 38 to 46 Ib/hour. ‘A minimum in the boron flow rate leaving the
electrostatic precipitator was observed at the oxygen to gas ratio of 1.85. Under this
condition the contribution of metaboric acid to particulate matter is estimated to have
been only 0.27 Ib/hour. From the point of view of NOx and particulate matter emissions,
the oxygen to gas ratio of 1.85, already identified as the baseline operating condition by
the Chowchilla Plant engineers, appears to be very close to the true optimum.

An investigation of the spectrum of light emitted from the combustion space
showed that emission from BO, at 547 nm was too weak to provide a measure of the
spatial distribution of boron species in the combustion space. Emission lines
characteristic of the alkali metals were observed, in order of their intensity: sodium,
potassium, rubidium, and lithium. More sophisticated approaches, e.g. laser-induced
fluorescence, to measurement of BO, are possible, but these should be mvestxgated first

in the laboratory.
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Recommendations
The following are suggested as worthwhile extensions of the work.

1. The equilibrium vapor pressure of boron species under conditions in the
electrostatic precipitator could be'studied using one of the commercially available codes
written specifically to handle solid and molten metal oxide mixtures and related systems.
The objectives would be to answer the following questions:

a. Why is there an apparent increase in the collection efficiency for boron with
increasing oxygen to gas ratio, in the absence of any significant change in the
inlet or outlet gas temperatures? What are the optimum oxygen and carbon
monoxide contents of the gas from the point of view of particulate removal?

b. What effects would increasing or decreasing the caustic soda feed rate have on
the collection efficiency for boron?

c. Would decreasing the gas temperature at the entrance to the electrostatic
precipitator be likely to make a significant improvement in collection efficiency?

2. A measurement campaign similar to the present one could be conducted, using
LIBS to measure boron and sodium at the outlet from the electrostatic precipitator as
functions of the caustic soda injection rate into the spray tower (suggestion by Jeffrey T.
Curtin), to determine the optimum injection rate consistent with emissions limits. If this
were done, the following should be taken into consideration:

a. The flow in the duct downstream from the electrostatic precipitator is not
likely to have the profile characteristic of fully developed turbulent flow, so the
use of the correlation of average and maximum velocities to estimate the
volumetric flow rate from a single measurement at the centerline is questionable. -
A special Pitot/static probe should be obtained to measure the profiles of gas
velocity in the duct along two perpendicular paths. Because the velocities here
are Jow, the Pitot/static head is very low, so the best possablc means of measunng
the pressure difference should be identified.

b. An argument could be made that the concentration of the caustic soda should
be decreased and the flow rate of solution increased, even if the injection rate of
sodium hydroxide is not changed, if the cooling provided by additional water
would have a beneficial effect on collection efficiency.
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NOMENCLATURE

CCD chérg&coupied device (used to record the LIBS spectra)
DOE U.S. Department of Energy -

EP electrostatic precipitator

in.w.c. inches of water column

LIBS , laser-induced breakdown spectroscopy

n. g. natural gas
- OIT the Office of Industrial Technologies in U.S. DOE
u gas velocity, m/s
AP Pitot/static pressure difference, Pa
p gas density, kg/m3
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APPENDIX A

Semi-quantitative analysis of electrostatic precipitator dust sample
collected on July 18, 2000.

Semi-quantitative analysis of slag from the vertical flue collected on July 18, 2000.

Quantitative analysis of electrostatic precipitator dust sample
collected on August 31, 2000.
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LABORATORY ANALYSIS REPORT

CELS Client No.: 275163-002

Exhibit A : Semi~Quantitative Spectrographic Analysis
Sample Description: |

Sample 1: CT-1 EP Dust from Borosilicate Melting Furnace; 7-18-00

Folder No.: 40493-00

RESULTS (Reported As The “ELEMENT" )

Range(We%)

>30 . INa '
10-30 -

8.0-10 B

1.0-3.0 KSi
0.2-1.0 Ca,Cr-
001""0.3 : Al,Mg
0.03-0.1 -
10.01-0.03 Fe,Mn,Pb,Sn
0.003-0.01 Ba,BiTi
0.001-0.003 ;

<(.001 . Cu,Sr

An element may appear in a semi-quantitative range that is one range higher or one range lower than its actual

concentration. ,
Typical detection limits (Wt%) for the ELEMENTS EXAMINED are listed below. They are ONLY general

guidelines. Detection limits are composition affected.

1.0% -K © 001% - BaNaSbZr

03% -P 0.003% - Al,Ca,Co,In,Ni,Si,Ti _

0.1% - As,CdLi 0.001% - AgB,Be,Bi,Cu,Cr,Fe,Ga,Mg,Mn,Mo,Pb,Sn,Sr,V
0.03% - NbZn » |

[ (+) = Upper Ranee. (-) = Lower Range, () = Possibly Present]

ANALYSIS COMMENT:

CONFIDENTLAL: This CELS report information is to be used only for account 275163.




