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Notice

This is not an official policy #nd standards document. The opinions, findings, and
conclusions are those of the authors and not necessarily those of the Environmental
Protection Agency. Every attempt has been made to represent the present state of
the art as well as subject areas still under evaluation. Any mention of products or
organizations does not constitute endorsement by the United States Environmental
Protection Agency.

Availability of Copies of Tkis Document

This document is issued by the Manpower and Technical Information Branch, Con-
trol Programs Development Division, Office of Air Quality Planning and Standards.
USEPA. It is for use in training courses presented by the EPA Air Pollution Training
Institute and others recéiving contractual or grant support from the Institute.

Schools or governmental air pollution control agencies establishing training programs
may receive single copies of this document, free of charge, from the Air Pollution
Training lastitute, USEPA, MD-20, Research Triangle Park, NC 27711. Others niay
obtain copies, {or a fee, from the National Technical Information Service, 5825 Peii
Royal Road, Springfield, VA 22161. '
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Preface ~

This manual is to be used in conjunction with the lectures and laboratory
presented in Course 450 of the Air Pollution Training Institute. A student
workbook accompanies these materials.

Portions. of this manual may become obsolete as regulations and methods
change. Since the field of air pollution measurement progresses rapidly, efforts
should be made by the student to keep abreast of new developments by attending

~EPA workshops and supplementing thé material in this manual with information
from the current literature.
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Introduction to Source Sampling

The Clean Air Act was enacted to protect the quality of the nation's air
resources. It initiated research and development programs to monitor and control
pollutants emitted to the atmosphere. Emissions from stationary sources are
monitored under the statutes c{ the act. :

Stationary source sampling is the experimental process for evaluating the
characteristics of industrial waste gas stream emissions into the atmosphere.
Materials emitted to the air from these sources can be solid, liquid, or gas; organic
or inorganic. The effluent pollutants emitted to the atmosphere from a source may
contain many different pollutant materials. The quantity and type of each pollu-
tant must be known so a control strategy can be formed. The procedures outlined
in the Code of Federal Regulations, Methods 1-5 for isnkinetic stationary source
sampling are a versatile system for evaluating these emissions.

The isokinetic source sampling procedures written in the Code of Federal’
Regulations give the environmental and industrial engineer a great deal of data on
tl.e operation of an individual process. The sampling system measures a number of
variables at the source while extracting from the gas stream a sample of known
volumz. The information on source parameters in conjunction with quantitative
and qualitative laboratory analysis of the extracted sample makes possible calcula-
tion of the total amount of pollutant material entering the atmosphere. These data
are important for controlling pollutant emissions, evaluating source compliance
with regulations or providing information upon which control regulations will be
based. The industry performing source sampling gains information on the opera-

. tion of the process tested. The sampling of source emissions gives valuable process

data which can be used to evaluate process economics and operation control. Infor-
mation gathered during a source test experiment may also be used for determining
existing control device efficiency or for designing new process and emissions control
equipment.

Isokinetic source sampling provides a great deal of important data on the
operating parameters and emissions of an industrial stationary source. This infor-
mation is used as the basis for decisions on a variety of issues. The data taken dur-
ing a source test experiment must, therefore, be a precise representation of the
source emissions. This task requires a thorough knowledge of the recommended
sampling procedures in conjunction with an understanding of process operatior:s.
The typical industiial process may vary conditions at the source for a variety of
economic or logistical reasons. The source sampling experiment must be designed
to prevent process variation from biasing the source sample. The test engineer has
the additional problems of carrying out an important experiment under extremely
difficult working conditions. These problems make source testing an endeavor that
should be performed only by trained personnel.

1x (‘;



The Air Pollution Training Institute has assembled the materials contained in
this manual to assist the engineer and technician involved in performing source test
experiments. The manual presents the theoretical evolution of the isokinetic
methods and practical step-by-step descriptions of the application of these methods.
The equipment used is diagrammed and operations are thoroughly explained.

The Air Pollution Training Institute Course 450 laboratory, lectures, and
¢'assroom workbook -in conjunction with the materials contained in this
manual - represent a comprehensive training experience in source sampling with
EPA Method 5 procedures.
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- Chapter 1

Basic Definitions

%)

SOURCE SAMPLING FOR PARTICULATE EMISSIONS: e T

Source sampling methods are used to determine emission compliance with
regulatory statutes. Source testing provides data on the pollutant emission rate.
Test data are also used to evaluate best available control technology.

ISOKINETIC SOURCE SAMPLING

Webster's dictionary defines iso as denoting equality, similarity, uniformity. Kinetic
is Cefined as of, pertaining to, or due to motion. Isokinetic sampling is an equal or
uniform sampling of particles and gases in motion within the stack.

Isokinetic source sampling is achieved when the velocity of gas entering the
sampling nozzle is exactly equal to the velocity of the approaching gas stream. This
provides a uniform, unbiased sample of the pollutants being emitted by the source.
Isokinetic source sampling most closely evaluates and defines various parameters in
the stack as they actually exist at the time of sampling.

MOISTURE CONTENT OF A STACK GAS

The moisture content of a stack gas is the percentage of water vapor present
calculated on a volume basis. The moisture content of the stack is important in
calculating the apparent molecular weight of the stack gas, which must be known
for application of the ideal gas law. The ideal gas law defines the relationship
between pressure, volume, temperature, and mass of a “perfect” gas.

MOLE FRACTION OF A GAS

At standard temperature and pressure (32°F and 29.92 in. Hg.) a mole of gas fills
22.4 liters. The ratio of the number of moles of the component gas to the number
of moles in the whole mixture is equal to the component’s mule fraction. The mole
fraction of each constituent of a gas mixture must be known for calculation of the
apparent molecular weight of the mixture. This is done on a volume basis.

MOLECULAR WEIGHT OF A STACK GAS

The molecular weight of a stack gas is equal to the sum of the mole fraction of
each constituent multiplied by the molecular weight of that consiituent,



(Eq.1-1) Mmix = LBxMy

Mpux = alpparent molecular weight of stack gas mixture
M, = molecular weight of individual constituent
B, = mole fraction of constituent gas

The apparent molecular weight of the stack gas is important tor application of the
i(jeal gas law,

IDEAL GAS LAW

The ideal gas law defines the relationships among pressure, volume, temperature,
and mass of any gas.

mRT

Eq.1-2 py= ==
(Eq.1-2) . M
where " P=absolute pressure

V =volume of a gas

m = mass of a gas

M = molecular weight of a gas

T = absolute temperature (°K or °R)

R = universal gas constant (units
consistent with others used
in the equation)

ABSOLUTE TEMPERATURE *

Temperature is a mass independent property related to the average kinetic energy
in a system due to molecular motion. Heat is a mass dependent property of the
system's total kinetic energy of molecular motion. The flow of heat 1n or out of a
system is determined by measuring changes in the temperature of the system.
Temperature is a factor in identifying the state of a gas system as defined by the
ideal gas law. Absolute temperature measure is given in °Kelvin (°C +273.16) or
°Rankine (°F + 459.67).

ABSOLUTE PRESSURE

Fluids are subject only to shear and compression stress. Pressure is compression
stress expressed as the force applied per unit area.

Absolute pressure is “absolute zero pressure,” the sum of the atmospheric
pressure and any gage pressure above or below atmospheric:

(Eq.1-3) P=Py+ pg
where P =absolute pressure
Py = barometric pressure fatmospheric)

pg = gage pressure (pressure measured by a gage,
higher or lower than atmospheric pressure)

12 1;



PITOT TUBE

The pitot tube is a simple device used to measure the velocity of a fluid flowing in
an open channel. The complexity of underlying fluid flow principles of pitot tube
gas velocity measurement are not apparent in the simple operation of this device. It
should, however, be considered and treated as a sophisticated instrument.

The pitot tube actually measures the velocity pressure of a gas stream (Figure
1-1). Gas streamlines, approaching a round object placed in a duct, flow around
the object except at point "P 4 ." Here the gas stagnates, and the total pressure is
found. The difference between this total pressure and the static pressure (pg) is the
velocity pressure (Ap). :

1‘#&%#

Figure 1-1. Gas stagnation against an object.

The static pressure in a gas stream is defined as the pressure that would be in-
dicated by a pressure gage if it were moving along with the stream so as to be at
rest or be relatively “static™ with respect to the fluid.

P+q P+:\

Py

n

stagnation static velocity
pressire Dressure pressure

Figure 1-2. Components of total pressure.
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"> Bernoulli's Fquauon relates pitot tube velouty pressurc to gas velocity in the

'equauon ,
(Eq.14) | RO —K,,cp\/ "
where . vs = velocity of the stack gas

Ky, = dimensional constant

Cp = pitot tube calibration coefficient

T = absolute temperature of the gas

B, = absolute pressure of stack gas
M;=apparent molecular weight of stack gas

This equation is derived in the appendixes.

DRY GAS METER CORRECTION FACTOR

The term “primary standard” is a theoretical expression. It implies absolute
measurement of a given variable. This is not possible in actual practice. We,
therefore, * “designate” standards of measurement. The spirometer is the designated
standard for gas volume measurement. A volume measurement made by any device
other than a spirometer should be corrected to correspond with spirometer
readings. Volume readings made by the sampling train meter console dry gas meter
are correlated to spirometer volume by a correction factor. This factor is
determined empirically prior. to using the meter in field work:

v

(Eq.1-5) ' DGMCF= S_V
DGMV
where ‘ DGMCF= dry gas meter correction factor

SV = spirometer volume
DGMV =dry gas meter volume

The DGMCEF is then applied to correct volumes measured by the dry gas meter:

(EqQ.1-6) DGMV X DGMCF =volume corrected to spirometer reading

ORIFICE METER

The simplest and most familiar type of orifice meter is a circular hole in a thin flat
plate held between flanges at a joint in a nipe (Figure 1-3). The plate is located 8
diameters upstream and 2 diameters downstream of any flow disturbance, perpen-
dicular to the pipe axis with the hole concentric to the pipe.

1-4
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Figure 1-3. Simple orifice meter.
The orifice creates a pressure differential between the two sides of the plate. This
pressure differential is related to the flow rate of gas thiough the orifice device:

T &H

Eq.1-7 : = _—_
(Eq ) _ QGn=Km Py My

where Qm = volumetric gas flow rate
QH = pressure differential across the orifice
Ty, = absolute gas temperature (°R or °K)
P = absolute pressure (barometric) inches Hg or mm Hg
Ky = proportionality factor determined by empirical calibration

AH

A term designated to describe the manometer setting (pressure differential across
the orifice) of a calibrated orifice meter. During calibration of the orifice meter,
AH defines a given flow rate through the meter. In field use, the nomograph is
used to calculate a desired AH, which correlates flow through the meter to the
velocity of gas entering the sampling nozzle. Gas velocity at the sampling nozzle is
thus indirectly determined by flow rate.

NOMOGRAPH

‘Lhe stack sampling nomograph is essentially a slia.  +le. The nomograph sclves
e isokinetic equation for EPA Method 5 sampling train. The flow rate through
the sampling train can then be adjusted to correspond to the stack gas velocity.

ll")é[‘-



AH@

A designated term used to describe the orifice meter manometer setting that will
allow 0.75 cubic feet/minute of dry air at 68°F and 29.92 in. of Hg to flow
through the meter. A condensed mathematical definition is given as:

0.9244

Eq.1-8) AHg = ———
- "
where 0.9244 = a constant for conditions and units defined

K, = orifice meter calibration factor (see orifice meter)

1.6




Nomenclature

Ap - sampling nozzle cross-sectional area
C Ag - stack cross-sectional area '
a -~ mean Particle projected area ,
Bwm —  percent moisture present in gas at meter :
By - percent moisture present in stack gas _
Cp -~ pitot tube calibration coefficient ;o
Cpstd) - standard pitot-static tube calibration coefficient
Cg - particulate concentration in stack gas mass/volume
Cws - particulate concentration on a wet basis mass/wet i
volume '
519 particulate concentration corrected to 129 COy
Cs50 - particulate concentration corrected to 50% excess air
Dg == equivalent diameter
Dy - hydraulic diameter
D, - & .vce sampling nozzie diameter
E - emission rate mass/heat Btu input
e - base of natural logarithms (1n10 = 2.302585)
%EA - percent excess air
Fe -~ F-{actor using c¢g and COg on wet or drv basis
Fq - F-factor using cg and Og9 on a dry basis
Fy .- F-factor using cyg and O9 on a wet basis
Fo - miscellaneous F-factor for checking orsat data
o AHg - pressure drop across crifice meter for 0.75 CFM
flow rate at standard conditions
AH pressure drop across orifice meter
J equal area centroid
Kp pitot tube equation dimensional constant 2

L
g’ g-mole (mmHg)]
(°K)(mm H9gO)

Metric Units = 34.97 . sec. [

L
[0/ Ib-mole(in. Hg)
(°R)(in. Hy0O)

English Units = 85.49 ft. sec.




L ~ — length of duct cross-section at sampling site

¢ - - pathlength

Ly - plume exit diameter

Lo - —" stack diameter

m - 1NAss ) .
My -~ dry stack gas molecular weight
Mg - wet stack gas molecular weight
n -+ number of particles

NRe -~ Reynolds number

0, ~ plume opacity at exit

O9 — in stack plume opacity

Paim — atmospheric pressure

Py — barometric pressure (Pp =Py m)
Pm — absolute pressure at the meter
pmr —  Pollutant mass rate

P —~ absolute pressure in the stack
Psid — standard absolute pressure

Metric Units =760 mm Hg
English Units =29.92 in. Hg

Ap — - gas velocity pressurg

Ap(std) — st.andard velocity pressure read by the standard

, pitot tube

Apiest — gas velocity pressure read by the type “S" pitot
tube

q — particle extinction coefficient

Qs — stack gas volumetric flow rate corrected to

standard conditions

(in. Hg)(ft.3)
(Ib — mole)(°R)

R --  Gas law constant, 21.83

t — temperature (°Fahrenheit or °Celsius)
-~ absolute temperature at the meter
Metric Units=°C + 273 =°K
English Units = °F + 460 = °R
Ty — absolute temperature of stack gas
Tgd - standard absolute temperature
Metric Units = °20°C + 273 = 293°K
English Units = 68 °F + 460 = 528 °R

Vim - volume metered at actual conditions

Vimgd - volume 'metered corrected to standard conditions
v.p. -~ waler vapor pressure

vg - stack gas velocity

Volume HoO  Metric units=0.00134 m3/ml x ml HpO
English units =0.0472 ft.3 ml x ml HoO

W width of the duct cross-section at the sampling site
7 Lume in minutes
1-8
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Subscripts

atmospheric
average

barometric

dry gas basis

final

gage

initial

at meter

at nozzle ,
of pitot tube

at stack

standard cubic feet
standard conditions
wet basis
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© Chapter 2

Basic Concepts of Gases

EXPRESSION OF GAS TEMPERATURE
The Fahrenheit and Celsius Scales

" The range of units on the Fahrenheit scale between freezing and boiling is 180; on
the Celsius or Centigrade scale, the range is 100. Therefore, each Celsius-degree is
equal to 9/5 or 1.8 Fahrenheit-degree. The following relationships convert one
scale to the other:

(Eq.2-1) °F=18 °C+ 32
(Eq.2-2) °C = (°F - 32)/1.8
where °F = degrees Fahrenheit

°C = degrees Celsius or degrees Cent.grade

Absolute Temperature

Experiments with perfect gases have shown that, under constant pressure, for each
change in Fahrenheit-degree below 32 °F the volume of gas changes 1/491.67.
Similarly, for each Celsius degree, the volume changes 1/278.16. Therefore, if this
change in volume per temperature-degree is constant, the volume of gas would,
theoretically, become zero at 491.67 Fahrenheit degrees below 32°F or at a

~ reading of — 459.67°F. On the Celsius or Centigrade scale, this condition occurs at
273 16 Celsius-degrees below 0°C, or at a temperature of —~273.16°C.

Absolute temperatures determined by using Fahrenheit units are expressed as

degrees Rankine (°R); those determined by using Celsius units are expressed as
degrees Kelvin (°K). The following relationships convert one scale to the other:

(Eq.2-3) O = OF + 459,67
(Eq.24) oK = °C + 273.16

The symbol T will be used in this outline to denote absolute temperature and ¢
will be used to indicate Fahrenheit or Celsius degrees.

EXPRESSION OF GAS PRESSURE
Definition of Pressure

A body may be subjected to three kinds of stress: shear, compression, and tensica.
Fluids are unable to withstand tensile stress; hence, they are subject to shear and
compression only.

2-1 .
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Unit compressive stress in a fluid is termed pressure and is expressed as force per
unit area (e.g., Ib/in.2 or psi, Newtons/m2 or Pa).

Pressure is equal in all directions at a point wnhm a volume-of fluid, and acts
perpendicular to a surface.

Barometric Pressure

Barometric pressure and atmospheric pressure are synonymous. These pressures are
measured with a barometer and are usually expressed as inches, or millimeters, of
mercury (Hg). Standard barometric pressure is the average atmospheric pressure at
sea level, 45° north latitude at 35°F. It is equivalent to a pressure of 14.696

- pounds-force per square inch exerted at the base of a column of mercury 29.92
inches high. Weather and altitude are responsible for barometric pressure varia-
tions.

Gage Pressure

Measurements of pressure by ordinary gages are indications of difference in
pressure above, or below, that of the atmosphere surrounding the gage. Gage
pressure, then, is ordinarily the pressure of the system. If greater than the pressure
prevailing in the atmosphere the gage pressure is expressed as a positive value; if
smaller, the gage pressure is expressed as negative. The term, wacuum, designates a
negative gage pressure.

The abbreviation g is used to specify a gage pressure. For example, -psig, means
pounds-force per square inch gage pressure.

Absolute Pressure

Because gage pressure (which may be either positive or negative) is the pressure
relative to the prevailing atmospheric pressure, the gage pressure, added
algebraically to the prevailing atmospheric pressure (which is always positive), pro-
vides a value that has a datum ¢ absolute zero pressure. A pressure calculated in
this manner is called absolute pressure. The mathematical expression is:

(Eq. 2-5) P=Pp+pg

where P=absolute pressure
Py, = barometric pressure (atmospheric)

pg =gage pressure

The abbreviation, a, is sometimes used to indicate that the pressure is absolute.
For example, psia, means pounds per square inch absolute pressure. The symbol P
by itself, will also be used in this manual to indicate absolute pressure.

The absolute pressure allows conversion of one pressure system to the other.
Relationship of the pressure systems are shown graphically in Figure 2-1 using two

N
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typical gage pressures, (1) and (2). Gage pressure (1) is above the zero from which
gage pressures are measured, and. hence, is expressed as a positive value: gage
pressure (2) is below the gage pressure zero, and, therefore, is expressed as a
negative value. '

Gage pressure zero

R
Pg2)
P(1)
Patm
P(2)
Absolute pressure zero

Figure 2-1. Gas-pressure relationship.

Dalton’s Law of Partial Pressure

When gases, or vapors (having no chemical interaction), are present as a mixture
in a given space, the pressure exerted by a component of the gas mixture at a given
temperature is the same as it would exert if it filled the whole space alone. The
pressure exerted by one component of a gas mixture is called its partial pressure.
The total pressure of the gas mixture is the sum of the partial pressures.

THE LAW OF IDEAL GASES - )
The Laws of Boyle and Charles

Boyle’s Law states that, when the temperatuve (7T) is held constant, the volume
(V) of a given mass of a perfect gas of a given composition varies inversely as the
absolute pressure, i.e.:

Vx —;—7- at constant T

where o = proportional to
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Charles’ Law states that, when the volume is held constant, the absolute ,
pressure of a given mass of a perfect gas of a given composition varies directly as
. the absolute temperature, i.e.: Px T at constant volume.

?

\\ The Law of Ideal Gases

Both Boyle's and Charles’ Law are satisfied in the following equafion:

| RT
Eq.2-6) py="120

(Eq _ M

where P=absolute pressure

. V=volume of a gas
m = mass of gas
M = molecular weight of a gas
T =ubsolute temperature
R = unaiversal gas constant

The unit of R depends upon the units of measurement used in the equation. Some
useful values are:

(1) 1544 —(*0) (fY
(1b-mole)(°R)

. (in. Hg) (ft3)
(2) 21.83 (1b-mole)(°R)

(mm Hg) (ft%)
(lb-niole)(°R)

(3) 554.6

(cm3) (atm)
(gm-mole)(°K)

(4) 82.06

In the above units of R:

V=ft3, em2 for (4)
m=1b, g for (4)
M =1b/lb-mole, g/g-mole for ()
T = °R, °K for (4)
P=1b/ft2 for (1)

=in. Hg for (2)

=mm Hg for (3)

=atm for (4)

¥

Any value of R can be obtained by utilizing the fact, with appropriate conversion
factors, that there are 22.414 liters per gm-mole or 359 ft.3 per Ib-mole at 32°F

and 29.92 ip. Hg.
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CALCULATION OF APPARENT MOLECULAR WEIGHT
OF GAS MIXTURES

Using Dalton’s law of partial pressure and the ideal gas law, the following equation
can be derived for calculating the apparent molecular weight of a gas mixture:

(ch 2"7) Mmix = EBxMx

where Mumix = apparent molecular weight of a gas mixture
By = proportion by volume of a gas component
My = molecular weight of a gas component

in all other equations (except where specifically noted), the symbol M will be used
to denote the molecular weight of a pure gas or a gas mixture,

GAS DENSITY

Gas density can be determined by rearranging Equation 2-6 and letting density
e=m/V: '

PM
(Eq.2-8) = —
q e T

where Q =density
P=absolute pressure
M =molecular weight
T =absolute temperature
R = universal gas constant

A method of determining density at T (stack temperature) and Ps (stack pressure)
is to use the fact that there are 22.414 liters per gm-moie or 359 ft3 per Ib-mole at
32°F and 29.92 in. Hg, and to use the ideal gas law correction.

VISCOSITY
Origin and Definition of Viscosity

Viscosity is the result of two phenomena: (a) intermolecular cohesive forces, and (b)
momentum transfer between flowing strata caused by molecular agitation perpen-
dicular to the direction of motion. Between adjacent strata of a moving fluid, a
shearing stress (T) that is directly proportional to the velocity gradient occurs
(Figure 2.2).
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Figure 2-2, Shearing stress in a moving fluid.

This is expressed in the equation:

(Eq.2-9) g M =p %
dy

where g = dimensional constant
T = unit shearing stress between adjacent layers of fluid
Z—v = velocity gradient '
u = proportionality constant (viscosity)

The proportionality constant, . is called the coefficient of viscosity, or merely,
viscosity. It should be noted that the pressure does not appear in Equation 2-9
which indicates that the shear (T) and the viscosity (u) are independent of pressure.
(Viscosity actually increases very slightly with pressure but this variation is negligi-
ble in most engineering problems.)

Kinematic Viscosity
Kinematic viscosity is defined according to the following relationship:
(Eq.2-10) p=L
Q
where v = hinematic viscosity

p = viscosity of the gas
¢ = density of the gas

Note the absence of dimensions of force.
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Liquid Viscosity -

In a liquid, transfer of momentum between strata having a relative velocity is small
comparkd to the cohesive forces between molecules. Hence, shear stress is .
predominantly the result of intermolecular cohesion. Because foices of cohesion

decrease rapidly with an increase in temperature, the shear stress decreases with an

increase in temperature. Equation 2-9 shows that shear stress is directly propor-
tional to the viscoﬂéy. Therefore, liquid viscosity decreases when the temperature
increases. o

‘,n-"‘r\
Gas Viscosity
In a gas, the molecules are too far apart for intermolecular cohesion to be effec-
tive. Thus, shear stress is predominantly the result of an exchange of momentum
between flowing strata caused by molecular activity. Because molecular activity in-
creases as temperature increases, the shear stress increases with a rise in the
temperature. Therefore, gas viscosity increases as the temperature rises.

Determination of Viscosity of Gases

The viscosity of a gas for prevailing conditions may be found accurately from the
following formula:

n
(Eq.2-11) » =<__7:_>
u® \273.2

where
p = uiscosity prevailing
u° = viscosity at 0°C and prevailing pressure
T = absolute prevailing temperature (°K)
n=an empirical exponent (n=0.768 for air)

The viscosity of air and other gases at various temperatures and at a pressure of
1 atmosphere may be found in engineering tables.

SPECIFIC HEAT

The specific heat of a gas is the amount of heat required to change the
temperature of a unit-mass of gas one temperat' re-degree. Units of specific heat
are, therefore, (Btu/Ib) (°F) or (calories/gm)(°C) depending upon the dimensionai
system used.

Heat may be added while the volume or pressure of the gas remains constant.
Hence, there may be two values of specific heat: (a) the specific heat at constant
volume (C,). and (b) the specific heat at constant pressure (Cp).

Because the heat energy added at constant pressure is used in raising the
temperature and doing work against the pressure as expansion takes place, Cp 1
greater than C,,.

'a
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Determination of Specific Heat for a Gas Mixture

The specific heat for a mixture of gases may be calculated from:
(Eq.2-12) _ Cp(mix) = LBy Cpx)
(Eq.2-1%) Cy(mix) = EByCy(x)

where Cp(mix) = specific heat at constant pressure for gas mixture
Cy(mix) = specific heat at constant volume for the gas mixture
By = proportion by volume of a gas component '
Cp(x )= specific heat at constant pressure for a gas component
Cy(x) = specific heat at constant volume for a gas component

For ordinary temperature (for example, about 80°F as experienced at the meter-
ing device in atmospheric or source sampling work) the specific heats may be
assumed to be constant.

REYNOLDS NUMBER
Definition
A typical inertial force per unit volume of fluid is gv/gcL; a typical viscous force

per unit volume of fluid is yv/gcL2. The first expression divided by the second pro-
vides the dimensionless ratio known as Reynolds Number:

(Eq.2-14) NRe= iz—‘i
where o = density of the flurd (mass/volume)

v=velocity of the fluid
& = dimensional constant
L. =a linear dimension

u = uiscosity of the fluid
NRe = Reynolds Number

The larger the Reynolds Number, the smaller is the effect of viscous forces; the
smaller the Reynolds Number, the greater the effect of the viscous forces.

The linear dimension, L, is a length characteristic of the flow system. It is equal
to four times the mean hydraulic radius, which is the cross-sectional area divided
by the wetted perimeter. Thus for a circular pipe, L= diameter of the pipe; for a
particle settling in a fluid medium, L = diameter of the particle; for a rectangular
duct L =twice the length times the width divided by the sum; and for an anulus
such as a rotameter system, L = outer diameter minus the inner diameter.

Laminar and Turbulent Flow

In laminar flow, the tluid is constrained to motion in layers (or laminae) by the

action of viscosity. The layers of fluid move in parallel paths that remain distinct

trom one another, any agitation s of a molecular nature only. Laminar flow occurs
26
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when Reynolds Number Yor circular pipes is less than 2000 and Jess than 0.1 for -
particles settling in a fluid medium. _ :

In turbulent flow, the fluid is not restricted to parallql_lpatﬁ' but moves forward
in a haphazard manner. Fylly turbulent flow occurs when Reynolds' Number is
greater than 2500 for circular pipes and greater than 1000 for settling particles.

Figure 2-3. A tube of flow used in proving the equation of continuity.

THF. EQUATION OF CONTINUITY*

In Figure 2-3 we have drawn a thin +ube of flow. The velocity of the fluid inside,
although parallel to the tube at any point, may have different magnitudes at dif-
fersnt points. Let the speed be v; for fluid particles at X and v for fluid particles
at Y. Let 47 and 45 be the cross-sectional areas of the tubes perpendicular to the
streamlines at the points X and Y, respectively. (n the time interval At, a fluid ele-
ment travels approximately the distance vAt. Then the mass of fluid Am crossing
Aj in the time interval is approximately

Amy = o1 Ajv; At

or the mass flux Amy /At is approximately

Am; y
——— e ll
At erdvy

'Adapu'd trom 1D Halhiday and R. Resnick, Physics for Students of Scrence and Engineering,
Combined Edition, New York, John Wiley and Sons, Inc.. 1965, pp. 374 374, Used by permission
ot the publisher.



We must make A¢ small enough so that in this time interval neither v nor 4
varies appreciably over the distance the fluid travels. In the limit as At - O, we _
obtain the precise result

dml p X
—_— = vy at X,
dt Q4jvy a

Now at Y the mass flux is correspondingly

dm2 4 y
— I at .

where @1 and @9 are the fluid densities at X and Y respectively. Since no fluid can
leave through the walls of the tube and there are no “sources” or “sinks” whereia
fluid can be created or destroyed in the tube, the mass crossing each section of the
tube per unit time must be the same. Hence, dm;/dt = dmy/dt. Then

oAv= constant

This result is called the equation of continuity of mass flow. It expresses the
law of conservation of mass in fluid dynamics, '

If the fluid is incompressible, then @7 = g2 and the equation takes on the
simpler form:

(Eq.2-16) Av = constant
Ajy =4z

BERNOULLI'S EQUATION

A tundamental equation of fluid dynamics is Bernoulli's Equation. It is essentially
a statement of the work-energy theorem for fluid flow.

Consider the nonviscous, steady, incompressible flow of a fluid through the
pipeline or tube of flow in Figure 2-4. The portion of pipe shown in the figure has
a uniform cross section 4 at the left.
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Figure 2-4. A portion of fluid (cross-shading and horizontal shading) moves
through a section of pipeline from position (a) to position (b).

It is horizontal at elevation y; above some reference level. It gradually widens and
rises and then has « uniform cross section A3 (at the right of the figure). It is
horizontal at elevation y;. Let us concentrate our attention on the portion of fluid
represented by both cross-shading and horizontal shading and call this fluid the
“system.” Consider then the motion of the system from the position shown in (a) to
that in (b).

At all points in the narrow part of the pipe, the pressure is p; and the speed v;.
At all points in the wide part the pressure is p and the speed vy. The left portion
of the system (cross-shading, Figure 2-4a) advances a distance Alj,parallel to an ex-
ternal force pyA4; supplied by the fluid to its left, so that the work done on the
system is prA 14l;. The right portion of the system (cross-shading, Figure 2-4b) ad-
vances a distance Alp against an oppositely directed force pr45 supplied by the
fluid beyond, so that the work done by the system is p2434l5. Hence, to move the
system from position (a) to position (b), a net amount of work must be done on the
system by the pressures applied to it equal to p;A474Al;— prAdrAls.

A4l and AgAly are rhe volumes of the two cross-shaded regions. These
volumes are equal because the fluid is incompressible. In fact, if we let m be the
mass of either cross-shaded region and take fluid density to be r then

Qi)
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(Eq.2-17) ALAl] = Agdlg = 2
and )

7

(Eq.2-18) (P - bo) % = net work done on system,

If our pipe has a continuously variable cross section, this analysis can be made
exact by considering the process in the limit as Alj, Alp, and At shrink to zero at
the points 1 and 2. The result is the same as before.

If the flow is nonviscous, the net work done on the system by pressure must equal
the net gain in mechanical energy. The horizontal shaded portion of the fluid does
not change at all in either kinetic or potential energy during the flow from (a) to
(b). Only the cross-shaded portions contribute to changes in mechanical energy. In
fact, Yamup2 — %mv;z = net change of kinetic .energy, and mgyz —mgy; =net
change in gravitational potential energy, where m is the mass in either cross-shaded
region, and g is the gravitational constant. Hence,

(Eq.2-19) (p;- by lg"- = (omuy2 - Yomu,2) + (mgy, — mgy,)
or on rearranging terms,

(Eq.2-20) b+ Ysev2+ ogy =Py + Veauy? + ogyg

Since the subscripts 1 and 2 refer to any two locations along the pipeline, we can
drop the subscripts and write

(Eq.2-21) p+ Y% ov? + ogy = constant.

Either Equation 2-20 or Equation 2-21 is called Bernoulli’s Equation for steady,
nonviscous, incompressible flow. It was first presented by Daniel Bernoulli
(1700-1782) in his Hydrodynamica in 1738.

Bernoulli's Equation is strictly applicable only to steady flow. The quantities in-
volved must be evaluated along the same streamline; hence, the constant Equation
2-21 1s not the same for all streamlines. In our figure the streamline used is along
the lower boundary of the tube of flow or pipeline.

In the special case of fluid statics, Bernoulli's Equation still holds. If the fluid is
at rest then vy =0 =vp and Equation 2-20 becomes

(Eq.2-22) Py +ogy;=Py+ 08y,
Py-P;=-0gly,~y;)

The pressure that would be present even if there were no flow is denoted as the
static pressure: the term 4 g2 is called the dynamic pressure.

ts
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Chapter 3
The EPA Method 5 Sampling Train

Specialized equipment is required for performing the experimental procedures
outlined in Federal Reference Methods 5 and 8. This equipment may be either
constructed by the source tester or purchased from a commercial vendor. It is more
common today to find stack test consulting companies and agency test teams using
the commerical apparatus. A list of vendors currently marketing such equipment
may be found in the appendix. Construction details for the Method 5 sampling
train may. be found in the EPA publication APTD 0581 available from the
National Technical Information Service(NT1S).

The purpose of this chapter is to provide the reader with some insight into the
design and construction of source sampling apparatus. A proper evaluation of
sampling equipment must consider both the equipment's ability to conform to
Federal or State construction guidelines and its actual utility in the field. This
discussion should assist the reader in purchasing the source sampling train or in the
construction of such a system.

3-1 3 .
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Fig\;rc 3-1. EPA Method 5 particulate sampling train

Sampling nozzle

Sampling probe sheath

Heated sample probe liner,

Cyclone assembly (proposed regulations do not require this cyclone)
Out of stack filter assembly

Heated filter compartment maintained 120°C & 14°C (248°F £ 25 °F)
(or temperature specified in 40CFR subpart)

. Impingery case

First impinger filled with Hg0 (100 ml)

Greenburg-Smith (or modified Greenburg-Smith) impinger filled with Hg0 (100 ml)
Third impinger --dry ’

Fourth impinger - - filled with Ho0 absorption media (200-300 gm)
Impinger exit gas thermometer

Check valve to prevent back pressure

Umbilical cord - vacuum line

Pressure gage

Coarse adjustment valve

Leak free pump

By-pass valve

Dry gas meter with inlet and outlet dry gas meter thermometer
Orifice meter with manom.eter

Type $ pitot tube with manometer

Stack temperature sensor



THE SOURCE SAMPLING NOZZLE

The source sampling nozzle must have a sharp outside edge (taper angle =30°)
and a button-hoek or elbow design. This profile creates the least amount of disturb -

ance to the gas streamlines. Figure 3-2 illustrates the preferred sampling nozzle

Mperane cateimAca Acaom @c S em e gi0rT O L4 ive

Figure 3-2. Preferred sampling nozzle shape (assembled with Type S pitot tube).

