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Stack particulate testing has always been a challenging occupation and life is about to get even more interesting with EN14181 on the

horizon. The current reference methods rely on extractive sampling onto a filter which is then transported to a laboratory for weighing on

a balance and if all goes to plan you get the result a week or so after the test and in the intervening time, hope and pray you passed. 

In a way it's a little like old fashioned photography. Remember the days when you had to put film in a camera, take a few shots, send them

away for developing only to find out, a couple of weeks later that they didn't turn out and you had lost the lot? Nowadays we have digital

cameras that not only give instant results but can deliver high quality movies in real time all on something the size of a "box brownie"

Current stack testing methods are a bit like film based photography, one exposes a filter to the stack sample which then goes off for weigh-

ing and after some considerable time you get the results back, if your lucky!  The introduction of a new type of stack particulate monitor

promises to do for stack testing what the digital camera did for photography, as it provides instant results, provides a "moving picture" of

the PM concentration and gives assurance that the test is progressing to plan. 

The TEOM-SPM (Source Particulate Monitor) operates on the same basis as the
reference methods. It samples and weighs the particulate matter on a filter. The
difference is it does all this inside the stack, with better precision, in real time and
provides results as you go. Too good to be true? The US EPA don't think so, they
have recently designated the new method approved the new method as an alter-
native to the reference method and in Europe tests carried out by the German
TUV show that the system is able to match the accuracy of the European 
reference methods and in most cases provide better precision and lower 
detection limits. 

With the strict quality assurance requirements of EN14181 coming into force
later this year it will be very difficult to meet the requirements for PM using con-
ventional sampling technology, even with the most skilled of stack testing per-
sonnel. Imagine the horror of conducting a three day long QAL2 test, with all the
associated costs, such as the stack testing team, plant disruption, special run-
ning conditions, etc. only to find after the tests were concluded that the results
did not meet requirements and have to be repeated possibly at even greater cost!  
Would it not be a great advantage to be able to see what the results are as they
develop, to be sure that you are "in spec" as the test progresses and be able to
take corrective action to ensure that the test is successful in every sense?  The
following article describes in detail how the TEOM - SPM is able to achieve this.

Overview
The measurement of particulate matter (PM) emissions from stationary sources has histori-
cally been accomplished in the United Kingdom & Europe using methods such as BS-
EN13284-1, BS-6069 or ISO-9096 or in the U.S. using similar methodology such as USEPA
Methods 5 or 17. These methods are labour intensive, subject to uncertainty from filter han-
dling, transport, conditioning and weighing and cannot provide quick turnaround of results.
Using TEOM technology, R&P has developed the Series 7000 Source Particulate Monitor
(TEOM-SPM) which provides high resolution, direct mass measurement in real-time. For the
first time, the monitor integrates methodology, hardware and software allowing reports to be
generated on-site during and immediately following testing. In light of the new EU standard,
EN-14181, governing the quality assurance requirements for automated emissions measur-
ing systems (AMS), the TEOM-SPM's capabilities promise significant advantages over man-
ual test methods when certifying or auditing PM - AMS. (Automated Monitoring Systems)

Stack testing with the TEOM-SPM
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Principle of Operation
The Series 7000 allows sample collection inside a stack or duct through a filter while automatically
maintaining iso-kinetic 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 real-time meas-
urement of the particle mass concentration. 

The TEOM mass transducer uses a short, straight inlet nozzle tube to isokinetically sample the
flue gas and transports it just a few millimetres 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 place over
the tip of the free end. This "tapered element" vibrates precisely at its natural resonant frequency. A
precise electronic counter measures the frequency that has a direct relationship with mass. The rela-
tionship, expressed below, between mass and frequency can be derived from the simple harmonic
oscillator equation.

f2 = K0 / m (1)

where f = frequency of oscillation
K0 = calibration constant
m = mass

The calibration constant of the tapered element can be established by measuring the frequency of
the tapered element with a filter of known mass installed and without a filter. Applying the relation-
ship described by equation 1, the value of K0 can be calculated as shown below:

K0 = (m2 - m1) / (1/f22 - 1/f12) (2)

The tapered element system is con-
structed using non-fatiguing inert
material and since K0 is a function of
the (non-changing) physical charac-
teristics of the tapered element sys-
tem, the tapered element retains its
calibration indefinitely.

