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ABSTRACT

The purpose of this procedures manual is to describe
methods to be used in experimentally characterizing the per;_
formance of electrostatic precipitators for pollution control.
A detailed description of the mechanical and electrical
characteristics of precipitators is given. Procedures are
described for measuring the particle size distribution, the
mass concentration of particulate matter, and the concentra-
tions of major gaseous components of the flue gas-aerosol mix-
ture. Procedures are also given for measuring the electri-
cal resistivity of the dust. A concise discussion and out-
line is presented which describes the development of a test
plan for the evaluation of a precipitator. By following this
outline useful tests may be performed which range in complex-
ity from qualitative and relatively inexpensive to rather
elaborate research programs.
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1. INTRODUCTION

Many different types of measurements must bhe made in
order to accurately evaluate the performance of an electro-
static precipitator installed to remove suspended particulate
matter from an industrial process stream. Among the required
measurements are determinations of the compositions of the
gas'and suspended particles and of the particles’ electrical
resistivity, concentration, and size distrihution. Also,
the precipitator geometrv and operating narameters must he

recorded for proper interpretation of the measurements.

This document provides information and guirfelines for
use in planning and conducting tests to obtain the necessarv

data.

A brief description of electrostatic precipitators an
various evaluation methods is provided in the remainde~r of
this section. In Section 2 the methods of measuring prec: -
pitator operating parameters and the technical backgrouni
and procedures for flue gas and particulate characterization
are discussed. Section 3 describes the logic and procedura
to he used in developing a test plan for the evaluation of

a precipitator. The Appendices contain detailed information
on the test methods, as well as a listirg of the Fede>al
Stationary Source Performance Standards and Federal Source

Testing Reference Methods.

1.1 ELECTROSTATIC PRECIPITATOR INSTALLATIONS
1.1.1 Types of Flectrostatic Precipitators

Two general tvoes of electrostatic precinitators ara used

to control particulate emissions from stationary sources:
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dry and wet electrode precipitators. Within each of these
categories, precipitators may be further classified hy elec-
trode geometry. Figure 1 shows a typical parallel plate
precipitator. This is by far the most common electrode
configuration for large installations. Another common

electrode geometry is a wire-pipe or cylindrical type.

Dry electrostatic precipitators are installed in indus-
tries with widely varying gas conditions. temperature, and
pressure. In the electric utility industrv there are two
positions in the flue ducts for locating the collectors--

either on the hot gas or cold gas side of the air preheater

Wet electrode precipitators operate in a manner similar
to hot or cold side units with the difference that a thin
film of liquid flows over the collection plates to wash off
the collected particulate. In some units, liquid is also
sprayed into the interelectrode space to provide cooling,
conditioning, or a scrubbing action., The spray is collected
with the aerosol particles and provides a secondary means
of wetting the plates. The operating temperatures are gen-
erally less than 65°C. Wet electrode precipitators are
widely used in the metals industries.

1.1.2 Characteristics of Typical P-ecipitator Installations

Electrostatic precipitators constructed as industrial
gas cleaning devices vary widely in size and configuration.
The differences in size depend on the type of industrial
process where they are used,; the gas volume to be handled,
the gas residence time, and the desired collection efficiency.

Electrostatic precipitators are as large as 12 meters high,
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Figure 1. Typical wire-plate electrostatic precipitator.



45 meters wide, and 30 meters long. Gas volume flow rates
are as much as 1500 m?/sec. For large gas volumes, however,
several precipitators are usually placed in parallel. At
some installations, the parallel precipitators are stacked
vertically to minimize the use of ground space, especially

if they are retrofitted. Fiqures 2 through 4 show some typi-

cal precipitator installations.

1.1.3 Parameters Which Govern Electrostatic Precipitator
Opecration

The theoretical collection efficiency, n, of a precipi-
tator for particles of diameter D, is given by the Deutsch
equation'

n=1-~exp (~wy A/Q) (1)
A = total effective collecting electrode area (m?),
Q = total gas flow rate (m®/sec), and
wy = migration velocity (m/sec) of a particle with dia-

meter D.

The migration velocity is the terminal velocity of a charged
particle in the boundary layer near the cecllecting electrode

and is largely a function of five variables:

wD = mD(j, V. Cg, T, D)
where D = the particle diameter,
= the current density in the interelectrode space,
V = the applied voltage (actually the electric
field is more accurate, but is not measured
directly),
Cg = the gas composition, and
T = the gas temperature.
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If the particle size distribution is unknown, the Deutsch
equation is sometimes used with an empirical parameter, mp,
called the precipitation rate parameter, substituted for Wp -
For this application, n would represent the overall mass

collection efficiency.

The six parameters A, Q, j, V, Cg, and T are the minimum
number which must be measured in addition to the electrode
design in order to diagnose poor precipitator performance.

Of course, the actual collection efficiency can be known
only after measuring the inlet and outlet mass loading con-
centrations, and a rigorous analyvsis requires a knowledge

of the particle size distribution.

The quantity A/Q, measured in units of m?/(m’/sec) is
the specific collection area (SCA) used to describe the ef-
fective size of a precipitator. An SCA value of 40 m?/{(m?/sec)
would be considered small for most applications and 120
m?/(m’/sec) would be considered large. High SCA values may
indicate a problem dust, a high efficiency design, or merely

a conservative design.

The total collection area, A, must be obtained from
the precipitator design drawings and is usually known by
the plant engineer.

An approximate value of the total gas flow rate., Q.
can be obtained by making a mass balance at knewn plant
operating conditions, or by inguiring of plant personnel.
During testing, however, a detailed gas velccity distribu-

tion determination by a pitot traverse across the duct or



stack will give a more accurate value for total gas volume
flow rate. A well defined gas flow rate distribution 1is
necessary for proper isokinetic sampling during particulate
sampling tests (i.e., the sampling velocity is equal to the
gas velocity). Detailed velocity traverses and gas analvses
also permit the discovery of gas leaks into or out of the

precipitator.

The electric current and primary and secondary voltages
are indicated by panel meters in the precipitator control
room. In some instances secondary voltages must be measured

using voltage dividers installed by test personnel.

Experienced personnel are able to obtain qualitative
estimates of the effectiveness of particle charging, to ob-
serve resistivity problems, or to detect electrode misalign-

ment from the experimental data listed above.

1.2 PARTICULATE SAMPLING FOR ELECTROSTATIC PRECIPITATOR
EVALUATION

1.1.2 General Problems

Measurements of particle size and concentration are usually
made at both the precipitator inlet and outlet to obtain
an accurate characterization of the precipitator performance.

Gas veleccities may vary from 15 m/sec to 30 m/sec, in
ducts leading toward or away from the precipitator, to as
low as 1-2 m/sec in transforms immediately upstream or down-

stream of the precipitator.



If samples are taken near the precipitator proper, then
low gas velocities pose problems bhecause of the difficulty
of sampling isokinetically at such locations. Large dia-
meter nozzles are required to sample at low gas velocities

when the normal sampling train flow rates are used.

Particulate concentrations may range from 0.001 to
10 g/mB, depending upon the type of source and the efficiency
of the precipitator. Sampling times required to ohtain accurate
data vary approximately inversely with the dust concentration.
At precipitator outlets it is not uncommon to sample for
12 hours to collect a sufficient amount of dust. Sampling
times can also be discontinuous if studies are being conduc-
ted to isolate the effects of rapping reentrainment or hopper

blowoff during dust removal.

At some sources, condensation can occur within the pol-
lution control system or in the stack, and particles may
grow larger and change composition, or be created, by this
mechanism. Both the concentration and size distribution

of the dust effect the precipitator performance.

A source of difficulty in testing a wet electrostatic
precipitator is the possible presence of mists and entrained
water droplets, perhaps with suspended solids, in the gas
at the outlet sampling location. Alsc the particles can
act as condensation nuclei for water droplet growth, thus
causing an apparent change in the particle size distribution.
Entrained water can cause filters or substrates to become
soaked and erroneous measurements of the flue gas water

vapor content can occur if precautions are not taken.

In many instances the duct dimensions at the sampling
location can pose problems, especially if sampling from
the top of a duct is required. The duct may be up to 7

0



meters in depth. A hoist must be constructed to handle the
probes required for obtaining samples near the bottom of
such a duct.

When a precipitator is sampled immediately upstresam or
downstream, especially when long probes are reqguired, it
is important to keep the prohe from coming in contact with
the corona wires as severe electrical shecck can result,
Unless the probes are properly grounded, sampling down-
stream can also result in electrical shock from the charged

particles leaving the precipitator.

In a dry electrostatic precipitator the dust is collected
on vertical plates which are rapped on a regular basis.
Upon rapping the dust £alls into hoppers and is removed
from the precipitator. During the rapping cycle, however,
some of the collected dust is reentrained into the gas
stream and contributes significantly to the losses. This
causes cyclical variations in the outlet dust concentration.

Air flow may also extend into the hoppers causing dust
to be blown up and out of the hopper and back into the gas
stream. This is generally localized in the lower portions
of the precipitator, and a comprehensive sample traverse
is necessary to include the higher dust loading at the
bottom of the precipitator.

In conducting source sampling for hot side precipitator
evaluations, high temperatures can cause special problems.
These include difficulties in probe handling and leak seal-
ing, filter material integrity, condensation of gaseous com-

ponents upon cooling, instrument failure, etc.



In some instances, it is neither feasible nor economical
to test an entirve system of parallel precipitators in detail.
It is reasonable to make detailed tests on a single unit
and to infer the performance of untested units in the same

system from electrical performance data.

1,2.2 Particulate Mass Measurements

Measurements of the particulate mass concentration are
made by pumping the dust laden gas through a system contain-
ing a filter and a means of measuring the volume of the gas
stream sampled. The total material collected on all surfaces
within the system is recovered and weighed. This weight,
normalized to a unit of gas volume, is the suspended par-
ticulate concentration. The samples are collected using
a prescribed traversing procedure, which, in effect, yields
an approximate integration of the average mass emission rate
past a cross-section of the duct or stack. The velocity
distribution of the gas is also measur=d as part of the test.
The gas flow rate and velocity distribution and the par-
ticulate mass concentration are used to calculate the mass
flow rate or emission rate at the point of interest. Mea-
surements of the mass flow rate are made at both the inlet and
outlet to determine the precipitator collection efficiency.
Section 2.2 contains a summary of the methods for conducting
mass measurements. Appendix B describes in detail how to
carry out the procedures in EPA Method 5 particulate mass

measurement,

1.2.3 Particle Sizing Techniques

Measurements of particle size distribution in industrial

flue gas streams are made for several reasons. The aerosol
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must be characterized as completely as possible in order
to assess the potential for adverse health or environmental
effects: emission measurements can be useful as a progess
monitor; and the aerosol particle size distribution must

be known in order to completely quantify the behavior of

a contrel device. Also, particle size measurements on un-

controlled sources are useful in precipitator design.

In recent years the emphasis on pollution control has
been placed on "fine” particles which are defined by the
EPA as those particles having aerodynamic diameters smaller
than 3 micrometers. Fine particles are more difficult to
control than large particles, and because theyv are respi-
rable, may constitute a greater hazard to health.