The nozzle interior diameter must be accurately calibrated following the procedure
given in the calibration section of this manual. Manufacturer calibration is only a
nominal approximation, and calibration of nozzle interior diameter should be
checked with a micrometer before the nozzle is placed on the sampling probe at
the test site. The sampling nozzle interior diameter must be round and uniform
throughout its entire length. If the tip is out-of-round it must be rounded, ground
to a sharp edge, and recalibrated. If the nozzle has obvious flat places in its body it
should be replaced with a nozzle of uniform diamecter. The nozzle must properly
align with pitot tube sensing orifices so that one line can be drawn through the
central axis of the interior nozzle diameter opening and of the pitot orifice. The
nozzle must not be too short or too long;"if the central axis of the pito: tube is not
on the same line as the nozzle diameter, it must be parallel and not more than 14"
off-center (Figure 3-3).
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Sampling nozzle -

‘ é Figure 3-3. Pitot tube-nozzle separation and alignment,.

A nozzle not meeting all these criteria does not comply with Federal Register
specifications and can create sampling errors. Sampling nozzles constructed of
stainless steel or quartz glass (for special applications) are required.

THE PITOT TUBE

The Stausscheibe or Type S pitot tube is most frequently used in conjunction with
the Method 5 or Method 8 sampling train. The Type S pitot tube has several ad-
vantages that makes it attractive for source sampling applications:
oIt is compact. It is easy to insert into a 3" sampling port.
3 It retains calibration in abusive environments.
' eIt has large sensing orifices. This minimizes the chance of plugging in heavy
particulate concentrations.
. elt indicates a higher Ap reading than a standard pitot tube which is
beneficial in low gas velocity situations.

The Stausscheibe pitot is not a designated standard. It must be c:librated
against a standard pitot static tube with a known calibration factor. Manufacturer
calibration coefficents are not sufficient. The lack of standard construction details
and the high sensitivity to gas turbulence and orientation in the gas strcam require
that the Type S tube be calibrated in the configuration intended at the sampling
site.

The construction of the Type S tube must be checked before calibration,
Calipers are used to check that the tubes are in line at the sensing orifice. The
dimensions taken with the calipers must form a re-tangle with parallel sides. If
these dimensions show the A and B legs to be improperly aligned, the Type S tub~
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must be corrected. Small misalignment of tube axis (A or B) can cause sufficient
e gas turbulence to effect pitot tube calibration. The tube should be made of
stainless steel or quartz (for high temperature applications).

SAMPLING PROBE—PITOT TUBE ASSEMBLY ... oo o o

The pitot tube should be firmly attached to the sampling probe and properly

. oriented. The probe-pitot assembly nust be arranged in such a way that the pitot
tube body will be oriented peérpendicular to the stack wall when sampling. The
sensing orifices will then be perpendicular to the flow of gas parallel to the stack.
This orientation is necessary for precise, accurate gas velocity readings. A Type S
pitot tube incorrectly oriented to the stack gas can cause significant errors in gas
velocity readings (Figure $-4).
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Adapted from E. F. Brooks and R. L.. Williams, Flow and Gas Sampiing
Manual, EPA-600/2.76-208, July 1976, p. 59.

Figure 3-4. Type S pitot probe orientation sensitivity data.

The pitol must be firmly anached to the probe so it will not slip accidently into
misalignment.

The stainless steel probe sheath should be of 316 stainless steel or equivalent. The
sheath should be at least 3 inches from the pitot tube sensing orifices, and any
nczzle must be at least 3 inches from this orifice when attached to the probe
(Figure 3-3). A small hole should be drili,'d into the stainless sheath to equalize any
pressure differential that might allow dilution air to be pulled into the sampling systemn.
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The sheath is designed to protect the heated liner. Tolerances in the sheath
should be such that probe liner heating element short circuits are not a problem
during normal operation. The liner should be borosilicate glass for sampling stack
gases below 700°F. Quartz glass may be used in the sheath for temperatures up to
1400 °F. Stainless steel liners are subject to corrosion by hot, acidic stack gases.

~ They should be a last choice except for very difficult sampling applications or for
sampling probes over 11 feet long. A liner heated by an easily-removed, reusable
heating element can be replaced at minimum cost. The probe heater should be
calibrated so that the outlet gas temperature at the filter is known.

The liner should be cleaned with a probe brush. A brush of non-reactive nylon
and stainless steel with strongly attached bristles is appropriate (bristles must not
fall into the sample). It should be attached to a stainless stecl or teflon tube that
can be telescoped with additional sections.

THE SAMPLING CASE

A lightweight, easily adaptable sampling case is an asset during sampling ex-
periments. A well-designed sample case can be made from lightweight material and
yet withstand source sampling abuses. The case should incorporate solid construc-
tion and well-insulated electrical connections, and it should be usable in either ver-
tical or horizontal positions. The filter compartment must have a calibrated ther-
mostat. A positive locking system to prevent probe-pitot rotational or tilt misalign-
ment in the stack is also necessary. The probe sheath should be able to be inserted
in the sample case so that there is no accidental glass breakage. An example of the
described system is illustrated in Figure 3-5.

Heated filter
compartment

v »‘47 Impingers
, N
..

&

Umbilical vacuum
connection

Amphenol

Figure 3-5. Sampling case.

A single-point swivel suspension system for the sample case s advantageous in tight
work area situations.
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TRAVERS” SUPPORT SYSTEM

A monorail support is versatile and lightweight. An inexpensive monorail support
system with a lubricated roller hook can be easily assembled. 1t may be used at a
variety of sampling sites for horizontal or vertical duct traverses. An entire system
can be cheaply assembled with some lengths of chain, double-ended staps, angle
iron, and eye bolts. A simple platform constructed of plywood and 2 x 4's will be
sufficient in many situations where a monorail is not practical.

SAMPLE CASE GLASSWARE

~There are several types of impinger -filter sets available for source sampling trains.
Sample case impingers and filter holders are generally made of Pyrex glass, but
special situations could call for the stainless steel or Lexan plastic equipment. Glass
has obvious advantages and should be used unless unusual situations arise. The
glassware is available in standard ball joint fittings that are sealed with vacuum
grease and clamped together or in a newer screw-joint sealed with a compressible
teflon-rubber ring. The newer screw-joint fittings increase breakage; however, they
are easier to clean, and grease contamination of the sample is never a problem.

THE UMBILICAL CORD

The vacuum sampling line, pitot tube lines, and electrical wiring are wrapped into
an “umbilical cord” extending from the meter console to the sample case. These
lines are encased in tape or shrink tubing to protect them and eliminate clutter at
the sample site. The vacuum line should be of high-vacuum rubber tubing. The
pitot lines are best constructed of heavy-ply tygon tubing. These materials make
the umbilical cord heavier, but they are not easily melted, burned, or cut. Sample
cords made of polymeric materials can be easily damaged without notice and then
begin to leak. The electrical wires should have thick insulation to prevent fraying
in heavy use. They should be color coded and attached to an Amphenol connection
for easy hookup to the sample case.

THE METER CONSOLE

The meter console is the center of the sampling system. A packaged pump-dry gas
meter-orifice system is easiest to handle, but there are many suitable variations in
use. The system must have a leak-free pump to draw an isnkinetic sample. A fiber
vane, oil lubricated pump, or diaphragm pump capable of creating an absolute
pressure of < 3 inches of Hg (< 30 inches Hg gage) is recommended. A fiber vane
pump is more desirable than a diaphragm pump. because it does not give “pulses”
of gas that can create errois in the operation of the diy gas meter.

The pump should force gas into the dry gas meter nlet, not pull it through the
meter outlet. T'he dry gas meter sliding vane seals are adverscly affected when
under vacuum. so a vacuum gage should be in the svstem to measure pressure diop
across the sampling train.
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The dry gas meter must be accurate. The manufacturer supplies a nominal

calibration curve with the meter which should be rechecked before using the meter.

A dry gas meter correction factor developed by calibration against a spirometer or
wet test meter is important for volume readings from the meter. The meter dial
face should measure 0.1 cubic feet of gas per revolution. This gives the most
precise volume reading.

. The differential pressure gage recommended in the Federal Register is an oil
manometer. The manometer must be capable of measuring the velocity pressure to
within 1.3 mm (0.05 in.) water column. The oil manometer is a secondary stan-
dard and is very accurate. A Magnehelic gage may be used if it is calibrated before
a test series, then checked after each test series against an oil manometer. The
Magnehelic gage must be calibrated and checked at three Ap readings representing
the range encountered at the source. The Magnehelic gage and oil manometer
must agree within 5 percent for the Magnehelic gage to be considered in proper
calibration. '

The meter console or equivalent apparatus must be capable of monitoring and
maintaining all the equipment temperatures in addition to measuring stack gas
temperature. Bimetallic thermometers in the sample case for impinger gas exit
temperature are acceptible if they are precise to within 1°C (2°F). The tempera-
ture at the dry gas meter and at the filter compartment must be measured with a
precision of 3°C (5.4°F). Some method of regulating the calibrated probe liner
heater and filter heater must be incorporated into the temperature control system.

~ The stack gas temperature meter must measure gas temperature to 1.5 percent of

the minimum absolute stack gas temperature. A meter console using thermocouples
for these operations must have the thermocouples calibrated regularly and checked
before each use.

THE NOMOGRAPH

A number of nomographs are available commercially. The nomograph makes
several assumptions in its calculations, but these assumptions may not always hold
true for all sampling situations. The alignment and accuracy of nomograph func-
tions should be checked using the procedures given in this manual. A pocket
calculator can solve the isokinetic equation accurately and inexpensively.

ALTERNATIVE METHODS AND EQUIPMENT

There are a number of alternative methods for isokinetic sampling of stack gas par-
tculates. The Japanese and West German methods have received attention in many
countries, and the American Society of Mechanical Engineers has also developed
isokinetic sampling methods. These alternative methods may be highly attractive
tor some situations. This manual and the Federal Register reference methods
recognize only the methods described herein. The use of methods other than those
described in the Federal Register vequires special approval from the regional ad-
ministration assessing the effects that alternative methods may have on sampling
results,
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Chaptef 4

v\ QCalibration Procedures

Source sampling equipment must be properly calibrated before it is used in the
field. Systematic errors will result throughout the testing procedure as a result of
uncalibrated or improperly calibrated equipment. Without calibration, the stack
tester cannot sample isokinetically in any of his source tests, and he cannot correct -
the mass emission rate data if the equipment is calibrated after the test. It is
therefore crucial that the apparatus used for stack testing be carefully checked. A
manufacturer’s calibration valuc or guarantee should not be trusted. It is not un-
common to find miscalibrated apparatus supplied by a vendor, and over extended
use instrument calibration values can change. ’ "

A careful experimentalist always double checks his apparatus. Weeks of work
may otherwise be questioned or may need to “e redone. This section gives calibra-
tion procedures and design specifications for equipment common'y used in the
source test. The procedures should be followed after receipt of new equipment and
should be repeated after periods of extended use.

CALIBRATION OF THE SOURCE SAMPLING METER CONSOLE

The gas meter and orifice meter of a sampling console may be calibrated during
one procedure. The calibration described in this section may be performed using a
standardized dry gas test meter or wet test meter. The samnling console must be
thoroughly leak tested before calibration.

Calibration Equipment

1. Calibrated test meter
a. Wet test meter (correction factor should be 1.0 for
wet test meter)
b. Standardized dry gas test meter

2. Sampling meter console
a. Dry gas meter
b. Orifice meter

Stopwatch

Leak-free pump (fiber vane, preferably)
Vacuum tubing

Swagelock connections

Leak test liquid

~N S U e W

Meter Console Leak Test

The meter console pump. dry gas meter, and orifice meter must be leak tested
before calibration. This leak test can be accomplished by individually testing each

4-1
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piece of equipment or by leak testiffg the entire assembly. The Federal Register

suggests a procedure for leak testing the assembled pump, dry gas meter, and

orifice configuration (Figure 4-1). The following procedure, however, does not
_apply to diaphragm pumps.

- Vacuum gauge

By-pass valve

Rubber stopper /
Orilice

Closed =~

Vent

.JL!

Dry test meter
Orifice
manometer

Figure 4-1. Leak check for the Method 5 meter console.

1. Plug the orifice meter outlet with a one-hol:. rubber
stopper that has a rigid tube through the hole.

2. Attach a length of rubber tubing (an inline teggle valve in
the tubing would be helpful).

3. Disconnect the static pressure side tubing of the orifice
manometer and close off the tube. Leave the static tap of
the manometer open to a vent position.

4. Completcly open the bypass valve by turning it counter-

clockwise to a lock position; close the coarse adjustment

valve. ,

Blow into the rubber tubing, plugging the orifice until the

manometer shows a pressure differential greater than 6 in. Hg0.

ov

6. Seal the tubing (close toggle valve). The manometer
reading should remain stable at east 1 minute.

7. If a leak occurs, completely disconnect the orifice
manometer and seal the orifice meter. Pressurize the
system using a small pump and find the leak with leak
test solution.

Meter consoles with diaphragm pumps can be leak checked by pulling an air
sample through a wet test meter-pump-dry gas meter setup. The leak rate should
not exceed 0.0057 m3 min. (0.02 ¢tm).
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Meter Console Calibration

The meter console calibration is accomplished with the equipment assembled as
shown in Figure 4.2

Vacuum gauge
By-pass valve

Orifice

} - -~ - Wet test
meter

Main valve

&

——

Orifice
manometer

-
Dry test meter oo
-y ' Air-tight pump

Figure 4-2, Meter console calibration assembly.

“

. . 2 ;‘.‘l
- The wet test meter should have a correction factor of 1. (A standardized Jry gas [

meter may also be used to calibrate the meter console.) The calibration of the
meter console dry gas meter and orifice meter is accomplished by passing a known
volume of dry air through the test meter at a number of different pressure differen-
tials on the orifice manometer.

In the calibration procedure:

1. Establish a pressure differential (AH) across the orifice
meter with the pump and the coarse and fine adjustment
valves.

2. Accurately record the dial readings for the wet test meter
and dry gas meter while simultaneously starting a
stopwatch.,

3. Draw a predetermined volume of air (e.g. 5 cubic feet)
through the test meter. Record all temperatures during
the calibration run.

1. Stop the pump when the predetermined volume has been

reached on the wet test moter: simultaneously record the

total elapsed time.

Make all calculations on the calibration form for this

procedure (Figure 4-3).

Note: The standard temperature given by APTD-0576 (70°F) has

since been changed to 68°F. alithough the publication itselt does not

reflect this change.

[ ]
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METER CONSOLE CALIBRATION
Nanme . . : Date e
™,
e’
Comole no. o Divgasmeternos 0 Dev gas meter cotvection tactor
Wettest meter no. Conrection facion e e
« Baromeuno pressure. By, _ me g previous calibravon and date 0
. Femperature
Orifice Gasvolume [Gavvolume | wer Doy gas imeter
manomeier et test dey gas
swtting, meeer meter Mewer | Ludes | Ouder | Average | Time
AH, Vu Va we Wi | 'do - o
in. Hyo e (3 ok | °F | °t of min | 3 | AHg
(5 )
I o )
20 BT
PO 10
(FIY] 1o
~u 10
Average
Calculations
3 AH@D
NT vV wPpitg +160) 00317 AH [ (1, + 460)8 ]2
AH 13.6 ‘d(l’w H )(‘w + ‘"“’) P14 + 160) Vw
13.6 :
0o FNIRYITY
I 00737
it 07
o 0 20y
6 U {131
50 0 8K
) Ratio ot avcuracy of wot test meter 1o oy test iheter Foleranoe - 002
Abl, Onitice pressure ditterenna b dngt gives 0 75 ctm of i at 68%F ane. o9 92 iiches of e
oy Hoo o Folerance S0 I e hes

O _X_H“ shonbd tabl hetseon | 2 09 i hes o modibicaton may be necessarny for some

samphing situarnins

igure -3 Form for meter console calibration
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CALIBRATION OF TEMPERATURE MEASUREMENT bEVICES

- The Method 5 source sampling system requires gas temperature measurements, at

several locations. The temperature measurements are important for correcting
stack gas parameters to standard condition. Accurate measurement within the
tolerance given in the Code of Federal Regulations is essential. Procedures are
given here for calibrating general types of temperature sensor devices. Manufac-
turer recommendations for special temperatuire sensors should be carefully
followed.

3

Temperature Reference

A commercially available mercury thermometer capable of + 1° sensitivity is suffi-
cient for calibration purposes. The thermometer should be immersible in ice water,
boiling water, hot mineral oil, or a tube furnace. The thermometer scale should

cover the range of anticipated source temperatures.
5

i

.

Bimetallic Thermometer Calibration X .

Dial or bimetallic thermometers are used for temperature measurement in several
traifi locations." Adjustabic dial thermometers are calibrated by immersion in a '
water bath along with the mercury thermometer. Temperature readings should be
taken at several points on the dial thermometer scale, and its reading should be set
to correspond with the corrected mercury thermometer measurement (adjusted for
elevation above sea level). Non-adjustable dial thermometers must agree with the
corrected mercury thermometer temperature within 3°C (5.4°F), if used at the
filter heater comparunent. and within 1°C (2°F) when used at other locations in
the sampling train, _

It is unlikely that a dial or a bimetallic thermometer would be used to monitor
in-stack gas temperature at most sources. If either is used for stack measurements,
it must be calibrated to read stack temperature te within 1.5 percent of the
minimum absolute stack gas temperature.

Thermoc:

An electromoti force is produced when two connected, dissimilar metal wires are
subjected to temiperature variations. The electromotive force (EMF) is fixed for a
given combination of metals and is proportional to the temperature of the metal
wires at the measurement junction. A c¢old or reference junction is maintained at
the metering device. Potentiometers or millivoltmeters are commonly used to
measure EME. The voltage signals are. today. usually converted to read directly in
degrees on either an analog or digital meter.

Thermocouple wires are necessarily thin to speed response time and increase
EME sensitivity. They must be thoroughly inspected on a routine basis. Any frayed
or damaged wire should be replaced or repaired. Insulation must be complete, or
wires could short against metal surfaces. The thermocouple junction should be
cither welded or silver soldered.

P 18



The thermocouple should be calibrated with the millivoltmeter that will be used
in the field. The voltmeter should first be zeroed and calibrated according to the
manufacturer’s instructions. The following procedure should then be followed:

1. Connect the meter to the thermocouple.
2. Check the thermocouple reading with that of a mercury thermometer at
several readings:
a. boiling water
b. ice point
c. ambient air

If the temperature at the stack is greater than that of boiling water, several
calibration points across the anticipated temperature range should be made. This
may be done by using hot mineral oil, tube furnace, or another apparatus that
allows thermocouple and mercury thermometer comparison. The thermocouple
should be thoroughly cleaned after it is calibrated in a material such as mineral
oil. Do not immerse ceramic-covered thermocouples in a liquid calibration
medium: they absorb the liquid, and that can affect reading during calibration or
in field use..

3. Record the data (Figure 4-4).

4. Make the proper adjustments (if possible) on the voltmeter to read the
proper temperatures. :
If the meter cannot be adjusted to reflect the proper temperatures, con-
struct a calibration curve and include it in your field notebook.

o
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TEMPERATURE CALIBR/ TION

5
Name - Date ____ — s
Barometric Pressure . Land Elevation
4
’ ICE-BATH
Hg in Glass Corrected Hg Temperature Device )
Thermometer in Glass Identification No.
Temperature Temperature . Témperature
°C | °K | °F | °R °C| °K | °F | °R °C °K °F °R
h &
. ' BOILING WATER BATH
Hg in Glass Corrected ' Device -
Temperature Tenperature No.
' i "
°C |°K |°F |[°R | cc| k|F|er | °cC ° X °F ° R
MINERAL OIL BATH
Hg in Glass Corrected Device ___ *~
Point Temperature Temperature No.___ “

°C °K | °F °R °C| °K| °F | °R °C1{ YK |{°F | °R

Figure 4-4. Form for temperature calibration.
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CALIBRATION OF THE TYPE S (STAUSSCHEIBE) PITOT TUBE

The Type S pitot tube has several. advantages as a gas velocity pressure measure-*
ment instrument in particulate-laden gas streams. The Type S tube is compact.
Separately or attached to a sampling probe, the tube fits easily into a 3-inch
diameter sampling port. The Type S pitot tube maintains calibration in abusive
environments, and its large sensing orifices minimize plugging by particulates. The
Type S pitot tube also gives a high manometer reading for a given gas velocity
pressure, which is. helpful in stacks with low gas velocity. These features make the
Type S pitot tube the most frequently used source sampling pitot tube.

The Type S pitot tube construction details should be carefully checked before
calibration. The tube should be made of stainless steel or quartz (for high .
temper-ture gas streams) with a tubing diameter (D;) between 0.48 and 0.95 cm
(3/167-3/8"). The distance from the base of each pitot tube leg to the plane of the
orifice opening (P4, Pg) should be equal (Figure 4-5).

LY

A-side plane

J ” . P
Longitudinal_.E Dt A o - 4- Py= PB,

tube axis § ’ B 1 Py

1.05 D,<F=1.50 D,

B-side plane

Figure 4-5. Type S pitot tube leg alignment.

P4 and Ppg should be between 1.05 and 1.50 times the tubing diarmeter. Pitot tube
orifice face openings should be properly aligned as shown in Figure 4-6. Misalign-
ment of these openings can affect the pitot tube calibration coefficient and should
be corrected before calibration.

1¢,
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Transverse tube axis

Face openings

<« planes —p
| (a) y

1

A-side plane
—

K

Longitudinal z D,

tube axis—»
& A B

L]

B-side plane
(b)

Figure 4-6. T'ype S pitot tube orifice alignment.

Calibration Equipment

1. Type S pitot tube assembled in the configuration anticipated for
sampling. Both legs A and B permanently identified.
2. Inclined manoineter with a sensitivity to 0.13 mm (0.005 in.) Hg0.
8. Standard Pitot Tube
a. Standard pitot-stadc tube with NBS-traceable calibration
coefficient. '
b. Siandard pitot-static tube constructed as shown in Figure 4-7. A

pitot tube designed according to these criteria will have a baseline
calibration coefficient of 0.99 + 0.01.

Y
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»
miin.

8D(

Static holes (~0.1D) e

)I(
'

/
/

r 6D(min.)’

Hemisbherical tip -

Figure 4-7. Standard Prandtl pitot static tube.

4. Calibration Duct
a. Minimum duct diameter cross-section must be 30.5 cm (12 mches)
b. Cross-section constant over a distance greater than 10 duct

diameters.

c. Entry ports arrangec so that standard pxtot and Type S pitot are
reading gas pressure at the same point in the duct.

d. Flow system capable of generating a gas velocity of approximately
915 m/min. (3000 ft./min.). The gas flow must be constant with
time for steady flow. There must be no cyclonic gas flow in the

duct.
e. If a multipoint calibration is performed, the duct gas velocity

should be variable across the range of 180 to 1525 m/min (600 to
5000 ft./min.).
5. Support system to assure that pitot alignment is level and parallel to the
duct axis.
6. Tubing and quick connection fittings.

7. Barometer.

Calibration Procedures

The duct gas flow system should be established at a steady flow rate and should be
checked to insure that there is no cyclonic gas flow. The pressure differential gage
should be thoroughly checked for proper zero, level, fluid density, and volume, and
it should be set up on an area free of vibration. The pitot tube lines should be
arranged so that they may be easily and quickly switched from one pitot tube to
another. Always leave manometer connections set and switch lines at the pitot
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2.

3.

4.

Leak test the pitot tubes and tubing by sealing the pitot tube im-

pact opening and then establishing a positive pressure at the opening
greater than 7.6 cm (38 in.). The manometer pressure should remain

stable for at least 15 seconds. Repeat the procedure for the siatic pres-

sure side of the pitot tube, using negative pressure. Perform this check

for all pitot tubes used in the calibration.

Using the standara pitot tube, measure the gas velocity pressure at the
center of the calibration duct. Simultaneously, measure gas tempera-

tuze. The sensing orifice must be parallel to the duct axis and perpendicular
to the gas flow (Figure 4-8). |

Standard pitot tube

¥

Type “S" pitot tube

-GS ah GE G dap Gan Sty s s W et am o P e

‘\M— Inclined manometer /

Figure 4-8. Pitot tube position in duct.

The standard pitot tube entry port should be sealed .round the tube,
with no sealing material protruding into the duct, and the Type S pitot
tube port should be sealed. .

Record all data (Figure 4-10), and then disco:inect the standard pito.
tube from the differential pressure gage, remove the tube from the
duct, and seal the port.

Assemble the Type S pitot tube and accessories to minimize aero-
dynamic interferences (Figure 4-9).

&
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D, Type S pitot tube

Sampling nozzle

o oe 1 B8in)
Thermocouple l -

Z>>1.90 cm (34 in.)

wr—- - X
& : D, Type S pitot tube Q

Y=27.62 cm.(3 in.) !
>
Z=5.08 cm)
. |
i (2 in.)
)
Thermocoaple !
DA ¢ )8 4 ’
& Type S pitot tube
]
Sample I
probe ,

Figure 4-9. Configurations for minimum interference.

A very large sampling assembly can disturb the gas flow in small aucts.
If the area of the assembled probe-pitot tube is greater than 2 per-
cent of the duct cross-sectional area, the assembly should be calibrated
na larger test section, or the Cy should be corrected for blockage

(see 40 CFR 60.46. paragraphs a-f).
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Connect the Type S pitot tube to the differential pressure gage and
insert the tube assembly into the duct. The Type S pitot tube must
measure the gas velocity pressure at the same point in the duct as the
standard pitot tube, and the pitot leg A must be properly aligned to the
gas flow (Figure 4-8). Seal around the Type S pitot tube, then record all
data (Figure 4-10) . ’ '

6. Repeat the preceding steps until three readings have been made for leg
A. Calibrate leg B in the same way. Calcula.e the pitot tube coefficient
by the equation

-
(Eq.4-1) Cp(s) = Cp(stayN —=2¢

ap;

where Cp(s) = Type S pitot tube coefficient
Cp(std) = standard pitot tube coefficient
Apsd = velocity head measured by the standard
pitot tube, cm Hy0 (in. H50)
Aps = velocity head measured by the Type S
puitot tube, cm H30 (in. H30).

The deviation of each Cp(s) from the average (Cp) is calculated by Cp) - Cy (leg A
or B)- Average deviation from the mean for leg A or B is calculated by the equation

3
(Eq.4-2) tlcp(s)‘cpm o )l
o‘:

3

0 must be < 0.01 for the test to be acceptable. IC,,(S,-de A - Cride B)| must also be
=< 0.01 if the average of Co(side 4) and Cp(side B) 'S to be used.
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PITOT TUBE CALIBRATION

Puot tube calibratton number . Date

s Cahbrated by - e e e e
A Side Calibration
Apsid Apg
Run No. ¢cm HoO cm Hol Deviation
|
K4
3
Cp(sidt' A)
B Side Calibration
Apsed Apy
Run No. cm Ho0 cm Hol Deviation
(in. l‘lz“) (iﬂ. "20) (:p(s) CP(S)-CP(B)
l
2
3

Cpiside B)

Figure 4-10. Pitot tube calibration data.
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BAROMETER CALIBRATION

The field barometer should be calibrated against a laboratory mercury barometer
betore each field use. If the field barometer can not be adjusted 10 read within 5.1
mm (0.2 in.) Hg of the laboratory barometer, it should be repaired or replaced.
The field barometer should be well-protected during travel,

CALIBRATION OF A STANDARDIZED DRY GAS METER

Reterence volume meters are expensive for the average source sampling laboratory.
An inexpensive dry gas test meter calibrated against a reference volume meter is
accurate and convenient. This standardized test meter may then be used to
calibrate sampling console dry gas meters.

Calibration Equipment

1. Spitumeter,

2. "Dry gas test meter (0.1 cubic ft./meter revolution). This must be a test
meter to assure sufficient accuracy.

Oil manometer (0-2 inches Hy0).

o S

Leak-free pump (lubricated fiber vane pump with appropriate oil traps -
or diaphragm pump with gas pulse compensating baffle).
Needle valve. B

Three-way valve,

-~ O o

Two dial thermometers capau.e of reading gas temperature + 2 °F,

Calibration Procedures

Possible equipment conflgurauons for dry gas meter calibration are shown as
Figure 4-11.

{a
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Splrometg; ‘
Level

Bl Centimeter rule
{ Counterweight Inlet

thermometer
Outlet / - Rockwell dial face

therm_ometer b Dlee #83 0.1, ft3/Rev

Dry gas test meter

T Manometer

3-way {lviq ] Outlet thermometer

HiCentimeter rule E./
. Rockwell dial face

b
| iCounterweight g #83 0.1, fi3/Rev

/ g

)

Vacuum o E

pump cR

ok

Dry gas test meter

Figure 4-11. Dry gas meter calibration configurations.

The meter must be calibrated at several flow rates corresponding to pressure dif-
terentials (AH) of 0.1, 0.5, 1.0, and 1.5 inches of water. The 1.5 AH may be

achieved by weighting the spirometer bell or using the pump; the other AH’s can
be established without the pump. The pump could increase the gas temperature

416 -
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from the spirometer to the dry gas meter. If it does, gas volume must be corrected
for a temperature increase. Calibration of the meter without a pump in the system
eliminates the need for temperature corrections.

1. The calibration system should be assembled and thoroughly tested for
leaks at =22 in Hg0.. All leaks should be eliminated.

2. Level the spirometer and fill it with air. Allow the bell scveral minutes
to stabilize.

3. Completely open the spirometer outlet valve and establish a 0.1
in. Ho0 manometer reading into the dry gas meter using the gas-flow
needle valve. Close the spirometer outlet valve.

4. Read the spirometer meter stick settings. Read the dry gas meter dial
value.

5. Open the spirometer outlet valve, check manometer reading and allow
0.5 cubic feet of air to flow to the dry gas meter (5 revolutions of
0.1 ft.3/revolution dry gas meter dial). ,-
6. Stop the air flow. Record the dry gas meter and spirometer settings on
the calibration form (Figure 4-12). Repeat the procedure fox the other
AH values. Calculate and average the dry gas meter correction factors.
If the factor is outside the tolerance 1 +0.02, adjust the dry gas meter

internal sliding vanes and recalibrate.

If a pump is used in the calibration apparatus, it could heat the gas entering the
dry gas meter. This possibility requires that the dry gas meter volume be corrected
to conditions in the spirometer by the equation .

(Eq.4-3) AH \|-
Tymb (Pb+ _13.6> '

Py Ty (avg)

Vm(corr) = Vm

When a pump is used, a three-way valve is employed to establish the flow rate
through the dry gas meter, using atmospheric air. The valve is switched to the
spirometer, and the dry gas meter is read.

CALIBRATION OF THE SOURCE SAMPLING NOMOGRAPH

A number of nomographs are available commercially. These instruments are used
to solve graphically the sampling nozzle sizing equation

L3
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STANDARDIZED DRY GAS METER CALIBRATION

) A
Name ) Date
Ambient Temperature Barometric Pressure
Dry Gas Test Meter No. ) Correction Factor (DGMCF)
Spirometer Displacemen't Factor < —_—
Spirometer . Dry Gas Meter , Dry Gas Meter
Manometer Volume (Vepir) Volume (V) Correction Factor
0.1in. Ho0 | Final Final
Initial _____ { Initial
Displacement ____ Volume (V).
Volume (Vspir)-—— T . -
0.5 in. Hg0 F ° F
1 1
. D Vi
Vspir T
|| 1.0in. Hgo F F
I I
p__ Vo,
. Vspir——— T —
1.5 in. Hy0 F F
I I
D Vi
Vspir—;— Tm
Spirometer Volume *(Vgnmir) Average
d'isplaccment (L'n'.l) X dfsplacemcm factor (liters ¢m) = Vspir liters DGMCF

Dry Gas Meter Correction Factor (DCMCF)
. vspir . )
- = DGMCF
m .
Average Dry Gas Test Meter Correction Factor Tolerance SV/DV =1 ¢ 0.02

*(0.03431 cubic feet liter
(hiters).03431 ft.3 liter) = fr.3

Figure 4-12. Form for standardized drv gas meter calibration.
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(Eq.4-4) b, =

\/ 0.0358 Q,, Py T, My
Ton Cp(1 - Byy) Rap

where Dy, = nozzle diameter (in.) ,
Qm = volumetric flow rate through meter (t3)
Py = absolute pressure at meter (in. Hg)
Ps=absolute pressure at stack (in. Hg)
Ty, = absolute temperature at meter (°R)
Ts = absolute temperature at stack (°R)
Cp = pitot tube calibration coefficient
Bys = water vapor in stack gas, volume fraction
M =molecular weight of stack gas, wet basis

(1b/lb-mole) '

Ap = average velocity head of stack gas (in. Hy0)
and the isokinetic rate equation

' | T, P, |
(Eq.4-5)  AH= [345.72 D,! AHg CF (1-B,y)? M] Ap

Today, programmable calculators are often being used to solve these equations.
Also, a number of plastic slide rules are ‘curréntly available. These are

somewhat more accurate and more convenient to use than the traditional source

sampling nomograph. :

If a nomograph is used, ‘it should be thoroaughly checked for scale accuracy and .
alignment. Nomograph calibration forms (Figure 4-13) help in making these
checks.. The traditional source sampling nomograph assumes that the Type S pitot
tube has a Gy, of .85. For Cp values different from .85, the C-factor obtained on
the nomograph must be adjusted by the method given in Form A (Figure 4-12).

The traditional source sampling nomograph also assumes that the molecular
weight of the stack gas is 29.1 1b/lb-mole. For molecular weights appreciably dif-
ferent from this value, the C factor of the nomograph should be further adjusted
by the method given in Form B.

