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some componentsParticulate matter emissions and of the particles were measured in the exhaust
from combustion equipment used in oil and gas production operations near Bakersfield, California. The
combustion sources included a 22.5 MW (electric) turbine generator, a 342-Bhp rich-bum spark ignition
engine, and a 50 million Btu/h steam generator, all fired using natural gas. The particle components and
measurement techniques were as follows: (1) Calcium, magnesium, sodium, silicon, and iron were
measured using laser-induced breakdown spectroscopy (LIBS), (2) particle-bound polycyclic aromatic
hydrocarbons (PAH) were detected using the charge produced by photoionization, (3) particles having
sizes between 0.1 and 7.5 pm were counted using an instrument based on light scattering, and (4) total
particulate matter was measured according to U,S. EPA Method 5. Not all of the methods were applied
to all of the sources. Measurements were also made in the ambient air near the combustion air inlets to
the units, for comparison with the concentrations in the exhaust, but the inlet and outlet measurements
were not done simultaneously.

The LIBS technique is based on atomic emission spectroscopy using the light emitted by a small
laser-induced plasma created by focusing a pulsed laser beam in the gas/particle mixture to be analyzed.
After calibration against an aerosol of known concentration, LIBS provides quantitative measurements
of the average mass concentrations of individual species and the compositions of individual suspended
particles. The concentrations of metals were determined in the stacks of all three of the combustion
sources mentioned above, under steady operating conditions. Calcium, sodium, and silicon were found
in the exhaust from the steam generator at concentrations similar to those in the ambient air near the inlet
to the burner. Sodium and silicon were observed in the engine exhaust at levels a factor of four higher
than their concentrations in the air. The principal metal observed in the engine exhaust was calcium, a
component of the lubricating oil, at a concentration of 11.6 pg/mJ. The air entering the gas turbine is
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filtered, so the average concentrations of metals in the turbine exhaust unde~ steady operating conditions
were even lower than in the air. During start-up following a shut-down to wash the turbine, silicon and
iron were the major species in the stack, at concentrations of 6.4 and 16.2 pg/ms, respectively. A
possible source of silicon is the water injected into the turbine for NOXcontrol. Iron-containing particles

are expected to be scale from ferrous metals. A new version of the LIBS instrument is under
development, with which it will be possible” to detect many elements simultaneously, producing a
fingerprint characteristic of the source of a material.

A commercial photoelectric aerosol sensor was used to measure PAH adsorbed on particles in
the exhaust from the steam generator and the rich-bum engine. The conversion of the instrument
readings to PAH concentrations is dependent upon the specific distribution of PAH species present.
Using the typical calibration factor recommended by the instrument manufacturer, the estimated average
concentration of particle-bound PAH was below the instrument detection limit (3-10 ng/ms) in the stack
gas from the steam generator, and was estimated to be 0.045-0.15 ~g/ms in the exhaust from the rich-
bum engine. . . ..

.
..

P~icle m-assconcentrations estimated from number concentrations determined using the particle
countitig and sizing instrument were only small fractions of the concentrations measured using Method
5. This is thought to be due primarily to the limited range over which size was quantified (0.1 to 7.5 ym)
and the poor efficiency with which the sampling system transfened large particles.

INTRODUCTION

Sandia NationaI Laboratories and the Chevron U.S.A Production Company are collaborating on a
program of measurements of particulate matter (PM), metals, and particle-bound polycyclic aromatic
hydrocarbons (PAH) in the exhaust from stationary engines and furnaces used in oil and gas production.
The project is supported by the Natural Gas and Oil Technology Partnership in the OffIce of Fossil
Energy of the U.S. DOE. Its objectives are to evaluate the measurement techniques, make reaI-time
measurements of individual components of particulate matter, and identify the sources of the particles
suspended in the products of combustion. A group of eight stationary sources was identified,
representing the principal types of combustion equipment used by Chevron in its production operations
in the southern San Joaquin Valley near Bakersfield, Califomia (Christy, 1997). The sources fall into
three groups: 1. reciprocating spark ignition internal combustion (IC) engines used to power gas
compressors, 2. steam generators, and 3. cogeneration plants consisting of gas turbines and heat
recovery steam generators. The steam generators produce saturated steam for thermal enhanced oil
recovery, a technology whose importance in the production of heavy California crudes was discussed by
Olsen et al. (1993). Three combustion sources have been examined to date, one in each of the three
categories.

As emphasized by Seebold (1994, 1997a, 1997b), measurements of emissions of potentially toxic
species using methods having high detection limits should not even be attempted, because an arbitrary
estimate of stack emission is often derived from the method detection limit when a species is not
detected. For example, emission factors for species not detected are sometimes derived by assuming that
they are present at concentrations equivalent to half their detection limits. This can result in misleading
assessments of emissions that could cause valuable resources to be spent on monitoring or control of
sources that are actually in full compliance with emissions standards. The methods described here have
sensitivity sufficient to detect particulate species at part-per-billion (by mass) levels and below.

.
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THE STATIONARY SOURCES

Gas Turbine

The gas turbine is located at the Kern River Cogeneration Facility in the Kern River oil field,
Section 3, Township 28S, Range 28E. The plant, consisting of two identical cogeneration units
commissioned in 1988, supplies steam for thermal oil recovery and electric power for Chevron
production operations. The excess power is sold. The major components of each unit area Stewart and
Stevenson turbine/generator package consisting of a General Electric LM2500 gas turbine, Brush electric
generator, Coen duct burner, Nooter heat recovery steam generator, and platinum catalyst to promote
oxidation of carbon monoxide. Both the gas turbine and duct burner are fired using nattmd gas. Water
is injected into the turbine for NOX control at the rate of 4130 kgh, equal to 0.917 times the mass

flowrate of flue gas.

