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[57] ABSTRACT 

An isokinetic sampling system and method of operation 
assures the taking of more valid data over a long period by 
automated isokinetic sampling of ?ue gases in the stack for 
a stationary combustor. Sample air is extracted from the ?ue 
gases by a sampling probe having a sampling noZZle of a 
precise inner diameter, a thermocouple to measure the air 
temperature in the stack, and a pitot tube that gives readings 
representative of differential pressure across sampling 
noZZle. A separate transducer senses absolute pressure of the 
?ue gases. Temperatures, absolute pressures and differential 
pressures of the ?ue gases are measured and representations 
of the temperatures, absolute pressures and differential pres 
sures are fed to a micromanometer Which feeds signals 
representative of these representations to a computer that 
generates responsive control signals for a mass ?oW con 
troller. The mass ?oW controller throttles the ?oW of sample 
air through it to a correct magnitude to achieve isokinetic 
extraction of sample air under the existing stack conditions 
of temperature, pressure, and velocity at the point of extrac 
tion at the sample noZZle for the selected noZZle opening, or 
diameter. Stack conditions can vary over time and this 
automated isokinetic sampling system immediately adjusts 
the ?oW rate of mass ?oW controller so that isokinetic 
sampling continues uninterrupted and valid data can be 
generated by monitoring sensors. 

12 Claims, 2 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or adver 
tisement or the like may use the term patent, or any term 
suggestive of a patent, When referring to a statutory 
invention registration. For more speci?c information on 
the rights associated With a statutory invention registra 
tion see 35 U.S.C. 157. 
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METHOD AND APPARATUS FOR 
AUTOMATED ISOKINETIC SAMPLING OF 

COMBUSTOR FLUE GASES FOR 
CONTINUOUS MONITORING OF 
HAZARDOUS METAL EMISSIONS 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured and 
used by or for the Government of the United States of 
America for governmental purposes Without the payment of 
any royalties thereon or therefor. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation in part of copending US. patent 
applications entitled “Modi?ed Plasma Torch Design for 
Introducing Sample Air into Inductively Coupled Plasma” 
by Michael Seltzer, US. Patent and Trademark Of?ce appli 
cation Ser. No. 08/932,397, ?led Sep. 17, 1997, “Sampling 
Interface for Continuous Monitoring of Emissions” by 
Michael SeltZer, US. Patent and Trademark Of?ce applica 
tion Ser. No. 08/932,233, ?led Sep. 17, 1997 and “Correc 
tion of Spectral Interferences Arising from CN Emission in 
Continuous Air Monitoring Using Inductively Coupled 
Plasma Atomic Emission Spectrometry” by Michael SeltZer, 
US. Patent and Trademark Of?ce application Ser. No. 
08/932,023, ?led Sep. 17, 1997 and incorporates all refer 
ences and information thereof by reference herein. 

BACKGROUND OF THE INVENTION 

This invention relates to a method and apparatus for 
sampling ?ue gases for an emissions monitor. In particular, 
this invention relates to a method and apparatus for auto 
mated and continuous isokinetic sampling of combustor 
gases that collects the samples at elevated ?oW rates and 
pneumatically transports the samples to a continuous emis 
sions monitor. 

The validity of information derived from sampling com 
bustor gases has improved due to the recent advances set out 
in US. Pat. No. 5,596,405 and the other above referenced 
applications. US. Pat. No. 5,596,405 describes a method 
and apparatus for continuous monitoring of toxic airborne 
metals in the ?ue gases of Waste combustors and other 
stationary sources. Astream of sample air extracted from the 
exhaust stack of the stationary source is introduced into an 
inductively coupled argon plasma (ICAP) spectrometer and 
entrained metal aerosols are detected by means of atomic 
emission spectrometry. This patented invention represents 
an adjunct to, or, rather, a replacement for manual methods 
of testing that requires captive sampling of airborne particu 
late matter and subsequent spectrochemical analysis later. 
These manual methods include US. Environmental Protec 
tion Agency Methods 5 and 29, and SW-846 Method 0060. 
See, EPA Test Method 2—“Determination of Stack Gas 
Velocity and Volumetric FloW Rate (Type S Pitot Tube),” 
and EPA Test Method 29—“Determination of Metals Emis 
sions from Stationary Sources,” 40 CFR 60, Appendix A, 
US. Government Printing Of?ce, Washington, DC. 
When using these manual methods, hoWever, an issue 

regarding the accuracy and validity of data arises. A sample 
air stream is extracted from the moving stream of ?ue gases 
in the exhaust stack. This stream of sample air may not 
contain a truly representative composition in terms of par 
ticle siZe and mass. The entrained particulate matter in ?ue 
gases, often consists of ?y ash generated by the combustion 
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2 
of solid Wastes, coal, or other fuels (Which may include solid 
or liquid Wastes). Consequently, the entrained particulates 
may vary considerably in chemical composition, and the 
variance may be particle siZe dependent. Therefore, it is 
essential that all particle siZes be extracted With equal 
ef?ciency With minimum bias toWard either large or small 
particles. 