Traditional source sampling nomographs are usually made by fixing a decal on a
plastic board. Unfortunately, the scales printed on the decal frequently become
misaligned when the decal is applied to the board. Form C gives a procedure which
one can use to check the nomograph alignment. The calibration form gives the
values used to check the alignments. The check is accomplished by positioning the
marker line through the AH and Ap points given. and then tightening the pivot
point. The AH reading for each Ap value given is then rfga‘é. If any AH readings
are off-scale or differ by more than 3% of the proper vdlues, the scale is mis-
aligned. Nomographs which indicate such misalignment should be returned to the
manufacturer and replaced.
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SOURCE SAMPLING NOMOGRAPH CALIBRATION DATA

Form A. Correct the C-Factor obtained in normal operation of the nomograph for CPtO.S.’: by:
(Pitot Tube Cp)2

" C-Factor (Adjusted) = (C-Factor Nomograph)
' (0.85)2
(Cp)*
Nomograph Nomograph | Piiot Cp 5 Adjusted
1D. No. C-Factor (0.85) C-Factor

Form B. Correct the Nomograph C-Factor for My # 29 1b/1b-mole

C-Factor (Adjusted) = (C-Factor Nomograph)

l’Bws + 18 Bws/ 29--

1-Bys + 18 By, /My

Nomograph | Nomograph Stack Gas Dry Molecular | Adjusted
ID. No. C-Factor Weight (My) C-Factor,
Form C. Scale Alignment (Check all Nomographs)
Step | Step 2 Step 3
Set marker | -Set one end AH Nomograph Nomograph
on and of marker should ID. No.— ID. No.
tighten pivot on read actual AH reading | actual AH readinL
Ahgnment § AH= 0.1 Ap = 0.01 1.0
less1 | Ap= 0001 | Ap=0.1 10.0
Alignment | AH =100 Ap=1.0 1.0
Pest 2 Ap=100 Ap= 0.1 .1
Ahgnment | AH= 1.0 Ap=1.0 10.0
lewt 3 dp= 01 Ap =0.0] -
Form D, Nomoygraph Adciuracy*
Mewr Nomo- | Calcu-
Convole| Meter | Stack Gas | Py Py [Stack | | Nomograph|Calculated | graph | lated
AHg [Ty °F [ By x 100 I'.°F | Ap C-Factor |Nozzle Dy AH AH
| Xie 0 % 2y gl 2992 oo oo
1 0o 1o o KA IS ARG B S B TV I AV
oo oo 30 $h oy 29921 500 12 o
" N (\)_“l "o P RS H“”‘ ) \1¢| RAINY]

Figure 4-13. Forms for source sam;;ling nomograph calibration.
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Form D gives a procedure for checking the accuracy of the nomograph. Here the
true values obtained by using the equations given above are compared to the values
obtained by the nomograph manipu'ations. Calculated and nomograph values
should not differ by more than 59%. Nomographs showing greater error should be
returned to the manufacturer and replaced. :

CALIBRATION OF THE PROBE NOZZLE DIAMETER

The probe nozzle should be made of 316 stainless steel or quartz with a sharp,
tapered leading edge. A tapéer angle of < 30° on the outside of the sampling noz-
zle will preserve a constant internal diameter. The nozzle should be a button-hook
or elbow design so that the nozzle opening is below the pitot tube sensing orifice.
This is necessary for isokinetic sampling. Alternate construction materials or nozzle
shapes must be approved by the administrator.

The sampling nozzle must be calibrated before use in a source experiment,
Calibration should be done in the labotatory and checked just prior to use in the
field. Inside/outside calipers are used to measure the interior nozzle diameter to
the nearest 0.025 mm (0.001 in.).

The calipers are inserted as close to the edge of the nozzle opening as possible;
readings are then taken on three separate diameters and recorded. Each reading .
inust agtee within 0.1 mm (0.004 in.), or the nozzle must be reshaped. Any nozzle
that has been nicked, dented, or corroded must be reshaped and recalibrated. All
calibrated nozzles should be permanently identified.
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~ Chapter 5
. . The Source Test \

A source sampling experiment provides data on source emissions parameters. Th~
ispkinetic source test extracts a representative gas sample from a gas stream.
Although often used only to determine compliance with emissions regulations, the
test data can also provide information useful in evaluating control equipment effi-
ciency or design, process economics, or process control effectiveness. Valid source
sampling experiments, therefore, yield valuable information to both the industrial
and environmental engineer. -

The source test is an original scientific experiment and should be organized and ™~
executed with the same care taken in performing any analytical experiment. This
requires that objectives be decided before starting the experiment and that the pro-
cedures and equipment be designed to aid in reaching those objectives. The quan-
titative or qualitative analysis of the source sample should be incorporated as an in-
tegral part of the source test. After all work is done, the results should be evaluated
to determine whether objectives have been accomplished. This section contains flow
charts and descriptions to a‘s&x in the design, planning, and performance of the
source test described.

Source Test Objectives

The essential first step in all experiments is the statement of objectives. The source
test measures a variety of stack gas variables which are used in evaluating several
characr ristics of the emissions source. The source experiment should be developed
with techniques and equipment specifically designed to give complete, valid data
relating to these objectives. Approaching the experiment in this manner increases
the possibilities of a representative sampling of the source parameters to be
evaluated.

Experiment Design

A well designed experiment incorporates sampling equipment, techniques, and
analysis into an integrated procedure to meet test objectives. The source sampling
experiment must be based on a sampling technique that can collect the data re-
quired. The sampling equipment is then designed to facilitate the sampling pro-
cedure. The analysis of the sample taken must be an integral factor in the
sampling techniques and equipment design. This approach of achieving test objec-
tives provides the best possible source test program.

Designing a source test experiment requires a knowledge of sampling procedures
and industrial processes, a thoroughly researched sampling experiment, and a good
basic understanding of the process operation to be tested. This knowledge assists in
determining the types of pollutants emitted and test procedures and analysis that
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- will achieve valid. reliable test results. A literature search of the sampling problem
can yield information that may help improve test results or make testing much
casier. ' : '

Final Test Protovol

The final test protocol clearly defines all aspecss of the test program, and incer-
porates the work done in research, experiment design, and the presurvey. All
aspects of this tesi, from objectives through analysis of the sample and resuits of the
sampling, should be organized into a unified program. This programds then ex-
plained to industrial or regulatory personnel involved. The protocol for the entire
test procedure should be undersiaod and agreed upon prior to the start of the test.
A well organized test protocol saves time and prevents confusion as the work
progressss. :

o

Test Equipment Preparations

The test equipment must be assembled and checked in advance; it should be
calibrated following procedures recommended in the Code of Federal Regulations
and this manual. The entire sampling system should be assembled as intended for
use during ths «ampling experiment. This assures proper operation of all the com-
ponents and | ~ints out possible problems that may need special attention during
the test. This procedurc will assist in making preparations and planning for spare
parts. The equipment should then be carefully packed for shipment to the
sampling site. '

The proper preparation of sampling train reagents is an important part of get-
ting ready for the sampling experiment. The Method 5 sampling train requires well
identified, precut, glass mat filters that have been desiccated to a constant weight.
These tare weights must be recorded to ensure against errors. Each filter should be
inspected for pinholes that could allow particles to pass through. The acetone (or
other reagent) used to clean sampling equipment must be a low residue, high
purity solvent stored in glass containers. Silica gel desiccant should be dried at 250°
to 3G0°F for 2 hours, then stored in air-tight containers; be sure the indicator has
not decomposed (turned black). It is a good procedure, and relatively inexpensive,
to use glass-distilled, dionized water in the impingers. Any other needed reagenis
should be carefully prepared. All pertinent data on the reagents, tare weights, and
volumes should be recorded and filed in the laboratory with duplicates for the
sampling team leader.

Testing at the Source

The first step in pertorming the source test is establishing communication among
all parties involved in the test program. The source sampling test team should
notity the plant and regulatory agency of their arrival. All aspects of the plant
operation and sampling experiment should be reviewed and understood by those

o
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involved. The proper plant operating parameters and sampling experiment pro- -
cedures should be recorded in a test log for future reference. The sampling team-is
then ready to proceed to the sampling site.

The flow diagram outlines the procedures for performing the stack test. The
items given are for a basic Method 5 pariiculate sample. Each item is explained in
various sections of this manual. The laboratory training sessions given in Course
450 help to organize the Method 5 test system.

The flow diagram should be of assistance to those having completed the 450
course curriculum and can also serve as a useful guide to anyone performing a
stack test.

MYTHODS FOR SETTING THE ISOKINETIC FLOW RATE
IN THE METHOD 5 SAMPLING TRAIN

The commercially available nomograph is often used for the solution of the
isokinetic rate equation. These nomographs have based the solution of the
isokinetic equation upon the assumptions that the pitot tube coefficient will be
0.85, the stack zas dry molecular weight will be 29.0 1b/1b-mole and will only vary
with a change in stack gas moisture content in addition to relying on the use of a
drying tube in the train. The nomograph also assumes that changes in other equa-
tion variables will be insignificant. Many purchasers are unaware of these assump-
tions or manufacturer construction errors and use the device without calibrating it
or verifying its accuracy. Procedures are presented here to ascertain the precision of
nomograph construction and its accuracy. The basic equations employed in con-
structing a nomograph are given and a calibration form is provided (See Calibra-
tion chapter, page 4-17).

The derivation of the isokinetic rate equation is given in Appendix C. The equa-
tion is:

T,, B
(Eq.5-1) AH [846 72 Dn4 AH@g CPZ (1 ,ﬁBws)Z AI:Id Tﬂ;) ]
m

where Cp = pitot tube coefficient
Dy, = nozzle diameter (in.)
AH = pressure difference of orifice meter (in. H>0)
AHg = orifice meter coefficient, AH for 0.75 cfm at
STP=0.9244/K,2 (in. Hy0)
M = apparent stack gas molecular weight

= My(1 - B,) + I8B,, (lb/lb-mole)

Mg =dry gas molecular weight (29) for dry air
(lb/lb-mole)

) Py =absolute stack pressure (in. Hg)
Py, = meter absolute pressure (in. Hg) 5
Ap = pressure difference of putot tube (in. H50)
T, = absolute meter temperature = °R = °F + 460°

isokinetic AH = KAp

K = Reduced terms in the sokinetic equation.
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Figure 5-1. Planning and performing a stack test.
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Figure 5-2. Source test outline. X
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The Method 5 sampling train is intended to operate at a sampling rate of
0.75 cfm of dry air at 68°F and 29.92 in. Hg. The orifice meter pressure differen-
tial that would produce such a sampling rate through the orifice is designated

"AH@.

An additional equation is necessary in order to estimate the nozzle diameter that
will give a tlow rate of 0.75 cfm at a reasonable pressure drop across the orifice

meter. b 035
0358 P T M
(Eq.5-2) D, = Ln Pm SS
Tm Cp(1-Byy) P Ap
where Dy, = nozzle diameter (in.)

Qm = volumetric flow rate through meter (ft3)

Py, = absolute pressure at meter (in. Hg)

Fs = absolute pressure at stack (in. Hg)

Iy = absolute tem “erature at meter (°R)

1y =absolute tempcerature at stack (°R)

Cp = pitot tube calibration coefficient

Bys = water vapor in stack gas, volume fraction

M = molecular weight of stack gas, wet bsis
(lb/1b-mole)

Ap = average velocity head of stack gas (in. Hy0)

Once Dy, is calculated, the source tester should select the nozzle in his tool box
which has a value closest to that calculated. The actual nozzle used shovld be
checked with calipers, and that value of D, is then substituted in Equation 5-1.

Most of the variables in this equation and the isokinetic AH equation are known
prior to sampling or can be closely estimated. Qften the solution to the equation
can be partially calculated before the sampling with the few remaining variables
inserted and the equation quickly solved on site. The calculation of isokinetic AH
using the derived equations allows the sampler to more quickly and easily adjust
the sampling rate for changes in t}\gi stack gas variables.

SAMPLING METER CONSOLE OPERATION

The sampling meter console must be calibrated and thoroughly leak tested follow-
ing the procedure given in the calibration chapter, page 4-1. Meter console
operating procedures will differ somewhat according to manufacturer. The pro-
cedures discussed here will aid in operating most types of consoles. The objective is
to understand console operating procedures for isokinetic source sampling.

Sampling Train Leak Tests

Completely assemble the sampling train as intended for use during the test. Turn
on probe and filter heating systems and allow them to reach operating
temperatures. Disconnect the umbilical cord vacuum line and turn on the meter
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console pump. This allows the pump to lubricate itself and to warm up (this is
especially important in cold weather). Leak test the pitot tubes and lines during
this warm up.

The pitot tube impact pressure leg is leak tested by applying a positive pressure.
Blow into the impact opening until = 7.6 cm (3 inches) Ho0 is indicated by the
differential pressure gage. Seal the impact opening. The pressure should be stabie
tor at least 15 seconds. The static pressure leg of the pitot tube is leak tested in a
similar way by drawing a negative pressure = 7.6 :m Hg0. Correct any leaks.

The sampling train is leak tested when it has reached operating temperature.
Turn off the console pump; connect the umbilical vacuum line. With the coarse
control value completely off. turn the fine adjustment (bypass) valve completely
counterclockwise. Plug the nozzle inlet and turn on the consoie pump. Slowly turn
the coarse adjustment valve fully open. Gradually turn the fine adjustinent valve
clockwise until 380 mm (15 inches) Hg vacuum appears on the vacuum gage. If
this vacuum is exceeded, do not turn the fine adjustment valve back
counterclockwise; proceed with the leak test at the vacuum indicated or slowly
release the nozzle plug and restart the leak test. At the desired vacuum observe the
dry gas meter pointer. Using a stopwatch, time the leak rate for at least 60
seconds. The maximum allowable leak is 0.00057 m3/min. (0.02 cfm). Having
determiined the leak rate, slowly release the nozzle plug to bleed air into the train;
when the vacuum falls below 130 mm(5 inches) Hg, turn the coarse adjustment
valve completely off. If the leak test is unacceptable, trace all sections of the
sampling train from the filter holder inlet back. (i.e., leak test from the filter inlet,
then the first impinger, etc.) until the leak is found. Correct the leak and retest.
Leak test at the highest vacuur> reached during the test after the completing the
sampling procedure. Testing for leaks should also k. Jone any time the train is
serviced (i.e.. filter holder change). Record all dry gas meter readings and leak
rates for each leak test.

Train Operation

When the leak tests are completed, the sampling console should be prepared for
sampling. The sampling console differential pressure gages for the pitot tubes and
orifice meter should be checked. Zero and level the gages as required. If the con-
sole does not use oil manometers, the gages must agree with an oil manometer
within 5 percent for at least 3 Ap readings taken in the stack. This check should be
done before testing. Oil manometers should be periodically leveled and re-zeroed
during the test if they are used in the console.

The consol: operator should then determine the source variables used in solving
the isokinetic rate equation. The isokinetic AH may be determined by using a
nomograph an electronic calcu.ator, or a source sampling slide rule. The variables
that need to be determined are: stack gas moisture content, average gas velocity
pressure (Ap), stack gas temperature, and estimared average console dry gas meter
temperature. The stack gas moisture can be determined by Reference Method 4
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sampling or estimated with a wet bulb-dry bulb thermometer technique. The
average Ap and stack gas temperature are determined by a preliminary stack
traverse. The dry gas meter average temperature can be estimated to be 10°C
(25° - 30°F) greater than the ambient temperature at the site. These values are
then used in the nomograph or calculator to find the isokinetic AH.

The operator can now set up the sampling data sheet. Record the dry gas meter
initial reading. Position sampling train at the first sampling point; read the pitot
tube Ap and calculate the corresponding AH. Record starting time of the test.
Turn on the console pump and open the coarse sampling valve while ‘
simultaneously starting a stopwatch. Adjust AH to the proper value using the fine
adjustment valve. Check temperatures and record all data oi: the data sheet.

The sampling train should be moved to the next sampling point about
15 seconds before the time at point one is over. This allows the pitot tube reading
to stabilize. The dry gas meter volume at the point sampled is read when the stop-
watch shows the point sample time is over. The operator should quickly read the
Ap and calculate AH for the next point, then set the proper sampling rate. Record
all data and proceed as described for all points on the traverse. At the end of the
test, close the coarse valve, stop the pump, and record the stop time. Record the
final dry gas meter reading. Remove the sampling train from the stack and test the
systemn for leaks. Record the leak rate. After the rrain has cooled off, proceed to
the cleanup area.

SAMPLING CASE PREPARA 'ION

Inspect and clean the source sampling glassware case before a sampling experi-
ment; remove and clean the sample case glassware. Check the case for needed
repairs and calibrate the filter heater. Storz the case completely assembled.

Classware

All glassware including the filter holder and frit should be disassembled and
cleaned. Separate the individual glass pieces and check for breaks or cracks. Pieces
needing repair are cleaned after repairs have been made. A thorough glass clean-
ing for simple particulate testing is done with soap and water followed by a

distilled wate1 rinse. If analytical work is to be performed on the sample water
condensed, clean the glassware by soaking in a methanol-basic hydroxide (NaOH or
KOH) solution with pH29. Giass should be left in the base solution until any stains
can be casily washed away, but not any longer than 48 hours as the solution can
etch the glass. The base should be rinsed away with several portions of distilled
water. If ball-joint glassware is used, remove vacuum grease before cleaning with
heptane, hexane, or other suitable solvent. Clean the glass frit by pulling several
aliquots of HNOjg through the glass frit with a vacuum pump. It should be rinsed
at least three times with double volumes of distilled water and dried before using.

o
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The rubber gasket surrounding the frit should be cleaned, removing any particles
imbedded in the rubber, which could prevent proper sealing. The frit and gasket
must be constructed such that the glass filter mat does not become compressed in
the sealing area. If this is not the case, or the rubber is in poor condition, discard
the fric. ”

14

The Sample Case

The sample case should be checked thoroughly for needed repairs. All handles,
brackets, clamps and electiical connections must be inspected, Insulation in both
the hot and cold areas must be in good condition. The sample case should not leak
water from the melting ice into the filter heating compartment. The impinger sec-
tion should have protective foam padding on the bottom and a good-drainage
system. The drain plug should be clean.

Cal™ -ate the heater in the filter compartment to maintain a temperature around
the f "120°+ 14°C (248°+ 25°F)or at other temperatures as specified in the
subparts of Title 40 of the Code of Federal Regulations. This calibration should be
performed at several conditions (to account for seasonal weather changes) so that
the filter compartment temperature can be maintained at the proper level at all
times. Often during sampling the filter section is not easy to see, consequently, the
filter cemperature is difficult to monitor accurately. If the case is calibrated for
several conditions, operators can maintain proper temperature control more closely.

~Sampling Preparations

The sammple case is readied for sampling by filling the impingers with water and
silica gel. Impingers | and 2 are each filled with 100 ml of water by inserting a
tunnel in the side arm and slowly pouring in the water. This makes it easy to
displace in the impinger and keeps the water from filling che bubbler rube. The
third impinger is left dry. The fourth impinger is filled with 200-300 g2 of pre.
weighed silica gel. The silica gel must be added through the side arm. L'his
prevents dust from collecting on greased ball joints or silica gel from being pulled
up the center tube and out of the impinger. After loading the impingers, secureiy
fasten the U-joints. Attach the probe to the sampling case and secure the filter
hoider in position. Allow the filter compartment and probe to reach operating
temperature. Leak test the assembled train from the probe nozzle by puliing

320 mm Hg (15 in. Hg) vacuum on the system. The maximura allewable leak rate
is 0.00057 m3 min (0.02 ¢fm). After the leak test. fill the impinger section with
e and allow time for all temperatures to stabilize.

SAMPLING PROBLE PREPARATION

Ihe sampling probe should be thoroughly inspected before field use. Remove the
glass probe liner by loosening the union at the end of the probe. Cemplet
disassemble the probe umon and seal gasket. and ispect all the individual com
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Probe’ Sheéath an;i Pitot Tubes v

The stainless steel probc sheath should have a smdll hole drilled near the end of
the probe. ‘T'his prevents a pressure differential inside the sheath from possibly
diluting the sample with air drawn down the probe. If the hole is not there, the
probe end (figted into'the sample case) should be sealed ai. tight. Check the weld
at the swage fittings for cracks and repair if necessary. Inspect the pitot tubes for
damage and proper copstruction details (see pitot tube calibration section). Pitot
tubes should be cleaned, checked for cracks or breaks, and securely fastened to the
probe sheath to prevent accidental misklignment in the stack. All pitot_tubes and
components must be leak tested. :

Examine the union and seal gasket for wear. A stainless steel ring should be in-
cluded i the union-gasket configuration for good compression and an air tight
seal. If a rubber o-ring gasket is used (stack temperatures < 350°F) it should be
inspected for wear and replaced if necossary. Asbestos string ga kets must be "_'_*"‘3-
replaced cach time the union-gasket is disassembled. After inspecting the glass 4
liner-heating element, reassemble the probc in the- followmg manner to prevent
leaks: o

Insert glass liner through probe and swage nut:

NS —

Place stainless steel ring over glass with flat side facing out;

._..3.  Fit gasket over glass liner and push onto steel ring;-
4. Align glass liner end with edge of swage nut closest to pitot tube orifice
openings; .
5. Screw the union on finger tight; \

Use probe wrenches to tighten the union. If too much tightening is done
here. the end of the glass liner will break.

Glass Liner-Heating Element

I'he glass liner should be thoroughly cleaned with a probe brush, acetone, and
distilled HoO. If it will not come clean in this manner, it should be cleaned with
dilute HC1 or replaced. The glass liner-heating element in many sampling probes
can not be separated, making thorough cleaning ditficult. An easily separated
liner-heater is a great advantage.

The heating elerr ent should be checked for good electrical insulation; the insula-
tion on a frequentiy used probe liner heating element will eventually be worn or
burned awav. This can expose frayed wires. which may short against the probe
sheath, These hazards can be avoided with careful inspections and repair. After
thorough inspection. check the heating element in the reassembled probe. This
procedure is helpful in finding problems before arrival at the sampling site. Atten
tion should be given to the function of the electrical system and wrappings around
the glass liner: these wraps help prevent clectrical shorts against the probe sheath
while minimizing glass liner flexing that can cause a liner break or electrical short,
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Summary

A thorough probe check before a sampling experiment helps prevent field
problems. Disassemble the probe and inspect all components. Make certain con-
struction details and integrity are correct. Clean the glass liner thoroughly. Check
the heating element electrical connections. Test the reassembled probe for leaks
and proper heating.

CLEANING AND ANALYTICAL PROCEDURES
FUR THE METHOD 5 SAMPLING TRAIN

The clean-up and analysis of the sample taken with the Method 5 Sampling Train
is an integral part of the entire experiment. The precise operation of Method 5
Sampling equipment must be complemented by a careful clean-up of the train
components. Analysis of the sample using appyoved procedures and good
laboratory technique provides accurate laboratory data. Good testing at the stack
must be followed by accurate analysis in the laboratory so that valid data may be"
presented.

Cleaning the Sampling Train

The sequence of procedures in cleaning the sampling train is best presented in an
outline-flowchart form. Each step is presented with appropriate comments.

Additional Comments

The flowchart (Figure 5-3) gives the general procedure for sample clean-up. Many
factors can affect the accuracy of the final sample obtained. Care and experience
are very important when cleaning the sample train. A number of helpful tips are
given below:
1. Always perform clean-up procedures in a clean, quiet area. The best
area is a laboratory.
2. Make a probe holder for the probe cleaning procedure or be sure two
people perform the procedure: this prevents spills and accidents.

3. Clean all equipment in an area where an accidental spill may be
recovered without contaminating the original sample.

a. Open and clean the filter holder over clean glassine or waxed
paper so that a spill can be recovered.

b, Clean probe into a container sitting on the same type of glassine
paper.

+. Clean the probe equipment thoroughly:

a.  Brush probe a minimum of three times.

b, Visuaily inspect the probe intenior,

. Record appearance and confidence of cleanbiness.

. Repeat brushing unul dleaning is complete

e, Contidence = 9997 Check with tared cotton swab brashed through

probe.
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Figure 5-3, Cleaning the sample train,

L

T:s—l'ing completed

1

Perform final leak check on sampling train

with vachum 2 tesi vacuum. Leak rate must
be s 0.02 cfm.

Tnspect sample and record vhservations

i

)|

|

lm!riuurr water color
and turhidity

bilter appearance

Aprannce of
and ail other glaggware

robe

Allow hot probe *
to cool lufﬁciemly

Disawemble sampling train (log all information in test log)

1

_ 4

Carefully remove nozzle
and probe end caps

A -

Do not allow parti-
culate to be lost

—————

| Clean probe with noztle

oL

e ———

in piace using acetone
and brush attached to
stainless steel or teflon

handle
1

Brush entire length of
probe with a2 _tone 2 3
tim. s into marked
container or clean,
tared beaker

Remove notzle and inspect it
and probe liner

]

Desiccate 24 hrs. over
16 mesh calcium
sulfate or other
anhydrous desiccant

l Clean prabe liner again until no

sign of particulates can be seen in the 1

! acetone or on the glass
!

| R—— e e

1

[ Weigh and record J

I
L Desiccate 6 hrs. j
1

Weigh and record.
Continuce 1o constant weight—
weights differ < 0.5 mg

A
[ ]
Cap nozile to prevent Separate Remove impinger Hgo0 l
particulite loss. ) probe and filter L I -
. gil,i:" notle euterior 1 Take volume then store |
2. Be sure cap will not R —1 in marked container i
melt to nozzle. Cap Cap filter I
3. Be sure particulate f‘";b" '"l'i" and Additional analysis
will not stick to cap ""'I °‘"3’ optional
Disassembie - I -
—_——— filter Organic-Inorganic
L(eran probe exterior . 7 | __extraction
Rlow out Wash excess Filter mat placed in G lass components are
pitot tubes dust off probe clean, tared scrubbed thoroughly with
sheath and weighing dish acetone washingy added
nozzle to tared probe wash beaker

Clean nozzle by rinsing with acetone
- Brush interior from blunt back side only.

2. Never {orce hrush into sharp nozzle end;
bristles will be cut contaminating sample.

I

All washings (filter glassware included)
added to clean, marked, tared beaker

T T

Evaporate acetone at room temperature
and prevare

—_ 1

Deticcate and weigh to constant weight
as with filter

———

=7
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Store silica gel
in the samee container
it was originally

weighed in

1

[ Weigh to nearest 0.5 gm j
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10.

11.

12.
13.
14.

15.

16.

Clean filter equipment tﬁoroughfy.

a. Brush all glassware until clean.

b. Check with tared cotton swab.

¢. Remove all filter mats adhering to rubber seal ring. This is
extremely important for accurate particulate weighing.

d. Do not scrape glass frit into sample.

The laboratory scale accuracy and sensitivity should be checked before

each analysis using standard weightsyActual weight and scale reading

should agree to = 0.5 mg. -

Careful labeling of all train components, tared beakers, and sample

containers avoids problems and confusion.

Permanently marked weighing glassware with permanent record of their

new. clean, reference tare weight allows a check of cleanliness when

tared just prior to use. This can also be helpful in checking any

weighing discrepancies in the analysis (re-tare reference periodically).

Acetone is the solvent recommended for cleaning; however, water

washing may be suggested by the type of pollutant sampled and should

be added to the procedure if indicated. -

Adding heat to the evaporation of solvent could evaporate volatile

materials and give erroneous data.

The laboratory must have: SN

a. An analytical balance with minimum precision to 0.5 mg,

b. Large desiccating container that is air tight.

Use only American Chemical Society Reagent grade organic solvent.

Use deionized, glass-distilled HgO.

Evaporate a control blank of 100 ml of each solvent used in any part of

the analysis in tared beaker at room termperature and pressure.

Use only glass wash bottles and glass containers for all procedures that

involve analytical workup. Only silica gel may be stored in plastic

containers.

Organic-inorganic extraction of the impinger may be useful in deter-

mining emissions from some sources. Use the flowchart as a guide to

this procedure, ‘

3t



Impinger HgO
Record total volume
Add to 500 ml s'eparatory funnel
Add 50 ml anhydrous diethyl ether Et9O
Shake 3 minutes venting ether fumes periodically

Let stand for separation of layers
1

H9O bottom iayerr— separated Et90 to tared beaker

Extract H9O twice again for a total
of three FtoO extractions.

. P ]
Combine extracts.

Ho9O is then extracted three times with
50 ml chloroform| (CHCl3)

L}
HgO to tared beaker CHClg + EtgO extracts
Evaporate HoO at room temperature and Evaporate at room temperature
pressure and pressure

17. Procedures given here are only for cleaning Method 5 Train,
although, they are good general starting point procedures for cleaning
, any sampling train, e _

The most important aspect of cleaning and analyzing the Method 5 Sampling
T'rain is the practice of good laboratory technique. The sampling team may not in-
clude an experienced chemist; therefore, good technique may have to be learned
by all team members. If an experienced analytical chemist is a member of the
sampling team it would probably be best to allow him to assist in cleaning the
equipment. This would help to assure good techniques and perhaps save time in
preparing samples for more extensive qualitative or quantitative analysis.

SAFETY ON SITE

Source sampling is performed at a variety of industrial sites and under many dif-
ferent conditions. Adequate safety procedures may be different for any given situa-
tion; however, generally accepted industrial safety procedures should be helpful to
source samplers. The test team must be aware of safe operating methods so that
alert discretion may be used for team safety at a particular sampling site. Satety is
an attitude that must be instilled in all sample team members. Well thought out
and followed procedures will ensure the safety of all team members. The team con-
cept essential toguccessful testing is vital for safe testing. It must be stressed that
safety is everyone's responsibility for themselves as well as for other team members.



Key Factors to Good Safety

Knowledge and experienice are the major factors in formulating sound safety prac-
tice. An individual must draw upon these factors in determining safe methods. A
knowledge of standard safety and operating procedures will permit their applica- ,
tion in any situation. This basic knowledge in conjunction with understanding of
the job tasks and pussible dangers assists in planning preventive safety measures.
Plans for operating at the job site may be developed around these procedures. If an
accident does occur, the people involved must be informed of proper emergency
practices and use of first aid. Job experience and analysis of past accidents should
be used in developing preventive safety programs.

Accident Analysis

The basic philosophy of a safety program should be that accidents are caused and,
therefore, can be avoided or prevented. Accident analysis is a productive tool of
this philosophy when it is used as a preventive step. This implies advance examina-
tion of a potentially hazardous situation to predict possible accidents and eliminate
their causes. Accident analysis is most effective when employed after an accident
has taken place. The analysis procedure involves listing the major and con-
tributing causes of the accident.<If the real causes of the accident are analyzed in
this manner, corrective action will suggest itself. Accident analysis should include
preventive suggestions from people involved at the job site or those who have been
previously injured.

Common Causes of Accidents

There are a number of items that may be considered common-causes of accidents:

1. Failure of supervisory personnel to give adequate instructions or inspec-
tions. This includes instructions for performing the job and safety re-
quirements. Inspection of the job site is advisabie for all applicable con-
cerns and safety before, during, and after the job.

2. Failure of person in charge to properly plan or conduct the activity. Ex-
periment design and performance are important factors in success and
safety of a stack test. This includes providing adequate manpower for
the task.

3. Improper design, construction, or layout. Design aspects relate to equip-
ment used and plan of operation.

4 Protective devices or proper tools and equipment not provided. “Jerry
rigging” and “making do” should only ocrur under unusual cir-
cumstances, not as standard practice.

Failure on the part of any personnel to follow rules or instructions™
Safety is the responsiblity of cach individual for himself and others
around him. Personal disregard for safety rules jeopardizes the satety of

all.

7
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6. Neglect or improper use of protective devices, job equipment, or
materials.

7. Faulty, improperly maintained devices. Poorly maintained job equip-
ment is inexcusable.

8. Personnel without adequate knowledge or training for performing job.
tasks. All present should be capable of performing the job tasks
assigned. Trainees should be closely supervised.

9. Personnel in poor physical condition or with a poor mental attitude for
task. This can have lmphcauons for the attitude of personnel toward
each other, the supervisor, the task itself, or working conditions.

10.  Unpredictable agents outside the organization. This may mean contract
personnel who do not abide by standard rules or something as unpredic-
table as a biting insect or bad weather.

Accident Prevention

Preventing accidents during a stack test bégins with advance planning.
Knowledge of process operations and important considerations of the site
environment will give insight into chemical, mechanical, or electrical hazards
that may be present. This knowledge wiil be useful in deciding on equipment to
be used at the site. Knowledge of the weather conditions and logistical con-
straints further aid in establishing a safe test program. These items in conjuric-
tion with evaluation of site safety and first aid facilities will allow preparation of
a source sampling experiment.

‘The source test program will operate at peak efficiency and safety if plans are
properly followed. Thorough planning, including contingency actions, eliminates
the confusion that often contributes to accidents. This planning must include
allotment of sufficient time for completion of the task, taking into account
possible delays. Test personnel should be well informed of the program. pro-
cedures; their input for test performance and safety suggestions will be useful.
Having once estabiished an operating plan, all involved should adhere to it closely.

After thorough planning of the test program, attention focuses upon testing and
safety equipment and on site operating practices. General comments on equipment
preparation apply to both the sampling and safety apparatus. Experimental design
and persennel suggestions should indicate what equipment will be needed on the
site for all functions. Equipment should be prepared and assembled in advance; it
should be checked for suitable operation or potential problems. Equipment that
could handle unexpected situations should also be included. Carry only necessary
equipment to the site and use it properly.

Work at the site must be organized following standard rules.and work the plan
carefully followed. Safety equipment should be used and pcrsonnel must remain
alert to any changes on the site that could effect safe operation. All‘present should
be made aware of any suspected problems.

7



Summary

The most important factor in any safety program is common sense. Common sense
can, howeyer, be an elusive element. Several steps presented in this section can
help in developing sensible safety practices. Thorough advance planning and
preparation for the jobs at hand begin the process of good safety practice.
Informing involved personnel of all plans and using their suggestions about work
safety increases the effectiveness of the planning. Analyzing a work situation for
hazards, including past problenis, into a coherent, organized safety program
usually results in common sense corrective procedures.

32
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METHOD 5—SOURCE TEST DATA SHEETS

3
"

Preliminary Survey—Source Sampling Site ~
Date ... _. Survey investigator
Plant name ____ City - State
Previous test(s) by: Reports available
Plant contacts Title -Phone
Title Phone
_ Title Phone

Complete directions to plant from point of origin

Local accommodations: nearest motel miles

Restaurants

Nearest hospital Phone

Rental cars and vans available

Plant Operation and Process Description

Description of process

\
- |

T

Description of control equipthent

by

Schematic Drawing of Process Operation (Note location of sampling)

Sites and control equipment:

oS

4

Sampling sites Anticipated constituents of stack gas

W otL -
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Process fuel type(s) Feed rate

Process raw material(s) Consumption rate(s)

Process production rate(s)

Samples to be taken of:

Plant operation: Continuous Batch

Shift changes and breaks

Food _______ __  Restrooms

Plant facilities: Entrance requirements

First aid _ Safety equipment Compressed air source
Laboratory Equipment available

Reagents Ice

Sampling Site and Stack Information

Type Duct | Duct con- | No. of Port DiameterJDuct gas| Duct gas| Average % Stack
Sampling|Pollutant| dimen-! struction |sample | dimen-| straight | temp. | velocity | Apin. Ap pressure
site  |emissions | sions | material | porus sion run to °F ft./sec. | Ho0 in | in gas | in. Hg.
ports duct
¢ !
S

Sketch of duct to be sampled with port locations and all dimensions

) ) 7.'/
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Sketch of sampling site including all dimensjons

Access to work area Work area (locate electrical outlets)
1
4
¢
Electrical outlets available
l. Volage
2. Extension cords needed, ft.
3. Adapters
i
{
Recommended modifications to sampling site >

Sampling method suggested

Equipment needed: Sample probe length Nozzles
Glassware Sample casc: Horizontal traverse Vertical
No. of needed sample cases Meter consoles Probes — Filter assemblies
Special equipment;
Reagents needed _____ e -
Safety at Site

Condition| Sampling Chemical

descrip- | site(s) ‘ Veatila-|  hazard | Warning

_tion general | Ladders | Scaffolds| Platforms Lighting tion | protection| system
Croodd
Adequate
Poor o

— —— - "

Futolerable I R R R _.-,r.’.‘.'_m_ )




Personnel Safety Equipmgnt

[ Respiratory guipment Chemi-| Heat
_ Full Fire [cal pro-{protect-| Asbestos
tem |Safery | . | Hard | Safety | Safety|Hearing| Puri- | Se Air | exiin- |tection ing gar-| aprons,
Rlasses | .o ids haus | shoes | belus | protec- | fying | coo- '“PPr‘“‘guioheu gar- | menns | gloves
ticn type | taifed ments
b
Needed
al site
Avail
able at
plant
Must be
brought
by
sample
team

Description of additional safety equipment recommended:

Comments:

O
IR
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Method 1—Sample and Velocity Traverses for Stationary Sources
Sample Site Selection and Minimum Number of Traverse Points

Plane - Location Date

Sampling location _____

Sample team operator(s)
Sketch of stack geometry (including distances from sample site to any disturbances)

Interior duct cross-section dimension

ft

Sampling port diameter

Sampling port nipple length
Stack cross-sectional area

Sampling site: diameter downstream of disturbance _______ Diameters upstream

Minimum number of sampling points Individual point sample time

Total test time

(‘.ommgms:

Sketch of Stack Cross-Section Showing Sample Ports and all Dimens

icns

Sample point Circular stack
number % diameter

Distance from
sample port
opening in.