Once K0 has been determined
for a particular tapered element, it
can be used for mass measurements.
If the element is oscillating at the fre-
quency of fa and has a frequency
response of fb after an unknown
mass is collected on the filter (∆m’), 
∆m’ can be obtained as a function of
fa, fb and Ko using the following
equation:

∆m’ = Ko (1/fb
2 - 1/fa

2) (3)

Tracking frequency with time provides the mass rate. When the mass rate is combined with the sam-
ple flow rate through the filter, mass concentration of the sampled gases can be directly calculated
and in real-time.

During normal operation, the temperature of the mass transducer is maintained a few degrees
above the stack temperature to provide the frequency stability necessary for measurement of very
small mass changes with high temporal resolution.

To automatically control iso-kinetic sampling rates, the system incorporates measurement of
source gas velocity, temperature and gas density / molecular weight. Velocity is measured with a "S"
type Pitot tube assembly while the gas temperature is measured with a "K" type thermocouple. The
gas density / molecular weight determination is provided by measuring carbon dioxide with a non-
dispersive, infrared monitor, oxygen with a paramagnetic monitor and moisture using a differential
flow technique patented by R&P. All of these parameters are measured in real-time and input into
the system's onboard computer to automatically perform the necessary calculations to determine iso-
kinetic sampling rates. This information is then used to set and control the sampling rate using a
measurement-control feedback loop.

Compliance Testing
The traverse sampling mode allows the instrument to be used to more accurately characterize actu-
al emissions from the stationary source by taking samples from several discrete sample points in the
process exhaust duct or stack in a manner similar to manual reference methods. An example of this
mode is as follows. 

The instrument is configured to provide a two minute average concentration. The operator inserts
the probe and positions the mass transducer at the first sampling location. The instrument then

enters the initial filter desiccation/stabilisation period during which the instrument purges the filter
with clean dry air. After the filter mass stabilizes, the filter mass is tared (zeroed) and sampling is ini-
tiated. After at least two minutes of sampling elapses, the monitor suspends data collection, prompts
the operator to move the probe to the next sampling location, after which the operator prompts the
monitor to resume sample measurements. Sampling at each traverse point continues in this manner
until all desired sampling points on all traverse lines have been tested. The TEOM SPM then reverts
to purging the filter and undergoes the final desiccation process to dry the filter and any collected
particulate matter. The sample probe is then withdrawn from the stack and the mass reading is
allowed to re-stabilise. Once the mass sensor has re-stabilised, the inlet recovery procedure is per-
formed to capture any particulate matter that may have been retained in the inlet during sampling.
Particulate matter mass measured as the result of the inlet "brushdown" procedure is added to the
dry mass collected during sample collection to compute the final, average mass concentration rep-
resenting the entire test period. 

As indicated previously, in conducting compliance tests, the TEOM SPM method affords several
significant advantages over manual methods. By virtue of its inherently more precise methodology
due to limitation of operator influenced parameters on test procedures, elimination of sample trans-
port, handling and lab analysis requirements, the probability of obtaining acceptable test results is
higher than with the manual methods. 

A representative example of typical test results is shown in Figure 1 to illustrate the difference in
precision between the TEOM SPM and a manual reference method.

Figure 1 - Method Precision

The figure shows the test average mass concentration for each of the reference method systems plot-
ted with the two minute average data reported by the TEOM SPM. The probes of all four sampling
trains were placed in close proximity to one another but with sufficient spacing to prevent cross-inter-
ference. All systems were operated for the same length of time and in accordance with each method's
standard operating procedures. Note that agreement of the two minute average data reported by the
TEOM SPM is higher than the run averages reported by the manual method trains. 