In the EPA methods listed above for manual testing of 
stack emissions, a ?lter assembly is usually mounted at the 
opposite end of the sample probe from the noZZle to collect 
particulate matter entrained in the extracted stream of 
sample air. A vacuum is applied from a source to the 
doWnstream side of the ?lter assembly to create the desired 
How of sample air through the noZZle, probe, and ?lter. The 
How is maintained for a ?nite period during Which particu 
late matter is alloWed to accumulate on the ?lter. Later, the 
?lter is chemically digested and the metal residues recovered 
from the ?lter are spectrochemically analyZed. The total 
mass collected of each metal element is determined and 
divided by the total volume of air extracted during the ?nite 
period to calculate a concentration in mass per unit volume. 

In contradistinction, the continuous emissions monitors of 
the cited patent and cross referenced applications differ from 
the manual approach in that the ?lter assembly is eliminated 
and the extracted stream of sample air is transported or 
propelled under vacuum through an appropriate transfer line 
consisting of heated and insulated Te?on tubing to prevent 
condensation of ?ue gas moisture. From the tubing, the 
sample air stream passes to an elemental analyZer, an ICAP 
spectrometer. Contrary to the manual methods, the entrained 
particulate matter is not captured for later analysis, but it is 
introduced directly into the argon plasma Where it is vapor 
iZed and the metals are excited to emit light according to the 
principles of atomic emission spectrometry. One of the keys 
to the success of this speci?c process is the sampling 
interface described in US. Pat. No. 5,596,405 and other 
cross referenced applications. 

Traditionally, isokinetic sampling of ?ue gas streams for 
the manual methods described above has been accomplished 
by strictly manual means. Typically, manual measurements 
of ?ue gas velocity are made using pitot tubes, mounted on 
the sampling probe. The operator periodically reads a device 
called an incline manometer to obtain the differential pres 
sure from the pitot tube assembly. Then, the ?ue gas velocity 
is calculated using this and other manually-obtained param 
eters such as gas temperature, absolute pressure, and 
molecular Weight. The gas temperature, absolute pressure, 
and molecular Weight de?ne the density of the ?ue gas 
Which is required to relate the differential pressure measure 
ment to the actual linear velocity of the ?ue gases. Once the 
?ue gas velocity is knoWn, the operator calculates and then 
manually adjusts the How of the extracted sample air stream 
to achieve linear velocity in the sampling noZZle that is 
identical to that of the adjacent ?ue gases. This process is 
repeated, as necessary, during the duration of the sample 
collection process. The goal is to maintain agreement 
betWeen the tWo velocities Within :10 percent Which is 
considered satisfactory for achieving isokinetic conditions. 

Recently, a commercial system Was introduced, that auto 
mates many of the manual functions described above. This 
system is manufactured by Graseby-Andersen (Smyrna, 
Ga.) and is speci?cally con?gured to perform EPA Methods 
5 &29. The design of this system Will not adequately support 
or perform the invention to be described beloW Which is for 
continuous emissions monitoring of toxic airborne metals, 
nor is it otherWise amenable to modi?cations aimed at 
achieving the desired function of this invention. 
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In other Words, While the manual approach described 
above for achieving isokinetic sampling is entirely compat 
ible With the manual methods of stack testing also described 
above, it does not adequately support the continuous emis 
sions monitoring approach of the present invention to be 
elaborated on beloW. This is because the laborious, 
speculative, and disjunctive steps of the manual methods are 
not consistent With the automated nature of the continuous 
emissions monitoring process associated With this invention. 

Thus, in accordance With this inventive concept, a need 
has been recogniZed in the state of the art for a means for 
automatically and continuously extracting, under isokinetic 
conditions, a stream of sample air for continuous measure 
ment of airborne metal concentrations in the ?ue gases of 
Waste combustors and other stationary sources, and a further 
need has been recogniZed for an arrangement of hardWare 
and softWare that continuously extracts a stream of sample 
air from a combustor stack under strictly isokinetic condi 
tions Without human adjustment or vigilance. 

SUMMARY OF THE INVENTION 

The present invention is directed to providing a method of 
and apparatus for automated isokinetic sampling of ?ue 
gases for a continuous monitor of metal emissions. Extract 
ing sample air from the ?ue gases in an exhaust stack for a 
combustor With a heated sampling probe alloWs for mea 
suring temperatures, absolute pressures and differential pres 
sures of the ?ue gases. Feeding signals representative of the 
temperatures, absolute pressures and differential pressures to 
a computer assures a generating of control signals in the 
computer based on the representative signals for a mass ?oW 
controller. The control signals are used for controlling the 
mass ?oW controller to affect the ?oW of the sample air 
through the heated sampling probe. The apparatus includes 
means for extracting sample air from the ?ue gases in an 
exhaust stack for a combustor With a heated sampling probe. 
Means for measuring temperatures, absolute pressures and 
differential pressures of the ?ue gases provided representa 
tive signals. Means for feeding the signals representative of 
the temperatures, absolute pressures and differential pres 
sures to a computer assures that the computer generates 
control signals based on the representative signals, for a 
mass ?oW controller. The control signals are used for 
controlling the mass ?oW controller to affect the ?oW of the 
sample air through the heated sampling probe. The method 
and apparatus thereby achieve isokinetic extraction of the 
sample air under the existing stack conditions of 
temperature, pressure, and velocity at the point of extraction 
of the sample air. 
An object of the invention is to provide automated iso 

kinetic sampling for continuous emissions monitoring. 
An object of the invention is to provide automated iso 

kinetic sampling for continuous emissions monitoring of 
combustor gases. 