Several techniques must be applied if information on
particle size over a wide range of diameters is requirted,
or if real time data is desirable. As a general rule of
thumb, most particle sizing techniques yield accurate in-
formation over approximately a factor of ten range in par
ticle diameter. The particle size range with which this
manual 'is concerned is 0.0l to 10 pm. Therefore, several
techniques must be used.

Section 2.3 contains a summary of the instruments that
are available for particle sizing, and a discussion of their
applicability to specific tests. Appendices C and D contain
detailed descriptions of the procedures for measurement of

particle size distributions in flue gases.

1.2.4 Particulate Resistivity Measurements

The electrical resistivity of particulate matter, present
in the effluent gas stream, is an important factor that affects

13



the operating characteristics of an electrostatic precipi-~
tator. In a conventional single-stage dry electrostatic
precipitator, the corona current must flow through a pre-
viously collected dust layer to reach the grounded collec
tion electrode. This flow of current regquires an electric
field (E) in the dust layer proportional to the corona cur-
rent density (j) and the particulate resistivity (p) as given
by

E = jpo (2)

The electric field in the dust laver causes a potential dif-
ference {AV) across the dust layer proportional to the dust

layer thickness (t},
AV = Et (3)

which is reflected in the operating V-1 characteristic of

the precipitator.

If the resistivity of the dust layer increases for a
given current density, the electric field in the laver will
increase proportionately. If the electric field in the inter-
stices or on the surface of the dust layer exceeds the field
strength for electrical breakdown, an electron avalanche
will occur similar to that which occurs adjacent to the corona
wire. This electrical breakdown acts as a limit on the allow-

able electrical conditions in the precipitator.

The manner in which electrical breakdown at the collec-
tion electrode limits the precipitator performance is depen-
dent upon the value of the resistivity of the dust and the
thickness of the layer. If the resistivity is in the mod-
erately high range (10'! ohm-cm) the breakdown will generally
initiate electrical sparkover between the precipitator elec-

14



trodes; whereas if the resistivity is very high (»>10'? ohm-cm).
breakdown of the dust layer will occur at a voltage too low

to propagate a spark across the interelectrode region. This
gives rise to a condition of reverse ionization or back corona
which will introduce positive ions into the interelectrode

space, reducing the electrical charge on the particles.

If the particulate resistivity is too low (<10’ ohm-
cm), particles will be discharged immediately upon touching
the collection electrode. If this occurs there will be no
electrical forces holding the collected particles to the
plate and they tend to be reentrained into the gas stream.

In view of the importance of the resistivity of the
dust layer as a prime factor in limiting the performance
of a precipitator, it is necessary to determine the resis-
tivity of the material to be collected in order to perform

a“comprehensive evaluation of a precipitator.

Technigues of measuring particle resistivity are dis-

cussed in Section 2.4 and Appendices E and F,
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2. TECHNICAL DISCUSSION

2.1 ELECTRICAL AND MECHANICAL CHARACTERIZATION OF AN
ELECTROSTATIC PRECIPITATOR

In order to perform a comprehensive analysis of the
performance of a precipitator it is necessarv to obtain
information on the design and operating parameters of
the complete installation. These data are generally
used, with the test results. to make comparisons with
other precipitator evaluations or with performance pre-
dictions of theoretical or empirical models. Plant or
process operating data should also be obtained as part
of each test program, and correlated with the control
device performance. Plant data are routinely recorded bv
the nlant versonnel and arrangements can usually be made
to obtain copies of these records or to have a member of

the test crew record the data during a test.

In the remainder of Section 2.1, the nomenclature
which is used to describe electrostatic precipitators is
defined and a number of varameters which should ideally
be measured or noted as part of a precipitator evaluation
are listed. Some of the data listed are essential to
a meaningful evaluation, while some may be difficult
or impractical to obtain and must he sacrificed. Also,
some precipitator installations mav have individual pecu-
liarities which require that additional data he taken.
Although this manual is intended as a comprehensive guide,
there is no substitute for intelligent and experienced
judgement in the discrimination of essential from nonessen-
tial data.

16



2.1.1 Electrical and Mechanical Design Data

The objective of a precipitator design is to combine the
component parts into an effective arrangement that results
in an optimum collection efficiency. Experience, efficiency
requirements, and economics generallv dictate the best arrange-
ments. However, precipitator technology can be improved
through the study and comparison of the electrode design,
the total collecting surface area and tctal length of discharge
electrode in one bus section, the total area of collecting
surfaces cleaned by each rapper, the ratio of the area of
one bus section to the total, the number of power supplies,
the collecting surface area associated with one power supply,
the number of fields, the total collecting surface area com-
pared to the gas flow rate, and other parameters deemed impor-

tant during the evaluation.

For completeness, determinations of the following items
pertaining to the physical layout of the precipitator should
he made during the test. This data may be obtained by observa-

tion, from plant personnel, or from manufacturers' literature.

Numher of precipitators - A single precipitator is an

arrangement of collecting surfaces and discharge electrodes

contained within one independent housing. (See Figure 5.)

Number of chambers per precipitator - A chamber 1is a
gas—-tight longitudinal subdivision of a precipitator. A

precipitator without any internal dividing wall is a single
chamber precipitator. A precipitator with one dividing wall
is a two-chamber precipitator, etc. (See Figure 5.)

17
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Number of fields - A field is the phvsical portion »f

the precipitator in the direction of gas flow that is ener-

gized by a single power supply. A field can denote an arrange-
ment of bus sections in parallel or series as long as this
arrangement is energized by a number of parallel power sup-

plies., (See Figure 5).

Number ©of power supplies - A power supply is a transfor-

mer /rectifier (T/R) arrangement with eithzr a full or half
wave voltage output. Usually a single power supply energizes

more than one bus section.

Number of bus sections in each field - A bus section

is the smallest portion of the precipitator which can he
electrically de-energized independently. It is advantageous
from a performance standpoint to have as much sectionalization
as possible in a precipitator for two reasons. Localized
electrical problems will not disrupt the performance of a
large part of the precipitator, and since inlet sections nor-
mally operate at lower current densities than outlet sections,
these should be separated electrically.

Total number of bus sections in the precipitator - The

total number of sections in a precipitator is equal to the
number of fields multiplied by the number of bus sections

per field.

Number of gas passages - A gas passage is the volume

of the precipitator between any two adjacent collecting surfaces.

Effective precipitator dimensions - The volume inside

the precipitator through which the flue gas passes determines
the effective height, width, and length of the device for
the collection of dust. The effective length is equal to

19



the total length of the collection surface in the direction

of gas flow; the effective height is equal to the total height
of the collecting surface measured from top to bottom; and

the effective width is equal to the total number of gas passages
multiplied by the center to center spacing of the éollecting
surfaces (ignoring the shape of the collecting surface).

Gas distribution devices - A gas distribution device is

any physical plate, screen, or baffle positioned at the entrance
to a precipitator to cause a change or smoothing effect in

the gas flow characteristics.

2.1.1 Collecting Electrode System

The ceollecting surfaces are the individual grounded
components on the surfaces of which the particulate matter
is collected. The shape of the collecting electrode is de-
signed to maximize the electric field while minimizing dust

reentrainment.

Type of collection electrodes - Manyv shapes of collecting

electrodes are used in electrostatic precipitators. For

dry precipitators it is important that dust reentrainment

be minimized during rapping. In well designed precipitators
where gas velocities are kept low and gas flow uniformity

is maintained within limits of good practice, there is little
or no direct scouring of dust from the plates. All preci-
pitators have some sort of baffle arrangement on the collec-
tion plate to minimize gas velocities near the dust surface
as well as to provide stiffness to the plate. Some of these
baffle-plate designs are known as Opzel plates, Rod curtain
plates, Zig-Zag plates, V Plates, V-pocket plates, channel
plates, offset plates, shielded plates, and tulip plates
{See Figure 6).
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Active collecting surface area - This is the total pro-

jected area of the collecting surface exposed to the electro-
static field (effective length multiplied by the effective

height and number of sides).

Plate to plate distance - This is the distance between

the centers of two adjacent plates on a line perpendicular
to the gas flow. The maximum curvent and electric field

are strongly dependent upon the electrode spacing.

Aspect ratio - The collecting plate aspect ratio is the
effective length divided by the effective height (L/H).

2.1.3 Discharge Electrode System

This system is designed in conjunction with the collec-
ting electrode system to maximize the electric current and
field strength. The discharge electrode is also referred
to as the corona electrode, cathode, high voltage electrode,
or corona wire. Several properties of the corona or discharge
electrodes can influence precipitator efficiencv and should

be included in a test report.

Type of discharge electrode ~ The discharge electrodes

are held at a high electrical potential during the precipi-
tator operation to ionize the gas and establish electric
fields for particle charging and precipitation, The elec-
trodes may be in the form of cylindrical or square wires,
barbed wire, or stamped or formed strips of metal of various
shapes. Some discharge electrode geometries are shown in

Figure 7.

The discharge electrode may be suspended individually
from an insulating superstructure, with weights attached
to the lower ends, or they may be mounted on frames, or masts.
Figure 8 shows two ways that electrodes may be mounted.
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Discharge electrode dimensions - The physical dimen-

sions of the corona electrode should be noted. The diameter,
or width of this electrode is an important factor in con-
trolling the electric field in the interelectrode space,

and the starting voltage. The effective length of the dis -
charge electrode may also be of interest; it is equal to

the height of the collection electrode.

Discharge to collecting electrode spacing - The applied

voltage divided by the distance between the discharge and

collecting electrodes is the average electric field.

Number of discharge electrode per gas passage - The

total number of electrodes (corona wires) along the length
of one gas passage may be of some interest in mathematical
modeling of the precipitator.

Total number of discharge electrodes - The number of

electrodes in one gas passage multiplied by the number of

gas passages.

Total effective discharge electrode length - The total

number of electrodes multiplied by the effective electrode
length.

Spacing of discharge electrodes in the direction of gas

flow - The distance between discharge electrodes in a single
gas passage has a significant effect on the precipitator vol-
tage-current characteristic.

2.1.4 Electric Power Supplies

Each power supply consists of four components as shown

in Figure 9: a step-up transformer, a high voltage rectifier,
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a control element, and a sensor for the control svstem.

A step-up transformer is required because the operating
voltages for modern precipitators range from about 20 to
100 kV. The high voltage rectifier is required to convert
the secondary AC voltage to half or full wave voltage in
order to be compatible with the electrostatic precipitator

reguirements.

One function of the control system is to vary the ampli-
tude of the unfiltered voltage waveform that is applied to
the discharge electrode system. Control can be applied to
either the primary or secondary side in the power supply.
but it is uswally on the primary (low voltage) side. The
control system can be operated either manually or in one
of several automatic modes. Automatic controls are usuallv
installed. A well designed automatic control system main-
tains the voltage level at the optimum value, even when the
dust characteristics and concentration exhibit temporal fluc-

tuations.

Transformers ~ In many precipitators, performance is

limited by the maximum voltage or cur~ent ratings of the
power supply transformers. The transformer ratings should
be noted and reported.