> W N

o

Y.

10.

12.




Gas Velocity Traverse Data

Plant ___ Date

Plant location
Sampling location

Operatorns) .
Dry molecular weight of stack gas o _lb/mole. Moisture content %Hg0
Pitot tube Cp — . Barometric pressure _____ Stack static pressure
Stack cross-sectional area (Ay) fr 2
[ Distance Port A Port B Port C Port D
Sample into stack Ap Ap Ap Ap
pot from stack |Ho0 [yAp|T°F|Hg0 |yAp| T5°F|Hg0 |yAp| T;°F|Hg0 [yAp | T,°F
LC. wall in. in, in. in.
L
I
2
3
4
]
6
7
8
9
10
11 }
—
L 12 [
- I'Sum of T, °F at each sample point
Average T¢°R(T4°R) = : . . -1 +460= °R
' L Total no. sample points
2
——  [Sum of the yAp at each sample point ,
Average Ap (Ap)-‘-{ , P _ Pep ) = in. HoO
Total no. sample points
2\ tack locity (V) =K,C Ts (,/Z"‘ ft ‘se
rage stack gas velocity (vg) = - = 'sec
Average stack gas velocity (vg Cp Y pom, P)u.
. N . Ib/1Ib mole (in. Hg )
where }\P: 85.49 ft. scc , -
(°R) (in. HeO )
Average actual stack gas volumetric flow rate
(©,) = (V)AL X 3600 sec hr = ACFH
Average diy stack gas volumeuic flow rate at standard conditions
o _ T N P
(Qy) = (3600 sec hr WITByg Vg JAG) mm oo = DSCiH
std Ly

TR
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Orsat Field Data

V4
Orsat identification no. o e imee e e, Date reagents added”
. . e Y

Checked by :

—_— e e g —— e e e - S e e e e e

Plant location v e Samplmgddtt — —
Operator(s) ' e e e e h
Sampling location ___ .. "% Average fyrite COy _
Moisture content of stack gas (By) ___. ot Fuel used __
Fuel feed rate - _/7Q (,()mbustlon source description
Process production rate ' Steam production rate |
Cominents:
v - . T *
Test no. Sample time Analysis | Burette readings
Start | Stop time CO9 Oy co
i -
Component Mole fraction = %composition /100

COy

Oy - COy

CO - Oy

100 - CO = Ny
Dry molecular weight of stack gas (Mg) = M By
My= b %CO9) + .32 ( %09)+ .28 (___9%CO)+ .28 { %No)=___ g g-mole

Wet molecular weight of stack gas (Mg) = Mg(1-Byg) + 18gm. m(B,ys)

My=(— g gmole (1-_)+18g gmole ()= ___ g g-mole
%09 —0.5(% CO)
he d 07 FEAY = oo x 100
, Excess air i the duct (YobAA) = [:(() 2()4)(% ))__ %Oz)+0 %CO)]
e % 091-0.5(__.%CO0O)
or EA - !- ( 70 Z_,_ ' ( (o} jl x100=____
(0. 264) 9 Ng) - { Y% O9) + 0.5( 9% CO)



. Barometric pressure _

iy

Method 4—Reference Method for Determmmg Moisture Content

of a Stack Gas

Date .
Plant _____

lLocation ___

Schematic of Stack Cross-Section

Sampling location  _______
Operator

Run no.

Ambient temperature

Probe length

Velocity Rota- Dry gas Average inlet- | Gas temp.
Traverse | Sample head = Ap meter meter | outlet gas sample| at last
point # | O+ n > in. Ho0 setting | reading | temp. at DGM | impinger

b

Sample {rainNo.

V
lmpinger Slh(a Gel (5(-) gm
Volume (1 gm Hol =

I (WO ml 1 ml HoD)

—

Final T T

B \ \\K(sl 1) + \ \\Sg(std)
WS : LT T T
“"'(std) 'V W-“%(sld) Al Myqedy

CHLO By - tou

WC(std)

Standard ft3 Hy0 collected in silica gel =

Visg i) = SGHgomI X 0 04715(t3/g) =

Volume metered at standard conditions =

Toitial p X
oo | YTy (1/ bl) no—

’ m

Standard ft3 Hg0 collected in the impinger =
= WCHy0ml X 0.04707(fc3/ml) = __ftI

__fi3

L



Particulate Field Data
Very Important  Fill in all Blanks

Plant . . . (:‘P" . oo Peststarttime _ . _
Run nu e eeen —\“(a) . ‘ AU Stoptime ______ . __
Location | - Ph,. i Hg .. . D, calculated (in.)
Date _ . Pooin Hy_ . Dy, used (in) e
« Operator e B, (assumed) —— Ambienteemp., °F ___
Sample box no e Mg o e Bar. pressure.in Hg __
Meter box no e M L e Heater box setting °F
Nomograph 1D no T °Ro Probe heatersetting, °F
Orsatno. . ___ Daterebuilt T, °R .. . e Average AH _ I
Fyniteno . Daterebuih . APavg.- m oMy Leak rate@15 in. Hg Pretest . ___, Post-test__
. Dry | Orifice AH Dry gas Pump Impin- ] ‘
(..luck gas Pt in HoO temp. °F vacuum| Box ger Stack | Stack Fyrite
Point ur_m. meter | 10 HpO — in. Hg texnp. temp. press. tcm}). ‘?y(;()
(min) CF Ap Desived | Actual Inlet | Oudet | gauge °F of in. Hg oF oLANR
. e e
I
1
]
R
. J JUSUENEY S N S
Comments
1 est observers : contimued

ac
-~
~




¢
‘ Dy _ Urifice AH Dry gas Pump Impin-
(:‘l()(_k g&‘b ) l)ll()l in !lzu ll‘mp. GF vacuum Box ger SIaCk smck R
Poiut time meter | 0 HeO ' in. Hg| ‘mMP. | (emp, press. | temp. Fyrite
(min) CF Ap Desired | Actual Inlet | Outlet | gauge °F oF in. Hg °F %C02
e}
Comments
continued

Test obsernvers

G
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Laboratory Analysis Data Particulate Source Sample

Analysisdate(s) ____________  ________ Analytical chemist

.

Plantsampled ___ __ = = _ . _*

. . . L]
Sampling location : —

Sample run no.

— — Location
Sampling date(s)
— e Sampling case no.

Samplelabels: Ho0 ______ Silicagel ____ Filter Probe
Impinger rinse . Dry particulate Other
Analysis performed )
Reterence method Analytical sample temp. °F .
Comments:
- )
_ - —
Moisture Data Total Moisture
Final volume Hy0 in impingers mlf  Hy0 Condensed - ml
Inital volume HoO in impingers_____ mi ;
Volume Hg0 condensed : ml  Hgy0 Absorbed ml
Final weightsilica gel gm Hy0 Total ml
Initial weight silica gel gm -
Particulate Data Total Particulate Sampled
CH3-CHy-O0-CHy-CHg CHCL.g extract Organic fraction mg
" Flask no. _ Inorganic fraction mg
Final weight mg Front half particulates —mg
Initial weight mg
Organic fraction ______ ____ ___mg
/ —
Extracted HoO Flask No. Total Particulates
Final weight mg Run No.
Initial weight mg 4
] Inorgamic fracion ______ _mg ..
Filter Flask No. .
Final weight L g
Inialweighe _______  _mg
Filter and particulates  __ mg
Filter no [orvweght o ang mg
Partculates __ _ ___ .. _______my
Dry particulates and probe _______mg
Front half paruculates  ________ g
L . - .
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B . A/ Apsid
(Eq. 6-1) _ Cp(s) = ('p(sta') ..__A_‘E.._._

Chapter 6

Source Sampling Calculations

This section presents the equations used for source samplirg calculations. These
equations are divided into two parts - equipment calibration. and source test
calculations. Gaseous source test equations are included to aid the source sampler
performing both particulate and gaseous emissions tests. The purpose of the section
is to give the reader a quick reference to necessary mathematical expressions used
In source testing experiments.

EQUIPMENT CALIBRATION EQUATIONS

Stausscheibe (Type S) Pitot Tube Calibration

Calibration Coetficient (Cp)

Deviation from, Average C/? (Leg A or B of Type S tube)

(Eq. 6-2 Dewviation = Cp(std) ~ Cp

Average deviation from the mean 6 {(Leg A or B) .

(Eq. 6-3) | 5 ? ICP(S) ) CP’A or B)l 3
l

Sarﬁpling Probe Calibration Devclope‘d by Experiment and Graphed for Each
Probe Length

Test Meter Calibration Using Spirometer

Spirometer volume (temperature and pressure correction not necessary for ambient
conditions)

(Eq. 6-4)  [Spirometer displacement (cm)| X {liters/cm| = liters volume

ES

Convert liters to cubic feet (ft 3) \\

‘ ;
Test Meter Correction Factor '
Spirometer Standard ft 3 o
(Eq. 6-5) = T'est meter correction factor
Test meter ft 3




Correct Volume

(Eq. 6-6) [Test meter volume| x | Test meter correction factor) = corrdct volume

. Orifice Meter Calibration Using Test Meter

Test meter volumetric flowrate (Qy,) in cubic feet per minute

(Eq. 6-7) Q= [Test meter (Vy) ~ Test Meter V| X [Test meter correction factor]

Proportionality Factor (K,y)

Py My,
) Km=Qm /7
(l‘,q. 6-8) Tm AH
Orifice meter AH@ Flow Rate
(Eq. 6-9) 1. Englsh units AH@g = .Szd4
Kp?
where AH@ =0.75 c¢fm at 68°F and 29.92 in. Hg
(Eq. 6-9) 2. Metric units AH@g = 0.3306
Kp?
where . AHg =0.021 m3 /min at 760 mm Hg and 20°C

Sampling Meter Console Calibration

Ratio of the accuracy of Console Gas Meter ¢ “ilibration Test Meter (7).
Tolerance 1 £ 0.02

Vi Tm Pp

AH
Vo T (P +-——>
m it \"6T (3%

(Eq. 6-10) Y=

Mecer Cunsole Oritice Meter Calibration (AH @)

o a2
(Eq. 6-11) | AHq = BaH [IFHJ

Py Ty, Vy

where K 0317 English units

0.
0.0012 metric units

/ g9v4.
| AHg - 092
Km

i

(Eq. 6-12)

to

K

O-2
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Source Sampling Nomograph Calibration
Isokinetic AH Equation

(EQ. sokinetic AH = [846.72 D,* A g (:‘,,3 (1 B2 My T 1y } “\p

6-13) M, 1, Py,

Sampling Nozle Equation

0.0358 Q,, Pp, T, M,
Tm Cp(l - Bus) ¥ Py @ap)

(Eq. 6-14)  Dp=

Adjusted C-Factor (CP)'

2
(Eq. 6-15) C-factor adjusted = Cﬂtc‘tor 0.85
Adjus[f_‘d C-Factor (Md#:zg)
& l Bws+ 18 Bws 29
(Eq. 6-15) | o ‘factor adjusted = C/artur 1 - By + 183ws/lMd

SOURCE SAMPLING CALCULATIONS
Method 1—Site Se!ectmn

Equal Area Equauon (circular ducts)

" p=50 |1 27—-1
(Eq. 6-16) - P=30 - V=

Equivalent Diameter for a Rectangular Duct

_ 2(length) (width)
L k length +width

-

(Eq. 6-17)

Method 2—Gas Velocity and Volumetric Flow Rate
Average Stack Gas Velocity

(Eq. 6-18) '-KPC,,I/ Poad VS ) e
S

Average Dry Stack Gas Volumetric Flow Rate at Standard Conditions (Qy)

19 Q5= 3600 (1 - Byyg)is As lstd) T
(Eq. 6-19) = i - Bys)us A :
4 e “ Pgtq T

o



Method 3—Orsat Analysis

Stack Gas Dry Molccu.lar Weight

(Eq. 6-20), Mg =LMBy = 0.44(%COg) + 0.32(%02) + 0.28(%N3 + % CO)
Stack Gas Wet Molecular Weight

(Eq. 6-21) _ M, =Mg(l - Bws)l + 18:8B;

Percent Excess Air (%EA)

' %02)—0.05(%C0
(Eq. 6-22) %EA = —— (%02 (%) x 100
0.264 (%N2) - (%02) + 0.5(%C0)
-Method 4—Reference Moisture Content of a Stack Gas ,
(
» Volume Water Vapor Condensed at Standard Conditions (Vwc)ir

_ (ml H20)qy R Tyy

(Eq. 6-23) we = K] (V"‘ VI)
Psd My /
whete K;=0.001333 m3/ml for metric units
=0.04707 ft.3/ml for English ‘units

Siljca Gel .
(Eq. 6-24) | Ka=Wr-Wi=vy
where K>=0.001835 m3/gm for metric units

: =0.047L5 ft.3/gm for English unats

Gas Volume at Standard Conditions

AH
(Eq. 6-25) Vorer 1= V¥ (24} [P 139
4 sty mmem Bstd T

Moisture Content

B Vwe * Vg
(Eq. 6-26) ws 7T ;
Fue l“’s(; i I’”(std)

Mecthod 5— Particulate Emissions Testing
Dry Gas Volume Mcoetered at Standaird Conditvons

Leak Rate Adjustiment

(Eq. 6-27) T A0 ST POV D SR o DA 1 (L Loty




‘Standard Dry Volume at Sampling Meter

v _yy Igtd Po+ 13.6
(Eq. 6'28) ,"(Std) m*tm {Std '1\"1

Isokinetic Vanation

Raw Data
100 Ty [K3V) + (Vi /Tyy) (Py+ AH/13.6))
(Eq. 629) %= St mi T b
60 65 vsPsd,,
where K3 =0.003454 T Hg m’
ml °K

in. Hg ft 3
=0.002669——-
ml °R T~

Note: This cquation includes a correction for the pressure differential across the
dry gas meter measured by the orifice meter -average sampling run AH readings,

N

Intermediate Data

Ts Vingstd) Bsed Ts Vingstd
(Eq. 6-30) 9% 1= 100 s Tmstd) 7 = Ky = 05—2
Tsed G 0 Ay B 60(1-Byq) s Us Ant( ws/
where Kg=4.320 for metric units

0.09450 for English units

Method 8 —Sulfuric Acid Mist and Sulfur Dioxide Emissions Testing

%
‘o

Dry volume metered at standard conditions (see equations in previous sectiops of
this outline) '

Sulfur Dioxide concentration

Vsolution
N(Vi=Vip)\ Valiquot
(Eq. 6-31) csop = K3 !
Vm(std)
where K3 =10.08203 g/meq for metric units

=7.061 X 1075 Ib/meq for English units

Sulfuric acid mist (including sulfur trioxide) concentration

Vsolution
NV Vip\Vgl;
(Eq 6-32) "11’7504 =K i b athOt
“ Vm.(std)
65



~ §

ey

where ‘ K2=0.04904 g/meq for metric unats
=1.08 X 10~ 4 lb/meq for English units

Isokinetic-Variation

Raw Data
Ty [KgVic+ (Vi /Tm)(Pp + AH/13.6)
(Eq. 6-33) op 1 =100 s[ Vic+t(Vm (Pp ]
600Anvsps
where K4=0.003464 mm Hg - m3/ml- °K

= 0.002676 in. Hg ~ ft3/ml— °R

Concentration Correction Equations

Concentration Correction to 12% COg o

12
(Eq. 6-34) o €519=Cs [%COz]

Concentration Correction to 509% Excess Air Concentration

100 + %EA]
C = | —

Correction to 50% Excess Air Using Raw Orsat Data

Cs

C550 =

(Eq. 6-36) ;| (1:5X(% 02) - (0.133)(% Ng) — 0.75(% CO)

21
F-Factor Equations
F¢ Factor E=F,c, 100
(Eq. 6-37} %C02
Used when measuring ¢ and COg on a wet or dry basis.
k4 Factor
When measuring Oggy and ¢ on a dry basis
(Eq. 6-38) E=Fycy 20.9

20.9- %094

When measuring Ogz and ¢ on a wet basis

20.9

E:I:d(‘u’b O/'())
: - . oY2w
(Lq. 6-39) 20.9(1 - B,) - =
1= By,
(
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F,, Factor
® When measuring ¢ and Q9 on a wet basis
® B,q = moisture content of ambient air
¢ Cannot be used after a wet scrubber

o~

Ee 20.9
W 1:20.9(1 ~ Byg) - % Oy

s
F, Factor /

1. Miscellaneousfactor for checking Orsatdata

©20.9 Fy 20.9— Ogg <02 and CO9 measured\

(Eq. 6-40)

(Eq. 6-41) Fo= = on dry basis
a " 100 F,  %COyq Y /
Opacity Equations
% Opacity
(Eq. 6-42) '% Opacity = 100 — % Transmuttance
Optical Density
1
q. 6-4 Optical Dens 'y=lo
(Eq. 6-43) ptical Dens 'y=log|g |: 1= Opacity ]
' 1
(Eq. 6-44) Optical Density='lo
a ptical Density =10g10 [Transmz'ttance]
Transmitiance
(Eq. 6-45) Transmittance = e ~ aql  *
Plume Opacity Correction N
(Eq. 6-46) log(1 — 01)=(L1/Ly) log{l - Og)




‘Chapter 7

Report Writing

The report of a source sampling test presents a record of the experimental pro-
cedure and the test results; it is a written statement describing a scientific experi-
ment and should follow the basic rules of accepted form. The report must state the
objectives of the experiment, the procedures used to accomplish these objectives,
results of the experiment, and conclusions that may be drawn from these results.
The information should be presented in a clear, concise manner. The report must
document all aspects of the testing for it may be used in litigation. A suggested for-
“mat for the report is given in this section with a brief explanation of each topic.
An outline of the format follows these explanations.

PRESENTATION

The test report should be presented as a professional document. It should be
bound in an appropriate cover and contain a cover page giving the title of the
report, the identity of the organization for which the test was performed, and the
test team as well as the location and dates of the testing. Following the cover page
shauld be a signature page with a statement of the careful performance of the test
and preparation of results signed by all test participants, laboratory personnel, and
supervisors. This is essential tor documentation and legal purposes. A table of con-
tents then follows, and includes .1l topic listings and appendixes with page
numbers. An accurate table of contents is always appreciated by those reading the
report.

INTRODUCTION

le‘he report introduction will briefly define the purpose of the test. It will include a
short description of the basic sampling method and of the process and control
devices used and give testing location and date along with the names of the test
team personnel. The introduction should also identify industrial or regulatory
agency personnel present on site during the tests.

SUMMARY OF RESULTS

The summary of test results is extremely important. This is usually the first item of
the report read: often it is the only section that anyone reads and it is presented as
the first item in the report for this reason. The summury of results is a concise
statement of test methods and results. The sampling e :ipment is described as are
the test methods employed. Standard methods are referenced to State or Federal
guidelines, with approved method changes referenced to sources used or regulatory
agency giving approval. The source e¢mission rate determined by the test is
expressed in appropriate English and metric units. Comments concerning the pro-

~1
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cess rate and continuity during the test are also given. State and/or Federal
regulatory emission rates are stated. ‘The test summary should then give a conclu.
sion about the test program and the vesults,

PROCESS DESCRIPTION

A full description of the process is essential, Include the process description with
any charts of process monitoring equipment (fuel feed rate, steam flow, materials
produced, ete.) and samples of calculations used for determining production rate.
Provide a flow diagram of the entire process with all pertinent information
regarding production and control equipment. A full accounting of process
operating conditions during the test should be included w *h these charts and
diagrams. Specific attetion must be given to the contiol equipment. State the
manufacturer's name and operating specification with notes on the operation of the
device during the test. '

TESTING METHODOLOGY

A detailed description of the sampling scheme is given in this section. Drawings,
photographs, or blueprints of the stack or duct and sampling ports, including all
dimensions actually taken by the test team, are required. These must be accom:-
panied by a diagram showing the location of the sampling points within the duct
and all important dimensions. Descriptions of the sampling and anaiytical pro-
cedures are required. The methods and specific equipment used should be stated
and referenced. All modifications to standard procedures must be noted. Justifica-
tion for these changes in addition to authorized approval from regulatcry agencies
or industrial personnel is necessary.

RESULTS

The results portion of the report should allow easy access and review of sam-
marized data. Present raw field and laboratory data in summary charts and tables
with easily understood examples of the calculations made. Listing the results of
these calculations in easy-to-read tables increases the value of this section,

APPENDIX

The appendix should include the following items:
e Test Log record of events at the site.
o Raw field data sheets (or signed copies).
® [.aboratory report including raw data, tables, and calibration graphs.
e Testing equipment listing:
I. Design and manufacture;
2. Calibration procedures and data sheets:
3. Serial numbers of equipment used in test.
o’ A copy of Federal Register or other reterence procedure outline.,
¢ A copy of applicable statutes and regulations concerning the testing.

Qo 7-2 Q-
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QUICK REFERENCE OUTLINE FOR REPORT WRITING

I. Presentation of report

A. Bind in suitable cover
B. Cover page
1. Report title
2. Organization requesting test
3. Organization performing test
4. Location and dates of test
C. Table of contents
II. Report
A. Introduction
1. Test objectives
2. Brief process and control equipment description
3. Test dates and personnel
a. Samplers
b. Observers
B. Summary of results
1. Brief test method identification
2. Regulatory agency approval of method
3. Comments on process operation
. Emission rate determined by the test
5. Emission rate limit given by law
C. Process description
1. Describe process
2. Describe control equipment
3. Flow diagram of entire process
4. Charts and calculations of process production rates
D. Testing methodology
1. Sampling scheme with drawing and dimensions of site and sample
points
2. Description of sampling method
3. Description of analytical method
4. Modifications to methods and approved justification
E. Results
1. Summary of data
2. Charts and tables
3. Example calculations
F. Appendix
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Chapter 8 -

Error Analysis |
- Role of the Observer

ERROR ANALYSIS*
Introduction

‘The problem of accuracy in stack sampling measurements is considered and
debated in alinost every report or journal article in which stack sampling data
appear. There exists, however, a great deal of misunderstanding in the enginecring
community on the difference between error, precision, and accuracy. This
misunderstanding often leads to a misinterpretation of analytical studies of siack
sampling methods. The type of error analysis often used applies only to “randomly
distributed error with a normal distribution about the true value.” :

A discussion of the definitions of terms normally used in error analysis will be
given in a course lecture, The definitions are also included in this manual for your
tuture reference. It is hoped that by studying this section the student will realize
the limitations of error analysis procedures and will be able to more carefully
design experiments that will yield results close to the “true” value.

Definitions

Error: This word is used correctly with two different meanings (and frequently in-
correctly to denote what properly should be called a “discrepancy™):

(1) To denote the difference between a measured value and the “true” one.
Except in a few trivial cases (such as the experimenta! determination of the
ratio of the circumference to the diameter of a circle), the “true” value is
unknown and the magnitude of the error is hypothetical. Nevertheless, this is
a useful concept for the purpose of discussion.

(2) When a number such as o= +0.000008 x 1019 is given or implied, “error"
refers to the estimated uncertainty in an experiment and is expressed in
terms of such quantities as standard deviation, average deviation, probable
error, or precision index.

Discrepancy: This is the difference between two measured values of a quantity,
such as the difference between those obtained by two students, or the difference
between the value found by a student and the one given in a handbook or
textbook. The word “error™ is often used incorrectly to refer to such differences

Many beginning students suffer from the false impression that values found in
handbooks or textbooks are “exact™ or “true.” All such values are the results of
experiments and coatain uncertainties. Furthermore, in experiments such as the
determination ot properties of individual samples of matter, handbook valaes may
actually be less reliable than the student’s because the student’s samples may differ
in constitution from the materials Whi'\ch were the basis of the handbook values.

'a\dapte'_i trom Y. Beers, Theory of Errors, Addison Wesley, Reading, Mass, (1958) pp. 1 6.
8-1
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Random Errors: Sometimes when a given measurement is repcated the resulting
values do not agree exactly, The causes of the disagreement between the individual
values must also be causes of their differing from the “true” value. Errors resulting
from these causes are called random crrors, They are also sometimes called
experimentdtor accidental ervors.

Systematic or Constant Errors: if, on the other hand, all of the individual values
are in ervor by the same amount, the errors are called systematic or constant .
errors. For example, all the measurements made with a steel tape that includes a
kink will appear to be too small by an amount equal to the loss in length resulting
from the kink.

In most experiments, both random and systematic errors are present. Sometimes
both may arise from the same source.

Determinate and Indeterminate Errors: Errors which may be evaluated by some
logical procedure, either theoretical or experimental, are called determinate, while
others are called indeterminate,

Random errors are determinate because they may be evaluated by application of
a theory that will be developed later. In some cases random or systematic errors
may be evaluated by subsidiary experiments. In other cases it may be inherently
impossible to evaluate systematic errors, and their presence may be inferred only
indirectly by comparison with other measurements of the same quantity empioying
radicaily different methods. Systematic errors may sometimes be evaluated by
calibration of the instruments against standards, and in these cases whether the
errors are determinate or indeterminate depends upon the availability of the
standards.

- Corrections: Determinate systematic errors and some determinate ra-.dom errors

may be removed by application of suitable corrections. For example, the
measurements that were in error due to a kink in a steel tape may be i ainated by
comparing the tape with a standard and subtracting the difference from all the
measured values. Some of the random error of this tape may be due to expansion
and comraction of the tape with fluctuations of temperature. By noting the
temperature at the time of each measurement and ascertaining the coefficient of
linear expansion of the tape. the individual values may be compensated for this
effect.

Precision: If an experiment has small random errors, it is said to have high
precision,

Accuracy: If an experiment has small systematic errors, it is said to have high
accuracy. '

Adjustment of Data: This is the process of determining the “best™ or what is
generelly called the most probable value from the data. If the length of a table is
measured a number of times by the same method, by taking the average of the
measarements we can obtain a value more precise than any of the individual ones.
If some of the individual values are more precise than others, then a weighted
average should be computed. These are examples of adjustment of data for directly
measured quantities. For computer quantities the process may be specialized and
complicated.

10y




Clanification of Errors

Systematic Errors:

(1) Eveors of calibration of instruments.

(2) Personal ervors, "These are errors caused by habits of individual observers. .
For example, an observer may always introduce an error by consistently
holding his head too far w the left while reading a needle and scale having : \
parallax. '

(3) Experimental conditions. If an instrument-is used under constant experimen:-
tal conditions (such as of pressure or temperature) different from those for
which it was calibrated, and if no correction is made, a systematic error
results,

(4) Imperfect technique. The measurement of viscosity by Poiseuille’s Law
requires the measurement of the amount of liquid vmerging from an
apparatus in a given time. If a small amount of the liquid splashes out of the
vessel which is used to catch it, a systematic error results.

Random Errors:

(1) Ervors of judgment. Most instruments require an estimate of the fraction of
the smallest division, and the obscrver's estimate may vary from time to time
for a variety of reasons.

(2) Fluctuating conditions (such as temperature, pressure, line voltage).

(3) Small disturbances. Examples of these are mechanical vibrations or, in elec-
trical instraments, the pickup of spurious signals from nearby rotating elec-
trical machinery-or other apparatus.

(4) Definition. Even if the measuring process were perfect, repeated
measurements of the same-quantity might still fail to agree because that
quantity might not be precisely defined. For example, the “length" of a rec-
tangular table is not an exact quantity. For a variety of reasons the edges are
not smooth (at least if viewed under high magnification) nor are the edges
accurately parallel. Thus even with a perfectly accurate device for measuring
length, the value is found tw vary depending upon just where on the cross
section the “length” is measured. :

llegitimate Errors: These errors are alimost always present, at least to a small
degree, in the very best of experiments and they should be discussed in a written
report. However, there are three types of avoidable errors which have no place in
an experiment, and the trained reader of a report is justified in assuming that
these are not present,

(1) Blunders. These are crrors caused by outright mistakes in reading
instruments. adjusting the conditions of the experiment, or performing
calculations. These may be largely eliminated by care and by repetition of
the experiment a1 d calculations.

(2) Errors of computa.on. The mathematical machinery selected for calculating
the results of an experiment (such as slide rules. logarithm tables, adding

~ machines) should have errors small enough to be completely negligible in
comparison with the natural errors of the experiment. Thus if the data are
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accurate to five significant figures, it is highly improper to usc a slide rule
capable of being read to only three figures, and then o state in the report

\ that "slide rule ervor” is a source of errer. Such a slide rule should be used
tor caleulating the results of an experiment having only three or preferably
two significant figures. On the other hand, if the experiment does give five
significant figures. five or six-place logarithm tables or some other more
accurate means of calculation should be used.

(3) Chaotic Errors. If the effects of disturbances become uhreasonably

large thatis, large compared with the natural random errors - they are
called chaotic errors. In such situations the experiment should be discon-
tinued until the source of the disturbance is removed.

THE ROLE OF THE AGENCY OBSERVER¥*

Introduction

Air pollution control agency personnel who may not be directly involved in the
compliance source sampling process are often called upon to evaluate source tests
performed by environmental consultants or companies. Since emission testing
requires that industry, at their own expense, contact highly skilled source test
teams, the source test observer should be prepared to ensure that proper pro-
cedures are followed and that representative data is obtained.

The main purpose for the agency’s observation of the compliance test is to deter-
mine that the test data is representative. There are other valid reasons to observe
the test, such as establishing baseline conditions for future inspections, but the
major emphasis is on the avaluation of the acceptability of the initial compliance
test,,

The seven steps an agency generally uses for establishing the compliance of a
source with the agency's regulatory requirements are as follows:

1. Familiarize  the agency establishes contact with the source and becomes .

familidr with operations, cinissions, and applicable regulations.

2. Schedule source test  this may be part ot a compliance schedule of Federal
Standard of Pertormance for Stationary Source Enforcement (NSPS).

3. Fstablish methodology  testing requirements should be established and a
testing plan developed by the agency.

4. Final plan and test procedure develoment  a presurvey should be conducted
by a member of the testing team. A pretest meeting between the agency,
source repr sentative, and test team representative should be held to develop
the tinal test plan.

*Adapted from W G DeWees, .Supple'nu-nml I'ramvng Materal for Techmeal Workshop -n

Evaluating Performance ests, Dsst. EPA PEDCO Lnvironmental Specialists

B
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5, Actual comphancc tests - observauon of the facility operations and testing
methodology _ / _ o

6. Review of test data — determination of compliance and official notification.

7. Continuing enforcement of compliance — followup inspections using data
generated from source tests as baseline for comparison purposes.

There are five areas where problems might develop in obtaining a sample
representative of the source emissions. If a question arises as to the integrity of any
one of these areas, the compliance test may be considered nonrepresentative. These
five areas are:

- ® The process and control equipment must be operated in such a manner as to
produce representative atmospheric emissions. _
® The sample port and point locations must be representative of the atmospheric
emissions.
* The samplie collected in the sample train must be representatwe of the sample
points. :
~ ® The sample recovered and analyzed must be representative of the sample
collected in the sample train.
® The reported sample results must be representative of the recovered and
analyzed sample.

The source test to be monitored by the observer, then, is developed and con-
ducted by the source test team and observer in four major phases: (a) preparing
and planning, (b) conducting the test, (¢) recovering, transporting; and
analyzing the sample, and (d) submitting the report. Discussion of these phases
follows.

Preparing and Planning — In the initial phase of preparation and planning, the
agency must clarify for the source test team !leader and process representative all
the procedures and methods to be used during the entire testing program,

The review of the compliance test protocol submitted hy the plant management
or test consultant will explain the intended sampling planto the observer, Two of
the more important items to be checked are any deviations from standard sampling
procedures and the proposed operation of the facility during rhe compliance test.

Many types of processes, sampling lorations, and pollutants require some
modification to the standard sampling procedure. The agency must determine if
the modification will give equivalent and/or greater measurement results than
would be obtained with the standard method.

The other major determination to be made from the test protocol is defining
what constitutes normal operation of the facility. Example checklists for power
plants and electrostatic precipitators are presented.

The plant representative should understand and agree to all facility baseline con-
ditions prior to the compliance testing, since the determination of representative
operation of the facility is for the protection of both the regulatory agency and the
plant. The plant representative may suggest additional factors that could be con-
sidered as an upset condition and which would not produce representative
emissions.
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Example checklini for power plants.