The entire combustion air flow to the engine is filtered through a bank of 200 pleated cellulose
fiber filters manufactured by TDC Filter Manufacturing, Inc. (Cicero, IL, Part No. 10001076). When
new, the main filter is wrapped with a pre-filter, which deteriorates more rapidly than the main filter, and
is discarded partway through the main filter’s life. According to the results of a test performed for the
filter manufacturer at an independent laboratory, the efficiency of the filter medium without the pre-filter
is 99.7’%oat 0.5 ~m, increasing to 100% for 2 ~m and larger particles.

The measurements were made in the stack of Unit B. During the tests this unit was generating its
full load of 22.5 MW(electric) and saturated steam (80% quality) equivalent to 8000 barrels of water/day
at 500°F and 700 psia. The natural gas flowrate to the turbine was 214,000 ftVh (at standard conditions,
60 ‘F and 30 in. Hg). The duct burner used to augment steam production or steam quality was not in use
at the time the tests were performed. Some measurements were made during restart of the turbine
following a regularly scheduled shut-down for maintenance.

The stack is 2.3 m in diameter. Access was through the existing sampling ports on the stack (3
inch NPT, Schedule 40 pipe). The LIBS probe was modified to fit these ports. The gas temperature at
the sampling point varied from 406 to 426 K (271 to 308 ‘F) during the tests and had a velocity of
approximately 30 mk. A typical stack gas composition was 14.9 vol% 02, 2.5 ppmv CO, and 42 ppmv
NOX.

Internal Combustion Engine

The IC engine is a 342 Bhp natural gas-fired, rich-bum, spark ignition engine manufactured by
the Waukesha Motor Co. (Waukesha, WI, Model No. F2894GU), used to power a natural gas
compressor. The engine, identified by Chevron as P324, is located at the Cymric 232 Compressor Site,
Section 23, Township 30S, Range 22E. The operation of the engine is governed by Permit No. S-2199-
27-1 issued by the San Joaquin Valley Unified Air Pollution Control District, which specifies that the
exhaust contain no more than 90 ppmv NOXand 2000 ppmv CO, corrected to 15 vol% 02. A sample of

the fuel collected during the tests contained (voI%): methane, 88.66; ethane, 3.05; propane, 0.89;
nitrogen, 0.38; oxygen, 0.0 1; and carbon dioxide, 7.01; and had a heating value of 975 Btu/fts. The
air/fuel ratio is adjusted to maintain a fixed oxygen potential in the combustion products, measured using
a platinum/zirconia electrochemical sensor. The typical mixture composition during the tests was 0.995
of stoichiometric air. Unburned hydrocarbon, CO, and NOXemissions are controlled by non-selective
catalytic reduction (NSCR) using a catalytic converter mounted in the exhaust. The catalyst and its
housing were manufactured by Johnson Matthey Environmental Products (Wayne, PA, Model HAS 6).
The active metals include platinum and rhodium, supported on a stainless steel monolith. Incoming



combustion air is cleaned using a filter manufactured by F1eetlife Inc. (Chicka:ha, OK, Model No. 1950- .
3). Engine speed during the tests varied from 843 to 855 rpm.

The measurements were made through a nipple (4 inch NPT, Schedule 40 pipe) welded onto the
0.154 m id. stack downstream from the catalytic converter. The gas temperature at the sampling
location varied from 703 to 733 K (806 to 860 “F) and the approximate average gas velocity at the
sampling point was 30 m/s during the tests. Typical 02, CO, and NOX volume fractions (dry, as

measured) in the exhaust were O.0%, 2660 ppm, and 110 ppm, respectively.

Steam Generator

The steam generator, identified by Chevron as Unit No. 50-5, is located at the 2F Steam Plant in
Monarch Section 2, Township 1IN, Range 24W, part of the Midway-Sunset Field near Taft, California.
The boiler was manufactured by the Thermo-flood Corp., a subsidiary of Struthers Wells Corp. It is
equipped with a single North American Manufacturing Co. burner (Cleveland, OH, Model No. 6121-
G62.5-CR) originally designed to fire crude oil and natural gas. Its maximum heat input is 62.5 million
Btu/h. The burner has since been retrofitted with flue gas recirculation and other modifications for NOX

control. Crude oil is no longer used as fuel. A sample of the fuel gas collected during the tests
contained (vol%): methane, 75.27; ethane, 4.70; propane, 1.97; n-butane, 0.44; nitrogen, 7.85; oxygen,
1.43; and carbon dioxide, 8.35; and had a heating valueof911 Btu/fts. The gas flowrate during the tests
was 46,000 + 700 ftg/h (at standard conditions, 60 “F and 30 in. Hg), corresponding to a heat input of 42
million Btu/h. The steam output was equivalent to 2345 barrels of water/day at 770 psig, 516 ‘F, and
approximately 60% quality.