Rectifiers -~ The rectifiers change the alternating current

to a pulsating DC current, either full or half wave. 1In
general, half wave power supplies allow a greater degree

of sectionalization, although the sections are not completely
independent, since control is normally associated with the
transformer primary. Full wave rectification is used where

higher average currents are desirable, as for example, where
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large dust lcading or extremely fine particles lead to a large

space charge which limits the maximum current.

Number of transformer - rectifier (T/R) sets -~ The

general layout and number of T/R sets should be noted: i.e.,
the number per field, number per chamber, the number per
precipitator. This should be shown in a schematic drawing

similar to Figure 5.

Spark rate - The spark rate is the number of times per
minute that electrical breakdown occurs between. the corona
wire and the collection electrode. A spark-rate controller
establishes the applied voltage at a point where a fixed number
of sparks per minute occur (typically 50-150 per corona section).
The sparking rate is a function of the applied voltage for
a given set of precipitator conditions. As the spark rate
increases, a greater percentage of the input power is wasted
in the spark current, and consequently less useful power
is applied to dust collection. Continued sparking to one
spot will cause erosion of the electrode, and sometimes,
mechanical failure.

Voltage-Current Characteristic - Voltage-current rela-

tionships for the primary and secondary circuits of each

T/R set for both clean and dirty plate conditions are very
useful in interpreting precipitator behavior. Clean plate
V-1 data, however, must be obtained immediately after shut
down after thorough plate rapping to remove excess dust or
from data taken during tests occurring in the process of
precipitator installation and shakedown. The dirty plate
V-1 measurements usually take place after particulate emis-
sion tests because it is undesirable to disturb the precipi-
tator before the tests. When mass testing and particulate
sizing measurements are being conducted, voltage and current

readings should be recorded regularly for each power supply.
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Many precipitator control rooms have panel meters for
each T/R set which show the primary and secondary voltages
and current and the sparking rate. If meters are not in-
stalled on the transformer secondary, a temporary voltage
divider network can be installed on the precipitator side
of the recitifer network as shown in Figqure 10. Typically,
the resistor R, has a value of about 1x10°% ohms and R, has
a value of about 12x10° ohms. Because of the voltage drop
across Ry, this resistor should be well insulated. If it
is necessary to measure the secondary current, a voltmeter
can be placed across resistor R; in the Surge Arrestor net-
work. Ra 1is typically 50 ohms or less. Some manufacturers
may place a current meter with very low internal impedance
across this resistor and allow all the precipitator current
to pass through the meter. The resistor is installed to
prevent isolating the power set should the meter be removed
from the circuit. To obtain accurate data in this case,

a calibrated current meter can be installed in series with
this current meter. Figure 10 shows a typical precipitator
T/R circuit but many individual installations may have their

own peculiarities.

Since many commercial precipitatcrs do not have secondary
voltage and current meters installed, it is worthwhile for
anyone involved in precipitator evaluations to build and
calibrate several divider networks for field use.

2.1.5 Rapping Systems

Type of rappers - Differences in precipitator design

also occur in the types of rappers used to remove dust collected

on collection plates and discharge electrodes.
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Mechanical rappers may be located within the shell of
the precipitator with the rapping system consisting of ham-
mers which are lifted by a rotating shaft until they pass
over the top of the shaft and then fall under the force of
gravity and strike anvils connected to the collection plates

or discharge electrode frames. (See Figure 11.)

A second type of mechanical rapper is located outside
of the precipitater shell with the anvils externally mounted
and extending through the shell. In such a system, seals
must be provided between the anvil and shell to prevent gas
leakage. Rapping cycles can vary from a single impact to
multiple blows for each rapping sequence and the rapping
cycle can be changed by varying the frequency of rap.

Preumatically or electromagnetically operated rappers
may be of the impact or vibratory type. These rappers are
connected to the discharge or collection electrode frame
through the precipitator shell. The impact rapper functions
by lifting a weight to a height determined by a pneumatic
or electromagnetic contreoller and allowing the weight to
fall against an anvil when the holding force is released.
Vibratory rappers impart vibrations to the electrodes through
rods extending into the precipitator shell. (See Figure
12).

Different rapping systems are used because of differences
in dust types and manufacturers philosophy, as well as cost
and maintenance considerations. The plant engineer will
usually know the type of rapper and the sequence and timing
of the rapping cycle.

Rapping variables - The efficiency of a precipitator

is affected by the rapping interval, the rapping intensity,
and the length of each rapping cycle. Rapping reentrainment
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Figure 11. Mechanical type rapper.
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contributes a significant fraction of precipitator emissions
and it is usually desirable that particulate sampling at

a precipitator outlet cover a time span which includes several
rapping cycles. This will help ensure a more representative
outlet mass loading. A different strategy would be used,

of course, if the contribution of rapping to the outlet dust

loading were the object of investigation.

Interval of rapping - It is desirable to know the time

interval of rapping for each electrode in each field of the
precipitator. Usually the upstream fields are rapped more
freguently than the downstream fields because dust builds

up mere slowly on the outlet side.

Intensity of rapping - It is desirable to determine

with what force the electrodes are being rapped within each
field. Although this is an interesting quantity, it is
usually impossible to obtain experimentally, except as part
of elaborate research programs, Some qualitative information
may be obtained from the plant engineer or manufacturing
literature.

Duration of the rapping cycles -~ It is desirable to

note the length of time of each rapping cycle for each elec-
trode system in each field of the precipitator.

Rapper sectionalization - Precipitators are rapped field

by field with the inlet fields usually being rapped more
often, as noted in the report.
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2.1.6 Dust Removal Systems

It is important during any precipitator evaluation to
determine that the dﬁst removal system is working properly
and to specifications. If the system is not working properly,
discussions should take place with plant personnel to see
whether these problems can be fixed in a reasonable time
span. If this is not the case, then testing should be de-
layed.

Hoppers are used to collect and store dry particulate
which is removed from the electrodes. If hoppers are allowed
to overflow, the collected dust will be reentrained thereby
greatly reducing precipitator efficiency, or electrical short
circuits may occur which disable part of the precipitator
power supplies. Baffles are frequently placed in hoppers
to minimize undesirable gas flow which may lead to reentrain-

ment (hopper sweepage).

If the precipitator system is operated with internal
pressures less than ambient, then air in-leakage through
the hopper can cause a reentrainment of the dust from the

hoppers.

Several types of systems exist for removal of dusts
accumulated in hoppers. These include container removal,
dry vacuum, wet vacuum, screw conveyors, and scrape bhottom

systems.

As much information about the dust removal system should

be obtained and reported as possible.
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2,2 MASS EMISSION MEASUREMENTS

2.2.1 General Discussion

As part of most electrostatic precipitator studies,
the particulate collection efficiency is determined experi-
mentally by making measurements of the mass concentration

and gas flow rate at the precipitator inlet and outlet.

A number of test procedures have been developed for per-
forming mass emission measurements on process streams. All
of the "standard" sampling trains are similar and basically
are composed of a nozzle, a probe, a filter, one or more
devices for monitoring gas flow, and a pump. Generally pitot
tubes and thermocouple assemblies are alsc used to measute
the gas velocity and temperature. The nozzle is streamlined
to minimize flow disturbances and the diameter is chosen
for isokinetic sampling. The probe must be rigid so that
the nozzle can be positioned accurately at the selected

sampling points.

Filters of various compositions and gecmetries are used,
although glass fiber is most common., Any filter chosen must
be an efficient collector of submicron particles. A.gas
meter and sometimes a calibrated orifice are used to measure
the gas flow rate and total volume sampled. Condensers are
used to measure the water vapor content as well as for pump
and meter protection. 1In some instances impinger bubblers
and liquid traps are used and the contents analyzed after

sampling for various volatile elements.

Many emissions contain substances which condense at
temperatures well above ambient to form solid or liquid par-
ticles. Care must be taken that the temperature in all parts
of the system upstream from the filter be kept at temperatures
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high enough to prevent condensation. Also, there is con-
siderable deposition on the surfaces of the nozzles, probes,
etc., and these must be theroughly cleaned as part of normal

sampling and analysis.

Three systems which are commonly used to measure mass

emissions are described in the following paragraphs.

2.2.2 EPA-Type Particulate Sampling Train (Method 5F

Official pé}formance testing of control‘devices on
stationary sources in the United States must be conducted
with the "EPA Method 5 Sampling Train"™ illustrated in Figure
13. A heated sample probe is used to transport the particulate
sample to a glass fiber filter which is maintained at 160°C
or more. A reverse type pitot tube is attached to the probe
to insure that isokinetic sampling conditions are maintained
during a traverse of the duct or stack. According to the
EPA method the glass fiber filter must have a penetration
value equal to or less than that of MSA 1106 BH {approximately
0.005% for a standard 0.3 um DOP aerosnl penetration test
at 5 cm/sec face velocity). Gases, vapors, and any particles
that penetrate the heated filter enter a series of impingers
or condensers that are immersed in an ice bath. They trap
the uncombined water that is present in the gas stream s0
that the moisture content can be determined; they also pre-
vent the hot, humid gases from entering the gas metering

system and pump.
_ After the traverse, the filters are dried and the probe

is washed to remove and collect particulate matter from the

probe walls for subseguent analysis. The EPA Method 5 requires
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that acetone be used for the probe wash. This creates a3
problem when the long metal probes are hot from sampling,
so distilled water is often used instead of acetone. The=
probe wash liquid is collected and evaporated to dryness

so that the amount of particulate matter removed from the
probe can be weighed. This welght, and the weight of the
particulate matter on the filter, and the measured gas flow
are used to determine the mass emission rate of the source.
Approved systems of this type are currently available in
low (230-472 cm®/sec) (0.5-1 ft’/min.) and high (up to 170
LPS) (6 ft®/min.) flow rate configurations. A modification
to the EPA particulate sampling procedure (Method 17) has
been proposed to allow the use of in-stack filters (See Ap-

pendix G).

2.2.3 ASTM-Type Particulate Sampling Train

The American Society of Testing and Materials has described
a particulate sampling train which is illustrated in Fiéure
14. The main difference between this method and the EPA
Method 5 is the use of an in-stack particulate filter. With
this arrangement, a thimble—shaped'filter is used to sample
high mass concentrations, and a conventional, disk-shaped,
filter is used for low mass concentrations. It is important
£o heat the filter holder to insure that the filter temperature
is maintained above the dew point temperature if condensible
vapors are present in the gas stream. The advantage of this
system is that the particles are trapped before they enter
the probe and a probe wash is not required. Also, external
heating of the filter is often unnecessary. A condenser
and gas cooler are still required between the probe and the
gas metering system. The pitot tube, pump, and other parts
of the system are similar to the EPA Method 5 Sampling Train.
The thimble-filter system is not an EPA approved method but
it is often used in engineering tests to evaluate the per-

formance of a control device,
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2.2.4  ASME-Type Particulate Sampling 'l'tain

The American Society of Mechanical Engineers has
described in its Power Test Codes the use of a sampling
train to measure particulate emissions from industrial
sources. To meet the ASME specifications the particulate

sampling train wmust have the following parts:

A tube or nozzle for insertion into the gas stream

and through which the sample is drawn.

A filter (thimble, flat disk, or bag type) for re-
moving the particulate. For the purpose of the Power
Test Code, 99.0% efficiency by weight is satisfactory.

