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Summary: TEOM® Series 7000 Source Particulate Monitor

. Service ¢ ”"lay

$1S0 9001 ™

Introduction

Particulate matter emissions from stationary sources is typically measured
in the U.S. using USEPA Methods 5 or 17 or in Europe, using similar
methods such as ISO 9096 or 13284-1, BS3405 and BS 6069 (UK),
AFNOR/NFX 44052 (France), VDI 2066 (Germany), and UNICHIM
Method N.422 (Italy) . The methods are labor intensive, slow and subject
to uncertainty from filter handling, transport, conditioning and weighing.
Using our patented TEOM® technology, R&P has developed a new source
particulate monitor that provides /4ig/h resolution, direct mass
measurement in real-time. The Series 7000 monitor uses the same filter
media as EPA and European reference methods to collect and measure
stack PM mass concentration. However, this new method has been
developed so that the entire measurement process including sample
preparation, collection and quality control/quality assurance can be
performed at the sampling location, eliminating the need for pre-sample
preparation and post-sample processing.

The system can operate in three different operating modes; zaverse,
continuous (single point short duration), and zZme proportioned
(intermittent) permitting mass determinations for compliance, diagnosing
and optimizing emission control systems, and calibration of indirect
measuring continuous particulate emissions monitors. The Series 7000
unit includes integrated source gas flow rate, temperature and molecular
weight measurements allowing for automatic sampling at 100% isokinetic
conditions. The on-board data acquisition and reporting system allows
viewing of total mass collected and mass concentration in real-time.
Integrated communications and reporting software also allows real-time

Certified

or historical display of continuous data to be displayed in numerical or
graphical format on a laptop computer.

Principle of Operation

The Series 7000 monitor collects a particulate matter sample using a filter
while automatically maintaining isokinetic sampling conditions. The filter
is affixed to one end of the mass transducer thereby allowing the collected
particles to be weighed continuously resulting in a measurement of the
real-time particle mass concentration. The instrument can also be
configured with a cyclone to measure PM-10 or PM-2.5.

The TEOM mass transducer uses a short, straight inlet nozzle tube to
isokinetically sample the flue gas and transport it to the filter. The mass
transducer is a hollow tube, clamped on one end and free to vibrate at the
other. An exchangeable filter cartridge is placed over the tip of the free
end. This “tapered element” vibrates precisely at its natural resonant
frequency. An electronic control circuit senses the vibration and through
positive feedback adds sufficient energy to maintain a constant amplitude.
A precise electronic counter measures the frequency, which has a direct
relationship with mass. The relationship, expressed below, between mass
and frequency can be derived from the simple harmonic oscillator equation.

f=K,/m (1)
where f=frequency of oscillation

K,= calibration constant
m = mass
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The calibration of the tapered element can be established as follows. A
known mass, m, is determined gravimetrically and placed on the filter. K
can be determined by measuring frequency f, and f, where f, is the
frequency measured without mass m, and f, is the frequency measured
with mass m is loaded onto the filter. Using the relationship described by

equation 1, for each frequency measurement:

f?=K,/m,
and
f2=K,/m,

From these two equations, K can be calculated for the particular tapered
element:

K,=(m,-m)/(I/f?- 1/f?)

Importantly, the tapered element system is constructed using non-fatiguing
inert material. Since K is a function of the (non-changing) physical
characteristics of the tapered element system, the tapered element retains
its calibration indefinitely.

Once K has been determined for a particular tapered element, it can be
used for mass measurements. If the element is oscillating at the frequency
of f and has a frequency response of f, after an unknown mass is collected
on the filter (Am”), Am” can be obtained as a function of f , f, and K using
the following equation:

Am’ =K, (/£ - 1/£2)

The starting frequency f, can be defined at any arbitrary time, consequently
the mass measurement does not depend on the knowledge of the previous

filter loading. Tracking frequency with time yields the mass rate, and
when combined with the sample flow rate through the filter allows
calculation of the mass concentration.