The measurements were made in the stack, 0.5 m above the exit from the transition section
joining the stack and convection section, except for the Method 5 samples, which were taken at points
0.3 m higher. The inside diameter of the stack is 0.90 m. Access was through pipe nipples (4 inch NPT,
Schedule 40 pipe) welded to the stack. The temperature at the sampling point was in the range from 425
to 438 K (305 to 329 “F) and the gas velocity was approximately 10 rnls. The excess oxygen at the
Iimace exit varied from 0.5 to 3 vol% (wet). CO and NOX at the furnace exit were O-18 and 23-27

ppmv (dry, as measured), respectively.

MEASUREMENT TECHNIQUES AND RESULTS

U.S. EPA Method 5

Method 5, “Determination of Particulate Emissions from Stationary Sources” (Code of Federal
Regulations, 1996), was used to determine total particulate matter for comparison with the results from
the other techniques. The Method 5 sampling and data analysis were done by Genesis Environmental
Services Co. of Bakersfield, CA. The results of duplicate measurements in the exhaust from the IC
engine and the stack of the steam generator are given in Table 1. The total particulate matter emission
from the steam generator is only about one-third of the emission limit for PMIOspecified in the Permit to
Operate for the unit.

Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown spectroscopy (HIM, also called laser spark spectroscopy, LASS) has
been under development at Sandia and at other laboratories for a number of years as a technique for
measuring the metal content of particulate matter suspended in ambient air, combustion products, and



other process streams. , Early work on the method is described by Laqua (1979) and Cremers and
Radziemski (1987). Applications of LIBS were reviewed by Radziemski and Cremers (1989),
Radziemski (1994), and Darke and Tyson (1993). The development of the portable metal emissions
monitoring system used in the present work is described by Hahn et al. (1997a, 1997b) and Hahn (1998).
As applied in this work, a 1064-nm Nd:YAG laser beam was focused in the gas/particle mixture to be
analyzed. The focused beam generates a plasma, which vaporizes small droplets and particles, and
subsequently dissociates molecules into electronically excited atoms and ions. The wavelengths of the
light emitted as the excited atoms decay toward their ground states permit identification of the elements
present. With calibration using aerosols of known concentration and composition, the intensities of the
emission lines can be used to determine the concentrations of individual elements. Under conditions of
particle size and concentration when only a single particle is typically present in the spark, or when a
distribution fimction for the number of particles in the spark can be constructed, the elemental
composition of individual particles can also be determined. The latter capability provides a particle
composition fingerprint characteristic of the source. For example, in the stack of a natural gas-fried
combustor, particles containing iron in association with significant amounts of silicon, aluminum,
calcium, or magnesium are likely to be soil particles, while those containing only iron in high
concentration are likely to be the corrosion products of carbon steel. Virtually any element, in the solid,
liquid, or gaseous phase, can be detected using LIBS, but the technique is not useful for measuring
elements in particulate matter that are also present at high concentration in the gas phase, such as carbon,
nitrogen, and oxygen in the exhaust from combustion of fossil fuels in air. For example, LIEN is not a
good choice of method for the measurement of soot, because of the background from carbon in COZ.

The probe package, mounted directly on the stack, contains the laser and the focusing and signal
collection lenses. A fiber-optic cabIe delivers light emitted by the plasma to a spectrometer and detector,
located nearby. A longer fiber-optic communication cable delivers a digitized spectrum to the data
storage and amdysis system, located in a building or vehicle, which need not be close to the stack. A
2400 groove/mm grating was used to cover a wavelength range of 30 nm with an effective linear
dispersion of 0.03 nm per charge-coupled device (CCD) detector element. The grating was scanned
remotely to cover an overall wavelength range from 220 to 700 nm. The data were recorded using a
conditional analysis routine described previously (Hahn, 1997b). The data acceptance rates (i.e. hit
rates) were on the order of 0.2% for all species, with the exception of calcium in the IC engine exhaust,
which yielded a particle hit rate of 3.570.

Measurements were also made in the ambient air near the combustion air inlet to each unit, for
comparison with the concentrations in the exhaust. However, because setting up the instrumentation
takes several hours, the measurements at the entrance and exit of a unit were typically made on different
days under different conditions of wind speed, wind direction, temperature, and humidity, so are not
directly comparable.

The signal recorded in the ambient air and exhaust from the IC engine over the wavelength range
from 390 to 420 nm is shown in Figure 1. This region of the spectrum contains two emission lines
characteristic of calcium, which were observed both in the air and in the combustion products. Calcium
concentrations derived from these data are given in Table 1. The signal-to-noise ratio is quite good
(Figure la), even at the low calcium concentration in air (0.52 pg/ms, Table 1). An exaniple of a
spectrum observed in the ambient air at the steam generator is shown in Figure 2. The wavelength range
in this case is from 260 to 290 nm, containing three emission lines characteristic of magnesium. The
signal-to-noise ratio is still good, demonstrating the power of the conditional data analysis at the very
low ambient magnesium concentration (35 ng/m3, Table 1).



Particle-Bound PolycycIic Aromatic Hydrocarbons

A photoelectric aerosol sensor (PAS) for detection of particle-bound polycyclic aromatic
hydrocarbons (PAH) was developed by EcoChem Me13technikGmbH of Werlingen, Germany, and is
available in the United States from EcoChem Analytics of West Hills, CA. The present measurements
were made using a portable unit combining the real-time particle-bound PAH monitor (Model PAS
2000) with a dilution system (Model PDS 2000). Earlier models have been evaluated in many studies,
including one by the California Air Resources Board (CARB) (Wall, 1996) and another by the U.S. EPA
(Rarnarnurthi and Chuang, 1997). A bibliography of publications documenting the performance of
the instrument is available from EcoChem Analytics.