A means of checking the equality of the velocity of
the gas entering the nozzle and the velocity of the
gas in the flue at the point of sampling.

A method by which the quantity of gas sampled is de-

termined.

A pump for drawing the gas stream through the nozzle,
filter, and metering device along with the necessary
tubing. It is important that the temperature of the
gas be above the dew point until after it has passed
the filter.

This sampling procedure is not very restrictive. Both

the EPA and ASTM particulate trains comply with the ASME re-
guirements.
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2.2.5 General Sampling Procedures

Because the EPA Method 5 is required for all compliance
testing, it is the only one discussed in this section and
in Appendix B where the details of performing a mass emis-

sions test are described.

The general sampling procedure outlined herein is
presented in the EPA Test Method 5 "Determination of Par-

"2  Before sampling,

ticulate Emissions from Stationary Sources.
however, it is necessary to determine the number of sampling
points appropriate for the particular duct or stack under
consideration. EPA Test Method 1 "Sample and Velocity Tra-
verses for Stationary Sources"? describes the computations

to determine the number of sampling points for both the velo-
city traverse and mass sampling traverse. The number of
points will depend on the size and shape of the duct. If

the velocity traverse indicates that the velocity profile

in the duct is very unstable, the number of sample points
should be increased to obtain a more accurate integrated

mass emission rate (See Figure 15).

The use of the S-Type pitot tube, and its calibration
for measuring the stack gas velocity and flow rate, is de-
scribed in the EPA Test Method 2 "Determination of Stack
Gas Velocity and Volumetric Flow Rate (Type S Pitot Tube)."?
The S~Type pitot tube is used because it is less susceptible
to clogging in high dust lcading environments. It is also
advantageous to perform a temperature traverse of the duct
during the velocity traverse. This can be easily accomplished

by attaching a thermocouple temperature sensor near the end
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Figure 15.  Typical gas velocity distribution at the infet to a precipitator.
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of the pitot. During actual mass sampling both the tem-
perature and gas velocity are monitored to allow isokinetic

sampling at each traverse point,

Mass sampling at electrostatic precivitators can pose
problems because of the dust concentration gradients across
the inlet and cutlet ports. Precipitator inlet mass loadings
are usually high, while outlet loadings can be up to a fac-
tor of 10° smaller. Extended sampling times are required
in many situations at precipitator ocutlets, Problems in
obtaining average inlet and outlet mass loadings can also
occur at sources which have cyclical operations. Outlet
mass concentrations at precipitators also fluctuate because
of the collection plate rapping cycles. The person preparing
for a sampling procedure must take all of these variables

into account when designing a test plan.

2.3 PARTICLE SIZE MEASUREMENT TECHNIQUES

2.3.1 General Discussion

Any detailed experimental program designed to evaluate
an electrostatic precipitator must include measurements on
the particle size distributions at the inlet and outlet.
These size distributions can then be used to calculate .the
precipitator collection efficiency versus particle size,

or "fractional efficiency curve".
Overall precipitator efficiency is strongly influenced

by the inlet particle size distribution. The migration velo-
city, defined in Paragraph l1.1.3, is equal to the product
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of the electric field (E) and the particle electrical mobility.
Figure 16 is a graph of electrical mobility versus particle
size for a laboratory aerosol which shows a minimum value

at approximately 0.1 to 0.3 um diameter. Because of this
minimum in migration velocity, fine particles, which are
defined by the EPA as particles having aerodynamic diameters
smaller than 3 uym, are more difficult to collect than larger
particles. Unfortunately, fine particles also contribute

more to visible light scattering and opacity and present a
greater health hazard than do the larger particles.

At any given mass concentration, fine particle size
distributions accumulate far greater total charge than large
particle size distributions. The space charge associated
with fine particles frequently causes sparking at relativelv
low voltage; this is sometimes a limiting factor in precipitator
performance. Although most of the mass emitted from a particu-
lar pollution source may consist of large particles, in gen-
eral, the largest number of particles is in the fine particle
range. Thus, high mass collection efficiency does not always
imply high number collection efficiency nor does it insure
that a particular opacity standard will be met,

An ideal particle size measurement device would be located
in situ and give a real time readout of particle size distri-
butions and particle number concentration over the size range
from 0.01 ym to 10 pym diameter. At the present time, how-
ever, particle size distribution measurements are made using
several instruments which operate over limited size ranges
and do not yield instantaneous data.

Particle sizing methods may involve instruments which

are operated in~-stack, or out of stack where the samples
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are taken using probes. For in-stack sampling, the sample
aerosol flow rate is usually adjusted to maintain near iso-
kinetic sampling conditions in order to avoid concentration
errors which result from under or oversampling large par-
ticles (dia. > 3 um) which have too high an inertia to follow
the gas flow streams in the vicinity of the sampling nozzle.
Since many particulate sizing devices have size fractionation
points that are flow rate dependent, the necessity for iso-
kinetic sampling in the case of large particles can result

in undesirable compromises in obtaining data - either in

the number of points sampled or in the validity or precision
of the data for large’particles.

In general, particulate concentrations within a duct
or flue are stratified to some degree with strong gradients
often found for larger particles and in some cases for small
particles. Such concentration gradients, which can be due
to inertial effects, gravitational settling, lane toc lane
efficiency variations in the case of electrostatic precipi-
tators, etc., imply that multipoint (traverse) sampling must

be used.

Even the careful use of multipoint traverse techniques
will not guarantee that representative data are obtained.
The location of the sampling points during process changes
or variations in precipitator operation can lead to significant
scatter in the data. As an example, rapping losses in dry
electrostatic precipitators tend to be confined to the lower
portions of the gas streams, and radically different results
may be obtained, depending on the magnitude of the rap?ing
losses, and whether single point or traverse sampling is
used. In addition, large variations in results from successive
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multipoint traverse tests can occur as a result of dif-
ferences in the location of the sampling points when the
precipitator plates are rapped. Similar effects will occur
in other instances as a result of process variations and
stratification due to settling, cyclonic flows, etc.

Figure 17 illustrates temporal concentration variations due
to rapping for two particle sizes at a point in space loca-
ted in a duct immediately downstream of a dry electrostatic

precipitator.

Choices of particulate measurement devices or methods
for individual applications are dependent on the availability
of suitable techniques which permit the required temporal
and/or spatial resolution or integration. In many instances
the properties of the particulate are subject to large changes
in not only size distribution and concentration. but also
in chemical composition (for example, emissions from the
open hearth steel making process). Different metheds or
sampling devices are generally required to obtain data for
long term process averages as opposed to the isolation of
certain portions of the process in order to determine the

cause of a particular type of emission

Interferences exist which can affect most sampling
methods. Two commonly occurring problems are the condensation
or vapor phase components from the gas stream and reactions
of gas, liquid, or solid phase materials with various por:
tions of the sampling systems. An example of the latter
is the formation of sulfates in appreciable (several milli-
gram) quantities on several of the commonly used glass fiber
filter media by reactions involving SO, and trace constitu-
ents of the filter media. Sulfuric acid condensation in
cascade impactors and in the probes used for extractive

sampling is an example of the former.
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and during rapping puffs as observed at the exit of a cold side
precipitator collecting fly ash from a coal fired boiler.
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If extractive sampling is used and the sample is con-
veyed through lengthy probes and transport lines, as is the
case with several particulate sizing methods, special at-
tention must be given toward recognition, minimization, and
compensation for losses hy various mechanisms in the trans
port lines. The degree of such losses can be quite large
for certain particle sizes.

In this section, individual particulate sampling systems
and procedures are discussed. These are categorized according
to the physical mechanism that is used to obtain the data:

inertial, optical, electrical, or diffusional.

2.3.2 Inertial Particle Sizing Devices

Two devices which fall into the inertial sizing category
are impactors and cyclones. In both of these devices, the
aerosol stream is constrained to follow a path of such curva-
ture that the particles tend to move radially outward toward
a collection surface because of their inertia. Subsequent
analysis of the particle size distribution may be made by
gravimetric means, gquantitative chemical analysis, or micro -
scopic inspection. '

Particle size distribution measurements related to preci-
pitator evaluation have largely been made using cascade impac-
tors, which are effective in the size range from 0.3 to 20 um
diameter; although, in some cases, hybrid cyclone-impactor
units, or cyclones have alsc been used. The particle size
distributions are normally calculated from experimental data
by relating the mass collected on various stages to the theo-
retical or calibrated size cutpoints associated with those

stage geometries.
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Cascade impactors - Because of its compact arrangement

and mechanical simplicity, the cascade impactor has gained
wide acceptance as a practical means of making particle size
measurements in flue gases. 1In most cases, the impactors
can be inserted directly into the duct or flue., eliminating
many condensation and sample loss problems which occur when

prches are used for extractive sampling.

Figure 18 is a schematic which illustrates the principle
of particle collection which is common to all cascade impactors.
The sample aeroscl is constrained to pass through a slit .
or circular hole to form a jet which is directed toward an
impaction surface. Particles which have lower momentum will
follow the air stream to lower stages where the jet velocities
are progressively higher. For each stage there is a character-
istic particle size which theoretically has a 50% probability
of striking the collection surface. This particle size,
or Dsg, is called the effective cut size for that stage.

The number of holes or jets on any one stage ranges from

one to several hundred depending on the desired jet velocity
and total volumetric flow rate. The number of jet stages

in an impactor ranges from one to about twenty for various
impactor geometries reported in the literature. Most commer-
cially available impactors have between five and ten stages.

Parameters which determine the collection efficiency
for a particular geometry are the gas viscosity, the particle
density, the jet diameter or width, the jet-to-plate spacing,
and the velocity of the air jet.

Most modern impactor designs are based on the semi-em-

pirical theory of Ranz and Wong." More comprehensive theories
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have been developed by Davies and Aylward’ and by Marple.
In practice, deviations from ideal behavior in actual impac-

tors dictate that they be calibrated experimentally.

A large numher of experimental studies have been
published on cascade impactor design and performance in the
laboratory environment. Most of these have been reviewed
in the dissertations of Marple® and Rao.’ Recently,

Cushing et al® have presented calibration data on several
commercially available cascade impactors. Figures 19, 20,
21, 22, and 23 show schematics of the commercial impactor
designs which are commonly used in source testing. Table
I gives a listing of the manufacturers, and some operational
information for stack sampling. The details of cascade impac-

tor applications are discussed in Appendix C.

It is usually impractical to use the same impactor at
the inlet and outlet of a precipitator when making fractional
efficiency measurements because of the large difference in
particulate loading. For example, if a sampling time of
thirty minutes is adequate at the inlet, for the same im-
pactor operating conditions and the same amount of sample
collected, approximately 3000 minutes sampling time would
be required at the outlet {a collection efficiency of 99%
is assumed). Although impactor flow rates can be varied,
they éannot be adjusted enough to compensate for this dif-
ference in particulate loading without creating other
problems. Extremelv high sampling rates result in particle
bounce and in scouring of impacted particles from the lower
stages of the impactor where the jet velocities become ex-
cessively high. Short sampling times may result in atypical
samples being obtained as a result of momentary fluctuations
in the particle concentration or size distribution within

the duct. Normally, a low flow rate impactor is used at
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Name

Andersen Stack Sampler
(Precollection Cyclone
Avail.)