Secondly, when using the manual methods, final results are often not available for several weeks.
In the event that results prove unacceptable, expensive, time-consuming retests may have to be per-
formed which will require the plant to again stop normal operations and set up for the retests. With
the TEOM SPM, immediate feedback during the test and fully qualified results following the comple-
tion of testing are available onsite thereby allowing the compliance status to be determined while the
test team is still at the plant. If results show compliance with emissions standards, plant operators
can be assured that retesting several weeks in the future will not be required. If results show the
emissions unit to be operating outside of performance specifications, it may be possible to take
immediate action to restore the unit to compliance followed closely by confirmatory testing to demon-
strate that the unit is not operating within compliance limits.

Calibration of PM AMS
Another application of the Series 7000 monitor relates to the implementation and operation of PM
continuous emissions monitoring programs. All continuous monitors presently available employ
measurement technologies such as opacity, tribo-electric, acoustic and beta attenuation that, unlike
the TEOM system, do not possess a direct relationship with particulate mass.  These methods only
infer PM mass thereby requiring the development of factors correlating AMS measurement output to
actual mass measurement. Therefore, the automated continuous measurement systems must be cor-
related to mass measurements made with direct measuring techniques such as the gravimetric, man-
ual methods or the TEOM SPM method. Accordingly, directives now being implemented, such as BS-
EN14181 in the UK and Europe or PS-11 in the US, procedures and specifications are included for
developing correlation factors and subsequent periodic factor verification. 

The TEOM SPM can be employed to satisfy both initial and periodic correlation requirements
such as those described in EN -14181 under QAL2 and QAL3. QAL2 governs the quality assurance
of AMS installation and includes performance tests, functionality checks and a comparison of the
AMS measurements against a qualified reference method. This includes at least 15 repetitions of the
reference method to develop the correlation between the AMS output and the actual source mass
concentration. Although the application of QAL2 statistical techniques are designed to qualify the
performance of the AMS, in actuality, the requirements inherently demand high quality, repeatable
performance from the reference method. Given the significantly improved repeatability of the Series
7000 method due to the elimination of filter handling and transport along with greatly reduced oper-
ator influence on test operations, the probability of an AMS meeting the requirements is greatly
improved by the reduced uncertainty inherent in the TEOM SPM method.  Again, as with the system's
use in a compliance test, results will be available immediately upon completion of a test allowing the
test and plant operators to build the AMS correlation function as testing progresses. Very quickly fol-
lowing the end of the initial 15 test runs, a complete calibration function can be computed and
assessed against EN 14181's uncertainty requirements. If the AMS correlation tests meet the require-
ments, no further testing will be required and the plant can resume normal operations. The uncer-
tainty in the test outcome is eliminated since the plant will not have to wait days or weeks for sam-
ple analysis. Furthermore, with the Series 7000 method, if test results indicate further correlation tests

The TEOM Mass TransducerThe TEOM-SPM Inlet with Pitot tube

The TEOM-SPM
Sensor in open
position showing
filter
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Summary

The TEOM-SPM offers significant advantages over 
the traditional, manually operated reference methods including;
* Reduced measurement uncertainty through minimized operator 

involvement in the test method, 
* Substantial gains in measurement information, such as PM stratification 

in the sampling planes or PM emission transients, 
* Integrated measurements of gas constituents and integrated quality assurance 

mechanisms, and
* Onsite availability of test results that can allow test and plant operators to 

determine acceptability of results at the time of testing.

Additionally, the TEOM-SPM method has undergone extensive method comparison and vali-
dation studies against recognised reference methods. The success of the comparisons is evi-
denced by acceptance as an alternative reference method by the US EPA and via qualifica-
tion as an equivalent method by TUV Rhineland. 

are required, the plant and testers can
resume testing immediately rather than
having to make a second mobilisation for
a return visit, with coincident impact on
plant operations at some later date.
Overall efficiency of the complex test pro-
gram required by EN-14181 is thereby
significantly enhanced.