The principle of operation of the monitor is described in detail by Burtscher (1992). Briefly, the
instrument uses excimer (IQC1) lamp radiation at 222 nm to ionize particle-bound PAH, then measures
the current produced by the charged particles. The fraction of the total PAH present in a gas stream that
are adsorbed on particles depends upon the particle concentration, composition, and specific surface
area; on the molecular weight distribution of the PAH; and on temperature. Under the near-ambient
temperature conditions in the instrument practicably all PAH having four or more rings are expected to
be particle-bound. PAH in the vapor phase are not detected. The excimer lamp is operated in a pulsed
mode to eliminate interference from naturally-occurring charged particles present in the sample stream
and to suppress zero drift. To compensate for changes in the excimer lamp characteristics with time, the
intensity of the lamp is monitored and its effective intensity adjusted by varying the frequency. The
analog voltage output signal, proportional to the ion current, was recorded using a strip chart recorder.

As emphasized in EcoChem Analytics’ product literature and work by the developers and users of
the PAH monitor, the relationship of the ion current to the concentration of PAH depends upon particle
composition and concentration and on the identities and relative concentrations of the PAH, so is a
characteristic of the source. Wall (1996) compared the response of an eadier version of the real-time
PAH monitor with the results of conventional determinations of PAH in different combustion systems.
The range of apparent response factors was approximately a factor of 10, no worse than the range of
results that might be expected if different testing groups were to sample a given source at various times
using one of the standard methods such as CARB Method 429 (California Air Resources Board, 1989).
To derive total particle-bound PAH concentrations from the instrument output, a calibration of the
instrument response must be done in which it is compared with resuks of the applicable standard method
over the entire range of operating conditions, including fuel composition, load, and air!fuel ratio.
Although such a calibration would be expensive, it would likely be less costly in the long run to be able
to obtain a reliable estimate of PAH using the portable monitor than to continue to use the standard
method, provided that the source operating conditions and the standard method itself are not changed.

The detection limit of the PAS 2000 is an ion current of approximately 10 femtoampere (fA).
According to the manufacturer, typical response factors are in the range -0.3 to 1 microgram of PAH
per cubic meter of gas (at normal conditions) per picoampere (pA) (EcoChem Analytics, 1997). Using
these values, one obtains an estimated detection limit of -3 to 10 ng/m3. However, the actual response
factor for a given source must be established by comparison with measurements using standard methods,
as discussed above.

When recording the analog voltage output from the PAS 2000 instrument, as was done here, the
indicated output voltage never drops below zero even when the panel display on the instrument indicates
negative values. This means that in the complete absence of PAH the average of the instrument’s
voltage output is slightly positive. This was observed when sampling ambient air and when sampling
the stack of the steam generator, when the voltage output was zero approximately half of the time and



the magnitudes of the positive and negative fluctuations in the panel display readings were
approximately the same. To obtain the proper average at extremely low PAH concentrations, EcoChem
recommends selecting the 4 to 20 mA mode for the analog output, connecting the output terminals to a
250 Q resistor, and recording the voltage drop across the resistor, which will then indicate negative
values having magnitudes up to 25% of the positive full scale reading.

EcoChem also supplies a dilution probe for use with the PDS 2000 dilution system. The dilution
system maintains a constant flowrate of dilution gas to the probe and continuously adjusts the total
sample plus diluent flowrate returning from the probe to maintain the dilution factor specified by the
user. The probe is electrically heated and its flows are arranged so that the dilution gas is preheated
before mixing with the sample. The dilution gas is introduced through an annulus surrounding the
sample line near the inlet to the probe.

Emissions of PAH are not expected from lean or even from moderately substoichiometric
combustion of natural gas in burners (Seebold, 1997a, 1997b; Petroleum Environmental Research
Forum, 1997). It was of interest to determine whether the less well mixed, short residence time
conditions in the IC engine might result in measurable PAH in the exhaust under its slightly
substoichiometric conditions. Even if there were PAH in the combustion products leaving the engine
cylinders, the catalytic converter is expected to be just as effective in destroying PAH as it is in
destroying other hydrocarbons.

The IC engine and steam generator exhausts were sampled using the dilution probe supplied by
EcoChem Analytics for use with the PAH monitor, but with the 6.35 mm o.d. sampling tip replaced by a
1.6 mm o.d., 0.8 mm id. tip, so the sampling in the exhausts would be closer to isokinetic. The body of
the probe was 0.56 m long, supported by a compression fitting mounted on the pipe nipples welded to
the stacks. The maximum temperature which the dilution probe may see is 573 K (572 “F), so at the IC
engine an extension was added to the nipple and the probe was moved outward from the stack until the
gas temperature at its entrance was 523 K (482 “F). The sample then entered the 1.6 mm o.d. sampling
tip at the stack temperature of approximately 720 K and was cooled to approximately 523 K at the
entrance to the main body of the probe, where it was diluted with nitrogen gas. The temperature of the
exhaust from the steam generator was low enough that the probe could be introduced directly into the
stack.