Univ. of Washington
Mark III Source Test
.Cascade Impactor
(Precollection Cyclone
. Avail.)

'Brink Cascade Impactor
({Precollection Cyclone
Avail.)

Sierra Source Cascade
Impactor - Model 226
(Precollection Cyclone
Avail.)

MRI Inertial Cascade
Impactor

n

-0

COMMERCIAL CASCADE IMPACTOR SAMPLING SYSTEMS

Nominal Flow rate
(cm3/sec)

236

236

14.2

118

236

TABLE I

Substrates

Glass Fiber (Available from

manufacturer)

Stainless Steel Inserts,
Glass Fiber, Grease

Glass Fiber, Aluminum,
Grease

Glass Fiber (Available
from manufacturer)

Stainless Steel, Alumi-
num, Mylar, Teflon.
Optional: Gold, Silver,
Nickel ‘

Manufacturer

Andersen 2000, Inc.
P.0O. Box 20769
Atlanta, GA 30320

Pollution Control
System Corp.

321 Evergreen Bldg.
Renton, WA 98055

Monsantco EnviroChem
Systems, Inc.
St. Louis, MO 63166

Sierra Instruments, Inc.
P.0O. Box 909

Village Square

Carmel Valley, CA 93924

Meteoroldgy Research, Inc.

Box 637
Altadena, CA 91001



the inlet and a high flow rate impactor at the outlet. The
impactors are then operated at their respective optimum flow
rates, and the sampling times are dictated by the time re-
quired to collect weighable samples on each stage without

overloading any single stage.

Series cyclone particulate sampling techniques - Pro-

totype series cyclone sampling systems have been developed

for industrial source sampling.® 1In general, series cyclones
are easy to use, trouble-free, and efficient collectors of
large quantities of size segregated particulate. Their main
drawbacks are that their size limits the number of size segre-
gated samples during each test that can be obtained as com-
pared to most commercial impactors and an accurate theory

of opération has not been developed. However, the ability to
collect large guantities of sized material for analysis makes
these devices irreplaceable for some applications.

The Source Assessment Sampling System (SASS) incorporates
three cyclones and a back up filter.'® A schematic of this
system is illustrated in Figure 24. It is operated at a
flow rate of 3065 cm®/sec (6.5 ft?/min) with approximate
cvclone cut points of 10, 3, and 1 micrometer aerodynamic
diameter and a gas temperature of 205°C. Besides obtaining
information on the particle size distribution, this system
collects gram guantities of particles for later chemical
or biological analyses. The SASS train is large and requires
extractive sampling through a heated probe. The cyclones
~are mounted in an oven to keep the air stream at stack tem-
perature or above the dew point until the particles are
collected. This system is supplied with nozzles, a probe-
pitot-tube-thermocouple assembly. cyclones, back up filter,
oven, a gas conditioning chamber, and a flow metering device
pump adapted from the Aerotherm High’Volume Sampling System.
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Cyclone calibration details are furnished along with equa-
tions for calculating approximate cyclone cutpoints for opera-
ting conditions other than those measured during the calibra-

tion procedure.

It is mandatory that the gas velocitvy and temperature
through the cyclones be maintained at a constant setting
while sampling, because the cyclone cut points are dependent
upon the gas flow rate and temperature. This usually means
that periods of nonisckinetic sampling may occur. Depending
on the magnitude of fluctuations in the velecity of the
sampled stream, this may or may not intrdduce significant

errors in the sizing process.

Southern Research Institute, under EPA sponsorship,
has designed and built a prototype three-stage series cyclone
for in-stack use. A sketch of this system is shown in Figure
25. It is designed to operate at 472 cm®/sec (1 ft’/min.).
The calibrated cut points for these cyclones are 3.0, 1.6,
and 0.6 micrometer aerodynamic at 21°C. A 47 mm Gelman filter
holder is used as a back up filter after the last cyclone.
This series cyclone system was designed for in-stack use
and requires a six inch sampling port. A sampling system
similar to that for a high flow rate impacter is usually
adequate, although a more powerful pump may be required under
some sampling situations. As with the SASS train, a constant
flow rate through the cyclcne system is required to maintain

stable cyclone cut points.

Figure 26 shows a second generation EPA/Southern Re-
search series cyclone system under development which con-
tains five cyclones and a back up filter. It is a compact
system and will fit through 4 inch diameter ports. The
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initial prototvpe was made cf anodized aluminum with stain-
less steel connecting hardware. A second prototype, for

in-stack evaluation, is made of titanium.

Figure 27 shows laboratory calibrations of the five
cyclone prototype system. The cut points, at the test con-
ditions are 0.32, 0.6, 1,3, 2.6, and 7.5 um. A continuing
research program includes studies to investigate the depen-
dence of the cyclone cut points upon the sample flow rate
and temperature so that the behavior of the cyclones at stack

conditions can be predicted more accurately.

Small cyclone systems appear to be practical alterna-
tives to cascade impactors as instruments for measuring
particle size distributions in process streams. Cyclones
offer several advantages:

Large, size segregated samples are obtained.

There are no substrates to interfere with analyses.

They are convenient and reliable to operate.

They allow long sampling times under high mass loading

conditions for a better process emission avsavrage.

They may be operated at a wide range of flow rates with-

out particle bounce or reentrainment.

On the other hand, there are some negative aspects of

cyclone systems which regquire further investigation:
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Unduly long sampling times may be required to cohtain

large samples at relatively clean sources.

The existing theories do not accurately predict cyclone

performance.

Cyclone systems are bulkier than impactors and may require

larger ports for in-~stack use.

As discussed above, cyclones are now used on an expeti-
mental basis by the EPA and EPA contractors If current
research programs are successful in developing a better under-
standing of cyclone behavior,. they may play a very important
role in control device evaluation.

2.3.3 Optical Measurement Technigues

The basic operating principle for one type of optical
particle counter is illustrated in Figure 28. Light is
scattered by individual particles as they pass through a
small viewing volume, the intensity of the scattered light
being measured by a photodetector. The sizes of the particles
determine the amplitude of the scattered light pulses, and
the rate at which the pulses occur is related to the particle
concentration., Thus, a counter of this type gives both size
and concentration information. The simultaneous presence
of more than one particle in the viewing volume is interpreted
by the counter as a larger single particle. To avoid errors
arising from this effect, dilution to about 300 particles/
cm® is generally necessary. Errors in counting rate also
occur as a result of electronics deadtime and from statistical
effects resulting from the presence of high concentrations
of sub-countable (D < 0.3 pym) particles in the sample gas
stream.!! The intensity of the scattered light depends upon
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the viewing angle, particle index of refraction, particle
optical absorptivity,., and shape, in addition to the particle
size. The schematic in Figure 28 shows a system which uti
lizes "integrated near forward" scattering. Different view-
ing angles might be chosen to optimize some aspect of the
counter performance. For example. near forward scattering
minimizes the affect of variations in the indicated particle
size with index of refraction, but for this geometry, there is
a severe loss of resolution for particle diameters near 1 um,
Right angle, or 90° scattering smooths ocut the response curve,
but the intensity is more dependent con the particle index

of refraction.

Available geometries are:

Bausch & Lomb 40-1 Near Forward Scattering
Royco 220 Right Angle
Royco 245, 225 Near Forward
Climet CI-201, 208 Integrated Near Forward

Optical particle counters have not been used extensively
in stack sampling because they cannot be applied directly to
the effluent gas stream. The sample must be extracted, cool-
ed, and diluted; a procedure which requires great care to
avoid introducing serious errors into calculations of the
particle size distribution. The main advantage of optical
counters is the capability of observing emission fluctuations
in real time. After extraction, the useful particle size

range is approximately 0.3 to 1.5 um.

2.3.4 Ultrafine Particle Sizing Techniques

There are two physical properties of ultrafine particles
(diameter < 0.5 pm) which are size dependent and which can
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be predicted with sufficient accuracy under controlled con-
ditions to be used to measure particle size. These are the
particle diffusivity and electrical mobility. Although ultra-
fine particle size distribution measurements are still in

a developmental stage, instruments are available which can
be used for this purpose, and some field measurements have
been made. A practical limitation on the lower size limit
for this type of measurement is the loss of particles by
diffusion in the sampling lines and instrumentation. These
losses are excessive for particle sizes below about 0.01 um
where the samples are extracted from a duct and diluted

to concentrations within the capability of the sensing devices.

Diffusional sizing -~ Diffusion batteries may consist

of a number of long, narrow, parallel channels, a cluster

of small bore tubes, or a series of screens. Figure 29a
shows a typical parallel channel diffusion battery, and
Figure 29b shows the aerosol penetration characteristics

of this geometry at two flow rates. The parallel plate geom-
etry is convenient because of ease of fabrication and the
availability of suitable materials, and also because sedi-
mentation can be ignored if the slots are vertical, while
additional information can be gained through settling, if

the slots are horizontal.

Sinclair'? and Breslin et al'’ report success with more
compact, tube-type and screen-type arrangements 1in laboratory
studies and a commercial version of Sinclair's geometry is
available.* Although the screen-type diffusion battery must
be calibrated empirically, it offers convenience in cleaning

*Thermo-3ystems, Inc., 2500 N. Cleveland Ave., St. Paul,
Minnesota 55113.
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and operation, and compact size. Figure 30 shows Sinclair's
geometry. This battery is 21 cm long, approximately 4 c¢m
in diameter, and weighs 0.9 kg.

Variations in the length and number of channels {tubes,
or screens) and in the aerosol flow rate are used as means
of measuring the number of particles in a selected size
range. As the aerosol moves in streamline flow through the
channels, the particles diffuse to the walls at a predictable
rate, depending on the particle size and the diffusion bat-
tery geometry. It is assumed that every particle which reaches
the battery wall will adhere, therefore, only a fraction
of the influent particles will appear at the effluent of
a battery. It is only necessary to measure the total number
concentration of particles with a condensation nuclei counter
at the inlet and outlet to the diffusion battery under a
number of conditicns in order to calculate the particle
size distribution.

Diffusional measurements are less dependent upon the
aerosol parameters than the other techniques discussed and
perhaps are on a more firm basis from a theoretical standpoint.

Disadvantages of the diffusional technique are the bulk
of the diffusional batteries, although advanced technology
may alleviate this problem; the long time required to measure
a size distribution; and problems with sample conditioning

when condensible vapors are present.

Electrical particle counters - The most complete set

of experiments performed in order to determine the relation-
ship between particle size and charge were reported by Hewitt!'®
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in 1957. These experiments confirmed theoretical predictions
that there exists a unigue charging rate for each particle
size if the charging region is homogeneous with respect to

space charge density and electric field.

In the course of his work, Hewitt developed a mobility
analyzer, shown in Figure 31. Charged particles enter through
the narrow annular passage A, and experience a radial force
toward the central cylinder due to the applied field. By
moving the sampling groove B, axially, or by varying the
magnitude of the applied field, the mobility of the charged
particles can be measured. In Hewitt's experimental work,
the particle size was known, and the mobility determined
the charge. 1If, however, the particle charge wére known,
the mobility would determine the particle size. This concept
has been used by Whitby, Liu, et 3115 at the University of
Minnesota to develop a series of Electrical Aerosol Analysers
(EAA). A ruggedized field test unit based on the earlier
University of Minnesota designs is now commercially available.*

A schematic of this system is shown in Figure 32.