Another object of the invention is to provide automated 
isokinetic sampling that collects and transports the stream of 
sample air through heated conduit and sampling interface. 

Another object of the invention is to provide automated 
isokinetic sampling in the ?rst system that collects and 
transports streams of sample air containing airborne particu 
late matter for analysis. 

Another object of the invention is to provide automated 
isokinetic sampling in the ?rst system of an emerging 
technology that continuously monitors airborne emissions of 
metals for prolonged periods. 

Another object of the invention is to provide automated 
isokinetic sampling that collects and transports sample air 
With minimal losses of entrained particulate matter. 
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4 
Another object of the invention is to provide isokinetic 

sampling using a computer along With a custom-Written 
softWare program to automate all aspects of the isokinetic 
sampling process. 

Another object of the invention is to provide isokinetic 
sampling air from a moving stream of ?ue gas that is 
conducted in an automated manner on a continuous basis 
rather than for short durations. 

Another object of the invention is to provide automated 
isokinetic sampling that extracts sample air at elevated ?oW 
rates to ensure ef?cient pneumatic transport through a line 
for transferring the sample air. 

Another object of the invention is to provide automated 
isokinetic sampling that extracts sample air at elevated ?oW 
rates up to 40 liters per minute and greater to ensure ef?cient 
pneumatic transport through a line for transferring the 
sample air that may exceed lengths of 30 meters. 

Another object of the invention is to provide automated 
isokinetic sampling designed expressly for use in conjunc 
tion With a continuous emissions monitor for toxic airborne 
metals. 

Another object of the invention is to provide automated 
isokinetic sampling in Which a mass ?oW controller is 
located on the doWnstream side of a vacuum pump to throttle 
the ?oW of sample air. 

These and other objects of the invention Will become 
more readily apparent from the ensuing speci?cation When 
taken in conjunction With the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of the automated isokinetic 
sampling system according to this invention as con?gured 
for continuous emissions monitoring of toxic airborne met 
als. 

FIG. 2 is a ?oW diagram illustrating the method of the 
invention to establish continuous automated isokinetic sam 
pling. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to FIG. 1 of the draWings, one important feature 
of automated isokinetic sampling system 10 of this invention 
is that it automates the isokinetic sampling of ?ue gases 11 
emitted from a combustor, such as a Waste incinerator, 
cement kiln, etc. The isokinetic sampling, as provided for in 
this invention, is not only automated, but is also continuous 
for prolonged periods. This assures reliable monitoring of 
emissions of toxic airborne metals in ?ue gases Without 
requiring a human operator present. 
As realiZed in the practice of this invention and What is 

generally understood and accepted, the sampling procedure 
for sampling air from a moving stream can and does affect 
the ?ndings of a later analysis. This is particularly true When 
sample air is taken from a moving stream of ?ue gases in a 
stack of a stationary combustor and an analysis is performed 
to determine the entrained constituents of the gases. The 
validity of the sampling process can be enhanced When the 
sample air is extracted from the stream of ?ue gases under 
a set of conditions referred to as isokinetic conditions. 

Isokinetic conditions are those in Which the linear velocity 
of the extracted air is exactly identical to that of the adjacent 
?ue gas stream from Which the sample air is extracted. 
Under isokinetic sampling conditions, particulate matter is 
entrained in the moving ?ue gas stream and folloWs essen 
tially linear paths parallel to the ?oW of ?ue gases. Aportion, 
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or sample, of the particulate matter can be collected by 
extracting a slipstream of the ?ue gases at a selected point 
in the exhaust stack. This collection is accomplished by 
positioning a sampling probe at the selected point. The 
sampling probe having a noZZle, consisting of thin-Walled 
tubing, of speci?c inner diameter is mounted, such that the 
plane of its ori?ce is oriented to be exactly perpendicular to 
the direction of the ?oW of ?ue gases. A vacuum of appro 
priate magnitude is maintained at the opposite end of the 
sampling probe to induce ?ue gases to enter the noZZle and 
probe. The magnitude of the vacuum and hence, the volu 
metric ?oW rate (in volume per unit time) is adjustable. This 
adjustment assures that the linear velocity (distance per unit 
time) of extracted air moving through the cross-sectional 
area de?ned by the noZZle ori?ce exactly matches the linear 
velocity of the adjacent ?ue gas stream. This process is 
called isokinetic sampling. 