During normal operation, the mass transducer is maintained at the stack
temperature, a few degrees above the stack temperature, or at a constant
elevated temperature to provide the desired thermodynamic sampling and
measurement conditions.

Modes of Operation

The Series 7000 Source Particulate Monitor can be operated in three
sampling modes. All three modes can use isokinetic or fixed sample flow:

o Continuous (short duration) PM concentration measurements at a
single sampling location.

» Zraverse measurements of stack PM concentration at two or more
sample points across a stack cross-section axis.

o Time Proportioned (long term, intermittent) sampling of source PM
concentration at a single sampling location.

NOTE: All of the above sampling modes can be operated with sample
stream dilution ratios of up to 2:1 (2 parts dilution air to one part
sample stream), and higher in some cases.

The Continuous sampling mode is used to perform short duration tests,
typically for between a few and 24 hours, at a single sample point location.
Filter life is a function of the type of PM as well as the concentration
being measured. Consequently the duration of sampling between filter
changes varies widely from one emission source to another. As a guideline,
the maximum acceptable filter loading is 8 - 10 mg, at a flow rate of 1 - 2
1/min. Therefore, at low concentrations, say 5 mg/m?, filter lifetime would
be approximately 16 to 32 hours. At higher concentrations, say 50 mg/m?,
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filter lifetime is likely to be 1.5 to 3 hours without dilution.

The 7raverse sampling mode allows the instrument to characterize actual
emissions from the stationary source more accurately by taking samples
from several discrete sample points in the process or stack in a manner
similar to US EPA Method 5i or Method 17. Typical operation of the
Series 7000 monitor in this mode is as follows.

The operator configures the instrument to provide a two minute average
concentration in the traverse mode. The operator then can insert the probe
into the gas stream and position the mass transducer at the first sampling
location. Through the hand-held terminal, the instrument is instructed by
the operator to enter the initial filter desiccation/stabilization period. During
this period the instrument is in the purge mode causing dry, clean air to
flow through the filter, thereby conditioning the filter to a dry, stable initial
filter mass. After the filter mass stabilizes, the filter mass reading is tared
to zero and sampling is initiated. After at least two minutes of sampling
elapses, the instrument is placed in the pause mode, the operator moves
the mass transducer to the next sample point, and sample measurement is
turned back on. Sampling at each traverse point continues in this manner
until all desired sampling points have been tested. Once the traverse is
completed, the operator instructs the instrument to switch into purge mode
causing the filter to undergo the final desiccation process which dries the
filter and any collected particulate matter. The operator then withdraws
the sample probe from the stack. Once outside the stack, the mass
transducer is outfitted with its insulating jacket and the instrument is prepared
for capturing any particulate that may have been retained in the inlet
during sampling. Once the total mass reading has again stabilized, the
inlet “brushdown” procedure is used to remove any particulate matter
onto the filter.

The average mass concentration for all sample points is then calculated
automatically by the instrument from the combined total mass of particulate

matter captured at each sample point plus any mass collected during
“brushdown,” divided by the total sample volume processed. The results
for each sample point and for the average of all sample points are displayed
on the hand-held terminal, and are stored for report generation using the
PC-based RP7000 software provided with the instrument.

The 7Zime Proportioned sampling mode consists of a (user-defined) short
duration sampling period followed by a longer period without sample
collection. This is accomplished by using the purge feature of the instrument
to prevent stack gas from being extracted through the sample filter during
periods between samples.

Prior to initiating the first sample collection period, the user defines the
sample period, the purge period and the time at which the first sample is
to be initiated. The mass transducer is then positioned at the sample point
and sampling is initiated per the sampling program. Sampling continues
until the user-defined time period elapses, and then the instrument
automatically switches into the purge mode. The purge mode continues
for a user defined time period and then the instrument automatically switches
back to the sample mode. This process can be repeated until maximum
filter loading occurs or a preset time period is attained.