The EAA has the distinct advantage of very rapid data
acquisition compared to diffusion batteries and condensation
nuclei counters (two minutes as oppeosed to two hours for

a single size distribution analysis.)

Disadvantages of this type of measurement system are
difficulties in predicting the particle charge, and the frac-
tion of the particles bearing a charge, with sufficient accu-
racy, and the requirement for sample dilution when making

particle size distribution measurements in flue gases.

*Thermo-Systems, Inc., 2500 N. Cleveland Ave., St. Paul,
Minnesota 55113,
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Figures 33, 34, and 35 show typical particle size dis-
tributions and a precipitator fracticnal efficiency curve
measured in the field with impactors, an optical particle

counter, and a diffusional ultrafine apparatus.

The details of sampling with optical particle counters,
diffusion batteries with condensation nuclei counters, and
EAA using extractive sampling and dilution techniques are
presented in Appendix D.

2.4 PARTICULATE RESISTIVITY MEASUREMENTS

2.4.1 General Discussiocon

The resistivity of the dust collected in a precipitator
has a direct influence on the efficiency of collection.
If the resistivity is greater than about 5 x 10'° ohm-.cm,
the electrical field developed in the collected particulate
layer can exceed the breakdown field strength. Excessive
spark rates and back corona can occur, necessitating preci-
pitator operation at lower current densities with resul-
tant degraded performance. If the particulate resistivity
is less than about 10’ ohm.cm, the electrical forces holding
the dust to the collection plates will be low. Excessive
reentrainment can occur yielding lower performance. There-
fore, to perform a complete evaluation of a precipitator
installation, it is important to determine the particulate

resistivity.

The particulate resistivity can be determined in the
laboratory or in the field. In the laboratory, the dust
sample is placed in a suitable test cell, and the current

passed through the dust layer under a given voltage is
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measured. Resistivity is calculated from these values and
known geometrical factors. For field determinations of re-
sistivity, a variety of fesistivity probes are available.
These probes are inserted into the gas stream to extract

or collect the dust either electrostatically or inertially.
Resistivity can be determined from the V-I curves generated
if electrostatic collection is used or from the measured
values of current passing through the collected dust layer
under given applied voltages and geometrical factors.

Since the resistivity is determined while the dust is in
its original or natural environment, the data are referred
to as in situ resistivity values. The equipment and pro-
cedures used for measuring resistivity in the laboratory

and field have been recently reviewed.'®

The question of whether laboratory or in situ resistivity
data should be acquired depends upon many factors. The
guestion is somewhat simplified when the viewpoint is restric-
ted to the evaluation of existing precipitator performance
characteristics.

First, consider a "hot side" installation operating
in the temperature range of 200°C to 400°C. It is generally
accepted that in this temperature range the resistivity is
not significantly influenced by environmental factors.
Therefore it is assumed that in situ and laboratory mea-
surements will give comparable results. However, too little
in situ information is available to substantiate this as-
sumption. Since high temperature probes are not presently

generally available, laboratory data are usually used.

If a "cold side” installation operating between 100°C
and 200°C is to be evaluated, the in situ data are recom-

mended. In this temperature range the resistivity can be
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affected greatly by the environment. Furthermore in evaluating
precipitator performance, one generally desires data taken
simultaneously with the measurement of other operating char-
acteristics. Laboratory data have been successfully used

for situations in which no conditioning agents were being

used and the particulate was generated from low sulfur coals.
There is an ongoing attempt by several investigators to de-
velop a sophisticated laboratory technique which will allow

one to utilize laboratory resistivity data when evaluating
"cold side" precipitator operation.

2.4.2 Laboratory Determination of Particulate Resistivity

There are two almost identical standards available for
the determination of bulk particulate resistivity in the
laboratory. These are the ASME Power Test Code 28'7 and
the APCA Informative Report No. 2.'® The preferable dust
specimen for these tests is an isokinetically obtained high
volume sample taken at the precipitator inlet. Samples used
include: hopper samples proportionately blended based on
a known precipitator efficiency and the number of fields,
samples from individual hoppers, and samples from ash stor-
age facilities. The hardware, environmental control, and
procedures recommended by the above standards are given in
detail in Appendix E. Figure 36 shows typical resistivity
data as a function of temperature and water concentration
in an air environment obtained using these standards with
exception of recommended voltage gradient. Many laboratories
use equipment and procedures significantly different from
the above standards. These variations have developed with
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respect to specific research goals and in efforts to elimi-
nate observed shortcomings. An example of an alternate pro-

cedure is also detailed in Appendix E.

2.4.3 1In Situ Particulate Resistivity Measurement

An in situ determination of particulate resistivity
makes use of a point-to-plane probe which can be inserted
directly into the gas stream upstream of the precipitator.
A high voltage is applied to the point-to-plane electrode
system such that a corona is formed in the viciniﬁy of the
point. The dust particles are charged by ions created in
the corona, and precipitated by electrical forces onto
the collection plate. Thus, the prohe is intended to simu-
late the behavior of a full-scale electrostatic precipitator
and to measure the resistivity of the dust in a way that
simulates the operating condition.

In the point-to-plane technique, two methods of making
resistivity measurements on the same sample may be used.
The first is the "V-I" method. In this method, voltage-cur-
rent curves for the point-plane system are obtained before
and after the electrostatic deposition of the dust.

Alternatively, a disc the same size as the collecting
disc 1is lowered onto the collected sample. Increasing vol-
tages are then applied to the dust layer and the currents
recorded until the dust layer breaks down electrically and
sparkover occurs. More information can be found in the paper
by Nicholgééoncerning the advantage and disadvantage to using

in situ resistivity probes,

Several types of resistivity probes have been developed
and are currently available. 1In Appendix F, full details for

the use of cne particular probe are given.
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2.5 PROCESS EFFLUENT GAS ANALYSIS

2.5.1 General Discussion

In evaluating the performance of a precipitator it is
advantageous to know something of the constituents of the
effluent gas stream, excluding the particulate matter.

A gas analysis generally concerns the amount of N,,
0;, CO, CO,, and H,0 in the effluent. These can usually
be determined using an ORSAT apparatus or one of the EPA
Stationary Source Test Methods developed for gas analysis.
Experimental studies on modifying combustion and condition-
ing the particles to modify their resistivity, and the ef-
fect this has on emissions, has resulted in the need for
measuring the amounts of several other gas constituents such
as NH,, S0O;, S0s, Nox, etc., These measurement methods are

briefly described in the following section.

2.5.2 Qualitative Gas Analysis

Interviewing key plant personnel or obtaining the proper
records should be sufficient to determine the gualitative
nature of the process gas stream. This data should include
the average fractional amounts of C0O,, CO, 0,, N,, and H,0
in the process effluent gas stream during normal operation,
Depending on the industrial process under consideration,
there may also be measurable amounts of NH;, SO,, 50:. NOX,
HF, sulfuric acid mist, or other volatile substances present.

Other qualitative information which should be gathered
includes the average gas temperature at the precipitator
inlet and outlet, and the average actual and standard volu-
metric flow rates through the precipitator.
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2.5.3 Quantitative Gas Analysis

Flue gas constituents normally speclfied for analysis
are N2, 02, CO, and CO;, and H,0. In addition to these anal-
ysis, S0O:; and S0; concentrations are usually measured and
sometimes the NOX, HF. or other vapor concentrations are
determined.

Oxygen, CO, and CO. concentrations are measured with
a commercial Orsat-type apparatus. Two Orsat-type analyzers
are used to determine the oxygen content of the gas entering
and leaving the precipitator simultaneously. Comparisons
of the inlet and outlet oxygen concentration provides a
check for leakage of gas into or out of the precipitator.
Although in principle leakage can be determined from an
examination of inlet and outlet gas velocity profiles, in
practice, flow disturbances at available sampling locations
often severely limit the accuracy with which flow determina-
tion can be made. Therefore, the simultaneous inlet and
outlet oxygen determinations may be a more sensitive indica-

tor of the physical integrity of the precipitator casing.

The Environmental Protection Agency has developed several
Stationary Source Test Methods for the determination of wvar-
ious flue gas components. These methods, of course, are
not the only way by which the quantity of the gases can be
measured. There are many other acceptable analytical methods
developed by different testing societies such as the ASME
and ASTM. EPA Test Method Number 4 describes a procedure
to determine the H,0 content of the flue gas. EPA Test
Method Number 6 can ‘be used to determine the S0, content
of the flue gas. EPA Test Method Number 7 explains a method
for measuring the nitrogen oxide in the flue gas. The amount
of sulfuric acid mist and S0, content can be determined using
the EPA Test Method Number 8.
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Figure 37 illustrates a system not described in the
Federal Register, which has been found to be accurate and
convenient to use for measurements of S50, and S0; concen-
trations. This is the Controlled Condensation System de-

veloped for the EPA by TRW Systems Group!?®

to accurately
determine S0, and 503 concentrations in process gas streams.
This procedure is applicable in high or low mass loading
environments with temperatures up to 300°C and SO, concen-

trations up to 6000 ppm.

The Controlled Condensation System is based on the
separation of S0; as H2504 from SO; by cooling the gas stream
below the dewpoint of H,;50,, but above the H,0 dewpoint.
Cooling is accomplished by a water-jacketed coil where the
H,S50., is collected. Particulate matter is collected by a
quartz filter mat inserted in the line prior to the conden-
'sation coil. The particulate filter system is maintained
at a temperature of 288°C to insure that none of the H,S0,
will condense on the filter mat or filter holder.

The Controlled Condensation Coil (CCC) is a modified
Graham Condenser. The water jacket is maintained at 60°C.
This is adequate to reduce the flue gas below the dewpoint
of the H:S50,. Following the CCC are two impingers for re-
moving the SO; and H;0. The SO, scrubber is a bubbler
filled with a 3% solution of H:0: in water. The water vapor
is removed by a silica gel filled impinger. A vacuum pump
with a capacity of 472 cm’/sec is recommended. The total
volume of gas sampled is measured with a dry gas meter.

The sampling rate/time is normally 135 cm’/sec for one
hour. An indication of the proper amount of sample comes
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from watching the condenser coil. When the H;SO, fog has crept
about éne~half to two~thirds of the way along the coil, the
sampling can cease. After sampling has been completed, the
probe and coil are rinsed with deionized H:0 and the recovered
solution is analysed in the lab. The amount of H;SO. in the
condensation coil and probe can be determined by a sulfate

or H' titration. Because of its simplicity and sensitivity,
the H' titration is preferred. This recommended acid/base
titration uses Bromophenol Blue as the indicator, since the
endpoint of the NaOH and H;S0., titration falls near the pH
range (3-4.6) of the Bromophenol Blue color change. Complete

details can be found in the reference above,
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3. DEVELCPMENT OF TEST PLANS FOR ELECTRCSTATIC PRECIPITATOR
EVALUATION

3.1 GENERAL DISCUSSI1ON

Details of precipitator operation and particulate sam-
Pling procedures are given in the preceding sections and
the appendices. This section is intended as a summary or
outline to be used in the development of a test plan. Spe-
cific references to other more detailed sections are also

included.