8.1 FOSSIL FUEL FIRED INDIRECT HEAT EXCHANGE

Chechlis (or procen moniter

PR 1 1 I P T N

Munitor name

8.8 FUEL INPUT DATA

Automatic weighing or metering

Counter (totalizer) reading

Facility representative - — Time Coal Ol
Company name End test o —— ————
Designation of facility . ... - Begiu test —— —— —_—
Designation of unit being tested ——— Difference
Maximum heat input million Keal/ hour Units fed during
L milltion Btu/hour teat —_— — —_—
Boiler naméplate capacity .. . poundssteam/hr Counier convenion
Electric generator capacity e T RAWALLS fuctor — —_— —_—
Induced draft {an capacity . CFM Fuel per counter
[ JRpR— | T | 11T $ I 1.1, U — X unit e b0 _Bal. . cu. L.
Motordrive ___.____hp.:.amps .. ; volta Fuel fed during test ——_tomp .~ Bal. .- cu. ft.
Conmbustion control Automatic Hand Fuel sampled
Type of soot blowing Continuous Period during test
Coutrol of suot blowing Number of samples ____ —_- —
Automatic sequential Total quantity of
Hand sample J— —— —
- time cycie Date of lant
Describe the a.p.c. system calibration

8.2 MONITORING FUEL DURING TEST

Note fuel fceél measuring devices may he some distance from
other inurumentation to be monitored.
Coal (clamsified by ASTMD 388.66)

Bituminous  Sub-bituminous Anthracite  Lignite 8.4 FUEL ANALYSIS
Coal feel measured by
Automatic conveyor scale Proximate analysis—as fired solid and liquid fuels
Batch weighing ~ dumping hoppers
Other (describe) PP Component % by weight
- None Typic.l This test
Liquid fomil fuel m‘"““
Crude Residual Distillate volatil
Liquid fuel feed measured by _,° ': © '::""
Volumetric flow meter, make . model ;“l: tarbon
Other (describe) ultiur ,
None Heat value, Btu/lb.
Gaseous fossil fuel or ultimate analysis - which includes the proximate aunalysis plus
Natural gas Propan. Butane the fol!uwmg
Other Nitrogen
Gaseous fuel feed measured by 3‘3?;"{_(1
Volumetric flow meter, make .. model .. yarog
Other (describe)

Other fuel (describe)  _ e
Other fuel feed measured by

of automatic
metering device

For manual weighing or other:
Use this space for monitoring procedure and calculations

—
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0.3 MONITORING BTU INPUT BY HEAT RATE
OF BOILER-GENERATOR UNIT AND
Kw-hr OUTPUT METER WHEN APPLICABLE

Purpose in to serve ay 4 check on ather valiulation proceduies
Baler getierator heat rate . . Btukw e Heat
rate is ubtaitied trom facility tepresentative The heat rawe
curve {y more accurate if corrections for super heat
telperature. reheat temperate and condenser back pressure
are applied tar the test load condition

Record data from generator output meter

Meter reading

Time Kw-hr Output
End tent
Begin test ——
Difference
Kw-hrs. geverated during test
Btu input during test =
Kw hrs. generated X heat vate (Bru-Kw-hi.)
Btu mpur during test
——— % e S B

4

8.6 MONITORING STEAM GENERATOR OUTPUT
BY STEAM FLOW METER

(Usually combined with air low)

Steam flow measured by

Integrator un steamn flow meter

Integrating chart from recorder
Calbrationdate ___ ..
Primary purpose of steam flow tnonitoring is to indicate the
load on the boiler during the test to ghserve and communicate
10 test team leader sudden significant change in steam flow
which would be accompanied by significant changes in gas
flow Steam flow and flue gas flow chauges parallel each other
closely-

Record data by integrator on stcam flow meter

Time  Integrator Reading

End test
Begin test _

Mfference

Alternate factor  _____

Totalsieam tlow durmgrest ... . pounds

Steam chart

Mark beginming and end of test runs on the steam chart and re.

quest a copy

Chart marked a.ud copy recewved.

P
£
0.7 OTHER INSTRUMENTAL DATA

Exhaust gas temperacure just before the 4 p o device

Max . % Min L% AW o %
’ Primary - Secondary
Dralt Callector Collector
Belore sontral device  _in "HyO  ___in HyO
After conrral device e HpO e H3O -
Combustion recorders (indic ate those available) '
COy Opacity
Oy NO,
S()2 K
Obtaia copy of recorders svana’ b and mark beginning and
ending time of test. ) ‘

* Soot blowing
Was soot blowing to be included in.the test period
No Yes
H yes, record time and duration of soot blowing.

* Special obecrvations of any unusual operating conditions

8.8 ELECTROSTATIC PRECIPITATOR—CHECKLIST
FOR CONTROL DEVICE MONITOR

Parameters of detign and operation affecting perforraance

Monitorname _____________ Test date

Design efficiency

Rectifier power output Design During tet
Voitage. kilowatts
Current. milliamps
Sparkiug rate, sparks/min

Gas volume, acfin

Gas velocity, fps

Gas temperature, °F

Fan motor, amperes

Electrical fields in direction of flow

Number of rappers in direction of flow

Other method of cleaning plates -

ESP rapping scquence
Normal _

During test ——

Hopper ash removed sequence
Normal _ ;
Notes of unusual conditions during test

O
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69 SCRUBRER—~CHECKLIST FOR CONTROL DRVICE
MONITOR :

Parameten of design and operation alfecting performance

Muonitor name —— —— |'l‘cu date o
Type of swrubber
Ventuti Plate Mbher —
Turhulent bed Spray
Design of elliviency — e S

Design During tess

Pressure drup acrase scrubber.
in HpO
Noztle presaure, pounds sqm
Gas volume flow out of
wrubber, ¢im —
Fan motor amperes - —
Liquid flow rate 10 wrubber .
gal-min
Liquid- gas rates. L. g
Recirculation of srubbing
liquid
GCas temperawure of scrubber
Preconditioning or dilution air

burning test

Rates of uluil conditions during 1est

8.10 FABRIC FILTER—CHECKLIST FOR CONTROL
DEVICE MONITOR

Parameters of design 2nd operation affecting performance

Monitor name - . .. Test date __
Pressure drop across Design
Cullector in HaO
Just after bag cleaning
Just before bag cleaning
Gas volume 10 bag houte. acim
Fan motor amperes
Type of cleaning
Shaking number of compartments
Reverse air fluw  number of comparunent.
Repressuring  number of comparnments
Pulse jet (cleaned while on stream)
Other
Cleaning cycle
Normal . —

During test

e —— sy ———

Dunng tests ___

Partculate removal sequence
Nomal o L
Dunng test . e e e e
Notes of unusual conditions durning test _ e e

Precondiionmg or dilution an

8-8

.11 CVCLONE/MULTICYCLONE—~CHECKLIST
FOR CONTROL DEVICE MONITOR

Parameters of design aud operation aflecting performance

Monitorname e Testdate

— e —

Design efficiency

Pressute drop acroes
Collectar in HpO

During tont

(ias volume, acfm

Gas temperature °F —
Fan motor amperes .

Is the collector sectionalited with dampers for control of

ap No- Yes
{f yes. how were dampers positioned during test?

Hopper ash.removal sequence
Normal

During test —

Notes of unusual conditions during test
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'The observer must be familiar with the process 1o be sampled. Whenever -
possible, the agency field imp('cu)r should be the observer for the process and con- )
trol equipment. If the process is large or complicated, the observer may be aided
by a process control engineer from the agency. An emission test run at the wrong
process vating or without sufficient process data will not constitute a valid test.

Familiarity with the specific process can be acquired through one or more of the
many inspection manuals prepared by the Environmental Protection Agencey for
this purpose. These manuals will indicate the methods and devices employed in
monitoring process rates and/ or Wt‘lghlb.

Conductmg the Test -Some u)mphanu' tests may be routine enough that a
pretest meeting on the morning before sampling begins will be sufficient to provide
a complete understanding between all parties involved,

The review of the team leader's test protocol should have initiated the formula-

Tion of the observer's sampling audit plan. The observer’s audit plan should contain

the tentative testing schedule, facility baseline conditions preparation or modifica-
tion of observer's checklist, ang details for handling irregular situations that could
occur during emission testing.

The sample testing schedule should allow the observer to plan his duties in a
logical order and should increase his efficiency in obtaining all of the required
data.

The observer's testing torms normally should need little modification. Any
accepted modification to the normal sianpling procedure should be covered by
additional checks from the observer.

The observer should be prepared to handle any nonroutine situations that could
arise during sampling procedures. A list of potential problems and their solutions
should be made before the actual testing. The list should include minimum
sampling requirements and process operating rates. The observer g‘:ould also know
who in his organization is authorized to make decisions that are beyond his own
capability or authority.

The number of agency personnel observing the performance test must be
adequate to ensure that the facility operation (process and control equipment) is
monitored and recorded as a basis for the present and future evaluations. The
observing team should be able to obtain visible emission readings and trans-
missoraeter data for comparison with measured emission rates and shculd be able
to ensure that the prescribed agency testing methodology was followed.

The plant representative should be available during testing to =nswer any ques-
tions that might arise about the process or to make needed process changes. It
should be understood that, if any problems do arise. all three parties would be con.
sulted. Since the observer may approve or disapprove the test, his intentions should
be staced at the pretest meeting.

8-9
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Before actually proceeding with the test, the observor should check the calibra-
tion torms for the specific equipment to be used. As a minimum, these should in-
clude calibration of the:

® Pitot tube

® Nomograph (it used)

¢ Dry Gas Meter

¢ Orifice Meter
It there is any question as to whether proper calibration procedures were followed,
the problem should be resolved before initiating the test,

During the test, the outward behavior of the observer is of utmost importance.
He should perform his duties quictly, thoroughly, and with as little interference
and conversation with the source test team as possible. He should deal solely with
the test supervisor and plant representative or have a clear understanding with
them should it become necessary to communicate with the source test technicians
or plant operators. Conversely, he should exercise caution in answering queries
trom the source test team technicians and plant operators directly and refer such
irquiries to their supervisor. He should, however, ensure that sampling guidelines
are adhered to and inform the test teain if errors are being made.

Several checks must be made by the observer to ensure adherence to the proper
sampling procedures. To eliminate the possibility of overlooking a necessary check,
an observer's checklist should be used for the sampling procedures and facility
operation, An example of one of these checklists is included.

To understand the relative importance of the measurement of parameters of
emission testing, the observer should know the significance of errors. A discussion
of errors is given in a preceding section of this chapter.

Generally. it is best to have two agency observers at the source test. If only one
observer is present, however, the following schedule given should be followed.

“For the first Method 5 run, when the facility is operating in the correct manner,
the observer should go to the sampling site and observe the sample train configura-
tion and the recording of the initial data. The observer should oversee the initial
leak check (and the final post test leak check). When the observer is satisfied with
the sample train preparation, the test may be started. The sampling at the first
port and the change-over to the second port should be observed. If satisfied with
the tester's performance, the observer should go to a suitable point from the stack
and read visible emissions for a 6 minute period.

The facility operations must then be checked. This includes data from fuel flow
meters, operating monitors, fuel composition, I¥ factors, ete. Also check data from
continuous emissions monitoring equipment such as opacity monitors and SOy
analyzers. This data will be usetal in evaluating the Method 5 data. It the process
and control equipment have operated satistactorily and the data has been recorded
as specified, the observer should make another visible emission reading tor 6
minutes. then return to the sample site 1o observe the completion of the test. The
tfinal readings and the leak check after the completion of the test are two of the
more important items to be checked, The transport of the sample train to the
cleanup area and the sample recovery should then be observed,
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Sampling checklisw,

%

.02 GENERAL/SAMPLING MLE

Stek dact crom secion dinensions L L -
cyuvatent diameter

Matevial of construction vortaded? . leakse
Imernal appeaiance. corvsleds o L

caked panticulater . ducknéds
tasulations .. tuekness . limag? thtkness
Nipples o 1D C_Teagth _ . Hish withwside wall
Straight tun betore pores L diameterns
Stnaght tut aftes poits oo dhametens
Phostaken? ... — olwhar_ L

Drawing ol sampling ltation.

Minimum information on drawing: stack/duct dimensiuns,
location and description of major disturbances and all minor
disturbances (dampers, transmissometers, elc.). and crns sec-
tional view showing dimensions and port locations.

8.13 RUN ASSEMBLY/FINAL PREPARATIUNS

(Use one sheet per run if necessary) Runw _ . ...
Filter holder clean beforewess . .
Filter holder assembled correatlve 0 oL
Probe hnet clean befure test? . . nosele clean?

nogzlg undamaged? o o
lmpmken vleat befure test? . . L~ ...

unpingers charged cotrecilv? - Yes
Balljomts or screw jomisy . grease used? . kindeof grease
Puot tabe up undamaged? . L

pitot fines checked for leakss ... .. pluggmg .. ...

Meter hox leveled? . putot manoteter ieived?

orifice manometer zeroed? ___
Prohe markings correct’ . probe hatalong enure lengthe
Filter compartment hot* _ temperatute infurmaton availables
Impingers wed down? ... thetnometer reading properiy?  yes
Burometne pressure measuted? . if not. whatissoutee of data
JH  from most recent calthtanon | —— , ..

AHg from check against dry gasmnetes ... .
Nomograph check

I QHgp ~ 1 80 1M - 100°F, "4 Hy° - 10Y,.

G o 008G (055

s Pin 100,

1HEC-09 1N 200 DNO8TH Qp
teterenee = 1 LT (U 11K)

Algn &p 1 0weh QH - 1oo @dp 0ol AH 01w b
For nomograph set up

Esumnated meter tempetatute . °F esumated

value of B P, . .-
Fatunated nrosture content 7 how estunated-
Clacwor estithaced stack tempetature °t
desited noezle diameter
Stack thetmonieter checked against anmbhient teinpes ature-
teakaest performed beture stant ol samphing

taae chin & m Hg

#.14 GENERAL/SAMPLING SYSTEM
Sampling methud e g BEA "
Mmllhmu)(m o standard eshod ,-_._.,_ _- e e e
Pamp sype: hervane withw lineviley
varban vane diaphragin .
Probe tner matenal . heated _ . ettnelengh

Type ™8 priotwwbed oo ot
Pt tutie conhiecied oo mclined manometer
- o magnehehe gage . o

divinians L.

tange _ ... approx.salelength
Othoe meter connected w: inclined manometer . __.
orimagnehehc gage o FNRE
approx acalelengtho__ . divwions.
Meter buxbrand .. . . .. samplehoxbrand . .
Recewd calibitation ot aritice weter-diy gasmeter? . ...

pitotwabes ... onoweles .
thermometets of thermocouples? . o, . magnehelic gages? .

Nutnbes of satupling points traverse trom Fed. Reg
number tobeused e
Length ol sampling tine pointdesived
thne ta be used — -
oo w -
8.15 SAMPLING
{Use one sheed for each run if neceasary) Run# —_—
Probe sample box movement technique:
Is nuzzle sealed when probe is in stack with pump wined
oft? T
I« vare taken to avoid scraping nipple or stack wall? —
Is an effective seal made around probe
at part opening? _——
Is probe seal made without disturbing flow
msde sack? _ e e i & e
Is probe maved to each point at the propertime? ...
Is probe marking sysiem adequate to properly locate each:
pomts e e
Was norzle and pitot tube kept patallel o stack wall at each
point? ————— ——

I probe s disconnected tram filier holder with probe in the
stack on 4 negative pressure source. how is particulate
muatter n the probe prevented from being sucked back mo
thestack? _ L ———

If filters are chansed during a run. was any
particulare lase?

Meterbox operation
Is data recorded in a perinanent tnanver .
are data sheets complete? .
Average tme 1o reach isokinete rate ateach point L
Is nomograph setting changed when stack 1einperature
changes sigmficandye . 0 L -
Are velotity pressures (g ) read and 1ecorded accurately. .
In leak test performed wrcomplevon ot run? - ofm °
Probe. filter holder. unpmgers scaled adequately
after test? . . -
Ceneral content on samphng vechanques
tE Orsat analyss s done. was it from stack
from integrated bag? .
Was b e svstem leak tested? . . e Wasoarsat
lean tested ¢ thedk agams air-
1 data sheets cannot be copied record  approsimaie stack
teinperatute o °k
tozele dia i volume metered ACH

firs1 8 Al‘ reddings

1
10,
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It the observer is satistied with all sampling procedures during the first vun, then
during the second run time will be spent observing the process monitors, with the
exception of checking the satipling team ag, the end of the sampling period. During
the second run. two 6 minute visible emission readings should be made with a
check of the facility operations between readings. ‘The obscrver should be satisfied
that the facility data recorded are traly representative of the ticility operations,

A visual observation of the particulate buildup on the fiiter and in the acetone
rinse from the first two tests should be correlated to the visible emission readings or
transmissometer data, ‘This comparison of particulate collected will be valid only if
the sample volumes were approximately the same. If the particulate catch on the
filter and in the acetone rinse tor the second test was consistent or greater than the
visible opacity correlated to the first run, then the observer might need to spend
more time overseeing the facility operadons. If the second run, when correlated to
the opacity, is less than the first test, more time might be spent in observing the
crission test procedures for the third run.

Regardless of the main emphasis of the third run, the observer should still per-

form certain observations. The observer again should check all facility operations

before testing. ‘T'wo 6-minute visible emission readings should be made with a
check of the facility operation inbetween. The sample recovery of all tests should
be witnessed. and the apparent particulate catch compared to the opacity readings.
‘The additional time can be spent by the observer checking suspected weak points
or problem areas.

Recovering and Analyzing the Sample  The observer should be present during
sample recovery. It is imperative that the sample recovery and analysis be done
under standard procedures and that each step be well documented. The report
may ultimately be subject to the requirements of the Rules of Evidence. Theretore,
the observer should have a sample recovery checklist to ensure that all tasks have
been performed properly,

To reduce the possibility of invalidating the results, all of the sample must be
carefully removed from the sampling train and placed in sealed, nonreactive,
numbered containers. It is recommended that the sample be delivered to the
Laboratory for analvsis on *hie same day that the sample is taken. If this is imprac-
tical, all the samples should be placed in a carrving case (preferably locked) in
which they are protected from breakage. contamination, loss. or deterioration

The samples should be properly marked to assure positive identification
throughout the test and analysis procedures. The Rules of Evidence require impec-
cable identitication ot samples, analysis of which may be the basis of future
evidence. An admission by a lab analyst that he could not be positive whether he
analyzed senple v or sample 90 tor example. could destrov the validity of an entire

u'})nll.

Posttive ideatification also must he provided tor the filters use o any specific

test. Al identitving marks should be made betore taring. Trie or more digits
should suttice to ensure the unigueness of a tilter tor many ¢ s The ink used tor
marking must be indelible and unatteced by the gases and temperaaares to which

M <,
—
-
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it will be subjected. If any other method of identification is desired, it should be
kept in mind that the means of identification must be positive and nust not impair
the function of the filter.

Finally, cach container should have a unique identification to preclude the
possibility of interchange. The number of a container should be recorded on the
analysis data sheet associated with the sample throughout the test and analysis.

Sampies should be handled only by persons associated in some way with the task
of analysis. A good general rule to follow is “the fewer hands the better,” even
though a properly sealed sample may pass through a number of hands without
affecting its integrity. '

It is generally impractical for the analyst to perform the field test. The Rules of
Evidence, however, require that a party be able te prove the chain of custody of
the sample. For this reason, each person must have documented from whom he
received the sample and to whom he delivered it. This requirement is best satisfied
by having each recipient sign a standard chain of custody sheet initiated during the
sample recovery.

To preclude any omissions of proper procedures after the sample recovery, the
observer should have a sample transport and analytical checklist:

8.16 SAMPLE RECOVERY

Genetalenvitonntent  clean uparca . - ——

Wash bottles clean? .. - brushescleans ___. brushesrusty ____
Jatsclean? . acetonegrade _ . residue ouevap. spec. ___
Filtev handled ok?  _, probe haudled ok? —
impigers haadled ok? . .. . -
Altervleanup: filter holderclean  _ _ probe liner clean?
nozele clean? .. impingers clean? ____ blanks taken ____
Description of collected particulate
Silicagelall pink? vun 1 . _ run2 _. _rund ___
Jamadequately labeled? ____ jarssealed ughtly?
Liquid level marked on jare? ___ jam locked up? __ _

General comments o entite sampling project.

- Was the test team supervise #n the oppurtunity to read over
! thes checklist? . _ . e
{nd he do so?
Observersnawme ... . (. owle o
Affilanon F N - P Y11

Potential sources of error in the analysis lie in the contamination of the sample,
in the analyzing equipment, procedures, and documentation of results. Since the
analysis is often performed at a lab distant from the plant site, the observer is often
not present at the sample analysis. If there is any question in the observer's mind
about the analyst’s ability to adhere to good analytical practices in analyzing and in
reporting data. the observer has two recoursss: he may be present during analysis
or he may require the analysis be done by a certified laboratory if one is available.
This is. however. an unnecessary burden and should not be done as a general rule.

8-13
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During the analysis, any remaining portions of the sample should remain intact
and placad in a safe place until the acceptance of the final report. Laboratory
cquipment, especially the analytical balance, should have been calibrited
immediately before the sample weighing. The laboratory data and calculations
must be well documented and kept in such a manner that the agency can inspect
the recording of any analysis upon request.

As noted in the lectures for this course, the observer should be aware of
analytical tricks that can be used to bring a marginal test to within £ 10% of
1009% isokinetic. Care should be taken that the value for the nozzle diameter, or Cp.
does not change. Also, the wgight of the impinger catch and silica gel for the
determination of By, should*not be changed to accommodate a % isokinetic value.
It has beer suggested that to ensure an unbiased test, the observer could supply the
source tester with his own preweighed filter and preweighed amount of silica gel.
T'his may be extreme, but necessary in special cases.

Submitting the Repert  Upon completion of the compliance field test work, the
observer can begin the final task of determining the adequacy of the compliance
test data. He will be required to write an observer's report for attachmen: with the
source tester's veport. The facility operation, the data, and the field checklists
should provide the observer with sufficient information to determine the represen-
tativeness of the process and contre! equipment operation and the sample collec-
tion. All minimum conditions should have been met. If the observer suspects a bias
in the results, this bias should be noted. A resulting bias that can only produce
emission results higher than 1~ true emissions would not invalidate the results if
the plant were dewermined to be in compliance. Therefore, any bias that may
occur should be listed along with the suspected direction of the bias.

The test team supervisor is responsible for the compilation of the test report and
is usually under the supervision of a senior engineer who reviews the report for con-
tent and technical accuracy. Uniformity of data reporting will enable the agency to
review the reports in less time and with greater efficiency. For this reason, a report
tormat should be given to the test team supervisor along with the other agency
guidelines.

The first review of the test report should be m:-de by the observer. The observer
should check all calculations and written material for validity, One of the greatest
problems in compliance westing is in the caleulation errors made in the final report.
Several agencies have gone ta the exwreme of having the observer recalculate the
results from the raw data to tind any error more casily. Errors should be noted
along with comments by the observer. Although the conclusions in the observer’s
report arve not the final authority. they should carry the greatest amount of weight
in the final de ision concerning the representativeness of the test,

Because of the importance of the observer’s report and the possibility that it mav
be used as evidence m court. the observer should use a standard report tormat that
will cover all areas of representativeness i a logical manner. An example of an
observer’s report format as presented.
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8.17 OBSERVEK'S REPORT FORMAT

1
Cover

I Plam name and locaton (Federal AQUR)
2 Source sampled
. Date sampled

Tesung fitm

Conteal agency

U b .

Cercilication

1 Certification by observei(s)
2 Certitication by author tf noc ohserver
3 Centification by key agency personnel

Introduction

Agency naine

Purptae for observer's iepurt

Purpose (or test

Plant name. lucation and process type

. Test dates

Pallutants tested

Applicable regulations

Agency sections and personnel directly involved

—

X T DU e s IS

Summary of Representativenem of Dats

' Compliance test protocal

. Calibration of sampling equipment
Process data

- Control equipment data
Sampling procedures ¢

- Analytical procedures

. Compliance test report

X~ U e A PN e

Facility Qperation

Descrprion of process.and conirol deviee
Baselire condinons

Ohserver's facility data (chedklista)
Kepresentdtiveness of provess and control device
Baseline conditions oy agency wmapector

Sampling procedures

LT WP d WS —

Acceptability of sample port and point locations
Compliance test protocol

- Calibration of sampling equipmemt

Observer's sampling’ data (checkhst)
Representativeness of sampling

. Observer’s sample recovery data (checklisi)

Representativeness of recovered sample
Observer's analytical data
Representativeness of sample

Compliance Test Report

& UL 0 -

. Introduction

. Summary of results

- Facility operation

. Sampliug procedures
h.

Appendices

Appendices

A. Copy of pertinent regulations

B,

Related correspondence

C. Compliance test protocol
D. Observer's checklists

F.
F.

Observer’s test log .
Other related material

In addition to the determination of representative data for the compliance test,
the observer should report all. conditions under which the facility must operate in
the future to maintain their conditional compliance status. These conditions will be
renorted to the facility as conditions of their acceptance.

These reports aud the conditions of the compliance acceptance will provide any
agency inspector with sufficient data to conduct all future facility inspection trips.
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Chapter 9 -

Additional Topics

A. SOURCE SAMPLING TRAIN CONFIGURATIONS

The Environmental Proteciion Agency has developed testing procedures to
evaluate the standard of performance for stationary sources. The Federal Register,
August 18, 1977, describes the reference methods to be used for the performance
test and outlines in Reference Method 5 the procedures and equipment to be
followert in determining particulate emissions from stationary sources. An
equivalent method subject to approval by the Administrator may be used when
emissions from a given facility are not susceptible to being measured by Reference
Method 5. The Reference Method determination of particulate emissions is based
on the Federal Register definition of “particulate’ in Subpart D §60.41 (¢c):

“Particulate thatter” means any finely divided liquid or solid
material, other than uncombined water, as measured by
Mcthod 5.
T'kis is a legal definition. A source test engineer must also have a scientific
definition. :

Reference Method 5. as written in the August 18, 1977 Federal Register, is

presented schematically in Figure 9-1.,
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Stack . I——-Oriﬁce meter
o | l::::ed g Condenser=— Pump—Dry gas meter - *
) Filter maintained at
Gas at 248° + 25°F (120° + 14°C)
stack ~or temperature specified
tempera- in subparts of 40CFR60
ture and *
pressure

Figuie 9-1, Schematic ciagram of Reference Method 5

Analytical procedures for the method require the following:
1. Filter glass mat and particulates be dusiccated to constant weight
.+ 0.5 mg. ,

2. Probe, nozzle, and filter holder be washed with acetone.

a. Acetone blank (100 ml) evaporated at room temperature and pressure.
b. Acetone and particulates evaporated at room temperature and pressure

in a tared weighing bottle. :
¢. Particulates desiccated and weighed to constant weight + 0.5 mg.

3. Silica gel weighed to nearest gram.

4. Volume H9O in condenser measured and recorded. HpO discarded.

“The schematic sampling train and the outline of the analytical procedure re-
quired constitute a scientific definition of the “particulate.” The temperature and. "
pressure at which a solid or liquid particulate is caught on the filter mat are

“defined. Also given are the portions of the sampling train which are analyzed for this
particulate., '

There are a number of other source sampling methods available for isokinetic
sampling. The configuration of the sampling train and the analytical procedures
employed can effect the definition of “particulate matter.”

P

Stack - |——- Orifice meter

. d
rFlltef }:::lfe Condenser—=Pump— Dry gas meter
Gas at
stack
conditions

Figure 9-2. Schematic diagram of an in-stack train,
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“The In-Stack Filter

A schematic diagram of an in-stack train is illustrated in Figure 9-2. The filter is
maintained at stack temperature and pressure. The analytical procedures are an
important factor in defining the total "particulate matter” sampled by the system.

Typical analytical procedures assess particulate matter on the filter mat only.
This system would, therefore, define only solid or liquid particulates at stack
conditions. Particulates penetrating the filter and settling in the probe or condenser
might be ignored. Gaseous pollutants that might be solid or liquid at 248° + 25 °F
would be trapped in the condenser. If analysis excludes the condenser catch, these
particulates would not be part of the “particulate matter.” The gases condensing in
a water trap could become complex and form psuedo-particulate that could bias
the sample. The use of this type of systern must be carefully evaluated in the
context of the test objectives and source operating conditions.

Stack
Orifice meter-l
Heated )
Condenser = - Filter = = Condenser— Pump= Dry gas meter
probe
At ambient temperature
. and pressure

Gas at

stack

conditions

Figure 9-3. Schematic diagram of EPA Method 5 (Modification No. 1)

EPA Method 5 (Modification No. 1)

The schematic for this modification is illustrated in Figure 9-3. The system uses an
out-of-stack filter at ambient temperature and pressure. The filter is located
between the first and second cordenser. This is similar to the diagram for Federal
Register Method 8. It traps gases and liquids and solids in the condenser and on
the filter. The system could be used for particulate sampling. The filter particulate
matter would, however, be trapped at a temperature much lower than the

248° £ 25°F recommended for Method 5. Analytical procedures for particulate
matter in the first and second condensers could be biased by psuedo-particulate
formation. When used for particulate testing, this system must be evaluated in the
context of test objectives and source operations.
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Stack

Orifliece
meter
Heated ) . r. :
L 2 Filter = Condenser = Filter =Pump= DGM
I .probe f

Gat at At ambient temperature

stack and 1 atmosphere

conditions

Figure 9-4. EPA Method 5 (Modification No. 2)

EPA Method 5 (Modification No. 2)

This modification depicted in Figure 9-4 shows filters located both behind and in
front of the condenser. The front filter is maintained .t Federa. Register
recommendations of 248°+ 25°F. The second filter is at ambient temperature and
pressure. This system would trap particulates on the filters and in the condenser.
The selective analysis of various parts of the train could be very important. The
system could be subject to the biases noted in the other systems. It can, however,
give a full assessment of particulates emitted at a source.

Stack Orifice
[ meter
. Heated
r Filter = probe Filter = Condenser Pump = Dry gas meter

f

At 248°+ 25°F (120° + 14°C)

and 1 atmosphere
Gas at

stack
conditions

Figure 9-5. Combined system.

The diagram (Figure 9-5) shows an in-stack filter backed up with an out-of-stack
filter maintained at 248°+ 25°F, The syste.u could assess in-stack particulates,
Method 5 particulates. and ambient particulates. The scope of particulates
measured would depend upon the analytical procedure. This system could be a
useful research tool.
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Summary

The Clean Air Act -equires that air pollution be prevented and controlled. The
Federal Regulations emanating from this for control of source emissions require
source emissions performance tests. Particulate emissions testing procedures are
outlined in Federal Register, August 18, 1977, Method §. Alternativ: procedures
may be used if the Method 5 test can not be performed at a given facility; these
alternative procedures must have Administrator approval,

The regulations define “particulate matter” in terms of Reference Method 5. An
examination of the Method 5 system gives insights into the scientific definition of
particulate as assessed by this sampling method. Alternative systems to Method 5
can have an effect on the definition of “particulate matter.” “Particulate matter,"
as defined by these sysrems, depends upon the temperature and location of the col-
lection filter and the selective analysis of sampling train sections. Any sampling
system used for a particulate cmissions performance test must be capable of
assessing the best available system of emissions reduction. The sampling train must
be designed and analyzed within the context of these objectives and source
operating conditions,

B. REPORTING IN UNITS OF THE STANDARD: F-FACTOR METHODS
F Factors: Introduction

The use of the F factor in calculating particulate emission levels from new sta-
tionary sources was promulgated in the October 6, 1975 Federal Register. The F
factor is intended to reduce the amount of data necessary to calculate particulate
emissions in terms of the standard expressed as'pounds per million Btu heat input
(Ibs./106 Btu). As mentioned earlier, there are currently three types of standards
for particulate mass

concentration standards ¢y (ppm, grains/ft3, grams/dscm)
pollutant mass rate

standards pmrg  (lbs/hr, Kg/hr)

process rate standards E (1bs./106 Btu, ng/], Ibs/ton)

The emission rate, in terms of the units given in the New Source Performance
Standards. is related to concentration and mass rate in the following manner

(Eq-g‘l) E= pmrs = CSQJ

Qy Qy
where Qs is, of course, the stack gas volumetric flow rate (units of ft.3/h_r;_
Nm3/hr). N
and i

. . . . . \
Q;; is the heat input rate, the rate at which combusted fuel supplies heat ta_the
boiler o. other heat utilization system (Btu/hr, Kcal/hr) =
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By ‘imensional aralysis, it can be seen that the units of E in terms of pollutant =
. . /
mass per unit oyueat input are '

,

/ /

= lbs /1,063@ /-"

7/
7

==

(Eq.9-2). //E bs /hr  _ (lbs /ft 3)(ft 3/hr )
V4 108Btu/hr 106Btu /hr

/ ' 7
To débtain emission rates in units of Ibs/106Btu, it is necessary for the source
sarapler to obtain the following information:

/
.7 1. pollutant concentration, ¢; a. pollutant mass captured
2 b. dry gas volume sampled
2. etfluent volumetric flow rate, Qg a. stack gas velocity
b. stack temperature
¢. stack pressure
) d. dry gas composition
/! (Orsat) % CO2. % 02, % N2
e. moisture content
ya 3. heat input rate, Qy a. fuel input rate
/ ~ b. proximate analysis of fuel
/ Although all of the quantities for ¢ and Qg are obtained in a source test, the
quantities making up the heat input rate Q,, may not be easily obtained. Once
obtained, their accuracy may be in doubt since the source sampler usually is not S

able to calibrate or check the accuracy of the source fuel flow meter. The represen-
tative nature of the fuel sample and the accuracy of the fuel analysis itself may be -
difficult to determine. Consequently, a factor, based on simple princinles of com-
bustion was developed to avoid many of the problems involved in the calculation of

E. By using the F factor, E may be simply obtained from the formula

. 20.9
(Eq.9-3) E=cF( )

20.9-~ %0y
The F factor essentially replaces the ratio g/ Qg and the term in brackets is
merely an excess air correction.

The F factor is useful in calculating emissions for particulate matter. In the case
of its application to continuous monitoring instrumentation for gases. it is even
more valuable. The use of the F factor and its variants (¥, and F,, factors), in
reporting continuous monitoring data in terms of lbs /100Btu heat input, enables
the source operator to monitor only the pollutant gas concentration and the Og or
C0Oy concentration. Without this method, it would be necessary to continuously
ronitor st wck gas velocity. temperature, fuel input rate, ete. This would be possi-
ble. but impractical and expensive.

[n the sections below, the derivation and uses of the F factor. will be discussed
turther. Also, the requirements of J0CFR60.46 tor the use of the F tactor in
Method 5 will be given.

11.‘:
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Derivation of the/F Factor Mtymd
Before proceeding with the derivation of the F factor, it is necessary to give a few
definitions used in combustion analysis, namely those for “proximate analysis,”
ulumatc analysis,” and /gross calorific value."

Pruxunate analysis - a fuel analysis procedure that expresses the principal
charactenaucs of the fuel as

1. 9 n)_cjiétuxe ' . 9% sulfur
2. 9% 4ash - Total 6. heating value (Btu/Ib.)
3. % volatile matter 100% 7. ash fusion temperature

4. % fixed carbon

Ultimate analysis — the determination of the exact chemical composition of the fuel
without paying attention to the physical form in which the
compounds appear. The analysis is generally given in terms of
percent hydrogen, percent carbon, percent sulfur, percent
nitrogen, and percent oxygen.

Gross Calorific Value (GCV)--also termed the “high heating value.” The total
heat obtained from the complete combustion of a fuel.
Referred to a set of standard conditions, The GCV is obtained
in the proximate analysis as the “heating value."”

These detinitions generally apply to the fuel “as received” at the plant.