LABORATORY ANALYSIS REPORT

CELS Client No.: 275163-003

Exhibit A : Semi-Quantitative Spectrographic Analysis
Sample Description: .
Sample 1: CT-2 Slag from flue of borosilicate glass melting furnace; 7-18-00

Folder No.: 40776-00

'RESULTS (Reported As The “ELEMENT” )

Range(Wt%)
>30 -

10-30 B-Na.Si
3.0-10 Al
1.0-3.0 Ca,Cr,Mg
0.3-1.0 KZr
0.1:03_ Fe.Sh
0.03-0.1 As.Co Mn.Pbr
0.01-0.03 Sn+.Ti

-1 0.003-0.01 Ba,Bi,Cu-
0.001.0.003 | Ag-.GaNiSr
<0.001 \

An element may appear in a semi-quantitative range that is one range higher or one range lower than its actual

concentration. ,
Typical detection limits (Wt%) for the ELEMENTS EXAMINED are listed below. They are ONLY general
guidelines. Detection limits are composition affected.

1.0% - K 0.01% - Ba,Na,SbZr

- 03% -P 0.003% - Al,Ca,Co,In,Ni,Si,Ti
0.1% - As,Cd;Li 0.001% - Ag,B,Be,Bi,Cu,Cr,Fe,Ga,Mg,Mn,Mo,Pb,Sn,S1,V
0.03% - Nb,Zn '

I (+) = Upper Range. (-} = Lower Range. (?) = Possibly Presentl
ANALYSIS COMMENT: Li was not tested for. Li may be present.

CONFIDENTIAL: This CELS report information is to be used only for account 275163.




LABORATORY ANALYSIS REPORT

CELS Client No.: 275163-003

Exhibit A : Semi-Quantitative Spectrographic Analysis (Continued)

BELOW is a list of the ELEMENTS that are determined by spectrographic analysis. Analyses are divided into three categories:
GENFRAL QUANTITATIVE, NOBLE METALS, AND RARE EARTHS.

Analysis for the Noble Metals and/or Rare Earths must be requested, if needed. They are not part of the General Quantitative
Analysis. They can be requested by the group or by the element of interest.

GENERAL OUANTITATIVE ANALYSIS Ag, Al As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe, Ga, Ge, In, K, Mg, Mn,
Mo, Na, Nb, Ni, P, Pb, Sb, 8i, Sn, Sr, Ti, V, Zn, Zr.  (If requested) Ta-0.1%, Te-0.1%, T1-0.01%, W-0.3-1%

NOBLE METALS ANALYSIS - RARE EARTHS ANALYSIS

ELEMENT DETECTION % ELEMENT DETECTION % ELEMENT DETECTION%
Au 0.003 Ce 0.1 Nd 03
Ga 0.001 Dy 0.1 Pr 0.1
Hf 0.1 o Er 0.1 Se 0.01
In 0.001 Eu 00! Sm 0.1
Ir 0.01 Gd 0.03 Tb 0.03
Pd 0.001 : Ho 0.03 Tm 0.01
Pt 0.01 ' La 0.1 Y 0.003
Re 0.03 : Lu 0.01 Yb 0.001
Rh 0.001
Ru 0.03

Semi-Quantitative Spectrographic Analysis RESULTS are reported as weight percent of the ELEMENT (NOT as the oxide).
To convert weight percent element to weight percent oxide, MULTIFLY the percent element by the appropriate factor listed
in the table below. '

FACTORS FOR CONVERSION
Ag20 1.67 Eu203 1.16 MoQ3 .50 SfO - 118
Al203 1.89 FeO 1.29 Na20 1.35 Ta205 1.22
As203 132 Fe203 143 Nb205 143 : TedO7 118
As205 1.53 - Ga203 1.34 Nd203 117 TeO2 1.25
B203 3.22 Gdz203 L.15 NiO 127 TiO2 1.67
BaO 1.12 Ge02 = 144 P205 229 TI20 1.04.
BeO 2.78 PbO 1.08 PbO2 1.15 TI2O3 112
Bi203 1.11 Hoz03 1.15 Pr203 1.17 Tm203 114
Ca0 . 140 H{O2 1.18 Ru0O4 1.63 . VO 1.31
Cdo. 1.14 in203 1.12 Ru0O2 1.32 vO2 1.63
Ce02 1.23 K20 '1.20 $b203 120 V205 1.79
Co304 136 . La203 117 Sp205 1.33 wo2 1.17
Cr203 146 1i20 2.15 8c203 153 wOo3 1.26
CuO 125 Lu203 1.14 Si02 2.14 Y203 1.27
Cu20 113 Mz0O 1.66 Sm203 116 Yh203 114
Dy203 1.15 MnO 1.2 SnCO 113 Zn0 124
Er203 1.14 MnO2 1.58 Se02 1.27 ZrO2 1.35

CONFIDENTIAL: This CELS report information is to be used only for account 275163. -




LABORATORY ANALYSIS REPORT

CELS Client No.: 275163-004

Exhibit A : Quantiiative Chemical Analysis

Sample Description:
Sample 1: CA-3 Dust from Electrostatic Precipitation of Borosilicate Glass Melting Furnace; 8-31-00
Folder No.: 42680-00 . ‘