The scope of precipitator tests ranges from short visits
to the site where the plant personnel are interviewed and
the precipitator operating conditions are ohbserved, to
very elaborate experimental programs where it is attempted
to completely characterize the properties of the flue gas
aerosol and the electrical and mechanical conditions of the
precipitator. Short visits may be sufficient to obtain data
for diagnosis of precipitators which are malfunctioning,
but more elaborate tests are almost always required if the
precipitator is a poor or inadequate design, or if the proper-
ties of the dust limit performance.

For the purposes of developing test plans, it is possible
to define three categories or levels of effort. These are
denoted in this document by Level A, Level B, or Level C.

A Level A test consists of the minimum effort that can be
expected to yield positive results. It is the least expen-
sive and also the most qualitative. Level C tests are com-
prehensive, expensive, and enough data is accumulated for
definitive analyses. A Level B test falls between a Level
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A and a Level B test in its expense and information
gathered. A Level B evaluation includes all of the infor-
mation obtained by a Level A evaluation and a Level C in-
cludes both Level A and Level B data. Table II is a flow
diagram showing the major considerations for each level

of effort.

3.2 LEVEL A PRECIPITATOR EVALUATION

Pecints to be considered in a Level A anélysis are out-
lined in Table III. Information should be obtained on each
of the items listed and references are shown on the table
of the sections of this report which contain more detailed

discussion.

Attempts should be made to determine if any of the power
supplies show abnormally low readings. Any information that
is available concerning the composition of the flue gas,
the particle size distribution, and opacity should be obtain-
. ed. In situ and laboratory measurements of the particulate
resistivity are also included in a Level A test. Any evidence

of excessive rapping losses should be noted.
3.3 LEVEL B PRECIPITATOR EVALUATION

The decisions involved in planning for a Level B pre-
cipitator evaluation are outlined in Table IV. A Level
B evaluation includes all of the information obtained by
a Level A evaluation plus measurements of the mass concentra-
tion at the precipitator inlet and outlet and quantitative
gas analysis. Decisions must be made of the type of par-
ticulate sampling trains and gas sampling equipment to be

used.
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TABLE I1I

THREE LEVELS OF EFFORT FOR PRECIPITATOR EVALUATION

LEVEL
C B A ENGINEERING AND OPERATING DATA

Precipitator Design & Operating Data

Qualitative Gas Composition

Particulate Resistivity (and approximate
size distribution)

Opacity

Any Evidence of Rapping Reentrainment

Two men on site for two days. Two man
weeks for analysis and reporting.

PARTICULATE MASS CONCENTRATION AND PRECIPITATOR
EFFICIENCY

Pre-test Site Survey, Port Installation
Inlet and Outlet Mass Sampling
Quantitative Gas Analysis

Consider Test For Rapping Losses

Five men on site for 5 days. One man month
¥ for analysis and reporting.

PARTICLE SIZING AND PRECIPITATOR FRACTIONAL
EFFICIENCY

Inlet and Outlet Particle Size Distribution

Ten to fifteen men on site for one to two
weeks.,

Six to twenty man months for analysis,
modeling, and report writing.
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A. Precipitator Design and Operating Data

(From observations, interviews, records)

Mechanical Design

Collecting Electrode System
Discharge Electrode System
Electrode Rapping Systems
Electrical - T/R-Systems

Dust Removal Systems

Current Mechanical and Electrical
Conditicn

Current Collection Efficiency

Refer to Section 2.1

DESIGN

B.

TABLE III
LEVEL A EVALUATION

AND OPERATING INFORMATION

Flue Gas Characterization
Qualitative

{(From interviews, or
existing data)

Volumetric Flow rates
Qualitative data on frac-
tional amounts of H,Q0,
0,, N, CO, CO,.
Evidence of 50;, S0, H,S0.,
or any other substance
affecting ESP performance.
Inlet & Outlet Gas Temperatures

Refer to Section 2.5

Particulate Resistivity

{(Measured)

Laboratory Measurement -
Grab Sample

In situ Measurement - Resis-
tivity Probe at Inlet Port

Refer to Scction 2.4 and
Appendices E and F.
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TABLE IV
LEVEL B EVALUATION
PARTICULATE MASS SAMPLING & QUANTITATIVE GAS ANALYSIS
Pre-test Site Survey B. Precipitator Inlet and Cutlet Mass Sampling C. Quantitative Gas Analysis

{Observation, inter-
view, recotds)

Sampling Locations Sampling Train Type ORSAT Measurement of O;,
DAccessibility Flue Depth N,, CO, CO;
Work Platforms Traversing Capability EPA Methods Measurements
Number of Ports Velocity/Temperature Travcrse of S0:2, H250,, NOx, S50,
Diameter of Ports Gas Temperature

Laboratory Space Probe Hgating A}ternati Mitggd fo;OMea-
Typical Flue Gas Conditions Filter Integrity Ozgéimggseg Paréizulai
Typical Mass Concentrations Isokinetic Sampling to Source Under Considera-
and Particle Size Sampling Times tion

Distributions* Entrained Water :
Necessity of Substrate Number of Samples

Caonditioning Process Variations

Rapping Puffs

x - . Hopper Blow-off

Qualitative Integrated or Time Averaged Sample
Refer to Section 1 and Refer to Section 2.2 and Refer to Section 2.5 and

Appendix A Appendices B and G Appendix G



If the process or emissions are thought to be cyclical,
a decision must be made whether or not to obtain represen-
tative samples during each part of the cycle. Again, per-

tinent sections of this report are referenced in the table.

3.4 LEVEL C PRECIPITATOR EVALUATION

Level A and B tests may not yield sufficient data if
the objectives of the tests include resolution of an opacity
problem or space-charge problem, or if a theoretical model
is to be used to compare with the test results. For each
of these, it is necessary to measure the particle size dis-
tribution. Therefore, in addition to the Level B evaluation
procedure, the Level C evaluation outline in Tahle V lists
procedures for measuring the inlet and outlet particle size
distribution and the precipitator fractional efficiency.
Some information on rapping losses can be obtained with op-
tical particle counters, as described in Section B.4, or

by sampling with impactors during and between rapping cycles.
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o Size Range

TABLE V

LEVEL C EVALUATION

PARTICLE SIZE DISTRIBUTION MEASUREMENTS

A, Inlet
Process Variations Process Variations

0.3-10.0 um

Cascade Impactors

High Loading Low Loading

Brink Andersen
MRI
Sierra
U. of W.
Isckinetic Sampling
Jet Velocitv Limits
Nozzle Selection
Precutter Selection
Loading Limits
Substrate Integrity
Number of Samples
Traversing
Vertical/Horizontal
Condensible Vapors
Heating/Fntrained Water
Extractive Sampling
Sampling Times

B. OQutlet

Rapping Puffs
Hopper Blow-off

Measurement Methods

0.3-10 um 0.3-10 um 0.01-0.3 um
Series Cyclones Optical Diffusional /EARA
Accuracy/Resolution
Sampling Times Extractive Sampling
Back Up Filters Sample Conditioning
Filter Integrity Dilution of Sample
Filter Lecading Gas Composition
Constant Flow rate Condensible vapors
Entrained Water Heated Lines
Traversing Probc Losses
Isokinetic Sampling Real Timec Monitoring
Extractive Sampling pDuct Pressurcs

Probe Losses

Refer to Section 2.3.2 Refer to Sections 2.3.3 & 2.3.4
and Appendix D

Refer to Section 2.3.2 and App~ndix C
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APPENDIX A

AEROSOL FUNDAMENTALS, NOMENCLATURE, AND DEFINITIONS
A.l GENERAL DISCUSSION

The particulate matter suspended in industrial gas streams
may be in the form of nearly perfect spheres, regular crystal-
line forms other than spheres, irregular or random shapes,

Oor as agglomerates made up from combinations of these. It

is possible to discuss particle size in terms of the volume,
surface area, projected area, projected perimeter, linear
dimensions, light scattering properties, or in terms of drag
forces in a liquid or gas {(mobility). Particle sizing work
is frequently done on a statistical basis where large numbers
of particles, rather than individuals, are sampled. For this
reason the particles are normally assumed to be spherical.
This convention also makes transformation from one basis to

another more convenient.

Experimental measurements of particle size normally cannot
be made with a single instrument if the size range of interest
extends over much more than a decimal order of magnitude.
Presentations of size distributions covering brcad ranges of
sizes then must include data points which may have been obtained
using different physical mechanisms. Normally the data points
are converted by calculation to the same basis and put into
tabular form or fitted with a histogram or smooth curve to
represent the particle size distribution. Frequently used
bases for particle size distributions are the relative number,
volume, surface area, or mass of particles within a size range.

The size range might be specified in terms of aerodynamic,
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Stokes, or equivalent PSL diameter. There 1s no standard equa-
tion for statistical distributions which can be universally
applied to describe the results given by experimental particle
size measurements. However, the log-normal distribution func-
tion has been found to be a fair approximation for some sources
of particulate and has several features which make it conven-
ient to use. For industrial sources the best procedure is

to plot the experimental points in a convenient format and

to examine the distribution in different size ranges separately,
rather than trying to characterize the entire distribution

by two or three parameters. The ready availability of inex-
pensive programmable calculators which can be used to convert
from one basis to another compensates greatly for the lack

of an analytical expression for the size distribution.
A.2 PARTICLE SIZE DISTRIBUTIONS

Figure Al shows plots cof generalized unimodal particle
size distributions which will be used to graphically illustrate
" the terms which are commonly used to characterize an aerosol.
Occasionally size distribution plots exhibit more than one
peak. A size distribution with two peaks would be called bimodal.
Such distributions can frequently be shown to be eguivalent

to the sum of two or more distributions of the types shown

in FPigure Al. If a distribution is symmetric or bell shaped
when plotted along a linear abscissa, it is called a "normal"”
distribution (Figure Alc). A distribution that is symmetric

or bell shaped when plotted on a logarithmic abscissa is call-
ed "log-normal" (Figure Ald).

Interpretation of the frequency or relative frequency
shown as f in Figure Al is very subtle. One is tempted to
interpret this as the amount of particulate of a given size.

This interpretation is erroneous however and would require
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that an infinite number of particles be present. The most
useful convention is to define f in such a way that the area
bounded by the curve (f) and vertical lines intersecting the
abscissa at any two diameters is equal to the amount of par-
ticulate in the size range indicated by the diameters selected.
f then is equal to the relative amount of particulate in a

narrow size range about a given diameter.

The median divides the area under the frequency curve
in half. For example, the mass median diameter (MMD) of a par-
ticle size distribution is the size at which 50% of the mass
consists of particles of larger diameter, and 50% of the mass
consists of particles having smaller diameters. Similar defini-
tions apply for the number median diameter (NMD) and the sur-

face median diameter (SMD}).

The term "mean" is used to denote the arithmetic mean
of the distribution. 1In a particle size distribution the mass
mean diameter is the diameter of a particle which has the ave-
rage mass for the entire particle distribution. Again, similar

definitions hold for the surface and number mean diameters.