Particulate matter folloWing essentially linear paths that 
are intercepted by the ori?ce of the sampling noZZle is thus 
collected. Particulate matter folloWing essentially linear 
paths that are not intercepted by the ori?ce is not collected. 
Since the stream of extracted sample air has a linear velocity 
identical to that of the moving ?ue gas stream, particulate 
matter moving in paths not intercepted by the ori?ce of the 
sampling noZZle Will not be draWn into or otherWise induced 
to cross streamlines to enter the noZZle. Such draWing-in or 
inducing might be the case in Which the sample extraction 
velocity exceeds the velocity of the moving ?ue gas stream. 

Thus, in accordance With this inventive concept, certain 
parameters must be identi?ed and established to satisfacto 
rily incorporate the features of automated isokinetic sam 
pling of this invention. In operational terms, isokinetic 
sampling requires direct measurement of temperature, 
pressure, and velocity of the ?ue gas, calculation of the 
appropriate ?oW rate that sample air is extracted to achieve 
the linear velocity that is necessary through the noZZle for 
the sampled air, and adjusting the ?oW rate of the sampling 
accordingly. HardWare provisions have been made to 
accomplish each of these tasks in a facile manner. 

The advantage of isokinetic sampling is apparent When 
sampling is done in its absence. One of the ?rst things that 
is noticed is that the collected or extracted stream of sample 
air may not be representative of the ?ue gas stream under 
examination. For example, in the case mentioned above 
Where the sample extraction velocity exceeds the velocity of 
the moving ?ue gas stream, particles moving in paths not 
directly intercepted by the noZZle ori?ce are induced to cross 
stream lines to enter the noZZle. This is because of the 
pressure differential betWeen the gases inside and adjacent to 
the noZZle. Since particles of different masses and hence, 
different momenta are affected differently, all the particles 
may not cross the streamlines With equal ease. In actuality, 
the larger particle has larger linear momentum and inertia in 
the ?ue gas stream. Thus, there is a decreased likelihood that 
the larger particles Will change directions and cross stream 
lines to enter the noZZle as easily as smaller, less massive 
particles can. Consequently, the sample air extracted from 
the stream Will become arti?cially enriched in smaller 
particulates. This introduces an appreciable measurement 
bias, based on the assumption that the chemical composition 
of the particulates varies With siZe of the particles Which is 
often the case With the particulate matter associated With ?y 
ash. 
An automated isokinetic sampling system in accordance 

With this invention performs the functions of a human 
operator but around-the-clock. In addition, it is continuously 
and constantly vigilant and, perhaps, makes more frequent 
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6 
adjustments. Thus, isokinetic conditions might be main 
tained closer to 100 percent for a greater percentage of the 
time than might be achievable With manual observations and 
adjustments as practiced in the prior art. It is understood that 
the closer the isokinetic conditions can approach 100 
percent, for a maximum fraction of the time, the measure 
ment of particulates becomes of corresponding higher qual 
ity. This feature is particularly critical in the present appli 
cation since the process of this invention is intended to 
operate continuously rather than for the relatively short 
periods of 1—3 hours. These relatively short periods are 
customary using the methods of manually testing gases from 
stacks set out in EPA Methods 5 and 29. 

Furthermore, the isokinetic extractions of sample air 
called for by the present invention are carried out at con 
siderably higher ?oW rates of gas than the typical ?oW rates 
used in the methods of manual testing in EPA Methods 5 and 
29. The higher ?oW rates are used in this invention to 
promote adequate transport velocity through the length of 
transfer line extending betWeen the sampling probe and the 
inlet port of the sampling interface mounted adjacent to the 
elemental analyZer (ICAP). The length of the transfer line 
may exceed 30 meters sometimes, and failure to maximiZe 
the velocity of the sample air stream through this conduit 
may result in losses of airborne particulates that are attrib 
uted to inadvertent depositing or settling of the airborne 
particulates. In order to minimiZe these losses, ?oW rates of 
extracted sample air as high as 20—40 liters per minute may 
be required. This produces transport velocities of the sample 
air betWeen 4—8 meters per second through a conduit of 1 
centimeter inner diameter, for example. 
Automated isokinetic sampling system 10 includes heated 

sampling probe 15. A typical heated sampling probe 15 that 
could be selected is marketed by Clean Air Engineering of 
Palatine, Ill. Sampling probe 15 has a sampling noZZle 16 
mounted on its end. Sampling noZZle 16 is disposed to 
receive isokinetic air samples 12 from ?ue gases 11 in a 
stack of a combustor and has a precise inner diameter. A 
sampling noZZle may be selected, for example, from a 
stainless steel or glass set of noZZles having inner diameters 
of 3/is“, 1A1“, 5/is“, 3/s“, 7/is“, and 1/2“ that is marketed by Clean 
Air Engineering of Palatine, Ill. 