If one considers the volume of gas generated by the combustion of a quantity of
fuel, the F factor relationship can be easily obtained. First, defining V; as the
theoretical volume of dry combustion products generated per pound of fuel
burned in dscf/lb, the following equality can be made

Qs . v,
(Eq.9-4) 2 [ excess air \ = _
: Qu correction GCV
Dimensionally, this says
ft3/hr _ fr3

Btu/hr Btu ‘

Qs and Qg can be determined at the source. ¥, is obtained from the ultimate
analysis of the fuel.
Remembering the first equation given in this section,

csQs G .
E= and substituting in Equation 9-4,

Qy

c.V 1
E= sVt '

GCV excess alr

correction
9.7 .
12y,



The quantity V,/(:CV is then defined as the Fd factor and the following
simplified equation is obtained.

4

o

o (Eq.9-5) E=cFq ——1——-—-—
< : - 7 (excess qar)
y correction

For EPA Method 5, the oxygen concentration of the source must be determined
simultancously and at tgg same traverse. Since the excess air correction using per-
cent oxygen is

20.9 - %02)
20.9 '

the equation to be used for calculating emissions for EPA Method 5 is

20.9
20.9- %0g

(Eq.9-6) E=cFy

As mentioned earlier, there are different types of F factors. The differences arise
in the way in which the excess air corrections are determined. For example, the F,
tactor is used when the percent COyg is determined instead of percent Og. (Note:
the F, factor is not promulgated for use in calculating particulate emissions,
although it may be used in reporting continuous monitoring data for gases). A
table of F factors is given for reference.

It should also be noted chat the F factor may be used with the percent Og and ¢
determined on a wet basis if the moisture content By, of the stack is known:

20.9
20.9(1 = Byys) ~ % 02

(Eq.9-7) E=cyky (

Nate Lhe subsanpt wostands for measwiaments tnade on g wet basis. All other measutements are

assumed to be made on g diy basis

9.8 19




Measurement
. Required for
Fac- |Excess Air Emissions
tor Unius | Determination Calculations Comments
. dscf %09 20.9 ]
Fg |[—— ikt E=cF ¢ deter-
4| 06pey | (dry basis) sd [ 20.9- %024 ] | mined on dry
. basis
¥y 4/ ~ «
F |—9s<t 1% COg (dry or E = cgF [,J‘li’_..] cs on dry or
106 Beu wet basis) % COg2 wet basis con-
sistent with
COg
measurement
Fy |—2L 0 o 0 (wet  [E=cugly [ 20.9 ] The “wet” F
106 Beu basis) * L20.9(1 - Bya)~ %Ogwd| factor, cyy’
and %09 on
wet basis
Bywa = average
moisture con-
tent of
ambient air
209 Fq 20.9-%O09
Fo ~ — Fh= —— - = ————— |Miscellaneous
100 F¢ % COg2 factor useful
for checking
Orsat data

Calculation and Tabulation of F Factors

‘Table 9-1. F factors.

The Fy factor method carries with it the assumption that the ratio, V;/GCV, the
ratio of the quantity of dry effluent gas generated by combustion to the gross
calorific value, is constant within a given category. This ratio, of course, is the

F,4 factor.

Vi is determined from the stoichiometry of the combustion reaction; i.e., if a
hydrocarbon is burned in air, gaseous products will result, the volumes of which,
can be calculated. For example,

Cq Hg+ 09+ N9 —CO9! + HQO! + Ng!.
air

propane

9-9

gases
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For each pound of fuel undergoing pertect combustion, a known amount 91‘
gaseous products will result. Using the stoichiometric relationships resulting from
chemical reactions similar to the example above, and given the gross calorific
value of the fuel per pound, the following relationships have been developed for

the F factors. ;

(Eq.9-8)
Fp= 227'()(%’1)+95'7(%(“)*'35".‘_(_%8) +8.0(%N) - 28.5%0) (metric unets)
d GCVv |
Fy= 106[1’).64(‘,’/2,i-l)+ 1.53(%C) +0.57(%S) + 0 14(%N) - 0.46(% 0)] (English units)
GCV
(Eq.9-9)
E.= 29_'_9.(.%2_0). (metric units)
‘ GCV
F.= 321 x 103(%C) (English units)
b ¢ GCv
(Eq.9-10)
347. 4% H) + 95.7(%C) + 35.4(%S) + 8.6( % N) - 28.5(% 0) + 13. 4% Hy0)
w” GCVy (metric units)
106[5-‘35(%11)+ 1.53(%C)+ 0.57(%S) + 0.14(%N) - 6.46(%0) + 0.21(% H20 |
w” GCVy (English unats)

If the source utilizes a combination of fossil fuels, a simple addition procedure
can be used to compute the F factor.

(Eq-g‘ll) 1'-:x1"1 +)'1"2+:.1:3

where

x.v.: 7 the fraction of total heat input derived from gaseous, liquid, and solid fuels,
respectively.

Fy.Fo Fy = the value of F for gaseous, liqued, and solid jossil fuels, respectively.

Several Ffactors have been calceulated for various types of tossil and waste fuels,
[t has been found that for a given tvpe of fuel the F tactor does not vary over a
significantly Targe range. For example. tor bituminous coal. the Fy factors were
found to range from values of 9750 dsef 100 (o 9930 dsct LODBuu, giving a max
mum deviation from the midpoint value of 9820 dscf 100Buu of Tesy than 3 per
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cent. In general, it has been reported that the Ey factor can be calculated wo within
a t § percent deviation and the F; factor can be calculated to within a £+ 5.9 per.
cent deviation. The caleulated factors are given in the following table.

F Factors {or Various Fuels a,b

Fd Fw Fe F

FUEL TYPE dsc£/106 Beu | wacf/106 Beu | scf/106 Beu o
~oal

Anthracite 10140 (2.0) | 10580 (1.5H)* 1980 (4.1) 1.070 (2.9)

Bituminous 9820 (3.1) 10680 (2.7) 1810 (5.9) 1.140 (4.5)

Lignite 9900 (2.2) 12000 (£.8) 1920 (4.6) 1.07€1 (2.8)
Oil 9220 (3.0) 10360 (3.5) 1430 (5.1) 1.3461 (4.1)
Gas

Natural 8740 (2.2) 10650 (0.8) 1040 (3.9) 1.79 (2.9)

Propane 8740 (2.2) 10240 (0.4) 1200 (1.0)* 1.51 (1.2)*

Butane 8740 (2.2) 10430 (0.7) 1260 (1.0) 1.479 (0.9)
Wood 9280 (1.9)*]  -------. 1840 (5.0) 1.05 (3.4)

_ Wood Bark 9640 (4.1) | -.e----- 1860 (3.6) 1.056 (3.9)

Paper and Wood Wastest 9260 (3.6) 1870 (5.8) 1.046 (4.6)
Lawn and Garden Wastesd 9590 (5.0) 1840 (3.0) 1.088 (2.4)
Plastics

Polyethylene 9173 1380 1.394

Polystyrene 9860 1700 1.213

Polyurethane 10010 1810 1.157

Polyvinyl Chloride 9120 1480 1.286
Garbage® 9640 (4.0) 1790 (7.9) 1.110 (5.6)
Miscellaneous

Citrus rinds and seeds 9370 1920 1.020
Meat scraps, cooked 9210 1540 1.252

Fried fats 8939 1430 '1.310

Leather shoe 9530 1720 1.156

Heel and sole composition 9480 1550 1.279

Vacuum cleaner catch 9490 1700 1.170

Textiles 4354 1840 1.060

Waxed milk cartons 9413 1620 1.040

3 Numbers in parentheses are maximum deviations (%) from the midpoint F factors.

b To convert to metric system, multiply the above values by 1.123 x 10'4 to obtain sem /106 cal.

¢ Includes newspapers. brown paper, corrugated boxes, magzzines, junk mail, wood. green
logs. rotten timber.

d Includes evergreen shrub cuttings, flowering garden plants, leaves. grass.

¢ lucludes vegetable food wastes. garbage (not described).

* All numbers below the asterisk in each column are midpoint values. All others are averages.
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Application of the F Factor to EPA Method 5

It appears that much confusion has arisen with regard to the use of the F factor in
reporting Method 5 data. In the Code of Federal Regulations, A0CFR60.46, under
‘Test Methods and Procedures for the New Source Performance Standards, emis-
sions expressed in terms of 1bs 105 B are o be determined using the formula
20.9

k= Oy ¥ o rom——

(Eq.9-12)
4 20.9 - %09

Reproduced below is: “PART 60—STANDARDS OF PERFORMANCE FOR NEW

STATIONARY SOURCES."
Subpart D—Standards of Performance for Fossil-Fuel Fired

Steam Generators

§ 60.46 Test methods and prucedures.

(a) The reference methods in Appen-
dix A of this part, except as provided
in §60.8(h), shall be used to determine
compliance with the standards as pre-
scribed in 8§ 60.42, 60.43, and 60.44 as
follows:

(1) Method 1 for selection of sam-
pling site and sample traverses.

(2} Method 3 for ras analysis to be
used when applying Reference Meth-
odas 5. 6 and 7.

t3) Method 5 for concentration of
particulate matter and the associated

motsture content.
(4) Method 6 for concentration of

S0.. and
t5) Method T for concentration of
NO,.

(b For Method 5. Method [ shall be
used to select the sampling site and
‘the numbher of traverse sampling
points. The sampling time for each
run shall be at least 60 minutes and
the mininum sampling volume shall
be 0.85 dsem (30 dscfy except that
smaller sampling times ~r volumes.
when necessitated by process variables
‘or other factors. may be approved by
the Administrator. The probe and
filter holder heating systems in the
sampling train shall be set to provide a
pas temperature no greater than 433
K320 )

ic) For Methods 6 and 7. the sam-
pling s re shall be the same as that se.
lected  or Method 5 The sampling
point 11 the duct shall be at the cen
trotd ot e cross section or at a point
no close o the walls than 1 m «3 28
fty For M thod 6, the sample shau be
extracted at a rate proportional to the
vas velocity at the sampling point.

dy For Method 6, the minimum
samphng time shall he 20 minutes and
rhe munimum sampling volume 0.02
daem 071 dsef? for each sample. The
artthmetic mean of two samples shall
cotstitule one run Samples shall be
taken al approximatl ly 30-minute in
tervals

9 12

(e} For Method 7, each run shall
consist of at ieast four grab samples
taken at approximately 15-minuie in-
tervals. The arithmetic mean of the
samples shall constitute the run value,

(f) For each run using the methods
specified by paragraphs (a)(3), (a)(4),

and (a)(d) of this section, the emis-

sjons expressed in ng/J (1b/million
! Btu) shall be determined by the fol-

Lummg procedure

E.. (CF(20.9/20.9 - percent O,)

where:

(1) E=pollutant emission ng/J (lb/
million Btu).

(2) C-pollutant concentration, ng/
dsem (lbsdscf), determined by method
5,6,or1.

(3) Percent O,=oxygen content by
volume (expressed as percent), dry
basis. Percent oxygen shall be deter.
mined by using the integrated or grab
sampling and analysis procedures of
Method 3 as applicable.

The sample shall be obtained as fol-
lows:

(i) For determination of sulfur diox-
ide and nitrogen oxides emissions, the
oxygen sample shall be obtained si-
mulraneously at the same point in the
duct as used to obtain the samples for
Methods 6 and T determinations. re-
spectively [(§60.46(c)). For Method 7.
the oxygen sample shall be obtained
using the grab sampling and analysis
procedures of Method 3.

(11) For determination of particulate
emissions. the oxygen sample sha'l be
obtained simultaneously by traversing
the duct at the same sampling location
used for each run of Method 5 under
paragraph (b) of this section. Method
[ shall be used for selection of the
number of traverse points except that
no more than 12 sample points are re-

quired. B
(40 F a factor as determined 1n
paragraphs «f) (4), ¢5) or 16) of § 60.45.

121)
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(8) When combinations of {ossil
fuels or fossil fuel and wood residue
are fired, the heat input. expressed in
watts (Btu/hrn), {s determined during
tach testing period by multiplying the
gross calorii‘c value of each fuel fired
(in J/kg or Btu/lb) by th.e raie of each
fuel burned tin kg/sec or 1b/hr), Gross
calorific values are determined in ac-
cordance with A.S.T.M. methods D
2015-66(72) (solid fuels), D 240-64(73)

" (liquid fuels), or D 1826-64(7) (gaseous

fuels) as applicable. The method used
to determine calorific value of wood
residue must be approved by the Ad.
ministrator. The owner or operator
shall ‘determine the rate of fuels
burned during each testing period by
suitable methods and shall confirm
the rate by a material balance over the
steam generation system,

«Sec. 114, Clean Air Act as amended (42
U.S.C. 14140

{40 FR 46258, Oct. 6, 1975, as amended at 41

FR 53190, Nov. 22, 1976

There are three points that should be made here:

® Only the dry F factor using percent Oy for the excess air correction may be
used in the calculation, The F. and F, factors may not be used.

® The oxygen sample is to be obtained simultaneously with the Method 5 run, at
the same traverse points. This essentially requires that an additional probe be
placed along with the Method 5 probe and an additional pump be used to
obtain an integrated bag sample over the duration of the run. However, only
12 sample points are required. If there are more than 12 traverse points deter-
mined by EPA Method 1, an independent integrated gas sampling train could
be used to traverse 12 points in the duct simultaneously with the particulate
run,

® The procedures in 40CFR60.46 apply to new fossil-fuel,fired steam generators
(new sources are those constructed or modified after August 17, 1971). For
existing fossil-tfuel steam genervators, which are regulated by State standards,
tie State or local regulations should be checked for application of the F factor
method.

Other Uses of F Factors

A. 1t values for Qg the stack gas volumetric flow rate, and Qg the heat input
rate, are obtained during the source test, as they often are, several cross-
checks can be made by comparing various calculated F factor values with
the tabulated values. Equations that can be used to do this are given below.

(Eq.9-13) ‘ Q; (2009-9%09)
Fy(cale) =
Qs 20.9
(Eq.9-14) . Qs 20.9(1 = Byyy) - %09y
F, (calc) =
Qs 20.9
?/;)CO‘Z _ Q;w 0’6(:02W

(Eq.9-15)

Fcale) = —— Lo—_25 =L

Q; 100 Qs 100
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If. after calculating Fy, F,, or F, a large discrepancy exists between the calculated'
value and the corresponding value in the table, the original data for Q;, Q,,, and
the Orsat data should be checked. ‘This is an casy way of LOIldULtlllg a material
balance check. : ‘ o
B. Using a tabulated value for Fy, F,, or F,, and the data obtained during the -
stack test for Q; and % 09 or %C09, a value of Q,, may be obtained from ....
the equations. o
C. If ultimate and proximate analyses are available, they may be used to
~ calculate an F factor using one of the equations. The calculated value can
then be checked with the tabulatcd values and should be within 3 to 5 per-
cent agreement, depending on the type of fuel and type of F factor.

D. The K, factor may be used to check Orsat data in the field.

The F, factor is the ratio

209 Fy
) - A F =
(Eq.9-16) o= 0" k-

and is equal to
o (209" %09
%7\ 9%cCo0y

the %09 and % COg being obtained or adjusted to a dry basis. A value differing
from those tabulated would necessitate a recheck of the Orsat data.

Errors and Problems in the Use of ¥ Factors

The following factors may contribute to errors in reporting emiss . ..y using
F factors: :
® Deviations in the averaged or "midpoint”™ F factor value itself.
® Frrors in the Orsat analysis and the consequent %09 and % CO0O9 values.
® Failure to have complete combustion of the fuel (complete combustion is
assumed in the derivation of all of the F factor methods)
® Loss of COg when wet scrubbers are used - affecting the Fy, F. and £, factors,
Addition of COy when lime or limestone scrubbers are used  affecting the F,
tactor.

T'he deviations in the F factors themselves have been found to vary no more than
about 5 percent within a given fuel category. Since the F factors given are averaged
values. differences in the ultimate analysis between fuel samples could easily
account for the deviation. The most significant problem in the use of the F factors,
however. is in the excess air oorrection  the use of the Orsat data in calculating
the particulate emissions. / - -rror of a few percent in the oxvgen concentration
could cause a relatively large error in the value of E. or more importantly, could
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mean the difference between compli’anév and noncompliance. A recent publication
by Mitchell and Midgett (1976), entitled "Field Reliability of the Orsat Analyzer,”
states ' T '

The results from five collaborative tests of the Orsat Method

indicate that the use of Orsat data to-determine the molecular

weight of flue gases is a valid procedure, -but the use of such

data routinely to convert particulate catches to such reference-.
conditions as 12% COy and 50% excess air may introduce

sizeable errors in the corrected particulate loading....

However, since the use of Orsat data for calculating par-

ticulate conversion factors will likely continue it seems prudent

to develop procedures to check the reliability of Orsat data..

One procedure, that could be instituted without affecting

either the cost or time o a source test, would be to require that

if the Orsat data is to be used for calculating a particulate con-

version factor, then the integrated flue gas sample must be
independently analyzed by at least two analysts and their

results for each gas component must agree within a certain

volume percent —say 0.3% —before they can be used to

calculate the conversion factor.

Since the F factor method has been developed assuming complete combustion of
the fuel, incomplete combustion will cause an error. However, if the %CO is deter-
mined in the flue gas, some adjustment can be made to minimize this error.

(Eq.9-17) (%C€02)adj= %CO2 + %CU .
(Eq.9-18) (%02)adj= %02 -0.5 %CO

By making these adjustments, the error amounts to minus one-half the concen-
tration of CO present.

The loss of CO9 in wet scrubbing systems will also have an effect on the
F factors. A 10% loss of COg will produce an approximate 10% crror in the £,
‘actor. Since the Fy factor (Og correction) is based on source combustion products,
its value will also be affected by the loss of COg. If the gas stream has 6% 09 and
1.4% COg is lost in the scrubber, the error will be about plus 2.8%. The F,, factor
is not applicable after wet scrubber since the moisture content would nave to be
independently determined.

In general, the greatest errors associated with the F factcr method are those that
would be associated with the excess air correction. Collaborative testing programs
have found that such errors can range as high as 359% when emission rates are cor-
rected to 12% CO0g. F factors can be a valuable tool in calculating source emissions
in terms of the New Source Performance Standards; however, care should be taken
in their application. Considerable effort should be given by the source sampler to
obtain representative and accurate Orsat data.

9-15
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"C. PARTICLE SIZING

- Particle Sizing

~ A particle has severail important properties. These are mass, dimension, chemical

composition, aerodynamic properties, and optical properties. The primary
distinguishing f~ature of any particle is the particle size. The most widely used unit
describing part. e size is the micron.

1 micron (1) =0.001 mm =10~ 4cm =10~ 6 meter

Particle size may be determined by a variety of analytical techniques. The
analysis of particle size is misleading since in practice these techniques do not
measure actual particle size, rather they measure particle properties related to the
particle size and shape. Analytical or empirical relationships incorporating
theoretical principle: and assumpiions are then employed to assign the particle an
“effective size.” Particie size analysis is influenced by the extreme diversity of
paiticle shape. Size analysis data can be widely different depending upon the
methods employed for analysis. The analytical methods used for size analysis must,
therefore, be carefully considered in terms of the objective purpose for which the
size analysis is required.

Particle Physical Propertics

The term “particle size” generally refers to an “effective size” described as an
equivalent or effect diameter. A large amount of empirical and theoretical infor-
mation has been developed for describing the physical properties of spheres of unit
density in dry air. The data can be applied in predicting the physical

properties - mass, volume, or settling velocity - for any particle if the particle size
can be defined in terms equivalent to the terms used in describing a sphere. The
most convenient and frequently used common term is “diameter™: the particle size
is described in terms of a sphere of equivalent diameter.  Assuming that the
physical properties of the 1 rticle will be similar to those of a sphere of the
cquivalent diameter and that a physical property (f) is proportional to some power
of the diameter(d). the prediction can be made:

(Eq.9-19) f(d) = ad

where n =ae number (determined empirically or theoretically)
a - a shape factor specific for particles of a given shape and
composition

This s ex ~mely important for the design of emissions control devices. The
unportant parameters involved in operating and maintaining emissions control devices
can be fully evaluated only atter adequate particle size informaiiorn: has been obtained.

Particle Motion

I'he most common and useful partidle sizing methods tor solid particles suspended
in a gas dehine particle ize as an acrodvnamic diameter. This allows the prediction
of the acrodynamic prenerues of a particle. These properties are extremely impor-
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tant in designing control equipment to remove particles suspended in a gas emitted
to the atmosphere. The procedures employed rely on several principles of fluid
dynamics and the calculations made by mvesugators Stokes and Cunningham. The
principles involved will be discussed to aid in understanding the operation of the

- devices for determining particle aerodynamic diameter.

The Mechanism of Drag for Submerged Particles

The flow phenomena of a nonviscous, incompressible fluid around a submerged -
object is explained by the Equation of Continuity and Bernoulli's theorem. The

diagram in Figure 9-6 illustrates the streamlines of the fluid. The velocity of a fluid

molecule perpendicular to a tangent drawn at point I falls to zero. The incom-
pressible fluid particles flowing around the object follow the principles in the equa-
tion of continuity; the streamlines come closer together with a resultant increase in
acceleration. The acceleration at point I is accompanied by a decrease in pressure
as described by Bernoulli, i.e., the net work done on the fluid by pressure must be
equal to the net gain in mechanical energy. Fluid mass and energy must be con-
served in a nonviscous, incompressible system, therefore, as the fluid flows around
the body to point III it releases mechanical energy, increasing the pressure. The
fluid decelerates to its original" velocity and the system pressure returns to the values
at point I. Fluid streamlines in this ideal system are symmetncal in front of and
behind the submerged body. _

The flow of viscous, compressible fluid around a submerged object may also be
examined and understood in the context of the equation of continuity and
Bernoulli's theorem. The nonviscous, incompressible fluid flows around the object
without losing energy. The viscous, compressible fluid would experience surface

A‘

11

Figure 9-6. Submerged particle.
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drag or friction as it passes from point I to point II. The equation of continuity
shows that the accelerating fluid would increase the fluid mass per cross-sectional
area per unit time passing from point I to point II. The fluid would “pile up” dur-
ing its flow, increasing the fluid density and changing the Reynolds Number of the
fluid. The friction from surface drag dissipates part of the mechanical energy of
the fluid as heat. The fluid cannot return mechanical energy as pressure,
therefore, fluid pressure at a distance beyond point Il is lower than the pressure of
the fluid at point 1 or point III. The Reynolds Number changes are caused by

‘changes in fluid density and viscosity. Increased viscosity creates tangential forces

which in conjunction with the opposition forces of higher pressure at point II1
acting on the accelerated fluid force it to disassociate with the fluid streamlines
behind the body. The accelerated fluid must find somewhere to flow since it can-
not rejoin the original streamline. The forces acting upon the fluid cause it to flow
in a reverse, tangential pattern forming a vortex behind the body. The continued
fluid flow around the submerged body with continuously changing Reynolds
Number quickly sweeps the vortex formed downstream. A new vortex forms and
the interaction of these vortices results in a turbulent wake behind the submerged
body. The net effect on the submerged body is frictional and pressure drag.

Stokes' Law

The motion of a body submerged in a fluid is determined by the forces acting
upon the body. A particle will remain at rest with respect to fluid in which it is
located until it is acted upon by some external force. This principle is Newton's
first Law of Motion. It is further explained in his second law. whicl. states that the
acceleration upon a body caused by a force is proportional and par.ilel to the
result of that force and inversely proportional to the mass of the body. A single
isolated force is an impossiblity since any force acting upon a body :. . ..:ally only
one aspect of a mutual interaction between two bodies. A body exerting a force
upon another body always encounters an equal and oppositely directed force
exerted by the second body. This principle is Newton's third Law of Motion. The
application of these laws upon a sphere of unit density falling in dry air is the basis
tor Stokes” Law.

Newton's first law is contained in his second law since if the force (F) acting
upon a body is F= 0. then the acceleration (a) of the body is a = 0. In the absence
of an applied force, the hody will move at a constant velocity. This concept makes
possible the calculation of the constant terminal or settling velocity of a body
suspended in a fluid. If the magnitude of the forces acting upon the body and the
size and shape of the body are known, its terminal velocity can be computed. A
convenieat system for testing the calculations used by Stokes was a sphere of unit
density falling in dry air. The sphere can be physically defined as having an area

<)
L

(1.4.9-20) - 08

.q.9- Ay —

q P

where Ay =sphere area projected on a plane normal to the flud flow

Dy = sphere diameter
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(Eq.9-21) ' _
4 s . o

a , 7(D
and a mass Mp= Q_p_ﬂ'ﬁ( B)
where My, = nass of the sphere
Qp = true sphere density .

The discussion of streamline fluid flow around a body shows that a frictional - -
drag exists on the body defined for a sphere '

(Eq.9-22) ' . ou? pC
r- 9 p L
where F,=drag friction . .

C =drag coefficient
u = relative velocity of the particle in the fluid
o =density of fluid.

The sphere will have a terminal velocity when the gravitational force acting on
the body

oo [0
(Eq.9-28) Fg=eMp |75,

where g1, = local gravitational acceleration
Fg = gravitational force

and the frictional forces are equal: Fg=F;. The net force on the body equals zero.

(Eq.9-24) Fg|
| Fy

Net Force=0

The terminal velocity (u;) can be calculated:

Eq.9-2 _[28Mplep-e)3%2 _ [ Dplep~ @ Z
( q.9-5.5) ug = QQPAPC -

A mathematical proof by Stokes showed that when inertial terms in streamline
fluid flow are negligible the frictional drag on a body submerged in the fluid can
be expressed as

(¥ 4.9-26) F{=3tpu Dy

where
p = wscasity of the fluid .
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Substituting this expression into the original frictional drag equation the coeffi-
cient of drag (C) upor the body m%y be defined

(l) I’r: -'1{I -
Quzl‘bpz ,
9 —_— 0 =
3) = 24
Qqu

ar,
Using the above definition of drag coefficient in the equation for terminal
velocity and reducing all terms, the terminal velocity may be expressed:

(Eq.9-27) =gy, Dg(ep—0)/18p.

The conclusion that can be drawn from this complex proof is that a particle in a
fluid will have a terminal or settling velocity when the net forces acting upon it are
equal to zero. The velocity of the settling particle will be determined by the
viscosity of the fluid and be proportional to the size and mass of the particle. These
factors can make possible prediction of the physical properties proportional to the
size and mass of the particle.

Cunningham “Slip’’ Factor and Brownian Movement

The calculations in Stokes' Law hold for unit density particles between 3-100um in
size. A particle smaller than 3um has a higher terminal velocity than expected by
Stokes' Law. Particles in this range are approaching the mean free path length of
fluid molecvies and experience less resistance than larger particles. A correction
factor deveioped experimentally was determined by Cunningham to calculate the
increased settling velocity of these particles.

I'he particles in this size range (< 3um) are also subject to the effects of
Brownian movement. ‘The particle experiences random motion from collision with
fluid molecules. This movement by collision is very important for correcting
gravitational setthing velocity for particles 20.1um < 3um. The effect of Brownian
movement upon particles <0.1pm is much greater than gravitational settling
velocity. Brownian movement is a diffusion property analogous to the diffusion pro-
perties of a gas. Particles subject to Brownian movement exert a partial pressure in
the tluid proportional to their concentration.

Inertial Particle Sizing

Lhe priciples of isokinetic source sampling are founded upon the fluid dynamics
in the preceding discussicn. An isokinetic sample taken from a gas stream does not
disturb the gas streamlines. It draws gas into the sampling nozzle with a torce
equal to the forces propelling the gas up the stack. The distribution of particles
entering the sampling nozze is theoretically the same as that existing in the stack.
Isokinetic sampling does not exert excess external forces upon the particles in the

49 20
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gas stream; therefore, an unbiased sample is taken. If the sampling were done aver
isokinetically, external force would be exerted on particles in the gas. The gas
streamlines would be drawn closer together, bringing a larger percentage of small
particles into the sample. This analysis is based on particle inertia and fluid
resistance to particle movement relative to the fluid.

The inertial particle sizing devices operate to yield the best data when an
Jsokinetic sample enters the sample nozzle. The sample in the device contains a
valid répresentative sample of the particles distributed in the gas stream. Particles
of different size and mass are then separated by their inertia. The inertia of each
particle is proportional to its size and mass. This particle inertial force acts against
the resistive frictional forces of the surrounding fluid. The particle reaches its ter-
minal or settling velocity when these forces are equal. The inertial particle sizing
. device creates a different fluid flow characteristic for various stages within the
device by causing the streamlines to come closer together. Particles that have
attained their settling velocity at a given stage in the sizing device do not follow the
gas streamlines and move out of the gas to impact on a collection stage. The
diagram illustrates the concept involved. '

Orifice
Impaction collection plate

Gas steamline

-
B e e e e S B, ML N T R N
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;
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W
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Figure 9-7. Inertial particle collector.

The particles have been separated based upon forces proportional to their size
and mass. The device used must be calibrated with particles of known size, shape,
and mass so the data for the unknown particles can be correlated. The most con-
venient method of calibration uses spherical particles of unit density dispersed in
dry air at standard temperature. The shape and size of the unknown particles is
not known directly; however, based on their behavior in the sizing device, an
“effect diameter” is determined which is related to the calibration spheres. Particles

9-21
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. of unknown shape sized in an inertial $izing device that correlates particle size to

reference sphere calibration data are assigned an “aerodynamic diameter.” This
term is used since the particles have been sized based upon the similarities
exhibited between the behavior of calibration spheryes and the particle in a gas
stream. The aerodynamic diameter is related to the particle geometric diameter,
particle density, and shape in the expression:

(Eq.9-28) ep
deo=K -~ d,
¢ Qo 5
where: dg = geometric diameter

ep = particle density
0o = unit density (1 g cm~3)
K shape factor, for spheres=1.

This data, in conjunction with knowledge of the chemical composition of the
particles, aftords sutficient information for predicting particle physical properties.

The inertial particle sizing technique is a very useful method of assessing particle.

size; however, it is subject to some limitations and problems. Th» inertial technique
tor sizing particles is preferred since it can be used in situ, avoiding the sampling
errors created by extractive systems. The /n situ device is not subject to biases
created by electrostatic and thermal gradients, particle agglomeration in the
sample probe, or new particle formation at lower than stack temperature. It can,
however, have smeared particle size cut-off points at the collection stage. This
problem is related to the finite dimensions of the sizing device. The changing fluid
velocity and viscosity effects the collection efficiency of each size stage.

A collection stage collects particles of which a percentare correspond 1o one size
with others above or below this size cutoff. The particle size for a given stave is, .
therefore. generally termed a “fractionation size,” which is a definition of the col-
lection stage efficiency. The Dgsg for any stage is defined as the size of particles col-
lected on each stage with at least 509% collection efficiency. for a given set of
impactor conditions, The proper Dsg for a collection stage can be maintained only
it the particle «izing device is operated at a gas flow rate that does not profluce
fracturing or scousing of particles. If the sample gas flow rate is too high, particles
can be broken upon impact with the collection stage or settled particles could be
re-entrained into the gas stream. This would create significant errors in collection
etficiency for the impact stage.

Alternate Sizing Methods

A number of other methods exist tor sizing particles. The method chosen for a
given sampling situation should be thoroughly evaluated in relation to the scope of
the work. Several methods employ particle miass, size. and shape in a manner
theoretically similar to the inertial sizer, Elutriation and sedimentation methods are
extractive methods that are. in principle, verv similar to the inertial impac:

tor  they separate different size and mass particles based on terminal settling
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velocity. These are usually used in the laboratory, Another laboratory technique is
the Bacho centrifugal separation. This device incorporates a radial gas stream of
known tangential velocity to separate particles by size and mass. It, like the elutria-
tion and sedimentation devices, is subject to the uncertainties and high répetition is
necessary in determining particle size from a sample collected out of the original
gas stream. :

Microscopic analysis of particle sizing again requires high repetition to gain a
statistically representative evaluation of particle size. This technique requires that
those particles analyzed under the microscope do not aggiomerate or overlap.

Data Analysis

A variety of methods exist for presenting particle size data. The method selected
for a particular situation will most likely be chosen based upon the type of sizing
systemn used, convenience, and intended use of the data. The most common
methods of presenting data are cumulative or frequency distribution curves. A fre-
quency distribution curve plots the number or weight of an incremental size range
against the average particle size of the given range. This is based upon the concept
that physical laws control the formation of particulates in any system. Particles
tend to form a preferential size for a given system which can be determined
empirically. Particle size frequency distributions, therefore, approximate a
probability relationship with a peak at a preferential size. The cumulative distribu-
tion is a plot of the fraction of the total number of particulates (or weight of par-
ticles) which have a diameter greater than or less than a given size plotted against
the size. This is actually an integrated frequency distribution curve.

Th  najority of inertial impactor particle size data uses the 059 method of data
reduction. The particles on a given stage are assumed to have a diameter equal to
the calculated GHgg for that stage. Once the Dsp for each stage has been deter-
mined. the data can be simplified to yield a differential or cumulative plot of the
particle size sampled.

The cumulative plot of particle distribution is clear and easy to understand. The
weight of particulate collected for each stage is presented as a percent of the total
particulate catch. The data is then plotted as percent versus diameter yielding a
cumulative particle distribution curve. The method has a drawback in that a
weighing error is propagated throughout the data. Good calibration of the sizing
device greatly improves the data.

D. OPACITY MONITORING

Introduction

One of the more recent developments in the evaluation of source emissions has
been in the use of the transmissometer or opacity monitor. A knowledge of the
operation and type of information that may be obtained from these instruments is
very important for both the stack sampler and the stack test observer. Several con-
sulting firms are now using transmissometers during Method 5 tests to verify the



stability of the source emissions during the testing period. Values of opacity may
even be used to determine the mass emission rate if a prior correlation exists
between the two for a given source. These technigues can be invaluable for check-
ing the validity of the Method 5 data itself.

The term “transmissometer” comes from the word “transmittance.” When light
pastes through a plume of smoke, some of it will be transmitted and will be able to
be observed on the other side of the plumne. Some of the light, however, will be
scattered or absorbed by the particulate matter in the plume and will be lost to the
observer. If light is not able to penetrate through the plume at all, the plume is
said to be completely opaque, i.c., the “opacity” of the plume is 1009% . Transmit-
tance and opacity can be related in the following manner:

%0 Transmittance =100 - 9% Opacity

! &
Therefore, if a plume or object is 100% opaque, the transmittance of light through
itis zevo. It it is not opaque at all (zero Y5 opacity), the transmittance of light will
be 100%. Of course, a plume from a stationary source will generally not have
cither zero or 1009 opacity, but some intermediate value. In the New Source Per-
formance Standards. the opacity limits have been established for a number of sta-
tionary sources. The fullowing sources are those required to continuously monitor
their emissions and maintain them within ¢ - given standard:

Opacity Limit

Fossil  Fuel Fired Steam

Generators 209,
Petroleum Refineries

(Catalytic Cracker) 30
Electric Are Furnaces 15
Primary Copper, Lead. and

Zimce Smelters 20
Kraft Puip Mills

(recovery furnace) 35

Continuous monitoring regulations for opacity were made to ensure that source
control equipment is properly operated and maintained at all times. EPA does not
consider the transmissometer to be an enforcement tool since the visible emissions
observer (EPA Reference Method 9) s still used o enforce the source opacity stan:
dards. However, data from the transmissometer may be used as (‘\'i(i(?{l(‘(‘ of the

'S

opacity of an emission (see 12 FR 26205 5 23 77).