A sample of the analog output from the EcoChem PAS 2000 instrument while sampling the IC
engine exhaust is shown in Figure 3. The signal determined during one 8-second measurement cycle is
displayed continuously during the next cycle, giving rise to the stepwise output from the monitor. A
normalized frequency distribution of the observed values, derived from an 86-minute record of the ion
current, is shown in Figure 4. The mean ion current is 0.15 pA, with a standard deviation of 0.037 pA.

Using the manufacturer’s suggested sensitivity of - 0.3 to 1 pg.pA/m3, the mean particle-bound PAH
concentration is estimated to be 0.045 to 0.15 ~g/m3 at ambient temperature and pressure.

Laser Aerosol Spectrometer

Particles were counted and sized using a Laser Aerosol Spectrometer, a commercial instrument
manufactured by Particle Measuring Systems, Inc. (Boulder, CO, Model LAS-X). The instrument uses
the intensity of helium-neon laser light scattered by individual particles to determine particle size.
Several ranges of size can be selected, but for the present measurements the widest available range was
chosen, from 0.1 to 7.5 ~m, divided into 16 intervals. The instrument determines the size of each
particle passing through the focal volume of the laser beam and adds a count to the proper size bin. The
sample flowrate was set at 3 cm~/s and particles were counted for 10 minutes. At least four 10-minute



samples were taken and the results averaged to determine the particle concentration and size distribution
at each sampling location. In order to estimate mass concentrations from the’number concentrations, the
particles were assumed to be spheres having an apparent density of 2000 kg/ins.

The instrument is not heated and cannot tolerate condensation, so the stack gas sample was
diluted with nitrogen to lower its dew point below ambient temperature. In the preliminary set of
measurements during the tests at the Kern River Cogeneration Facility, the sample was extracted from
the stack through stainless steel tubing and diluted with nitrogen outside the stack. At the outlet of the
diluter a tee diverted a small fraction of the sample to the laser aerosol spectrometer. When sampling the
exhausts from the IC engine and steam generator, the EcoChem Analytics dilution probe and system
were used instead, with a flow splitter (TSI Inc., St. Paul, MN, Model No. 3708) used to divert sample
from the main flow to the Iaser aerosol spectrometer. The latter system had much better particle
sampling efficiency, determined as described below, than the system used at the cogeneration plant.

The efficiency for collection of each particle size was measured by drawing ambient air through
the sampling and dilution systems then comparing the results with measurements when air was drawn
directly into the aerosol spectrometer. A collection efficiency was determined for each size bin and used
to correct the stack measurements, but the uncertainty in the results from this procedure is very large. A
shortcoming of the approach is that sampling cannot be isokinetic in both the stack and in the ambient
air during the determination of the correction factor, for a given set of flow conditions inside the probe.
An example of a complete set of measurements, from the IC engine, is shown in Figure 5. Six or more
replicate size distributions were recorded while sampling the IC engine exhaust and ambient air and used
to construct the mass-based size distributions shown in Figures 5a, b, and d. The concentration of
particles in a size bin was found by dividing the average number of particles counted by the volume of
gas passed through the instrument (1.8 L), multiplying by the dilution factor (14.8), and multiplying by
the mass of a spherical particle having a density of 2000 kg/ins and diameter equal to the geometric
mean of the sizes at the bin boundaries. Probability densities (y axis) were calculated by dividing the
particle concentration by the bin width, Aln dP= in dz - in dl = in d2/dl. The error bars in Figures 5a, b,
and d correspond to one standard deviation of the concentration of particles in each size bin. The
standard deviation increases markedly at the large end of the distributions, where few particles were
observed during each 10-rninute sampling period. Because there is no size discrimination in the largest
size bin, which contains all particles larger than 7.5 #m, the total mass concentration of the particles
counted cannot be determined from the number concentration data. However, the mass concentrations
in the ranges 0.1 -2.5 ~m and 0.1 -7.5 pm could be roughly estimated. The results from all three of the
sources are given in Table 1. The uncertainties in the sampling efficiency and the corrected particle
concentrations, Figures 5C and e, respectively, and in the total concentrations given in Table 1, were
determined by propagation of the standard deviations of the measurements through the calculations.

DISCUSSION

A striking feature of the data presented in Table 1 is that none of the three instrumental
measurements: LIBS, the laser particle counter/sizer, or the particle-bound PAH monitor, accounts for a
substantial fraction of the mass concentration of particulate matter in the exhausts from the IC engine
and steam generator determined using Method 5. In the case of the elements detected using LIBS, their
contributions to particles are increased by oxide or other anions in the compounds of the metals. If the
compounds were oxides, their contributions to particulate would be greater by factors of from 1.35
(sodium) to 2.14 (silicon), still unable to account for a significant portion of the Method 5 results. Even
conversion of the calcium, magnesium, sodium, and iron oxides to sulfates, and allowance for some
chernisorbed water, would not substantially change the results. Large concentrations of elements other



than those identified We unlikely, with the possible exception of carbon, which could be present as both
hydrocarbons and soot. However, if organic and elemental carbon were present at high concentration,
one might expect significant concentrations of PAH, which were not observed. Also, the mass
concentrations of particles in the O.1‘to 2.5 pm size range measured in the IC engine and steam generator
exhausts using the laser aerosol spectrometer, which can detect all types of droplets and particles, are not
too different from the sums of the LIBS results (including a contribution from the oxides), although in
the turbine exhaust the concentration derived from the aerosol spectrometer measurement is higher than
that implied by the non-detects of LI13S. If organic and elemental carbon were present, a significant
fraction of it would be expected in 0.1 to 2.5 ~m particles (some could reside in even smaller particles),
but large amounts of material were not detected in this size range using the aerosol spectrometer. It
seems more likely that the particulate matter collected by Method 5, but not detected by LIBS and the
aerosol spectrometer, is in particles larger than about 10 p.m. The number concentration of particles
larger than 10 ym may be extremely low, of order 10s to 10’$per cubic meter, but their mass
concentration, even at such low number densities, can dominate the mass-based size distribution.