Sampling probe 15 also is provided With probe thermo 
couple 17 for ?ue gas temperature measurement. A suitable 
thermocouple is marketed by Clean Air Engineering of 
Palatine, Ill. A signal conditioner that may be provided in 
components to be described or disposed Within probe 15 is 
coupled to thermocouple 17 to convert output of thermo 
couple 17 to voltage or current as required by interconnected 
elements. A separate pressure transducer 18 communicates 
With the ?ue gas 11 for determining the absolute pressure of 
?ue gas 11 and an S-type pitot tube assembly 19 in probe 15 
is disposed in stack air, or ?ue gas, 11 to measure ?ue gas 
differential pressure. A suitable pitot tube is marketed by 
Clean Air Engineering of Palatine, Ill. A signal conditioner 
may be provided in components to be described to convert 
output of pressure transducer 18 to voltage or current. A 
heated sample transfer line 20 marketed by Technical Heat 
ers of San Fernando, Calif. transports extracted a stream of 
sample air 12 from sampling probe 15 through sampling 
interface 22 to the elemental analyZer 25, an inductively 
coupled argon plasma spectrometer (ICAP). 

Microprocessor micromanometer 30 is included to func 
tion as a differential pressure measuring device. Typically, 
microprocessor micromanometer 30 could be a model 
FCOS 10 marketed by Furness Controls of Charlotte, NC. or 
an equivalent unit. Umbilical assembly 27 is multipurpose 
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and has plastic tubing that connects pitot tubes 19 to 
micromanometer 30, thermocouple extension cables, or 
conductors, that extend to thermocouple 17, conductors for 
connecting pressure transducer 18 to its signal conditioner, 
and conductors from an electrical poWer source, not shoWn, 
for heating probe 15. An appropriate umbilical assembly is 
marketed by Clean Air Engineering of Palatine, Ill. Com 
puter controller 40 is equipped With serial data interface, 
analog-to-digital converter, and digital-to-analog converter 
for responsive operation of its interconnected elements as 
Will be elaborated on beloW. Vacuum pump 42 is coupled to 
mass ?oW controller 44 via pressure regulator 43. Mass ?oW 
controller 44 controls the ?oW of gas betWeen 0—40 liters per 
minute and may be a model 1259, marketed by MKS 
Instruments of Andover, Mass. Moisture removal from the 
extracted ?ue gases occurs in condenser 45 Which is coupled 
to sampling interface 22. Sampling interface can be one of 
the interfaces described in US. Pat. No. 5,596,405. 
A thermocouple, not shoWn, is included at the output of 

sampling interface 22 to measure the temperature of sample 
air 12 exiting sampling interface 22. A suitable signal 
conditioner could be provided to receive the output of this 
thermocouple to convert its output to an appropriate voltage 
or current for elements in computer 40 or as other intercon 
nected elements may require. In addition, a pressure trans 
ducer for measuring and recording pressure of sample air 
exiting sampling interface 22 might also be provided and a 
signal conditioner is included to convert output of this 
pressure transducer to an appropriate voltage or current for 
elements in computer 40 or as other interconnected elements 
may require. 
An automation program is Written using appropriate soft 

Ware for computer 40. This program controls all functions of 
these elements of automated isokinetic sampling system 10. 
The sampling probe is positioned appropriately in the ?ue 
gas exhaust stack and secured. An isokinetic sampling 
noZZle is mounted on the end of the probe before insertion 
into the stack. A noZZle of speci?c diameter is selected in 
accordance With knoWn or estimated stack velocity values. 
These are such that the required ?oW rate of extracted 
sample air Will occur betWeen 15 and 30 liters per minute in 
order to achieve strictly isokinetic extraction and at the same 
time, maximiZe the sample air velocity through the sample 
transfer line. 

Digital microprocessor micromanometer 30, or equiva 
lent device, acquires signals representative of a measure 
ment of ?ue gas differential pressure via S-type pitot tubes 
19 mounted on the end of sampling probe 15 next to 
sampling noZZle 16. Micromanometer 30 is con?gured to 
integrate the differential pressure signals for several seconds 
to minimiZe noisy readings. Micromanometer 30 also has 
the capability for acquiring both the signals representative of 
temperature of the ?ue gas from thermocouple 17 and the 
signals representative of absolute pressure of the ?ue gas 
from transducer 18 from their respective signal conditioners 
Which may be at or be integrated With the component parts 
of micromanometer 30. 

Computer controller 40 that provides automated sWitch 
ing sequences for system 10 employs various softWare 
packages that are appropriately implemented by one of 
ordinary skill to perform the sWitching sequences herein 
described. One of these softWare packages, is referred to as 
ThermospecTM Command Language Which automates the 
sequencing of introduction of isokinetic samples 12 and 
measurement for inductively coupled plasma continuous 
emissions monitor (ICPCEM) 25. Prior to each measure 
ment at approximately 60 second intervals, the Thermo 
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8 
specTM Command Language causes a separate program, 
Written in compiled BASIC language, to execute. These 
softWare packages are described in greater detail in the cross 
referenced applications referred to above. 