The Transmissometer

A transmisometer may he constructed motwo wavs, using either a single pass
swstem cFgare 9 8o g doable pass svstem (Figare 9 9y,
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Figure 9-9. Double-pass system,

In the single pass system, a lamp simply projects a beam of light across the stack or
duct leading to the stack. and the amount of light transmitted through the flue gas
15 sensed by a detector. Instruments designed in this configuration can be made
rather inexpensively: however, they often do not satisty EPA criteria for system zero
and calibration checks. The double pass system shown in Figure 9-9 houses both the
light source and light detector in one unit. By reflecting the projected light from a
mirror on the opposite side of the stack. systems can be easily designed to check atl
of the electronic circuitry, including the lamp and photodetector, as part of the
operating procedure. Most transmissometer systems include some type .. air purg
ing system or blower to keep the optical windows clean. In the case of positive
pressure sacks (Pg>0), the purging system should be efficient or the windows will
become dirty, leading to spuriously high readings.
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In contrast to ambient air continous monitoring instrumentation, EPA does not
“approve” specific manafacturer models. Since most stationary sources have unique

- monitoring problems, KPA has established the “Performance Specification Test™ as

a procedure for assuring that the instrument will operate properly once mounted in
a stack or duct. In addition, the transmissometer itself must satisfy several “design
specifications.” Meeting the design specifications and passing the Performance
Specification Test constitute approval of the specific opacity monitoring installation.

Design Specifications

There are essentially seven design criteria that must be met by an opacity monitor.
These are as tollows:

® Spectral Response - The system must project a beam of light
with the wavelength of maximum sensitivity lying between 500 and
600 nm. Also, no more than 10% of this peak response can be outside of
the range of 400 ro 700 nm.
#® Angle of Projection —The angle of the light cone emitted from the
. system is limited to 5 degrees.
®* Angle of View - - The angle of the cone of observation of the photodetec-
tor assembly is limited to 5 degrees. '
e Calibration Error - Using neutral density calibration filters, the instru-
ment is limited to an error of 3% opacity.
® Response Time - The time interval required to go from an npacity value
of zero to 95% of the value of a step change 'in opacity is Ii =ited to 10
seconds.
® Sampling The monitoring system is required to compiete « ..." iinum
of one measuring cycle every 10 seconds and one data recording cvcle
cvery 6 minutes.
® System Operation Check  The monitor system is to include a means of
checking the “active” elements of the system in the zero and calibration
procedures.

Bet: rchasing an opacity monitoring system. the instrument specifications
show b arefuly checked to see if the monitor satisfies these minimum
requirem s, Failure to do so may mean that the monitor will not be accepted by
EPA for application as a continuous monitor of source emissions.

here are several reasons for establishing these design specifications, The most
nuportant one is that there 1s no widely available independent method of checking
the opacity. Instead, it is assumed that if the system s designed correctly and can
be checked with filters tor accuracy. it should be able to give correct flue gas
opacity readings. The rationale behind each of these speditications follows

1 ?:i
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Spectral Resbonse

The transmissometer is required to project a beam of light in the “photopic™
region that region of the electromagnetic spectrum to which the human eye is
sensitive (Figure 9-10). '

Photopic spectral res Tungsten filament incandescent light

7 2500° K

H,0

CO,

Relative scale
-~
[

1000 1500 2000 2500
Infrared

Ultraviolet

rii;mle Wavelength in nanometers

Figure 9-10. Photopic region.
There ave three reasons for specifying this region: v

® [t was originally hoped to correlate the opacity readings of the
transmissometer with those of a visible emissions observer performing
EPA Method 9. If the transmissometer does project light in this region,
the readings usually will be comnparable. However, background light con-
trast. acid aerosol formation, and other problems may cause the readings
by visible emissions observer to differ from the instrument readings.

® Water and carbon dioxide absorb light at wavelengths higher than
700 nm. If the transmissometer projected light in this region (as some
earlier systems did), any water vapor or carbon dioxide in the flue gas
would take away some of the light energy by absorption processes and a
high opacity reading would result (see absorption regions in Figure 9-10.
Since this would unduly penalize the operator (of a fossil fuel —fired
boiler, for example) filters or special optics are required to limit the
spectral response of the transmissometer.
® Small particles less than 0.5 micrometers in size will scatter light more
effectively if the light has a wavelength in the region of 550 nm (Figure 9-11).
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Figure 9-11. Particle size effects.

Since, with the application of control devices to industrial sources, particles tend to
be small, light of short wavelength is required to detect them.

Angle of Projection

The ideal transmissometer would have a very thinly collimated, laser sharp beam
projected across the stack. When a beam diverges, particles outside of the
transmissometer path will absorb or scatter the light and light energy would b
effectively lost outside of the path. This would appear as higher opacity reazings.
Because it is expensive to construct sharply collimated instruments, specifications
have been given to limit beam divergence to 5 degrees, as shown in Figure 9-12.

26 cm

-
//
Light source
//‘
-
S~
\\
(3m)

Figure 9-12. Angle of projection.

Fhe procedure tor checkimg the angle of projection is to draw an are with a 3 meter
vadius. then measure the hght intensity at 5 emintervals for 26 ¢cm on both sides of
the center hine.
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Angle of View

The reason for specifying the angle of view of the detector assembly is similar to
that for the projection angle specification. In this case, if the angle of view was too
great, the detector might possibly pick up light outside of the transmissometer light
path. 1t would therefore “see” more light energy’than it should and the
transmissometer readings would be lower than true (Figure 9-13).

“

“~oa._  Detector
\\
S
-t S GEb N AP GEND W Wk W
f"

//

Figure 9-13. Angle of view.

The angle of view may be checked by using a small nondirectional light source to
see where, on an arc of 3 meter radius, a signal will appear. Generally, however,
the projection and detection angles are determined by the instrument manufac-
turer.

Calibration Error

Transmissometers are calibrated with neutral density filters corresponding to a
given percent opacity. The calibration error test is the closest possible procedure to
checking the accuracy of the instrument. Consequently, before an instrument is
placed on a duct or stack, the instrument response to calibration filters is required
to be within 3 percent of the predetermined filter values.

System Response Time Test

Since a transmissometer system is required by the regulations to measure opacity
every 10 seconds, a satisfactory system must be able to obtain a value for opacity
within this time period. An approvable transmissometer would have to reach 95%
of a calibration filter value within 10 seconds after it was slipped into the light
path to satisty this design specification.




Sampling Criteria , : ;

L EPA regulations specify that an approvable transmissometer must be able to com-
plete a minimum of one measuring cycle every 10 seconds (40CFR60. 13¢). Also,
some provision must be made in the monitoring system to record an averaged
reading over a minimum of 24 data points every 6 minutes.

These specifications were established so that the opacity monitor would provide
information corresponding to (a) the behavior of the particulate conurol cequipment
and (b) the data obtained by the visible emissions observer (EPA Method 9 requires
the reading of 24 plumes at 15 second intervals).

System Operation Check

The systemm operation check often has not been recognized by instrument vendors as

. one of the design criteria for transmissometer systems. In fact, there is some ques-
tion whethe: several of the currently marketed opacity monitors could be approved
under this specification. In 40CFR60.13e3, it is stated:

“...procedures shall provide a system check of the analyzer
internal optical surfaces and all electronic circuitry including
the lamp and photodetector assembly.”

This means that when calibrating ar zeroing the instrument, the lamp or
photodetector used should be the same as that used in measuring the flue gas
opacity. For this reason, most single-pass opacity monitors would not be acceptable
under EPA design specifications, since a zero reading would not be ¢ “tainable
unless the stack was shut down.

Installation Specifications

After a transmissometer that meets EPA design criteria has been selected by the
source operator, the instrument must be installed: and checked for proper operation
on the source itself. ‘There are several points that must be considered when install-
ing a transmissometer:

. The transmissometer must ¢ located across a section of duct or stack
that will provide a representative measurement of the actual flue gas
opacity.

2. The wransmissometer must be dowastream from the particulate control
equipment and as far away as possible from bends and obstructions.

3. The transmissometer located in a duct or stack following a bend must
be installed in the plane of the bend.

+. The transmissometer should be installed in an accessible location.

Q 9-30143




5. The source operator may be required to demonstrate that the
monitor is obtaining representative opacity values at its installed
location. :

It was intended that the transmissometer measure the actual flue gas opacity or

_"an optical volume representative of the particulate matter flow through the duct

or stack.” Figure 9-14 shows some of the problems in particulate matter flow
distribution which might occur'in an exhaust system.

Stack

Figure 9-14. Transmissometer siting.

Particulate matter may settle in dlcts or stratify in the flue gas stream depend-
ing upon the construction of the exhaust system. In Figure 9-14 the “plane of the
bend” is that plane formed by the stack and the duct (in this case, the plane of the
paper). If one weré to locate a transmissometer perpendicular to this plane, such as
at point A, a large portion of the particulate matter would not be seen by the infet
breech. A transmissometer located at B would be in the plane of the hend and
would be sensingza-tross-section of the total particulate flow. Location C would not
be appropriate fof an opacity monitor because the monitor would not be in the
plane formed by the horizonta! duct and the breeching duct. A monitor at location
C also would not satisfy criteria 1 or 2 since settling or particulate matter might
not provide a representative sample, in addition the location is close to two bends
in the exhaust system. Location D would be one of the best points for monitoring,
Here, the transmissometer would be most accesstble and might be more carefully
maintained than if located at B. Location D follows the control device and does
not follow a bend. The only pioblem that might arise is the settling of particulate
matter in the duct and possible reentrainment to give nonrepresentative opacity
readings. An examination of the opacity profile over the width of the duct might

9311 1,




be necessary to place the monitor at this point. Proper monitor sifing is very impor-

tant to the source operator since an inappropriate choice for the location of a
monitor may cause measurement problems and entail expense, particularly if
re-siting is necessary, '

The Performance Specifiration Test

Before an opacity monitoring system can i used for EPA reporting requirements,
it must undergo the Performance Specification Test. Since most sources differ in
operational design and construction, a given monitor might perform well at one
source but produce unacceptable data at another. Differences in location, par-
ticulate stratification, vibiatien. temperature, and other factors influence the
requirement that the opacity monitor be shown to operate at the location for which
it was intended. Design specifications are not sufficient for approval (in contrast to
ambient air monitors); the performance test must also be performed.

The Performance Specification T.st for opacity monitors requires that the instru-
ment undergo a 1-week conditioning period and a 1-week operational test period.
In the conditioning period, the monitor is merely turned on and run in a normal
manner. This is essentially 2 “burn-in” period fur the new instrument, and it is
hoped that problems that might be expected for a new device will appear during
this time. In the ojerational test period, the monitor is run for 1-week without any
corrective maintenance, repair, or replacement of parts other than that required a-.
normal operating procedure. During this period, 24-hour zero and calibration dritt
characteristics are determined. If the instrument is poorly designed or is pooriy
mounted, these problems should becomre evident from the drift data, and correc-
tive action would have to be taken, The only actual data necessary in the perfor:
mance test is that for zero and -calibration drift. No relative accuracy test is taken
since there is no EPA reference method that gives an appropriate “true value” for
the opacity. (Since the EPA Method 9 visible emissions observer trains on a sr.oke
generator calibrated with a transmissometer, this method could not give an
independent opaciy value.)

Data Reporting Requirements

After an opacity monitoring system has passed the Performance Specification Test
it may be used to monitor source emissions. New sources required to monitor
opacity must report excess emissions on a quarterly basis. Since opacity standarJs
are based on the opacity of the plume at the stack exit, the in-stack
transmissometer data must be corrected to the stack exit pathleagth using the reia-
tionship shown in Figure 9 15,

1’1{)
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L) = Emission outlet pathlength
Lo = Monitor pathlength
0) = Emission opacity

Og = Monitor opacity
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0;=1-(1-09 Ly

Figure 9-15. Relation betwen emission opacity and monitor opacity,

The transmissometer system must be able to record the average of at least 24
equally-spaced opacity readings taken over a 6 minute period. Any readings in
excess of the applicable standard (e.g., 20% opacity for a coal-fired boiler) must
be reported. Also, a report of equipment malfunctions or modifications must be
made. Although the recorded data does not have to be reported to EPA unless
excess emissions occurred, the data must be retained for a minimum of 2 years.

Opacity Moniter Applications

The uses of opacity monitors extend beyond merely satisfying EPA requirements for
installing such a system. Transmissometers have been used as combustion efficiency
indicators, broken bag detectors, and as process monitors during EPA Method 5

tests. Some of these specific applications are:

® Installation to satisfy EPA continuous opacity monitoring requirements,

® Installation for process performance data - maintenance and repair
indications, process improvement,

¢ Installation for control equipment operation -- ESP tuning, broken bag
detection,

¢ Correlation with particulate concentration,

® Maintenance of a continuous emissions record.
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The primary impetus for installing opacity monitors has been, of course, to
satisfy the EPA regulations contained in the New Source Performance Standards.
(Sources presently required to continuously monitor opacity were given in the
beginning of this chapter.) As previously stated, the application of monitoring
instrumentation to stationary sources is intended to provide a continuous check on
the operation of the air pollution control equipment. The source operator,
however, can use the continuous monitoring data to optimize the operation of his
process and control equipment. For example, in a fossil fuel-fired boiler, improper
combustion conditions may lead to the production of unburned carbon and
increased particulate matter. This might be caused by a blocked burner nozzle. a
iouled stoker, o1 an incorrect fuel-air mixture ratio. If not enough excess air is
added to the fuel in 4 coal or oil-fired boiler to give proper combustion, an opacity
monitor would be able to detect an increase in the flue gas opacity, and corrective
action could be taken (Note: a continuous CO monitor would lso be useful in this
respect). The optimization of combustion efficiency, reduction of carbon build-up
on boiler tubes, and warning of process malfunctions are all benefits for the
source operation.

Opacity monitors have been used in bag house and electrostatic precipitator
applications. The breaking of a filter in a bag house will increase the opacity level
of an exhaust gas and could be detected by an inexpensive single-pass
transmissometer. Several companies currently market instruments for this purpose.
Transmissometers have also been used to “tune” the rapping system, of electrostatic
precipitators. By choosing the optimum rapping cycle of the precipitator collection
plates as a function o: umoke opacity, precipitator operating costs can be reduced
and the emission sta »uard met more easily, The application of transmissometers
after wet scrubbing control equipment has met with some difficulty bec: ':se of the
presence of entrained water (water droplets) in the flue gas stream. Thes water
droplets will scatter light and give a high opacity reading. To adequatel - - »itor
the particulate removal characteristics of a scrubber. the flue gas might have to be
reheated to evaporate the droplets. The utility of the transmissometer in monitor-
ing the proper operation of particulate control equipment was one of the primary
reasons tor the establishment of the EPA continuous monitoring regulations. It was
telt that once a source had spent the money to put on a control device, there
should be some way that both the source operator and environmental agencv per
sonnel could be assured that the system would operate in a satistactory monitor:
the transmissometer provides this assurance. ,

The extraction of a particulate sample from a flue gas stream for analvsis has
been the method the Environmental Protection Agency has used to check com-
pliance to emission standards. It has been hoped for some time that the data
obtained tron an opacity monitor could be correlated with that obtained trom the
extractive method. EPA Method 5. This can be done. but only it two important
considerations are kept in mind: (a) the particle characteristics must remain the
same, and (b) the source operating characteristics must not cnange. Figures 9-16
and 917 show examples of correlations that have been made for a coal tired boiler
and a cement kiln.

1y,

Y o3t



v

0
0 0.05 0.10 0.15 0.20 0.25

Dust concentration (mgINm3 dry gas)

Optical density—single pass

Figure 9-16. Bituminous coal fired boiler emissions.
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Figure 9-17. Cement kiln emissions.

Here, the particulate concentration is given as a function of the optical density.

Optical density, O.D., is related to opacity in the following manner

1
(Eq.9-29) 0.D. =log;g —————— -
1 - Opacity

This is a very useful expression since by considering the properties of particulate
scattering and absorption, a linear relationship between particulate concentration
and optical dersity results. The Beer-Bougert Law for the transmittance of light
through an acrosol states that

(Eq.9-30) T =¢ - naql or (1-0)=e¢ naql!
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. where

T = transmittance

n =number concentration of particles
a = projected area of the particles

g = particle extinction coefficient

/= light path through the aerosol

O = opacity

If the logarithm is taken of both sides, we have

log (1-0)= -0.434naql

where 0.434 is conversion for log

and
=/ = K¢l
%1-0)

where K is a constant describing the characteristics of the paiticle scattering and ¢
is the concentration (being proportional to n).

This states that O.D. = K¢/, or that the opucal density is proportional to the par-
ticulate concentration. This is seen to be true from Figures 9-16 and 9-17. For this
relationship to hold, the particle characteristics must remain constant. Generally,
graphs like those given in Figures 9-16 and 9-17 are obtained by conducting a number
of EPA Method 5 tests along with an operating transmissometer. The correlation
between Mcthod 5 and the transmissometer readings can be better than 10%.

Once such a relationship is made between opacity readings and particulate con-
centration, a stack tester could check his data in correspondence with those
readings. As more data becomes available from different sources under different
conditions, it is hoped that a library of such correlations can be made.

I'he basic use of an opacity monitoring system is for obtaining a continuous
record. The stack tester, fo. the short term, can use transmissometer data to see if
soot-blowing occurred during the period of the test or if any other conditions
occurred that might give anomalous stack test results. For the long term, the con-
winuous record can be used by the source operator to check the functioning of the
control system or to nate long term improvement or degradation of performance
Air pollution agency personnel can use such continuous data as evidence in com-
pliance cases although as yet this type of data cannot be used directly to enforce
standards. ~“he continuous record, can however, tell the enforcement officer if
there is a his.ory of noncompliance or it a control device is not operating properly.

The transmissometer is a useful tool both for source operators and air pollution
agency personnel. Through proper training and care of the instrument itself,
valuable process tormation and emissions data can be obtained.
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APPENDIX C. DERIVATION OF EQUATIONS

DERIVATION OF THE PITOT TUBE FEQUATION'

The pitot tube (Standard or Stausscheibe (S) Type) is used to measure the velocity

of a gas. The pitot is actually a pressure sensing device that allows the determina-

tion of the gas stream velocity based upon the total system energy. Figure C-1
illustrates the fluid flow around a Standard Type pitot tube submerged in a gas stream.

f . .l L‘!
4 a
i
b r_‘ ..T.. [ 4
’ TT pitot tube __L . =
/ _ .

7 ‘;o-'i:‘ LA

Gas stream \ /] . \ :
B i ¢ . ' ) \ k ) o ‘.
t /\‘\via N

Figure C-1. Fluid fl&w aound a Standard-Type pitot tube.

Applying Bernoulli's equation to points “a” and "b" we may describe the system:

Eq. C-1 Py + Ysov2 + ogyl = Py + Vs u® + 0gy2 A

where:
Pb = full ram gas pressure at point b
= free-stream gas pressure at poznt a — static pressure
o =gas density
g =acceleration of grauvity

y =some elevation above a reference level, which in thzs
case is neghgible, therefore Y1 =y9 =0

= gas velocity

o
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Since y} 2y2 =0 Equation C-1 Inay be written:

Eq. C2 . Pp+ s012 = Py + 5002
At point b, the gas molecules stagnate, giving up their kinetic chcrgy. The gas
velocity at b is zero (v=0) and Equation C-2 becomes:

Eq. C-3 Py =P, + Vs 002

The kinetic energy of the gas molecules at b has been used to perform work on the
manometer fluid changing the height of the column (Ap). The knowledge that the
total energy ia the system is conserved allows this derivation to proceed based on a
description of pressure terms in the system. The pressures’in the system are
balanced when: . '

Eq. C-4 Py=P,+ e’g(4p)

where: " o
@’ =density of the manometer fluid

\ Ap = change in height of the manometer column

The full ram pressure is equal to the sum of the system static pressure and the
- pressure of the manometer column. Rearranging terms in equations C-3 and C-4
we see: ' . >

Eq. C-5 Veov? = og(Ap)

and

Eq. C-6 vJ=|/ fegdp - . " v
e

which describes the calculation of the gas velocity of an ideal gas in a system free
of frictional energy losses. .

The gas density may be described for a given gas of unknown density by using
the i'd?al gas law. The gas density is defined:

mass
> Eq C-7 = ao_l&_m—e
We know from the ideal gas law that:
. m .
E cC‘S Psl/: ———R’IS ~
q M,

T
4
¥
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o \
. where: . 4
P; =absolute pressure \ " ‘ K

V=volume ‘
m= mass of the gas

M;=molecular weight of the gas
R=a constant '

T =absolute gas temperature

Rearranging terms in equation C-8:
m  MPg

Ft

V ~ RT, .

Then substituting in equations C-7 and C-6:

20/gApRT
Eq. C9 v= |/ 2Q85PR s '
. ST
By using the following values in equation C-9 we can calculate a constant (Kp): ey
Eq. C-10 @'y, = 62.428 Ib/f3 ~ .

g=32.174 ft/sec?

_inches Hg — fi3
(b - mole — °R

° R=21.83

P

12 inches Hyo =1 ft )

.

K, =] /2(62.428X32.174) (21.83) ,
o © 12 ‘

i - 85 486 j't/secwb/lb —mole) (inches Hg)

°R —inches HoO
— l / Y‘SAP

The final term in our equation must accourit for the effect of friction and the
resultant turbulence in our system. A properly constructed standard pitot tube will
not be measurably influenced by frictional effects. It may be assigned a coefficient
of friction (Cpg,q) of units. Any other pitot tube would have to be corrected for the
cttects of turbulence about the tube. It we include C/)s(d i our velocity equation

2
<

we have;

Y
Ny |
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- . Pl ' '
Eq. C-11 ~ V= KP(‘Pstdv PM, . -

The gas velocity calculated ‘using a standard pitot tube with Cp(sta) Will be equal
to the velocity measured with an “S" type pitot tube if we know the Cpys) for the
“S" type pitot. This may be written:

, l/APsszs . I/Ap(sﬁ_‘;
KP('P(std) PM; _Kpcp(s) 'PsMs

Solving for Cp 5) We get an expression that allows us to compare the "S™ type pitot
tube to a standard pitot tube with a known coefficient of friction:

: . _ Apstd
Eq. C-12 Cb(s)= Chsed) VA—ps

We may now use any pitot tube to measure gas velocity once we know its CIJ(S):
o=

L3

DERIVATION OF ISOKINETIC RATE EQUATION
Introduction

Orifice meter setting AH actually correlates many factors to produce a gas velocity
at the sampling nozzle equal to the velocity of the approaching gas stream.
Developing the derivation will depend on the following relationships:

e Velocity of the stack (vg) equals the velocity of the gas entering the nozzle (vn)
at isokinetic conditions. From the pitot tube equation

Tsap
PSMS

Eq. C-13  u=KpCp

¢ The volumetric flow rate at the nozzle tip (Q;,) equals the nozzle cross-
sectional area (4,,) times the gas velocity at the nozzle (vy,)

Eq. C-14 Qn = Apvp = Ans
¢ The volumetric flow rate at the meter Qg is related to Q, by the ideal gas
law. Assuming that the mass flow rate does not change
Pp Ty
Py Ty

Eq. C-15 Qn=dyvs = Qum




AN

RCTR R

® Correcting the mass flow rate at the meter for the condensation of water

_ vapor
Eq. C-16 = Qe S (L Zum
Qs P Ty \ 1 =By,

® The flow rate at the meter is given

" TomAH
Eq. 17 - Qn=Kn PyMp,

Derivation

Equations will be solved to give AH —the pressure differential across the orifice
meter for a given Ap in the stack!

From equation C-16

Eq. C-18 | Q= Qm(Pst> (1 'me)

Substituting for Q,, from Equation C-17
| I [TmdH P, T (1-B,
Eq. C-19 Q= Kpy m m s um)
PmMm  Ps Tpm \1- By

Replacing 4, v; for Q, from Equation C-14

[TmdH P, T, [1-B
Eq. C-20 =Kpy |/ = =2 <—-‘ﬂ)

PpmMy, Py T_m 1= By

7D, 2 TsA
“— and v = KpCpy |/ 2 4
S PsM;

Substituting 4,, =

then squaring both sides of the equation

Eq. C-21

<7an2)2 2.2 (TOP\ _ . o (TmdH P2 T2 (1 ~-me)2
4] -—am < s

\
¢ hjﬁ‘;‘\

o ’



Solving for AH

nK4C 1-B,.\¢ M Ty, P
Eq C-22  AH=D,* (—L £)*(=Bus ' Mm Tm P [Ap]
_ 4Km _me Ms Ts : Pm

Eq. C-23 :
" an=p,4 ("KeCp 2 (1= Byy)? [Ma(1 - wm)+188wm] Tm P [Ap]
Km | (1-Byum)d My(l-Byg)+18By] T, Py
or ~ '
My Ty P
AH= |846.72 D} AHg c(1-Byg? 4 ™ Sl
when assuming
.9244
AH , =
@
KZ,
Kyp=85.49

DERIVATION OF THE ISOKINETIC VARIATION EQUATIONS

The term isokinetic sampling is defined as an equal or uniform sampling of gas in
motion. This is accomplished when the fluid streamlines of the stack gas are not
disturbed. The EPA Method 5 source sampling system is designed to extract, from
a stack, an isokinetic gas and particulate sample. A 100% isokinetic source sample
is taken when the gas velocity into the sampling nozzle (v,) is equal to the velocity
of the approaching gas stream (v;)

v
Eq. C-24 % isokinetic variation= — X 100
-, Ug

A3

The stack gas velocity (v;) is measured using a pitot tube to determine the stack .-~
gas impact and static pressures. Bernoulli's theorem applied for the pitot tul}e/-ar'xd
solved for gas velocity gives the expression ™ *="

Ty Ap
Eq. C-25 vs=KpCp ‘?M—-
s

N3~

The velocity of the gas entering the source sampling nozzle is determined from
the principles in the equation of continuity. Solving the equation of continuity for
velocity at the nozzle, we may express the relationship

Eq. C-26 Vo= L ‘ a



'The nozzle cross-sectional area (4y) is measured directly. The volumetric flow
rdte of gas at nozzle conditions (Qy) is determined by correcting the dry gas
volume metered by the orifice back to-stack conditions. The water vapor condensed
in the impingers must be included in this correction. Liquid water collected is con-
verted to vapor phase volume at stack conditions to obtain the volume sampled at
the nozzle.

The liquid water condensed (V) multiplied by the water density (g44,0) gives
the mass of water collected in the impingers

Eq. C-27 , Vi) (9}129 )=m

In the ideal gas law

Eq. C-28 - PV =—. RT
Hy0
&3
Solving the expression for volume
V= _.7.:. _."lR ]
\ P My, : a

The volume at stack conditions is then

(Vie) (Quyo) =™

T, mR

Vsw= o —5— v /
P, M

Vo= Ts (Vlc) (QHgO)R

W ps M0
Ts ’

Ve = — (V1)K

Ysw= P (Vie)

1

The gas volume metered at the orifice is corrected for orifice pressure and
temperature then added to Vg, This total is corrected to stack conditions over the

sampling time period to give @,

Ts

Ps

Un= )

. AH
Eq. C-29 [(Vlc) (K)+ (Vi / Ti)(Pp + —~—]

13.6

Then, since
Ll
n )
o7l = — x 100
Us
and




we have by substitution

' 1
T AH
3 [ VielK)+ Vi /Ty (Pp + e )J
o1~ P, . 1%.6
' 04y, Vs

Rearranging terms and including a correction for converting minutes to seconds
to cancel out dimensions, we obtain the expression in the Federal Register for
isokinetic variation '

Ts [VJCK+ Vin/ To (Pb + ﬂ)]

Eq. C-30 %1 =100 X 13.6
6004,, V(P
with the constant (K) equal to
mmHg — m3 ,

K=0.00345¢ ———=—__ (metric)

_ ml - °K
and

in, Hg-ft 3 .
K=0.002669 ——m = _ (English Unats)
ml - °R

DERIVATION OF CONCENTRIC EQUAL AREAS OF A CIRCULAR DUCT

Traverse points are located at the centroid of an equal area in a circular duct,

A traverse point is thus a distance from the center of the duct --a radius of a
concentric equal area.

The distance or radius (7){) for a traverse point (j) for any circular duct having
(N) equal areas may be determined in the following manner:

We know that 7r2 = greq of a circle




From the diagram we see:
Eq. C-31 mrol - 7rr\12 = 7rr) 2

which simplifies to:

2
“ \ e
Eq. C-32 2= _é__
Dividing these again into equal areas

Eq. C-34 rg2 —ro2 =142 - rg2

Solving Equations C-383 and C- 34 and expressing in generalized form, the locus
of points rj’ separating any area (j) into two equal areas is:

Eq. C-85 LN —

Dividing the duct of radius R into N equal areas we find:
g q

7

Eq. C-36 . )
A ry — 7Ty
q N N7 -1

9




Solving Equation C-34 for r]’

) ‘.’.Nr}-2
R2|——n
9 R2

) . .-3 r, =
Eq. C-37 ] SN ::
2N(rj2/R2)~ 1
r'=R
7 9N

The duct was divided into N equal areas each defined by a radius r, ro. rg, rg,
..... rj. rjis the locus of points dividing each arca into 2 equal areas. From the
diagram, N =4 and:

nr 2
"-]— - 1/’ 4
TR
. 2
7n2
— - =2/4
71'R2
mr 2
= 3/4
7rR2
2
7l'r4 |
=44
TR
geveralizing:
ri2 J
/
Eq. C-38 —— = —
R N

Eq. C-39




where: J = any locus of poaints dividing an equal area into 2 equal areas
(i.e., traverse point at the centroid of an equal area) and N = number
of equal areas. '

The percent of the duct diameter (P) (the distance from the inside wall of the duct

to a traverse point) is obtained for rj’ by the following method.

v

(Eq.C-40)

a. From the diagram
er + 2z = Diameter D
— /
. D 2r
2
b. Percent of diameter (P) = 15)- X 100
Substituting from equations C-40 and C-39 and simplifying
(D~ 2r;)100
r= ————— + D
2
YD — Oy
_ 56(D ZrJ)
D
50 (D - 23‘/?1_—_1 )
p o 2N
- D
where P = percent of diameter from inside duct wall to radius rjl

N =total number of equal areas
] = specific area for which the location of points is calculated
J = 1.2,3,4.. from the center of duct outward.

DERIVATION OF THE EQUIVALENT DIAMETER EQUATION
FOR ANY SHAPE DUCT

The equivalen. diameter (Ep) for a duct is also defined as the hvdraulic duct
diameter (Hp). The hvdraulic radius (Rpp) tor a duct transpoiti | fluids is defined
as the crossssectional area ot that part of the channel theo s filled with thad
divided by the Tength of the wetted perimeter.

A stack gas will completely fill a duct and the entre duct penimeter will be
wetted, Considering this situation tor a civeular duct we tind

T
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(Eq.C41)

This illustrates that the hydraulic radius of a circular duct is one-fourth the duct
diameter. The equivalent or hydraulic diameter for a noncircular pipe is 4 times
the hydraulic radius

(quC°42) 4RII:[10=ED

The equivalent diameter for the rectangular duct illustrated would be:

(Eq.C-43)
L -
W
qptiey LXW_ _, Lxw - £p ’
2L +2W L+ W

which is the equation given in the Federal Register: this equation can be used for
determining the equivalent diameter of any duct. Method 1 guidelines can then be
applied.

DERIVATION OF THE EQUATIONS FOR
MEASURING WATER VAPOR

Nomenclature

By, = proportion by volume of water vapor in a duct-gas at the sampling-point.

Biv = proportion by volume of water vapor in a gas-mixture for saturated condi-

tons, *

Ya o wdter vapor pressure in oa gas-mixture passing a wet and dry-bulb ther-
mometer ossembly.

ey < water vapor pressure in a gas-mixture at the sampling point,

€S ¥ wdder vapor pressure ina gas-mixture for saturated conditions and dry-bulb

remperature at the sampling. point,
¢‘m water vapor pressure tor saturated conditions and meter temperature,
¢’ water vapor pressure at saturated conditions and wet-bulb temperatuare,
My, - molecular weight of water (mass per mole)

- miass of water collected in the condenser.

My
P, absolute pressure at the wet-and drv bulb temperature asseinbly.
P absolute pressare ot o duct gas at the sampling pomt,

Loy,

12
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Pm = absolute pressure at the meter.
Pmix = absolute pressure of a gas-mixture.
R=  universal gas constant,

Tin = absolute temperature at the meter.
tdry(°C) = dry-bulb temperature in °C.
tdry(°F) = dry-bulb temperature in °F,

twet(eC) =dry-bulb temperature in °C

twet( °F) = wet-bulb temperature in °F.
Vm = volume of gas passed through the meter at meter conditions.

Vwc = volume of water vapor that condensed at the condenser referred to meter
conditions.
Vws =volume of water vapor extracted from the duct referred to meter conditions,

Vwm = volume of water vapor passed through the meter referred to meter condi-

tions. .
®o = relative humidity of the duct-gas.

Water Vapor Pressure and Proportion of Water Vapor
by Volume in a Gas-Mixture

Saturated Conditions

Water vapor pressure

Water vapor pressures for saturated conditions are given in Figure C-2,
Proportion of water vapor

The proportion (by volume) of water vapor in a gas-mixture for saturated condi-
tions given by

(Eq.C-44) Biy =

Non-Saturated Conditions

Wet- and dry-bulb method

a. Proportion of water vapor in a duct-gas.
If it is expected that the proportion by volume of water vapor in a duct-gas will be
less than 15%. or that the dewpoint is less than 126 °F, the wet- and dry-bulb
temperature method may be used to determine water vapor pressure. Care must be
taken that the flow past the wet bulb is 12 to 30 feet per second. and that
temperature has reached equilibrium. It is essential that the dry-bulb. as well as
the wet-bulb, be completely immersed in the gas, and that the cloth wick around
the wet-bulb be clean, saturated with water, and tied tightly at all times. For the
mogt acceurate results, the two thermometers should be similar.

cifg
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Figure C-2. Vapor pressures of water at saturation (inches of Mercury)
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The water vapor pressure existing in the gas-mixture passing the assembly may
be determined from equations below,

(Pa—¢')tdry(°F) = ‘wet(°F]

= o/~ |
(Eq.C-45) ‘a=¢ 2800 ~ 1.3t 0/ oF)

o

(The Carrier Equation) |
If there is no leakage of gas, or condensation, apsueam from the thermometer | °

ass.cmbly the proportion (by volume) of water vapor in the duct at the sampling-
point and in the assembly are equal. Therefore:

2

e
(Eq.C-46) B, =%
. Pa

b. To determine the water vapor pressure in a duct-gas for saturated conditions,

el

. €s
substitute — for By
Py

(Eq.C-47) =

Condenser Method

: : L
a. Proportion of water vapor in a duct-gas.