The volume of stack gas collected during the Method 5 sampling was 4 to 6 ms (at STP). The
volume sampled using the laser aerosol spectrometer was only about 10 L (at ambient conditions). The
effective volume of the plasma generated during a single LEN shot is 2.5 x 10-10ms (Hahn, 1998).
During a sequence of 15,000 shots, the total volume sampled is then 4 cms (at stack temperature).
Under the conditions investigated, neither the laser aerosol spectrometer nor LIBS sampled a sufficient
number of particles larger than 10 pm to generate a reliable mass concentration for large particles. Even
if it had, the aerosol spectrometer does not size classify particles larger than 7.5 ~m, so their mass could
not be determined in any case. It has been suggested (Yalgin et al., 1996) that only particles smaller than
about 10 pm are certain to be completely vaporized and properly quantified by LIEN. These are not
great disadvantages, in view of the fact that it is fine particles that are of greatest interest, but it would be
useful to know the compositions and size distributions of all of the species contributing to particulate
matter as defined by Method 5. The question about the maximum size of particles that can be
completely vaporized and accurately quantified using LIBS merits further investigation.

The LIBS measurements during steady operation of the turbine show that the concentrations of
the metals were lower in the stack than in the ambient air. This can be explained by the high efficiency
of the filters used to clean the combustion air and the absence of significant sources of fine particles
within the system. The turbine is shut down for washing and other maintenance every 45 days. During
the start-up following such a shut-down, silicon and iron were observed in the stack at higher
concentrations than during steady operation. The fact that the relative metal concentrations observed
during start-up bear no resemblance to their relative concentrations in the ambient air suggests that the
silicon and iron are not associated with soil particles that passed through the air filters and deposited in
the turbine, but that they were generated inside the system. This is not certain, however, because the
filters could select particles according to composition, especially if average composition varies with
particle size. The most likely sources of iron within the system are the many ferrous metal surfaces in
the turbine, heat exchangers, and ductwork. A possible source of silicon is the turbine injection water,
which is de-mineralized, but contains silica at a concentration of approximately 0.05 mg/L and is
injected at the rate of 70 IAnin. Silica deposits in the turbine would be removed during washing and,
although the wash water emulsion is drained from the casing, some liquid and suspended particles
remain inside when the wash is complete.

The exhaust from the IC engine contains 11.6 pg/ms of crdcium, significantly higher than its
concentration in the ambient air. The likely source of the calcium was identified as the engine
lubricating oil, which contains calcium sulfonate as a detergent additive. Sodium and silicon were
present in the engine exhaust at concentrations approximately four times their concentrations in the air.



Limited observations of the variation in ambient metal concentrations, not at the engine, but at the steam
generator site, showed that the concentrations changed from one day to the next by factors between 2 and
10. Comparable changes were observed from site-to-site and season-to-season; for example, the
concentrations of calcium, magnesium, sodium, and silicon in the ambient air at the cogeneration facility
in November differ from those measured at the steam generator in May by factors of from four to eight.
The similarity of the ratio of sodium to silicon at the inlet (2.0 kg/kg) and outlet (1.7 kg/kg) of the engine
does point to air as the source, but the suggestion that sodium and silicon entered the IC engine with its
combustion air also requires one to assume that the air filter had low collection efficiency for sodium
and silicon-containing particles. To demonstrate conclusively that the ambient air used for combustion
accounts for some or all of the emissions from such clean sources would require that measurements be
made at the inlet, downstream from any filter, and at the outlet simultaneously. Rigorous comparison of
the particle concentrations in the stack gas and ambient air would require a third simultaneous
measurement, upstream from the filter.

At the steam generator, the concentrations of calcium, sodium, and silicon in the stack were 1.2
(calcium) to 2.7 (sodium) times their concentrations in the ambient air. The direct observation of
variation over factors of from two to ten in ambient metal concentrations at this site, mentioned above,
coupled with the * 25T0uncertainty limit for the LI13Smeasurements, and the characteristics of the steam
generator (no air filtration, low surface to volume ratio, low gas velocities, few moving parts) make
combustion air the most likely source of the metals observed in the stack, with the possible exception of
sodium.

The source of a particular element can be established with greater certainty when several metals
are determined simultaneously, providing a fingerprint for each type of particles. In the version of the
LIBS instrument used in the present work, the individual wavelength windows were too narrow to see
more than two or three elements simukaneously. A new version of the instrument is undergoing testing,
in which the entire spectrum from 200 to 400 nm will be recorded for each shot, at the expense of some
loss of resolution. The ability to determine many elements simultaneously might, for example, permit
the identification of the source of the iron observed in the turbine exhaust during start-up after washing,
if the identities and concentrations of other elements point to a particular alloy. Such information might
be useful as a diagnostic tool.