QAL3 and the AST (Annual Surveil-
lance Test) are less rigorous than QAL2
procedures that require to be carried out
on as an ongoing check of calibration of
AMS's and as with QAL2, reference
method data quality is very important for a

successful outcome. Once again, the improved precision that can be achieved with the TEOM SPM
can reduce the risk of obtaining unacceptable results while providing more timely results and poten-
tially lowers the impact on plant operations. 

The TEOM SPM can also be very useful during for initial positioning of continuous monitors. For
example, a traverse test can be conducted at the proposed monitor location. Because the monitor pro-
vides a real-time data output, PM concentration at each traverse test point is available and combined
with test data for all of the traverse points, a PM stratification assessment can be easily and rapidly
accomplished. Evaluating the stratification results with the average mass concentration measurement
determined for the entire test can then be used to install the AMS in representative sampling location.  

The instrument can also be configured with size selective inlets using impaction to measure PM10
or PM2.5 rather than total particulate matter.

Conclusion
Anyone who has climbed a stack in in the wintertime when it's either raining or snowing horizontally,
or both and it's windy enough to blow your hard hat into the next county will know that getting the
best results from a manual sampling system is not easy. The TEOM-SPM promises to change that for
the better and although initial costs may be a bit more, it will more than pay for itself over time by elim-
inating repeat tests, improving the certainty of results and perhaps even making the lot of the stack
tester just that little bit more bearable. 

The stack testing equivalent of the digital camera has now arrived, sit back and enjoy the movie!

As well as being featured at CEM2004 in Milan from June 9th -11th 2004, field trials and demonstrations of the TEOM-SPM
are being scheduled across Europe throughout 2004/5 to find out how and where you can get a ticket for the big feature call
Air Monitors on +44 (0) 1452 849111 or email jim@airmonitors.co.uk.

Large Power and
Incineration Plants
will benefit from
TEOM-SPM

The TEOM-SPM Control & Pump Modules

ISN’T IT TIME TO BRING YOUR 

STACK PARTICULATE TESTING 

KIT UP TO DATE?

~

~

The NEW TEOM – SPM , 

Why settle for a picture, when you can have a movie?

The only Source Particulate Monitor to provide direct mass measurement 

in the stack, in real time. 

Get the picture?

T.  +44(0)1452 849111

W. www.particulatemonitoring.com

E.  enquire@airmonitors.co.uk

The FH 95 SEQ Sequential Particulate Sampler
from Thermo Electron’s Environmental

Instruments Division (USA) (2.3 m3/h) with 16
filter cassettes has been designed to sample sus-
pended particles in both ambient air or indoor

environment. The PM 10 inlet (2.3 m3/h) is designed
according to the PM 10
EU-guideline EN 12341
(without filter in the
inlet).

The mass of the
particles collected on
the filter (diameter 47
mm) is determined by
weighing the filter
before and after samp-
ling. The mass collected
on the filter serves  as a
sufficient basis to con-
duct substance  specific
analyses.

The FH 95 SEQ (2.3
m3/h) incorporates a
pressure and temper-

ature compensated measuring probe allowing precise measuring of the air flow
rate. The air flow rate is adjusted by a speed-controlled pump, thus reaching a
stability of approx. 1% and may be adjusted to a value ranging between approx.
1.5 and 3.0 m3/h. When using the PM 10 sampling head in accordance with the
EU-guideline ESN 12341, the flow rate will be adjusted to 2.3 operating-m3/h.
The total accumulated volume during sampling is output and saved.

The storage capacity of 16 filter cassettes in one magazine enables an
exact, automatic filter change at user programmable times. Presuming 24 h
sampling periods, the stand-alone time would be 16 days. The electronics base
on SMD technology. The SEQ 95 can be integrated within a network via its RS
232 interface. Independent of the software, a PLC unit equipped with sensors
is used for mechanical control and monitoring purposes.

Sequential  Particulate Sample
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