A sample dilution feature is available for each of the above sampling
modes, allowing the instrument to maintain continuous or intermittent
sampling for longer periods between filter changes. Since the purge flow
is only needed during the purge mode, it can be made available during
sampling to dilute the incoming sample gas stream. Both the purge flow
rate and sample flow rate are controlled using high-precision flow
controllers. The purge flow can be precisely metered into the sample inlet
during sampling even while maintaining isokinetic sampling conditions.
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System Specifications

The complete system consists of the mass transducer, probe with or without
probe extension, boom support, probe bearing assembly, pneumatic and
electrical umbilicals, control unit, and pump/power unit. The system is
designed to be portable and permit sampling in stack locations up to 23.3
feet (7 m) in diameter for USEPA-type testing, and up to 20.7 feet (6.2
m) in diameter for the ISO 9096 test procedure. The modular design
facilitates serviceability while providing portability, enabling installation in
a wide variety of sample port and sampling platform configurations and
allowing for interfacing to other sampling equipment.

The instrument is able to operate in ambient temperature conditions ranging
from -20 to +50 °C and under source conditions where the relative humidity
is up to 100% as long as there are no undivided water droplets and the
sample gas temperatures does not exceed 200 °C. Interchangeable
sampling nozzles are provided to allow for sampling in gas velocities up to
90 feet/sec (27 m/sec).

The system is configured with four (4) analog inputs and four (4) analog
outputs. Each input and output can be configured for 0-1, 0-5, 0-10 VDC
or 4-20 mA signals.

An optional QA Test Kit contains the necessary calibration and verification
standards, test equipment and supplies to perform all QA/QC activities at
the test site, thereby enabling the user to produce a validated emission
test result on-site at the conclusion of the test.

User Interface

Operation and calibration of the Series 7000 monitor is performed using a
dedicated, hand-held data terminal connected to the Control Unit through
a standard RS232 umbilical cable. The instrument is operated using menu

options displayed on the hand-held terminal display to access each operating
mode or to access instrument calibration and/or maintenance routines.
The menus prompt the user to select the desired operating mode and then
lead the user through the appropriate steps for each part of the test
procedure. The result is a test performed in a standard, reproducible
sequence. When the user has completed the final menu instructions, the
test is complete and the user can proceed with the generation of results in
Microsoft® Word and Excel format based upon data stored in the monitor.

At any time during a test, data displays on the hand-held terminal can be
accessed that report current mass concentration, total mass collected and
instrument operating status messages. Also, various instrument operating
parameters such sample flow rate, temperatures of the mass transducer,
inlet and sample umbilical, stack gas velocity and stack gas temperature
can be viewed on the hand-held terminal during the test.

An integrated RS232 serial port in the Control Unit permits connection to
a laptop computer. R&P has developed laptop-based communications
and data management software named RP7000 to connect with and control
the instrument operating software. The RP7000 software has the following
capabilities:

» Real-time display of current instrument parameters and test results.

* Downloading test data.

» Uploading operating configuration information such as test location
name, ID, stack dimensions, etc.

» Generation of pre-defined and user-configurable reports.
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Results

Examples of data captured using each operating mode are shown below.
The first two examples present data to illustrate typical patterns observed
in viewing real-time data during a test. The next four examples present
data collected using the different instrument operating modes. The final
two examples describe precision and accuracy information for this new
method. The last example also presents data collected using the dilution
feature while in the continuous sample mode.

Example 1 - Short Duration Continuous Test Mode

Figure 1 presents a short duration continuous test at a coal fired power
boiler. The figure has been annotated to note typical patterns observed in
real-time. Immediately prior to the start of sampling, the filter is purged
with dry air for several minutes to desiccate the filter to a constant weight.
As sampling commences (time = 14:58), particles and moisture begin
collecting on the filter. Through the first few minutes of sampling, the
filter equilibrates to the sample gas moisture condition. The uptake of
water by the filter for the first several minutes of sampling, labeled “Water
Uptake Transient,” results in a short-term over-reporting of mass
concentration by the real-time data. Any moisture absorbed during sampling
is removed after sampling has been completed through a post-sampling,
filter desiccation step. This is noted on the chart as the “Water Loss
Transient.” Since the filter is desiccated until a stable mass reading is
obtained, the moisture absorbed during the sampling process is eliminated
from the total mass collected, and the final result is attributable only to the
particulate matter captured during the test.