CONCLUSIONS

Measurements of calcium, magnesium, sodium, silicon, and iron in ambient air at concentrations
on the order of 0.1 pg/ms demonstrate the high sensitivity that can be obtained with the LI13S analytical
technique using conditional sampling. The concentrations of metals in the exhaust from the gas turbine,
IC engine, and steam generator depended on characteristics specific to each piece of equipment. The
simplest to explain was the steam generator, where the concentrations of calcium, sodium, and silicon in
the stack were 1.2,2.7, and 1.7 times, respectively, their concentrations in ambient air at the burner inlet.
Because the ambient metal concentrations themselves varied by factors of two to ten, the observations
are consistent with the metals’ having been present in dust particles carried into the unit with the
combustion air. In the K engine, elevated calcium in the exhaust was traced to a detergent additive in
the engine oil. Concentrations of sodium and silicon in the engine exhaust were a factor of four higher
than in the ambient air, too high to be easily explained by fluctuations in the ambient levels, especially
considering that the engine intake is equipped with a filter. At the gas turbine, calcium, magnesium,
sodium, silicon, and iron were all observed in the ambient air at the inlet to the unit, but none of these
elements were detected in the stack. This is consistent with the high efficiency with which the incoming
air is filtered. Silicon and iron were detected in the turbine exhaust during start-up following a turbine



wash. The silicon may ,have been introduced with the water injected into the turbine for NOXcontrol and
deposited in the turbine. The iron is most likely to have been ferrous metal scale loosened and removed
by washing or by vibration of the ductwork during ignition and start-up of the turbine.

Particle-bound PAH were detected in the exhaust from the rich-burn IC engine. A typical
calibration factor for combustion sources indicates a concentration from 0.045 to 0.15 pg/mg, but
calibration factors are source-specific and must be determined by comparison with measurements using
a standard method on the same source under similar operating conditions.

A commercial laser aerosol spectrometer was used to measure the sizes and number
concentrations of particles in the 0.1 to 7.5 pm size range. The collection efficiency of the system was
determined by sampling ambient air, with and without the sampling probe and dilution system. The
uncertainty in mass concentration calculated from the number concentrations is high due to the relatively
small numbers of large particles collected, the low efficiency of the sampling system, and the lack of
resolution of particle sizes larger than 7.5 pm. The mass concentration of particles inferred from the
number concentrations was only a small fraction of the concentration of particulate matter collected
using U.S. EPA Method 5. Total particle concentrations inferred from the LIBS measurements were
also much smaller than the Method 5 results. This is thought to be due to the small numbers of large
particles counted during the sampling periods used in the present study. The ability of the LI13S
instrument to record a wider range of plasma emission wavelengths, now being implemented, and the
ease with which data can be recorded, will make it possible to sample for longer times and obtain better
sampling statistics for large particles, in addition to providing size distributions and composition
fingerprints for the particles.
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NOMENCLATURE .,

CARB California Air Resources Board
dP particle size, m
dl, dz particle sizes defining the lower and upper limits of a size bin, m
IC internal combustion
LIBS laser-induced breakdown spectroscopy
NA data not available, the measurement was not attempted
ND none detected
PAH polycyclic aromatic hydrocarbons
PAS photoelectric aerosol sensor
PMX particulate matter having aerodynamic size smaller than x micrometer, kg/mq

STP standard temperature (293 K) and pressure (760 torr or 101.3 kpa) specified in Method 5
YAG yttrium aluminum garnet
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Table 1. Sources, stack conditions, and measurements of mass concentrations of particulate matter in
ambient air and wet combustion products, corrected to 293 K (68 ‘F) and 101.3 kPa, except as noted.

Source Cogeneration IC Steam
Facility Engine Generator

Plant Data

Location Kern River
Chevron identification Unit B
Date NOV.13-20, 1997
Stack Temperature 416~11 K

290 +20 “F
Stack gas velocity 30 In/s
Stack excess oxygen 14.9 Vol%
PMIOEmissions Limit 0.012 lb/10GBtu

(- 5.4 mg/ms)

U.S. EPA Method 5

First stack sample NA
Second stack sample NA
Stack, average and range NA

Laser-Induced Breakdown Spectroscopy

CaIciurn ambient air 0.61 pg/ms
stack
start Upc NA

Magnesium: ambient air 0.28 pg/ms
stack ND
start Upc 0.016 ~g/ms

Sodium: ambient air 3.4 pg/m3
stack
start Upc NA

Silicon: ambient air 0.25 pg/m3
stack
start Upc 6.4 @ms

Iron: ambient air 0.23 ~g/m3
stack
start Upc 16.2 pg/m3

@nric 232
P324
May 5-8, 1998
718*15K
833 k 27 “F
30 In/s
a
no limit

23 mg/ms
19 mg/m3
21*2 mg/m3

0.02 ~g/m3
ND

0.33 pg/m3
1.45 yg/m3

NA
NA

2F Steam Plant
50-5
May 11-15, 1998
431*7K
317*12°F
10 In/s
0.5-3 Vol%
0.007 lb/lOGBtu
(- 9.3 mg/m3)

3.0 mg/m3
3.2 mglms
3.1 *0.1 mg/m3

0.15 ~g/m3
0.18 pg/ms

0.035 pg/m3
ND

0.46 pg/ms
1.22 pg/m3

0.06 pg/ms
0.10 pg/m3

NA
NA

The notes are at the end of the table, on the following page.
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Table 1 (continued)’. Sources, stack conditions, and measurements of mass concentrations of
. particulate matter in ambient air and wet combustion products, corrected to 293 K (68 “F) and 101.3 kPa,

except as noted.