When the water vapor content of the duct-gas is expected to be above 15%, the
condenser method may be used. Care must be taken that no water vapor is con-

densed before the condenser. A filter is necessary to ensure that no particulate mat-

ter will foul the cofidenser. meter, or pump.

The gas leaving the condenser is saturated with water vapor, and if conditions are
maintained so that the gas remains saturated as it passes through the meter, equa-
tion C-44 is applicable. The volume of water vapor that passed through the meter,
referred to meter temperature and pressure, is:

/

(Eq.C-48) Vum= | o= | Vm
m

The total volume of water vapor in the sample extracted from the duct at the
sampling-point. referred to meter temperature and pressure. is

(Eq.C-43) Vws = Vwe+ Vwm

cs 16y,



. The proportion by volume of water existing in the duct at the sampling-point is
- Vs
(Eq.C-50) Bus =————
\ | Vwe+ Vm

Substituting for V¢ (see Equation C-49):

Vwe * Vum
Vwet+ Vm

(Eq.C-51) Bys =

Water vapor pressure in a duct-gas. Having calculated B, from equation C-51,
water vapor pressure existing in the duct at the sampling point may be determined

by
(Eq. C-52) e =B P

DERIVATION OF RELATIVE HUMIDITY OF A DUCT-GAS
Definition

Relative humidity of the duct-gas at a sampling point is defined as:

(Eq. C-53) b5 = —

ek




DETERMINATION OF RELATIVE HUMIDITY

- ‘Use of equations and table .

¢s may be determined by measurement using the condenser method, or the wet-
and dry-bulb temperature technique; e5 may be found from saturation tables
(Figure C-2). Equation C-57 may then be applied.
Use of a psychrometric chart

Psychrometric charts similar to Figures C-4 and C-5 may be used to determine
relative humidity. Directions are shown in Figure C-3. Care should be taken that

the pressure of the duct-gas is not so different from that for which the chart is
designed to introduce significant error.

¢ =100%

Grains water vapor per one pound dry air

Dry-bulb temperature x

tdry/

Figure C-3. Determination of relative humidity by using a psychrometric chart.
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¢
DETERMINATION OF PROPORTION OF WATER VAPOR

€.
. _ Y L N . e
Since B, = ’—’: the proportion (by volume) qf water vapor in the duct-gas may be
found by substituting og(ef ) for ep (see Equation C-54)

bses

(Eq. C-54) Bys =
Py

where ¢y = water vapor pressure in the duct-gas at the sampling point. -
5 = water vapor pressure in the duct-gas for saturated conditions

and dry-bulb temperature at the sampling point. - e
P, =absolute pressure of the duct-gas at the sampling point.

&)

.g‘
DEW-POINT
Definition

The temperature at which a mixture of gases can exist saturated with vapor is

called the dew-point. Below the dew}point, condensations of water vapor occurs.
7

Determination of Dew-Point ! _' »
1. Using saturation tables. !
The dew-point may be determined by use of water vapor pregsure tables for
saturation conditions as shown in Figure C-2. Knowing the existing water

vapor pressure, the temperature at which the value exists can be interpolated
from the table.

¢ =100%

DEW POINT
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2. Using a psychrometric chart.

The dew-point may be determined from a psychrometric chart similar to
Figures C-4 and C-5. Directions are shown in Figure C-6, Care should be
taken that the pressure of the gas-mixture is not so uifferent from that for
which the chart is designed that significant error will be introduced.

DERIVATION OF THE EQUATION FOR MOLECULAR WEIGHT
OF STACK GAS

Introduction

¢ Calculatio s involved insource sampling require knowledge of the molecular
weight of a stack gas.

® Stack gas is almost always a mixture of gases.

® The apparent molecular weight of the gas mixture is a function of the com-
position of the mixture.

® Stack gas containing significant quantities of gaseous effluents other than ox-
ygen, nitrogen, carbon dioxide, and water vapor should be analyzed chemical-

ly for composition and apparen;s ‘molecular weight determined from this data.

Calculation of Apparent Molecular Weight of Gas Mixture

This derivation assumes the major components of the gases from a hydrocarbon
. combustion source to be oxygen, nitrogen, carbon dioxide, water vapor, and car-

bon monoxide. ,

The Ideal Gas Laws

1. Boyle's Law states that at constant temperature the volume of a given mass
of a perfect gas of a given composition varies inversely with the absolute
pressure.

2. Charles’ Law states that at constant volume the absolute pressure of a given
mass of a perfect gas of a given composition varies directly as the absolute
temperatu e. :

3. Combining these ‘rclationships into an equation, it may be stated

(Eq. C-55) py = MR1
m
where P =absolute pressure

I'=absolute temperature

V =volume of a gas

M = molecular weight of a gas (mass/mole)
m = massl.of the gas




4. Equation C.55 satisties Dalton's Law of partial pressures when

o MxR Tmyxture
(Eq. C-56) Px Vmixture =
- My
where P, = partial pressure of a gas component in a mixture of

. nonreact'ng gases.

Vinixture = volume of the gas mixture

My = mass of a gas componert

R = universal gas constant (in appropriate units)
Trmixture = absolute temperature of the gas mixture
My =molecular weight (mass/mole) of a gas component

PxVinis: ire o My
Note -—— .- 1s constant only if -—— remains constant.

Y meeur- X

Proportion by volume of a component in a gas mixture

l. Equation C-55 states that for a gas mixture

MmixRTmix
Myix

(Eq. C-57) ‘ PrixVinix =

2. Applying this relationship in equation C-36 and removing the cornmon term

RTmx

Vimix

it may be seen that the pardal pressure of a given gas comyponent is directly
related to the mole fraction of that component in the gas mixture

My
P, M,
Eq. C-5 X X _
. C-58) Prix — Mmix
Mmix

3. At constant temperature and pressure equation (;-55 may be written

) m PV
(l.q C‘59) — = —
M RT
’?ir
C-2




4. Reurranging Equations C-56 and C-57 as Equation C-59 and substituting in
" Equation C-62 '

£ .
P v ' -
(Eq. C-60) e 2
Poix  Vinix
, 3 ‘ «
Vi
5. Letting the proportion by volume (B,) equal . Equation C.60 may
now be expressed ' mix \
Py .
(Eq. C-61) B, =
Ppix

6. Equation C-61 gives the proportion by volume of a gas component as a {unc-
tion of partial pressure, which (from Dalton’s Law) is directly related to the
mole fraction.

‘The apparent molecular weight of a gas mixture may now be derived using the
relationship of partial pressure to mole fraction.

. Rewriting Equation C-56
(Eq. C-62) My Px Vimix = mxR T jx
2. Dalton’s Law tells us that Equation C-62 is actually

(Eq. C-63) Vinix tPxMy = RT p Xmy
3. Ymy = my;,x and from Equation C-56

Prix VimixMmax

(Eq. C-64)
RTmx

"lmz'x =

4. Substituting for ¥my and solving for My, x in Equation C-64 becomes

(Eq. C-65) Mmix = P
mix
5. Since * - By, Equation C-65 can be
Pmix
(Eq. C-66) Mpix = “BxMy

¢z 15y,




; Stack Gas Analysis Using Orsat Analyzer.
L. Orsat operates at constant proportion by volume of Iy O vapor
2. Yield volume data on dry basis (volume related to mole fraction and partial
pressure)
3. Apparent molecular weight must include H9O vapor component of stack gas

4. Stack gas moisture content may be obtained as described in moisture content
- section

[$1]

. Actual app'arem molg¢cular weight may be calculated by
Mppix = EByMy (1 ~ By) + BysMp,o
LByMy =sum of dry mole fractions

By = proportion by volume of HoO in stack gas

My, 0 = molecular weight of HoO

18,
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A!’PE‘NDIX D. CONCENTRATION CORRECTION EQUATIONS
Introduction

Alter a value for the concentration of a pollutant in a flue gas stream is obtained
by a reference method test, it is often necessary to correct the value to some stan-
d rd set of conditions, which is done to compare the data from one source to that
of another. Different stack temperatures and different amounts of excess air would
make a comparison of the actual concentrations almost meaningless. Therefore,
terms such as SCFM for “Standard Cubic Feet per Minute” instead of ACFM ("Ac-
tual Cubic Feet per Minute”) and ¢ (corr. 50% EA) instead of ¢g are generally
used when reporting data. Note that in reporting data in units of the standard, E
(Ibs.7106 Btu heat input), the pollutant concentration is expressed as pounds per
dry standard cubic foot and an excess air correction is included in the F factor
equation (Chapter 7). In this section, derivations for correcting a concentration to
standard conditions, 509 excess air, 129, CO,. and 6% O, will be given.

-

Concentration Corrected to Standard Conditions

A concentration is expressed as weight per volume or 1b./ft.3,

The volume of gas passing through the nozzle wiil be at stack pressure and
temperature. After going through the Method 5 train and meter, that temperature
and pressure will change. A reference or standard set of conditions must be used,
therefore. to make the data meaningful. The ideal gas law is used in these con-
siderations (see Chapter 2).

Therefore. since

(Eq.D-2) PV -nRT
. vV, to
nRT . corr. nRT
VS((ICk fanl _M and Stanc.ia‘rd - ._.___s.t.(_i
Psrack conditions Pga
For the same number of moles of gas. the volume that that number would occupy N\
at standard conditions would be as follows \\
dividing. .
nR'I'Q(d
(Lqg.D-3) Yeorr | Pstd - Tyy P
AR F nk T, T Pgiy
by
D1



Tsq Py
or _ Veorr= Vym——
Ts Pgyq
and ¢s (at standard conditions) = 2 =2 “I‘L‘Pst&d
Veorr Vs Tgq P
T Pyy

v =Cc mm— "
Scorr— s Tstd Py
EPA has defined Tgq =460 + 68°F and Py =29.92 inches Hg (42 FR 41754,

August 18, 1977).

‘To report a concentration on a dry basis, the volume must be expressed as if all
of the waterthad been removed. The value of Bys must be krown in this case.

!

(Eq.D4) Vdry = Vwet = VwetBuws

Vdry = Vwet(1 - Byg)

Cs = m = m
(dry) Vdry Vwet (1 - Byyg)

or,

N Cs(wet)
Cy (dry) - (1 _ B;}—;

Combining these two corrections,

€S (wet) Ts Pgyq

(1 -Bys)  Tgq Ps

(Eq.D-5) ¢y (corrected to lbs. /DSCF) =

Excess Air

Several types of concentration corrections have been devised based on the combus-
tion characteristics of fossil fuels. Excess air is detined as that percentage of air
added n excess of that required to just ¢combust a given amount of fuel Normally,
to achieve efficient fuel combustion, more air is needed than the stoichiometric
amount, i.c.. one carbon atom to two oxygen molecules. (Details of these combus-
tion conditions are given in APTT course #427.)

D-2
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Depending on the amount of excess air, different concentrations of CO; and
oxygen in the stack gas will result, as shown in Figure D-1.

Og2 (Natural gas)
N 1
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) | t L]
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Figure D-1. Concentrations of CO; and O3 in stack by amount of excess air.

Since the concentration of the pollutants produced in the source could be
reduced by adding more excess air, (i.e., if ¢ =m/V, if V is increased with m con-
stant, ¢, would decrease), it has been found necessary in some cases to coirect to a
given excess air condition. A value of 50% excess air has been chosen as a
reference condition since at one time many boilers operated at this condition. Note
also that if such a correction is made, that it will account for dilution caused by air
leaking in at the preheater or other duct work.

The expression for % excess air, as given in EPA Method 3. is

%0,-0.5% CO
(Eq.D-6) %EA = 100
0.264% N - (%0,-0.5% CG)

To derive this expression, gas volumes associated with the combustion of the fuel
must be considered.

(Eq.D-7) VTheoretical = VTotal =~ VEA
storchiometric velume total volume volume of air
of wr required to of air used m excess of
consunte an amount of Vrheoretical
fuel

D3
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Since air is composed of 79% N3 and 219, Oy, if there was complete
stoichiometric combustion, all of the/ﬁ)xygen would be consumed and
~

(Eq.D-8) VN, =0.79 VTheoretical
VNZ
Virheoretical ™ =
.79

Remember, however, that when excess air is added, the oxygen contained in that
volume will not react since there will be no carbon left to consume it,

or

(Eq.D-9) Vo, (remaining) =9.21 Vg4

The problem of incornplete combustion must also be considered in this calcula-
tion. Carbon monoxide is produced if burning conditions are not adequatc.

C+0y ———>» CO+¥ 0Oy

The amount of oxygen remaining in the flue gas must then be corrected for in-
complete combustion since for each two molecules of CO produced, one molecule
of oxygen will result,

(Eq.D-10) 0.5 Vco=Vo, (incomplete combustion)
-

Equation D-8 must be modified so that

(Eq.D-11) Vi ,(remaining)=0.21 VEq4+0.5 Vg

(Looking at this another way, 25 of an oxygen molecule is released for each CO

molecule and would contribute to Vo, (remaining).) Therefore, from Equation
D-11

V02 -0.5Veo
0.21

(Eq.D-12) Vig =
Subsiituting Equations D-8 and D-12 into Equation ID-7. we have
(Eq.D-13) Virheoreticai - V1 - VEA

Ny (V0,05 Vo)

Virheoretieal ™ g7q 0.21

D 18,,



Percent excess air is defined as that percent of air in excess of that needed for
complete combustion, or

V
(Eq.D-14) wEA= —E4 100
, VTheoretical
Therefore:
V02 - O'SVCO
, 21
(Eq.D-15) %EA - 0 % 100
Vng  Vop—0.5V¢o
0.79 0.21
Van—0.5 Vin
% EA = 02 ¢o x 100

~0.266 ¥y~ Vg, +0.5 Vg

divide numerator and denominator by V..

VOZ/VT-—O.SVC()/VT

BEA =
0.266 Vio/ V= Vo,/VT+0.5 Veo/Vr

x 100

%05—-0.5 % CO

%EA =
7% 0.266 % Np— % O+0.5 % CO

Concentration Corrected to 50% Excess Air

To correct a pollutant concentration to 50%, Zxcess Air

(Eq.D-16) VEdtav
VTheoretical

x 100 =50% EA

where AV is the volume that would have to be added or subtracted to give 50%
EA.

AV=VEq4+0.5 Vrheor

and
Fpqa Vr=VrtaAy

-5
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where Ff 4 is the proportion of V1 that would have to be changed to give 50%

EA.
Froq = Ve AV VTheor+ VEA~VEA+0.5V Theor
M. Vr VTheort+ VEA
1.5 VTheor
VTheor+ VEA \
"\./\/
divide numerator and denominator by VTheor to give .
1.5 150
Eq.D-17 Fpq= =
(+q.D-17) b Y Veq ~ 100+ % Ed
VTheor
Therefore, since
C =~1_n_. =
s 7=
m m
: ted 50% EA)= =
¢s (correcte % EA) VT Feg vy 150
100+ 9%EA
(Eq.D-18) cs (corr)= cg <-}—(—)%E—A>

It should be noted that there is a method of calculating ¢s corrected to 509 EA
without first calculating % EA.

Starting from

VTIAV  (VEq-0.5Vy)

(Eq.D-19 Frg=
q ) LA = vy

Veq—0.5 (VT—-VE4)
FEq=1-1\-
Vr

1 <lo Viq—0.5 V—,«)
- -

n D-6

Is,




* and

trom Equations D-8 and D-12, we have

VNZ
1.5(Vp,=0.5 V) -0.5\0.79
. =

1.5%09 - 0.75%C0O - 0.133% No

0.2

!

| |

(Eq.D-20) |

m 1
cs(corr)= ———— = ¢,
VT FE4 1- [1.5% 02-0.75% CO~0.133% Ng_]
21

It should be noted that equations D-18 and D-19 are not equivalent and cannot
be made equivalent. They do, however, give the same answers using values
characteristic of combustion sources. Note that Equation D-14 for %EA becomes
discontinuous as the flue gas approaches a composition corresponding to that of air
(neglecting CO). Equation D-18 also becomes discontinuous under certain condi-
tions (e.g., %09="7.7%, %N9o="79,% CO=0).

Correcting Concentration to 12% CO3

The derivations for correcting a concentration to 12% €0 or 6% 0» are
similar to that for the 50% Excess Air Correction. For a correction to 12% CO>3 in
the flue gas.

ST

pR

Vco,

e— = 0.12
(£q.D-21) Vr+Av
or Fcbz Vr=Vr*t AV

where AV =amount of air added or subtracted to give 129% CO5 and F is the
. . sive 2 ca
fraction by which V.47 would have to be reduced or increased to do this.

Substituting,

VCOZ

(Eq.D-22) =0.12

Fco, Vr

-7
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and

%CO
(Eq.D-23) ,  Feop= oizz

m Cg

ViFeoy - Feo,

Y512 9% Co, =

Cs1297 = Cs

%CO0>

¢
Correcting Concentration to 6% Oj (}»
Instead of correcting a concentratjon to 12% 0O, a correction may be made using

just the oxygen concentration. The oxygen correction is somewhat more com-
plicated than that for COj since dilution air will contain oxygen.

The derivation begins with

s

(Eq.D-24) Vo, 4021 AV _ oo

where V is the amount of air added or subtracted to give 6% O in the corrected
volume. Note that the term +0.21 AV is due to the oxygen contained in air.

For Fp, being the fractional amount, ¥, must be changed,
(quD'25) * F‘OZ V-Tz VT— AV

and substituting into Equation D-22

Vo, +0.21 V4—=0.21 Vy+0.21 AV

~ .06
V7+AV ~aa. *
Vo, =0.21 Vp+0.21 Fo ¥y
; =.06
F02 Vi
V(), -0.21Vr=0.15 FOZ Vo
and
21~ %0,
(Eq.D-26) F-()zz()_zl Vi V()z —
Q
D8 1 s



and similarly to the previous derivations

(Eq.D-27)
6% O, 1 &
C (b 2 ————
Note that if a correction to 39 O3 was needed
(Eq.D-28)
39 0 18 ¢
Csf = —_—
(3% 02= =5 05
,\\\
\\\
1 .{i (s
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APPENDIX E. INTERNATIONAL METRIC SYSTEM /

Systeme International d'Unites (SI Units)

Base Units of the International Metric System (SI)
.

&+ ';w“, [4 ’:’Y‘

Quantity Name of the Unit Symbol
Length meter m
Mass kilogram kg
Time second s
Temperature kelvin ® K
Electric current ° ampere A
Luminous intensity candela cd
Amount of substance mole ~mol

/"—/

-

Recommended Decimal Multiples and—‘éubmultiples and the Corresponding

Prefixes and Names

Factor Prefix Symbol Meaning

1012 tera T One trillion times
109 giga G One billion times
106 mega M Cne million times
108 kilo® k One thousand times
102 hecto h One hundred times
10 deca da Ten times

10°! deci d One tenth of

10-2 centi c One hundredth of
103 milli m One thousandth of
10-6 micro m One millionth of
10-9 nano n One billionth of
10-12 pico p One trillionth of
1015 temto f One quadrillionth of
10-18 atto a One quintillionth of

£
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Some Derived Units of the International Metric System (SI)

Quantity

Frequency

Force

Pressure )

Energy @

Power

Quantity of electricity
Electrical potential or
electromotive force
Electric resistance
Electric conductance
Electric capacitance

Magnetic flux
Magnetic flux density
Inductance
Luminous flux
[llumination

Name of the unit

hertz Hz
newton N
pascal Pa
joule J
watt w
coulomb C
volt \"
ohm Q
siemens S
farad F
weber Wb
tesla T
henry H
lumen fm
lux &

Some Suggested SI Units for Air Pollution Control

Volume flow: Liters per second (1/s)
Velocity (gas flow): Meters per second (m/s)
Air to cloth ratio: Millimeters per second (mm/s)

Pressure: Kilopascals (kPa)
\*.

1 9,‘_"

Symbol Equivalence

1 Hz=15s"1

1 N=1kg-m/s
1 Pa=1N/m
1J=1N-m
1W=1]/s
1C=1 A-s
1v=1W/A
1Q2=1V/A

1 S=A/V
1F=1C/V

1 Wh=1 V-5
1T=1Wb/m
1 H=1 Wb/A
1 m=1 cd-sr
1 &=1&/m
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\APPENDIX F. CONVERSION TABLES
Conversion Between Different Units

Listed below are quantities of the English and engineering systems of units that are

-commonly tound in the literature on air

pollution. Our intention is to present

them so that their equivalent in the MKS system of units can be found quickly.

Quantities that are listed in each horizontal line

are equivalent. The quantity in

the middle columm indicates the simplest definition or a usetul equivalent of the
respective quantity in the first column,

l acre

1 Angstiom (A)

1 atmosphere (aun)

1 bar (b)

1 barrel (bbl)

1 boiler horsepower

1 British 'T'hermal Unit

(Btu)

1 Btu/hour

1 calorie (cal)

1 centimeter of mercury
(em Hg)

1 cubic foot, U.S.A, (cu ft)

1 dyne (dyn)

1 erg

1 foot, U.S.A. (ft)

1 foot per minute (ft/min)

1 gallon, U.S.A. (gal)

1/640 mi2

10-8 em

1.018 X 106 dyn/cm?
106 dyn/cm?

42 gal, U.S.A.

3.35 X 104 Btu/hour

252 cal

1.98 X 106 erg/sec
4.184 X 107 erg
1.333 X 104 dyn/cm?

2,832 X 104 ¢m3

1 g-cm/sec?

1 g-em2/sec2

30.48 cm

1.829 X 102 km/hr
8.785 X 103 cm3

F-1

19

(9

4,047 X 103 m2
10-10 ;m

1.013 X 105 N/m?2
105 N/m?2

0.159 m3

9.810 X 103 w

1.054 X 103 ]
0.298 W

4.184 ]

1.333 X 103 N/m2

2,832 X 10-2 m3
109 N

107 ]

0.3048 m

5.080 X 10-3 m/sec
3.785 X 10-3 m3



Conversion Factors

Capacity, Energy, Force, Heat

Multiply By To Obtain
Btu 0.252 Kilogram-calories
Btu 948 x 10 ¢ Watt-seconds (Joules)
Btu. ‘min 3.927 x 10-4 Horsepower-hours
Btu/min 2,928 x 104 Kilowatt-hours
Btu/min 0.02356 Horsepower
Btu/min 0.01757 Kilowatts
Btu/min 103 Pound/hour steam
Horsepower (boiler) 33,479 Btu/hour
Horsepower (boiler) 9.803 Kilowatts
Horsepower-hours 0.745H7 Kilowatt-hours
Kilowatts 56.92 Btu/minute
Kilowatts 1.34] Horsepower
Kilowatt-hours 3415 Btu
Kilowatt-hours 1.341 Horsepower-hours
Megawatts 1360 Kilogram/hour steam
Pound/hr steam 0.454 Kilogram/hour
Heat Transter Coefficient
Multiply By To Obtain
Btu/(hr)(ft2)( °F) 0.001355 Cal/(sec)(cm2)(°C)
1.929 x 106 Btu/(sec)(in2)( °F)
0.0005669 Watts/(cm?)( °C)

19
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Multiply

Cubic feet/minute
Cubic feet/second
Cubic feet/second
Cubic meter/second
Cubic meter/second

Gallons/year
Gallons/minute

Liters/minute
Liters/minute

Million gallons/day
Million gallons/day
Million gallons/day

By

0.1247
0.646817
448.831
22.8
8.32 x 109

"10.37x10-6
2.228x 10~ 3

5.886 x 10— 4
4.403x 10— 3

1.564723
0.044
695

Pounds of water/minute 2.679x 10— 4

Length, Area, Volume

Multiply

Acres
Acres
Acres

Barrels-oil
Barrels-oil

Centimeters

Cubic feet
Cubic feet
Cubic feet
Cubpic feet
Cubic teet
Cubic feet

Cubic meters
Cubic meters

Feet
Feet

By
43,560

4047
1.562% 103

0.156
42

0.3937

2.832 x 104
1728
0.02832
0.03704
7.48052
928.2

35.31
26:.2

30.48
0.3048

E-3
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To Obtain

Gallons/second
Million gallons/day
Gailons/minute
Million gallons/day

"Gallons/year

- Cubic meters/day

Cubic feet/second

Cubic feet/second
Callons/second

Cubic feet/second
Cubic nieters/second
Gallons/minute

Cubic fect second

To Obtain

Square feet
Square meters
Square miles

C.ubic meters
Gallons-oil

Inches

Cubic centimeters
Cubic inches
Cubic meters
Cubic yards
Gallons

L'ters

Cubic feet
Gallons

Centimeters
Meters



Length, Area, Volume cont'd

Multiply

Gallons
Gallons

Gallons, Imperial
Gallons water

Liters

Meters
Meters

Square feet
Square feet

Square meters
Square meters

Square miles

By
0.1887
3.785 x 10~ 3

1.20095 .
8.3453

0.2642

3.281
39.37

2,296 x 10— 9
0.09290

2471 x10—4
10.76

640

Mass, Pressure, Temperature, Concentration

LAEN

Multiply

Atmospheres
Atmospheres
Atmopspheres

Feet of water

Inches of Hg

Inches of water

By

29.92
35.90
14.70

0.02947
0.04335
62.378

0.03342
13.60
1.133

0.4912
70.727
345.32

0.03609

5.1981
25.38

k-4

To Obtain

* Cubic feet

Cubic meters

U.S. gallons
Pounds of water

Gallons

Feet
Inches

Acres
Square meters

Acres
Square feet

Acres

To Obtain

Inches of mercury
Feet of water
Pounds/Square inch

Awumospheres
Pounds/square inch
Pounds/square foot

Atmospheres

Inches of water

Feet of water
Pounds/square inch
Pounds/square toot
Kilograms/square meter

Pounds/square inch

Pounds/square foot
Kilograms/square meter

19,
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Mass, Pressute, Temperature, Concentration cont'd

Multiply By To Obtain
Kilograms/square 0.9678 Atmospheres
centimeter 14.22 Pounds/square foot
Kilogram.. square meter 0.00142 Pounds/square inch
0.20482 ~ Pounds/square foot
- 0.00328 Feet of water
0.1 Grams/cin?
. Kilograms 2.2046 Pounds
Pounds 453.5924 Grams
Pounds of water 0.01602 " Cubic feet
Pounds of water G.1198 Gallons
’ .
Pounds/square inch 0.06804 Atmospheres
Pounds/square inch 2.307 Feet of water
Pounds/square inch 70.31 Grams/cm?
Pounds/square inch 2.036 Inches of mercury
Temp.(°C)+17.78 1.8 Temperature( °F)
Temp.(°F) — 32 0.555 Temperature(°C)

Degrees Kelvin = degrees Centigrade + 973.16
Degrees Rankin = degrees Fahrenheit + 459.69

Tons (metric’ 2205 Pounds
Tons (short) 0.89287 : Tons (long)
Tons (short) 0.9975 Tons (metric)

Thermal Condactivity

Multiply By To Obtain
Beu- (hr)(ft2)(°F/ft) 0.00413 Cal/(sec)(cm2)(°C/cm)
- 12 Bru/(hr)(ft2)(°F/in)




: Viscositz
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Multiply-

Poise

Centipoise

Stoke

Densitz
Multiply

Grams per cc

Gram-moles of Ideal Gas
at 0°C and 760mm Hg.
Pounds per cubic inch

Pound-moles of ldeal Gas
at 0°C and 760 mm Hg.

Grams/ liter
Grams/liter
Grams/liter

Parts/million
Parts/million

By

1.0
1.0
100

- 0.000672 .

0.0000209
2.42

1.0
0.155
0.001076
density
(gm/cm3)

By

62.428
0.03613
8.345

22.4140
1728
27.68

359.05

58.417
8.345
0.062427

0.0584
8.345

F-6

To Oatain
Gm/cm sec
Dyne sec/cm
Centipoise

--Pounds/foot second - - -

- Pound/second square foot
Pound/foot hour

Square centimeter/second
Squared inch/second
Squared foot/second
Poise

_ To Obtain

Pounds/cubic feet
Pounds/cubic inch
Pounds/U.S. gallon

Liters
Pounds/cubic feet
Grams/cubic centimeter

Cubic feet

Grains/gallons
Pounds/1000 gallons
Pounds/cubic feet

Grains/U.S. gallons
Pounds/million: gallons

194
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Conversion trom ppm to g-m3 at STP

19y

Tsed =273.15°K
“td = 1 atm
[)p"IXA_W(K ,)
(Eq. F-1.) g = -mole y 1
dsem 99 414 liters_ wsﬂ_’_ 293.15°K> 1 x 106ppm
' g-mole liter 273.15°K
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APPENDIX G. CONSTANTS AND USEFUL IN FORMATLON
Energy Equivalences of Various Fucls

Approximate Values
Bituminous coal - 99 x 105 Beu, ton

Anthracite coal - 26 x 100 Btu,ton
. Lignite coal | -16x106.. .. .
Residual oil -147.,000 Btu/gal
Distillate oil 140,000 Btu/gal
Natural gas 1,000 Biu/fi3

L lb of water evaporated from and at 212°F equals:

0.2844 Kilowatt-hours
0.3814 Horsepower-hours
970.2 Btu

1 cubic ft air weighs 34.11 gm.

Miscellaneous Physical Constants

‘

Avogadro’s Number 6.0228 x 1023 Molecules/gm muole
Gas-Law Constant R 1.987 Cal/(gm mole)(°K)
1.987 Btu/(Ib mole)(°R)
82.06 (cm3)(atm)/(gm mole)( °K)
10.731 (£3)(1b)(in.2)/(1b mole)(°R)
0.7302 (fe3)(atm)/ (Ib mole)(°R)

Weight of O2, N9 and Air

. Pounds Tons SCF Gas
1 Pound Oxygen
Nitrogen 1.0 0.0005 12.08
1 Ton Oxygen
: Nitrogen 2000.0 1.0 24,160
27,605
1 SCF Gas Oxygen 0.08281 0.00004141
Nltxog°r1 0.07245 0.00003623 1.0
G-1

<y

e v we



N L L

- -, Teaao T T ey Pt T SR e € e L
%
!
/
s

Typical Coal Combustion Emiuloﬁn Data

Particulate mass loading, after precipit.{tor
before prcupndtor

Mass loading spatial’ variation 1 at duct

¢ross-section

Particle size, after precipitator

BEE T

‘before precipitator
Extreme parucle size range

Flue gas velocity
Flue gas temper-.ture
Dew point

Moisture content of gas

Static pressure at sample ports

Turbulent Flow fluctuations

Traversing distance across duct from port

Typical Oil Combustion Emissions Data

Particulate mass loading, uncontrolled
Mass loading variation with time

Mass loading variation during soot blowing
Particle size

Flue gas temperature range

Flow conditions

G-2

0.2-12 gm/cu meter

0.03-3.0 gm/cu meter

£50%
Mass mednan diameter =5um

" 95% <25pm (by mass)

0.01-300 um

Average: 15-20 m/sec.
Range: 10-40 m/sec.

Typical: 140-165°C
Range: 130-205°C

Acid: 105-180°C
Water: €<60°C

5-10% by volume

Range: 15 cm positive to
35 cm negative water pressure

30-120 cycles per minute

Typical: 2-5 meters
Range: 1.5-10 nmeters

Typical: 0.06-0.2 gm/cu meter
Range: 0.015-1.0 gm/cu meter

As much as 10-fold increase
over typical

About 4-fold increase over
typical

Typical: 0.01-1.0um
Range: <0.01-40 ym

120-165°C

Similar to those for coal
combustion

20,

e

[}



"
1
|
t

TECHNICAL REPORT DATA

(Blease read Baadaections wt the vevebse b tore cample tingy

- [T RERORT NO.

1. EPA-450/2-79-006

i
0 TS N
Source Sampling for Particulate Pollutants
Student Manual

7. "AUTHOR(S)

il G. J. Aldina and J. A. Jahnke

A RECIPIENT'S ACCLSSIONNQ,

. o e e e e e e
H RLEPORT DATE
December' 1979 -
6."55t'm=uiiimm'(‘.i ORGANIZATION CODE
P N

16 PERFORMING ORGANIZATION REPORT NO. |
4

s

o mt m im e e

. FERFORMING ORGANIZA TION NAME ANG ADDRESS
Northrop Services, Inc.

P. 0. Box 12313

Research Triangle Park, NC 27709

B18A2C

i1. CONTRACT/GRANT NO.

68-02-2374

12. SPONSORING AGENCY NAME AND ADDRESS
U.S. Environmental Protection Agency
Manpower and Technical Information Branch
Researcn Triangle Park, NC 27711

13. TYPE OF REPQRT AND PERIOD COVERED
Student Manual

14. SPONSORING AGENCY CODE

16, SUPRLEMENTARY NOTES
EPA Project Officer for this manual is R.

E. Townsend, EPA, ERC, NC (MD-17)

[16. ABSTRACT :

This manual is used in conjunction with Co
Pollutants", as designed and presented by
(APTI). The manual supplements the course
discussions in an introductory manner on t

Basic Definitions for Source Samp
Basic Concepts of Gases

The EPA Method 5 Sampling Train
The EPA Method 5 Source Test
Calibration Procedures

Source Sampling Calculations

when used with the student workbook, EPA-4

performance of EPA reference method 5.

(NOTE: There is also an Instructur's manu
training course - - EPA-450/2-80-003, APTI
Particulate Pollutants - Instructor's Guid

Derivations are given for many of the basic source sampling equations.

laboratory sessions of Course #450, provides comprehensive instruction in the

urse #450, "Source Sampling for Particulate

the EPA Air Pollution Training Institute
lecture material, presenting detailed

he following topics: ~

ling Report liriting
Error Analysis
F-factor Methods
Particle Sizing
Opacity Monitoring

The manual,
50/2-79-007, during the lecture and

al that may be used in conducting the
C?urseu#450, Source Sampling for
eo

17.
i DESCRIPTORS

—

Measurement

Collection

Air Pollution

Gas Sampling

Dust

Calibrating

Filtered Particle Sampling

KEY WORDS AND DOCUMENT ANALYSIS
DIDENTIFIERS/OPEN ENDED TERMS

¢. COSATI Ficld/Group

1B
14D

——

—— e — e Ro—

Stack Sampling
Particle Measurement

13 DISTRIBUTION STATEMENT

Unlimited

19 SECURITY CLASS (This Report) 21. NO. OF PAGES

Unclassified

Eo‘fﬁ_}é&)\r é T'S%%lﬁis—es’d‘ﬂﬁ&kﬁ T T1227FPRICE

EPA Form 2220-1 (9:73)

ERIC

IToxt Provided by ERI

202