Example 2 - Inlet Brushdown Results

Figure 2 is a graphical representation of the instrument response when
recovering particulate matter from the sample inlet after completion of
the final sample desiccation. The total mass of recovered particulate matter
during the inlet recovery process (“Inlet Brushdown™) is combined with
the mass (dry) determined during sampling to calculate the total mass
(dry) gain for a test. The total mass (dry) is then used with the sample
volume measurement (dry) to calculate the average mass concentration
over the total test period.

Example 3 - Continuous Test Mode

The next example (Figure 3) presents results from the exhaust gas flow
of a baghouse air pollution control system at a copper smelter. Data were
collected approximately every three seconds, averaged, saved and reported
every two minutes, allowing representative measurement of quick changes
in PM concentration. Cycling of data between high and low PM mass
concentration levels results from the 6-bank bag house going through its
36 minute cleaning cycle. This cycle consists of a sequence in which one
bank of bags is closed for 6 minutes for backflushing. It is then opened
and the next bank is closed and cleaned, and so on. One of the banks had
a bad seal in its shutoff door, and every time it was closed a stream of
fresh air (as evidenced by a 6 °C decrease in the flue temperature) is
allowed to mix with flue gas. This resulted in a reduction of the PM mass
concentration for the 6-minute cleaning of that bank.

Other variations in PM concentration may be explained by the differences
in the efficiencies of each bank of bags. For example, a bank may have
a torn bag, allowing excess particulate mass to pass into the flue gas, or
the opening of a door may re-entrain particulate matter from surfaces.
This data set shows how useful the instrument can be for studying control
device parameters, either separately or in conjunction with a compliance
test.
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Example 4 - Comparison of Series 7000 Data to Opacity
Monitor Data

The next example illustrates the use of the Series 7000 monitor's Continuous
Mode to correlate real-time direct mass measurement of particulate matter
to measurements taken using indirect emission monitoring methods such
as opacity, light scattering, beta attenuation, etc.

First, a traverse is completed to determine the optimal location to obtain a
representative sample. The sample probe is then fixed in that location and
the Series 7000 monitor is configured to operate in its Continuous Mode.
Figure 4 shows the relationship between mass emissions measured by the
Series 7000 monitor and opacity measurements of the precipitator exhaust
on a cement kiln. The periodic dual peak excursions are attributed to the
cycling of the rappers nearest to the precipitator outlet.

Example 5 - Traverse Mode

Figure 5 contains an example of traverse measurement data. This test
was performed at a coal fired power boiler that supplements its fuel with
wood waste. The probe was positioned at six equally spaced locations
within the stack. Sampling was initiated at the position 102 inches (2.6 m)
from the sample port and continued for 10 minutes, then moved stepwise
until sampling was completed at 42 inches (1.05 m). Measured PM across
the traverse was very consistent with values generally between 25 and
50 mg/m?, indicating a well-mixed gas stream with little stratification across
the duct.

Example 6 - Time Proportioned Sample Mode
Figure 6 shows data collected using the Series 7000 monitor operating in

the time-proportioned, or intermittent, sampling mode. This data set is
from the same facility described in the Figure 5. In this example, a 30-

second sample was taken every ten minutes. The measurements show
PM concentration ranging from a low of 30 mg/m? to a high of over
300 mg/m3. The high PM concentration spikes were periodic and
correspond to rapping in the precipitator. Increased filter life in sources
with high PM concentration is the main benefit of this operating mode. A
typical use of the intermittent sampling mode is to provide a mass-based
calibration of a continuous stack PM monitor that uses a surrogate
measurement technique.