Source Cogeneration IC Steam
Facility Engine Generator

Particle-Bound PAH

Stack, average
standard deviation

Laser Aerosol Spectrometer@

0.1 to 2.5 ~m Particles:
Ambient air, average * 1 std. dev.
Stack, average k 1 std. deviation

0.1 to 7.5pm Particles:
Ambient air, average * 1 std. dev.
Stack, average * 1 std. deviation

NA 0.045-0. 15d pg/m3 ND
25% of average

33* 3 ~g/m3 5 * 2 pg/m3 11.4* 1.1 pg/m3
10 +17/-10 pg/ms 40 t 40 pg/m3 10*5 pg/m3

44& 5 p.g/m3 8 * 3 ~g/ms 26* 8 ~g/ms
18 +46/-18 pg/ms 50 +70/-50 ~g/m3 50+1 10/-50 p.g/ms

NA: not available, measurement not attempted.
ND: none detected.
a. The IC engine is run rich, at 0.995 of stoichiometric air during the present test.
b. The estimate of uncertainty in the LIEN measurements is* 25% of the measurement. The values are
expressed as masses of the elements. Although the species are identified using the names of the
elements and described in the text as “metals,” this not meant to imply that any are present in their free
states; the most likely forms are oxides, possibly mixed with some sulfates, chlorides, carbonates, etc.
c. Average over 20 minutes during and following start-up of the g~ turbine after a shut-down for
scheduled maintenance. The concentration is given at stack conditions (mass per actual cubic meter)
because the stack temperature changes as the equipment and ductwork downstream from the turbine
warm up.
d. Estimate based on the typical range of sensitivity reported by the manufacturer. Calibration against a
standard method for a given source and operating conditions is needed for reliable quantification of
particle-bound PAH.
e. These measurements are subject to a number of assumptions regarding particle shape, particle
density, and the accuracy of the procedure used to determine the efficiency of the sampling system, so
are considered to be rough estimates only.
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Figure 1. LIBS spectrum from 390 to 420 nm in the exhaust and ambient air at the IC engine,
showing the emission lines of calcium at 393.37 and 396.85 nm.
a. Ambient air near the combustion air intake. 6,000 total shots with 0.38% hit rate.
b. Engine exhaust downstream from the catalytic converter. 18,000 total shots with 3.5% hit
rate. The lower intensity emission lines at 394.7 and 398.6 nm and the group of stronger lines
between 415 and 420 nm are probably from excited molecular species formed by atom
recombination. These lines appear in all of the spectra taken in the engine exhaust, so are not
indicative of a species correlated with calcium.
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Figure 2. LI13Sspectrum from 260 to 290 nm in the ambient air near the combustion air inlet at
the steam generator, showing the emission lines of magnesium at 279.55,280.27, and 285.21 nm.
14,400 total shots with 0.1% hit rate. The concentration of magnesium is only 35 ng/ms.
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Figure 3. Sample of the analog voltage output from the EcoChem Analytics PAS 2000 particle-
bound PAH monitor while sampling the exhaust from the IC engine. The charge associated with
particle-bound PAH ionized by the excimer lamp is determined over a measurement cycle during
which the lamp is both on and off, minimizing interference from background and zero drift. The
result from one cycle is displayed during the subsequent cycle, giving rise to the stepwise signal.
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Figure 4. Normalized probability density function determined from the frequency distribution of
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io~ currents measured during 86 ‘minutes of sampling the IC engine exhaust using the EcoChem
PAS 2000 real-time particle-bound PAH monitor, including the 20-minute period shown in
Figure 3. The dashed curve is a Gaussian fit to the data having a mean of 0.15 pA and standard
deviation of 0.037 pA.



a.,

6 - a. Ambient air direct to instrument

4 -

2 -n I

1

hi II
d L

i?
o ,U ,=, .~.

8

6 - b. Ambient air through probe

4 -

6
1

d. IC engine exhaust fhrough probe T~

80 -
e. [C engine exhaust corrected for efficiency

60 -
T

40 - <I

4,
20 -

0 ~ $ .1 b.v, T f. ii 1. .;
0.1 1 10

Particle Size (yin)

Figure 5. Mass-based size distributions of particles between 0.1 and 7.5 pm, derived from the
number-based distributions measured using the laser aerosol spectrometer. Particle mass was
estimated assuming spherical particles having density of 2000 kg/mJ. Error bars correspond to
one standard deviation of replicate measurements. Probability densities were calculated by
dividing the particle concentration in each size bin by the bin width, A(ln dP) = in dz - in dl =
in (dz/dl).
a. Size distribution of particles in ambient air sampled directly, without the probe and dilution
system.
b. Particles in ambient air, sampled through the heated dilution probe.
c. Collection efficiency found by dividing the measurements shown in Figure 5b by the
measurements in corresponding size bins in Figure 5a.
d. Measured size distribution of particles in the IC engine exhaust;
e. Corrected size distribution of particles in the IC engine exhaust, obtained by dividing the
measurements in Figure 5d by the efficiencies from Figure 5c. The estimates of uncertainty were
found by propagating the uncertainties (one standard deviation) in the three measurements used
in the calculation (Figures 5a, b, and d), but do not include possible errors arising from inaccurate
assumptions regarding shape and density, or error in the determination of particle size.