This BASIC program enables computer 40 to establish 
serial communication With microprocessor micromanometer 
30 resulting in transfer of data to computer 40. This data 
includes the temperature, absolute pressure, and differential 
pressure readings from the appropriate sensors, thermo 
couple 17, transducer 18 and S-type pitot tube 19 of sam 
pling probe 15 in ?ue gases 11. Using these parameters in 
addition to user-provided values of ?ue gas molecular 
Weight and a coef?cient (0.84) characteristic of S-type pitot 
tube 16, the BASIC program calculates the linear velocity of 
the ?ue gas using the folloWing equation Which is described 
in EPA Method 2: 

Where: 

VS=?ue gas velocity (feet per second) 
Cp=unitless pitot coef?cient 
AP=pitot differential pressure (inches of Water) 
T§=?ue gas temperature (° Rankine) 
PS=?ue gas absolute pressure (inches of mercury) 
MS=?ue gas molecular Weight 
85 .48=constant 
Having calculated the ?ue gas velocity, the BASIC pro 

gram proceeds to calculate the ?oW rate of extracted sample 
air required to achieve the necessary velocity, through 
sampling noZZle 16, having a speci?c cross-sectional area, to 
exactly match the velocity of the ?ue gases adjacent to the 
noZZle and thus provide isokinetic conditions. Prior to 
operation, the cross-sectional area of noZZle 16 in use is 
entered as a parameter along With other parameters into a 
user Written data ?le that is subsequently read by the BASIC 
program. The ?oW rate of extracted sample air is calculated 
using the folloWing equation: 

Where: 

R=Volumetric sampling rate for 100 percent isokinetic 
(literstd/min) 

VS=?ue gas velocity (ft/sec) 
T td=standard temperature (530° R) 
Pasb=absolute ?ue gas pressure (inches mercury) 
An=cross sectional area of noZZle (ft2) 
BW=mole fraction of ?ue gas Water content 

TS=?ue gas temperature (°R) 
Pstd=standard pressure (29.92 inches mercury) 
1699=constant 
To achieve the desired ?oW rate of extraction of sample 

air, mass ?oW controller 44 is mounted on the doWnstream 
side of vacuum pump 42 used to apply a vacuum, or suction, 
on the entire sampling system. Mass ?oW controller 44 
throttles the ?oW of air exiting vacuum pump 42, and hence, 
the ?oW rate in the entire system Which includes sampling 
interface 22, probe 15, and heated transfer line 20. Mass 
?oW controller 44 senses the mass ?oW of a gas and 
precisely adjusts an internal metering valve to achieve the 
desired mass ?oW. Mass ?oW controller 44 is calibrated at 
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the factory at dry standard conditions (70° F. and 29.29 
inches of mercury pressure) and can be used to accurately 
select the sample air ?oW rate regardless of the temperature 
and pressure of the sample air. The selection of a particular 
?oW rate (in standard liters per minute) by mass ?oW 
controller 44 ensures that the correct velocity of sample air 
Will be achieved even though the temperature and pressure 
of the ?ue gases are someWhat different from standard 
conditions. 

The throttling action of the mass ?oW controller 44 is 
adjusted by applying a set-point voltage betWeen 0 and 5 
volts DC to the device. The set point voltage is proportional 
to the desired ?oW rate. For example, to achieve a ?oW rate 
of 40 liters per minute through mass ?oW controller 44 
having a full scale output of 40 liters per minute, a set-point 
voltage of 5 V is applied. Similarly, a set-point voltage of 2.5 
V Will be applied to achieve a ?oW rate of 20 liters per 
minute. After calculating the desired ?oW rate Which is 
desired for extraction of sample air 12, the BASIC program 
implemented in computer 40 sends commands to the digital 
to-analog converter mounted in computer 40. The digital 
to-analog converted sends out the appropriate set-point 
voltage to mass ?oW controller 44. Then mass ?oW control 
ler 44 Will instantaneously adjust to give the desired air ?oW. 

The BASIC program also enables computer 40 to acquire, 
through the analog-to-digital converter in computer 40, 
voltage signals representing the temperature and pressure of 
the sample air exiting from sampling interface 22. These 
parameters are used in calculations that are performed later 
for normaliZing the measured metal concentrations to dry 
standard conditions (70° F. and 29.29 inches of mercury 
pressure). This is done because it cannot be assumed that the 
temperature and pressure of sample air actually measured in 
the plasma are identical to the temperature and pressure of 
the ?ue gases after transport through transfer line 20 and 
sampling interface 22. The BASIC programs in computer 40 
uses these acquired values along With a user-provided esti 
mate of the moisture content of sample air to calculate a 
correction factor for later use. This factor is Written to a data 
?le by the BASIC program and the ?le is later read by the 
ThermospecTM Command Language program. 

Along With this correction factor, the BASIC program 
also Writes various parameters including ?ue gas velocity, 
temperature, and pressure, as Well as, ?oW rate of extracted 
sample air, percent oxygen, sample air temperature and 
pressure to the same data ?le for archiving purposes. 

The BASIC program also acquires a voltage via the 
analog-to-digital converter in computer 40 that represents 
the oxygen concentration in the extracted sample air. This 
measurement is obtained by process oxygen analyZer 46, 
such as a Model 410 marketed by Nova Analytical of 
Niagara Falls, NY. AnalyZer 46 is located at the exhaust end 
of the sampling system at the exit of mass ?oW controller 44. 
The purpose of analyZer 46 is to measure the oxygen content 
of the sample air so that metal concentration values can 
ultimately (and automatically) be normaliZed to 7 percent 
oxygen. This alloWs an accounting for any deliberate or 
inadvertent dilution of the extracted ?ue gases by addition of 
dilution air or leakage of ambient air into the system, 
respectively. Accordingly, it provides a means by Which 
metals concentrations from the source being measured can 
be compared With those of other sources. 