Example 7 - Method Precision

Method precision can be determined by performing simultaneous
measurements with two identically prepared instruments sampling in very
close proximity to each other. The test data presented in Figure 7 were
collected in the exhaust duct following the electrostatic precipitator at a
large coal-fired power boiler. Instrument 1 (labeled Prototype 7) and
Instrument 2 (labeled Prototype 3) were installed in adjacent sample ports
in the exhaust duct. Throughout sampling, the sample inlets of the TEOM
mass transducers were separated by a distance of approximately 8 to 10
inches (20 to 25 cm). Both instruments were programmed using the same
instrument operating parameters and allowed to sample for approximately
8 hours. The percent difference in total mass determined by each
instrument was 2.5%.

Example 8 - Comparison fo Manual Methods

The final example, Figure 8, presents particulate matter monitoring data
from testing at a coal-fired utility boiler. Simultaneous testing was
conducted using the using the Series 7000 monitor and an integrated in-
stack manual method. The system was configured to sample unattended
overnight for a period of about 14 hours. The measurement was made
using the continuous mode with a sample dilution of 50% stack gas to
50% dilution air (v/v). The results show that the difference in mass
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concentration between the Series 7000 continuous method and the manual
measurement over the fourteen (14) hour sample period was +1.5%.
Please note that this test was performed using dilution a7 ez average
mass concentration of only 1.7 mg/nr’.

Rupprecht & Patashnick Co., Inc. © 25 Corporate Circle, Albany, NY 12203 USA « P 518/452-0065  F518/452-0067 © info@rpco.com © www.rpco.com

Summary, TEOM Series 7000 Source Particulate Monitor, May 2000, Page 7



Total Mass [ug]

2-Feb-99 14:50

900

800

700

600

500

400

300

200

100

0

-100

Figure 1. Continuous Operation of Series 7000 Monitor

Mass Concentration

Water uptake

Transient , 60 micrograms —
%Lﬂaﬁ,\ . | PP
vy 4 V V WVV VV V Water Loss
Transient
K /jw
/ Total Mass f
1 60 micrograms
<4— Start Sampling End Sampling —

Begin Filter Desiccation

2-Feb-99 15:30

2-Feb-99 16:10

2-Feb

-99 16:50

o F N 00 - - N
N (=2} o
Mass Concentration [mg/m?]

1
=N

1
(o]

Rupprecht & Patashnick Co., Inc. © 25 Corporate Circle, Albany, NY 12203 USA « P 518/452-0065  F518/452-0067 © info@rpco.com © www.rpco.com

Summary, TEOM Series 7000 Source Particulate Monitor, May 2000, Page 8




Total Mass [ug]

1500

1490

1480

1470

1460

1450

1440

1430

1420

1410

1400

Figure 2. Inlet Brushdown

Total Mass 36 micrograms
2.1% of the Total
Catch

v /
Stabilize Mass Transducer Outside of Source
>« a4
Brush Inlet
6 times

02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999 02/03/1999
9:07 9:08 9:09 9:10 9:11 9:12 9:13 9:14 9:15 9:16 9:17

Rupprecht & Patashnick Co., Inc. © 25 Corporate Circle, Albany, NY 12203 USA « P 518/452-0065  F518/452-0067 © info@rpco.com © www.rpco.com

Summary, TEOM Series 7000 Source Particulate Monitor, May 2000, Page 9



Figure 3. Copper Smelter Baghouse Exhaust
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Figure 4. Mass Concentration Vs. Opacity at a Cement Plant
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Figure 5. Series 7000 Monitor in Traverse Mode
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Figure 6. Series 7000 Monitor in Time Proportioned Mode
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Figure 7. Series 7000 Precision Results
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Figure 8. Low Contration Emission Test Using Dilution
with Comparison to Manual In-Stack Method
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