Oxide Sample 1 Test Method
. (W1%)

CrOs 0.55 AAS
MnO; 0.054 AAS
K0 5.61 FES
Li;O - <0.01 FES
Na,0 35.7 FES
Rb;0O <001 FES
ALO; 0.24 ICp
B.O; 24.8 ICP
Ca0 0.95 icp
Fe,05 (1) | 0055~ |ICP
MgO 0.46 ICp
Si0, 469  |ICP
TiO, 0.009 ICp
Zr0O, ‘ 0.004 ICp
O, ' 32.0 LECO
C 2.8 LECO
SOs 17 LECO
LOD 0.89 LOD
LOI 13.8 L.OI
Cl ' 1.26 TITR

(1) Total Fe expressed as Pe;O;

Legend:

- AAS: Atomic Absorption Spectroscopy

FES: Flame Emission Spectroscopy v
ICP: Inductively Coupled Plasma Spectroscopy
LECO:LECO (R) Instrumentation

LOD: Loss On Drying At 1100C

LOI:  Loss on Ignition at 10000C

TITR: Titrimetry

CONFIDENTIAL: This CELS report information is to be used only for account 275163.




LABORATORY ANALYSIS REPORT

CELS Client No.: 275163-004

- Exhibit A: Quantitative Chemical Analysis

NOTE: The methodology used measures the elemental concentration. The results are reported in oxide
form.

Accuracy Statement
The following is a guideline of the accuracy of the Atomic Spectroscopy chemical analysis.

The actual accuracy depends on the specific element and the matrix of the material being analyzed. Also,
the approximate composition of the material is required to achieve this accuracy.

Major Components - Levels >2%:

Accuracy is generally +/- 0.5 to 1, relative % of absolute value.

i.e. for alevel of 30.0%, the absolute standard deviation will range between 0.15% and 0.30%

Minor Components - Levels between 0.5% to 2.0%:

Accuracy is +/- 1 to 5, relative % of absolute value.
Note: The relative error will be less as the value approaches the 2% level.

i.e. for alevel of 1.0%, the absolute standard deviation will range between 0.01% and 0.05%

Minor to Trace Components - Levels < 0.5%:

Accuracy is +/- 2 to 20, relative % of absolute value.
Note: The relative error will be higher as the value approaches trace levels..

i.e. for alevel of 0.1%, the absolute standard deviation will range bétween 0.002% and 0.02%

CONFIDENTIAL: This CELS report information is to be used only for account 275163.




APPENDIX B

Analyses of the natural gas and the fuel oil used to wet the batch.
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3185 M Street
Merced, CA 95348

Yosemite Division Account Services

Natural Gas Composition Analysis
RESULTS FOR LAST CYCLE
Stream#: 1 (Herndon Jct TO4)
COMPONENT NAME
1. N-HEXANE & N-HEPTANE (C°)

PROPANE (C?) |

ISO-BUTANE (IC%

N-BUTANE & NEO-PENTANE (NC%

ISO-PENTANE (IC%) |

N-PENTANE (NC°)

. NITROGEN (N9

METHANE (C)

© @ N @ ¢ oA @ N

CARBON DIOXIDE (CO%
10. ETHANE (C?

BTU for last cycle

Specific Gravity for Last Cycle
Compressibility for Last Cycle
Unnormalized Total for Last Cycle

DATE 08/08/2000

MOLE %
0.010
0.182
0.021
0.031
0.011
0.005
1.61

95.33

11t

1.60

1004.8
0.5836
0.9976

96.84%

PGAE . . . Your Energy Connection!




Peter Walsh Date: September 17, 2000
Sandia National Laboratorles REQUEST NUMBER: 17538

mail Stop 9051 ‘ LAB NUMBER: G9450

Livermore, CA 94551

SAMPLE ID:
CA-4 8-31-00C

EPORT OF ANALYSIS

CARBON, wt % 78.51
HYDROGEN, wt % 21.45
NITROGEN, wt % 0.01 |
SULFUR, wt % 0.01 ’ﬂé&f¢$’7/
ASH, wt % 0.01
OXYGEN, wt % 0.01 - OF f/
. ”~
TOTAL 100.00 /5%”w?{;,é;/13~
MOISTURE, vol % < 0.1 ’
SPECIFIC GRAVITY, 60F/60F 0.830
API 39.0
DENSITY, lb/gal 6.93
. . g 3
’ %
: Monte L. Ellis :
MLE:tab - : Laboratory Managexr

Wyomine AnaLymcar LABORATORIES, INC.

1660 Harrison St wallaramie @ aol.com {307) 742-7995
Laramie, WY 82070 Fax: {307} 721-8856




APPENDIX C

Computer code for calculation of the volumetric flow rate of gas from a Pitot/static
pressure measurement on the centerline of a fully-developed flow in a circular flue duct,
based upon knowledge of the natural gas, oxygen, batch, cullet, fuel oil, water, and
caustic soda feeds and their compositions, but in the presence of an unknown total flow
rate of bubblers, camera cooling, spray atomization, and inleaking air.
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