After the ?oW rate of extracted sample air 12 has been 
automatically adjusted according to the measured ?ue gas 
parameters, it is held constant until the beginning of the next 
measurement cycle, approximately 60 seconds later, When 
neW ?ue gas parameters are acquired and the ?oW rate of 
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extracted sample air is readjusted. Faster rates of measure 
ments of metal concentrations by continuous emissions 
monitoring are possible at more frequent intervals than once 
every 60 seconds. Thus, automated isokinetic sampling 
system 10 Will accordingly, permit more frequent adjust 
ments of the isokinetic sampling ?oW rate. HoWever, pro 
vision also can be made in automated isokinetic sampling 
system 10 for adjustment of the sampling rate at frequencies 
different than the frequencies used for metal measurements. 
A moisture condenser 45 removes moisture from the 

extracted stack air and is located doWnstream from the outlet 
of sampling interface 22 and upstream from vacuum pump 
42. Condenser 45 is necessary to prevent moisture from 
condensing in vacuum pump 42 and mass ?oW controller 44. 
Such condensing Would be deleterious to the operation of 
either, and Would invalidate the process of mass ?oW mea 
surement that is essential to accurate control of the ?oW rate 
of sample air. Condenser 45 presently used for moisture 
removal is a 30-ft length of 1/2 of an inch outer diameter 
copper tubing inserted Within an equal length of polyethyl 
ene tubing of 1 inch outer diameter and 3A1 of an inch inner 
diameter. Compression ?ttings are used to secure the copper 
tubing inside the polyethylene tubing and alloW chilled 
Water to circulate along the outside of the copper tubing to 
transfer heat aWay from the copper tubing thereby loWering 
its temperature to approximately 33°—35° F. Moisture in the 
sample air passing through the copper tubing is condensed 
on the inner Walls of the copper tubing. The concentric 
tubing assembly is helically coiled so that condensed mois 
ture can run doWnhill to a collection point Where it can be 
removed through a pumped drain using a peristaltic pump. 
Air from Which the bulk of the moisture has been removed 
then exits condenser 45 and enters vacuum pump 42. 

FIG. 2 of the draWings shoWs salient features of the 
automated process for prolonged isokinetic sampling of 
emissions in ?ue gases. Extracting 50 sample air from ?ue 
gases in the exhaust stack for a combustor uses a heated 
sampling probe 15. Sampling probe 15 has mounted on the 
end of it, sampling noZZle 16, of a precise inner diameter, 
thermocouple 17, to measure the air temperature in the 
stack, and an S-type pitot tube 19 assembly to gather 
readings representative of stack air differential pressure. 
Transducer 18 is for getting readings of absolute pressure. 
Measuring 51 temperatures, absolute pressures and differ 
ential pressures of the ?ue gases is done With thermocouple 
17, transducer 18 and pitot tube 19, respectively. Coupling 
52 representations of the temperatures, absolute pressures 
and differential pressures to microprocessor micromanom 
eter 30 alloWs quanti?cation of the differential pressures. 
Pitot tube 19 and thermocouple 17 are connected pneumati 
cally and electrically, respectively, via umbilical assembly 
27 to microprocessor micromanometer 30. Next, feeding 53 
of signals representative of the temperatures, absolute pres 
sures and quanti?ed differential pressures to computer 40 
alloWs a consequent generating 54 of control signals in 
computer 40 from the representative signals for a mass ?oW 
controller 44. The control signals from computer 40 assures 
controlling 55 of mass ?oW controller 44 that is located just 
doWnstream of vacuum pump 42. The controlling 55 of mass 
?oW controller effects throttling 56 of the ?oW of sample air 
12 through it. This throttling 56 results in correcting 57 the 
?oW rate to a correct magnitude through mass ?oW control 
ler 44 to achieve isokinetic extraction of sample air 12 under 
the existing stack conditions of temperature, pressure, and 
velocity at the point of extraction at noZZle 16 for the 
selected noZZle opening, or diameter. These stack conditions 
can vary over time and automated isokinetic sampling 
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system 10 immediately can adjust the How rate of mass ?oW 
controller 44 so that isokinetic sampling can continue unin 
terrupted and valid data can be generated by ICP-CEM 25. 

In the aforedescribed system a speci?c ?oW rate (in liters 
per minute) is required to achieve a speci?c linear velocity 
(in meters per second) through a speci?c noZZle cross 
sectional area (in meters squared). This How of extracted air 
passes through sampling noZZle 16, heated sample probe 15, 
heated sample line 20, sampling interface 22, moisture 

5 

condenser 45, vacuum pump 42, regulator 43, mass How 10 
controller 44, oxygen analyZer 46 and out to exhaust. 

Thus, as the velocity of stack air or ?ue gases varies over 
time, automated isokinetic sampling system 10 senses these 
changes and adjusts itself accordingly to maintain 100 
percent isokinetic conditions throughout a prolonged moni 
toring period. No attending operator is necessary With auto 
mated isokinetic sampling system 10 of the invention. 
Reliability and accurate monitoring is thereby assured. 

The invention herein described shares many hardWare 
features With presently-used manual methods. A salient 
feature of this invention is that virtually all components are 
commercially available from appropriate vendors. HoWever, 
it is the speci?c arrangement of these components and the 
approach to automation of these components as an inte 
grated system that is truly unique. In most instances, the 
individual components are available from multiple manu 
facturers and the sources identi?ed above are representative 
of typical sources of a product that can be used. Their 
suggestion as typical sources is not be interpreted as repre 
senting a speci?cation or an endorsement. Items for Which 
vendors are not identi?ed are generic or more common 
off-the-shelf items. 

The arrangements of the components and ducting of 
samples of the embodiment disclosed herein are not to be 
construed as limiting, but rather are intended for the purpose 
of demonstrating this inventive concept. Therefore, it is to be 
understood that, having the teachings of this invention in 
mind, one skilled in the art to Which this invention pertains 
can select other components and/or arrangements of com 
ponents and still be Within the scope of this invention. 
Similarly, the How rates, sWitching sequences, computer 
programming, plasma gases, etc. that Were disclosed herein 
Were selected for the purpose of demonstration of this 
invention. They are not intended to limit the applications and 
scope of this invention. 

It should be readily understood that many modi?cations 
and variations of the present invention are possible Within 
the purvieW of the claimed invention. It is therefore to be 
understood that Within the scope of the appended claims the 
invention may be practiced otherWise than as speci?cally 
described. 

I claim: 
1. A method of automated isokinetic sampling of ?ue 

gases for a continuous monitor of metal emissions compris 
ing the steps of: 

extracting sample air from ?ue gases in the exhaust stack 
for a combustor With a heated sampling probe; 

measuring temperatures, absolute pressures and differen 
tial pressures of said ?ue gases; 

feeding signals representative of said temperatures, abso 
lute pressures and differential pressures to a computer: 

generating control signals in said computer based on said 
representative signals for a mass ?oW controller; and 

controlling said mass ?oW controller With said control 
signals to affect the How of said sample air through said 
heated sampling probe and a sampling interface for said 
continuous monitor of metal emissions. 

2. A method according to claim 1 further including the 
step of: 
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12 
coupling representations of said temperatures, absolute 

pressures and differential pressures to a microprocessor 
micromanometer. 

3. A method according to claim 2 further including the 
step of: 

throttling said How of said sample air through a vacuum 
pump. 

4. A method according to claim 3 further including the 
step of: 

correcting said How rate to a magnitude through said mass 
?oW controller to achieve isokinetic extraction of said 
sample air under the existing stack conditions of 
temperature, pressure, and velocity at the point of 
extraction of said sample air in said heated sampling 
probe. 

5. A method according to claim 4 in Which said step of 
extracting is done by a heated sampling probe having a 
sampling noZZle, a thermocouple to measure gas 
temperature, a pilot tube to measure differential pressures, 
and a transducer to measure absolute pressure. 

6. A method according to claim 5 in Which said micro 
processor micromanometer quanti?es said differential pres 
sures. 

7. An apparatus for automated isokinetic sampling of ?ue 
gases for a continuous monitor of metal emissions compris 
mg: 
means for extracting sample air from ?ue gases in the 

exhaust stack for a combustor With a heated sampling 
probe; 

means coupled to said extracting means for measuring 
temperatures, absolute pressures and differential pres 
sures of said ?ue gases; 

means coupled to said measuring means for feeding 
signals representative of said temperatures, absolute 
pressures and differential pressures to a computer; 

means coupled to said feeding means for generating 
control signals in said computer based on said repre 
sentative signals and connecting them to a mass ?oW 
controller; and 

means coupled to said generating means for controlling 
the How of said sample air through said heated sam 
pling probe and a sampling interface for said continu 
ous monitor of metal emissions. 

8. An apparatus according to claim 7 further comprising: 
means for coupling representations of said temperatures, 

absolute pressures and differential pressures to a micro 
processor micromanometer. 

9. An apparatus according to claim 8 in Which said mass 
?oW controller includes means for throttling said How of 
said sample air through said vacuum pump. 

10. An apparatus according to claim 9 in Which said 
throttling means corrects said How rate to a magnitude 
through said mass ?oW controller to achieve isokinetic 
extraction of said sample air under the existing stack con 
ditions of temperature, pressure, and velocity at the point of 
extraction of said sample air in said heated sampling probe. 

11. An apparatus according to claim 10 in Which said 
extracting means includes a heated sampling probe having a 
sampling noZZle, thermocouple, and a pitot tube, and a 
transducer to provide representations of said temperatures, 
absolute pressures and differential pressures. 

12. An apparatus according to claim 11 in Which said 
microprocessor micromanometer quanti?es said differential 
pressures. 