The mode represents the diameter which occurs most commonly
in a particle size distribution. The mode is seldom used

as a descriptive term in aerosol physics.

The geometric mean diameter is the diameter of a particle
which has the logarithmic mean for the size distribution.,

This can be expressed mathematically as:

log D, + log D; + . . . . log Dy

log Dg = N (Ala)
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or as

1/N
D = (DlDzDa « e . DN (Alb)

The standard deviation (g) and relative standard deviation
{z) are measures of the dispersion (spread, or polydispersity)
of a set of numbers. The relative standard deviation is the
standard deviation of a distribution divided by the mean, where
o and the mean are calculated on the same basis; i1.e., number,
mass, or surface area. A monodisperse aeroscol has a standard
deviation and relative standard deviation of zero. For many
purposes the standard deviation is preferred because it has
the same dimensions (units) as the set of interest. In the
case of a normal distribution, 68.27% of the events fall within
one standard deviation of the mean, 95.45% within two standard

deviations, and 99.73% within three standard deviations.

A.2.1 Cumulative and Differential Graphs

Field measurements of particle size usually yield a set
of discrete data points which must be manipulated or trans-
formed to some extent befeore interpretation. The resultant
particle size distribution may be shown as tables, histograms,
or graphs. Graphical presentations are the conventional and

most convenient format and these can be of several forms.

Cumulative size distributions - Cumulative mass size dis-

tributions are formed by summing all the mass containing par-
ticles less than a certain diameter and plotting this mass

versus the diameter. The ordinate is specifically equal to



E oM, .
k=1 °©
where Mt 1s the amount of mass contained in the size inter-
val between Dt and Dt—l'
The abscissa would be equal to Dj' Cumulative plots can be

made for surface area and number of particles per unit volume
in the same manner. Examples of cumulative mass and number
graphs are shown in Figqures A2b and A2a, respectively, for

the effluent from a coal fired power boiler. Although cumula-
tive plots obscure some information, the median diameter and
total mass per unit volume can be obtained readily from the
curve. Because both the ordinate and abscissa extend over
several orders of magnitude, logarithmic axes are normally
used for both.

A second form of cumulative plot which is frequently used
is the cumulative percent of mass, number, or surface area

contained in particles having diameter smaller than a given

size. In this case the ordinate would be, on a mass basis:
j
T M
Cumulative percent of mass less than size = t;l x 100%. (A2)
|
g=1 °©

The abscissa would be log Dj' Special log-probability paper

is used for these graphs, and for log-normal distributions

the data set would lie along a straight line. For such dis-
tributions the median diameter and geometric standard deviation
can be easily obtained graphically. Figures A3a and A3b show
cumulative percent graphs for the size distribution shown in

Figure A2a and a log-normal size distribution.

Differential size distributions - Differential particle
size distribution curves are obtained from cumulative plots

105




14
10 I T
o
[~
i -
we Ec’l"m | 3 !
55_1013 L SE--"E‘]04 TOTAL MASS/m
ol =
T = 3
Ex £ 10 l
20 ) l
= o =
ggwﬂ-’ — 42 102 ;
oz 2 =z
= ES g |
eI ¢z
< - o I
R — w & 100 |
owv = R
ey b7 -&‘ 1 ]
23 Iz 10 |
w
10 | | 10-2 l | |
10957 0.1 1.0 10 0.01 0.1 1.0 10
PARTICLE DIAMETER, um PARTICLE DIAMETER, um
a. Cumulative No. Graph b. Cumulative Mass Graph
10%4— .
05" o
E E" £
a .
a
% g = =
= -, 0
= s
108 —
7 | | -2 l |
0551 0.1 1.0 10 1005 0.1 1.0 10
PARTICLE DIAMETER, um PARTICLE DIAMETER, um
c. Differential No. Graph d. Differential Mass Graph

3630-089
Figure A2. A single particle size distribution presented in four ways.

The measurements were made in the effluent from a coal-
fired power boiler.

106



PARTILCES WITH DIA < INDICATED, % of total mass

a. Cumulative Percent Graph b. Cumulative Percent Graph
{Log Normal Distribution)
99.99 T ] i 7
99— — —
90— =
50|—
10— MMD

e

!
(
[
l
t
!
|
l

0.01
.02 0.1 1.0 10.0 .02 0.1 1.0 10.0

PARTICLE DIAMETER, um

3630-087

Figure A3. Size distributfons plotted on log probabitity paper.



by taking the average slope over a small size range as the
ordinate and the geometric mean diameter of the range as the
abscissa. If the cumulative plot were made on logarithmic
paper the frequency (slope) would be, taking finite differ-

ences:
Y S M S| (A3)
A({log D) log D. - log D. '
] J-1
and the abscissa would be Dg ~ {Dij-l where the size range
of interest is bounded by Dj and Dj—l' Mj and Mj-l correspond

to the cumulative masses below these sizes. Differential number
and surface area distributions can be obtained from cumulative
graphs in precisely this same way. Differential graphs show
visually the size range where the particles are concentrated
with respect to the parameter of interest. The area under

the curve in any size range is equal to the amount of mass
(number, or surface area) consisting of particles in that range,
and the total area under the curve corresponds to the entire
mass (number, or surface area) of particulate in a unit volume.
Again, because of the extent in particle size and the emphasis
on the fine particle fraction, these plots are normally made

on logarithmic scales. Figqures A2c and A2d are examples of

differential graphs of particle size distributions.

Log-normal size distributions - The formation of aerosols

by different means frequently result in particle size distribu-
tions which obey the log-normal law. For log-normal particle
size distributions the geometric mean and median diameters

coincide.

The normal distribution law is, on a mass basis:
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e . oM _ 1 (D-D "] (A4)
=35 - ————exp |- —— —
Gv 2'”

The log-normal distribution law is derived from this equation

by the transformation D - log D

2
f = _ﬂ—_ = ___..1'____...*.._ ex ..;i 109 D—log Dgﬂ ) (AS)
d(log D) log Gg/?ﬁ P log Gg ]

where Og’ the geometric standard deviation, is obtained by

using the transformation D - log D in equation A4. This dis-
tribution is symmetric when plotted along a logarithmic abscissa
and has the feature that 68.3% of the distribution lies within
one geometric standard deviation of the gecmetric mean on such

a plot. Mathematically, this implies that log Ug = log D84.l4

~log Dg or log Dg-log D15.86 where Dga. 14 1S the diameter below
which 84.14% of the distribution is found, etc. This can be
simplified to yield:

. 84
cb- ﬁg- ’ (A6)
D
Gg'-: ﬁil_’ or (A7)
6
Pgq ;
Gg=-‘ B (A8)
16

When plotted on log-probability paper, the log-normal
distribution is a straight line on any basis and is determined
completely by the knowledge of Dg and 9g- This is illustrated
in Figure A3b. Another important feature is the relatively
simple relationships among log-normal distributions of differ-

ent bases. I£f D

gm’ Dgsr ngs’ and DgN are the geometric mean

diameter of the mass, surface area, volume-surface, and number
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disﬁribution, then:

- _ 2
log DgS = log ng 4.6 log (%" (AB)
= - 2 {
log ngs log ng 1.15) log cb, and (A10)
log DgN = log ng 6.9 log og. (All)

The geometric standard deviation remains the same for all bases.
More examples of particle size distribution graphs are

given in the data reduction sections of Appendices C and D.

The following section in this Appendix lists useful definitions,

equations, and nomenclature for aerosol sampling.

A.3 NOMENCLATURE AND DEFINITIONS

A.3.1 Definition of Particle Diameter

Aerodynamic diameter, D, -~ The aerodynamic diameter of

A
a particle is the diameter of a sphere of unit density which

has the same settling velocity in the gas as the particle of
interest.

Aerodynamic impaction diameter, The D of a particle

Dar ~ AY
is an indicator of the way that a particle behaves in an iner-

tial impactor or in a control device where inertial impaction
is the primary mechanism for collection. 1If the particle Stokes

diameter is known, D . the Dy is equal to:

DAI = Dspr ' (Al2)
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where o is the particle density, gm/cm’, and
C is the slip correction factor.

Stokes diameter, D. - If the density of a particle is
known, the Stokes diameter may be used to describe particle
size. This is the diameter of a sphere having the same density
which behaves aerodynamically as the particle of interest.

For spherical particles, the Stokes number is equal to the

actual dimensions of the particle.

An average density for the particles can be obtained from
volume-weight data using a helium pycnometer if large enough
samples are available. The validity of size information based
on an average density depends upon the uniformity of the density
from particle to particle, particularly with respect to size.
Visual inspection of some size-classified samples from flue
gases sometimes shows a variation in color with size which

would seem to indicate compositional inhomogeneities.

Equivalent polvstyrene latex (PSL) diameter - The intensity

of light scattered by a particle at any given angle is dependent
upon the particle size, shape, and index of refraction. It

is impractical to measure each of these parameters and the

theory for irregularly shaped particles is not well developed.
Sizes based on light scattering by single particles are there-
fore usually estimated by comparison of the intensity of scattered
light from the particle with the intensities due to a series

of calibration spheres of very precisely known size. Most
commonly these are PSL spheres.* Spinning disc and vibrating

orifice aerosol generators can be used to generate monodisperse

*Available from The Dow Chemical Company, P. O. Box 68511,
Indianapolis, Indiana 46268.
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calibration aerosols of different physical properties. Because
most manufacturers of optical particle sizing instruments use
PSL spheres to calibrate their instruments, it is convenient

to define an equivalent PSL diameter as the diameter of a PSL
sphere which gives the same response with a particular optical
instrument as the particle of interest.

Equivalent volume diameter - Certain instruments, such

as the Coulter Counter, have, as the measured size parameter,
the volumes of the individual particles. Size distributions
from such techniques are given in terms of spheres having the
same volume as the particles of interest.

A.3.2 Mean Free Path of Gas

The mean free path of a gas, which is the average distance
that molecules travel between collisions, is an important para-
meter in determining the aerodynamic behavior of particles.

For practical purposes, the mean free path is given with suf-

ficient accuracy by the following equation.

7 %
NP T (8.3§13MT> (AL3)
1.01x10°P
where M is the viscosity of the gas, poise,

P is the pressure of the gas, atm,
T is the temperature, %Xelvin, and
MM is the mean molecular weight.

A.3.3 Slip Correction Factor

Stokes law can be applied to submicron particles if a

correction factor, C, is used.
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c =1+ 2% 1.23 + 041 exp™3D) (A14)

where A is the mean free path of the gas, uym, and

D is the particle diameter, pm.

The constants in equation Ald4 were determined empirically
for air at standard temperature and pressure, and are thus
only approximate for stack conditions. If the exponential
term is neglected, equation 14 is referred to as the Cunning-

ham correction factor.

A.3.4 Viscosity of Gas

A parameter which appears in many equations describing
flow fields, drag forces, and shear forces in ligquids and gases

is the viscosity.

In order to find the viscosity of the flue gas, v, the
viscosity of the pure gas components of the flue gas must first
be found. Viscosity 1s a function of temperature, and the
temperature difference in different flue gases can be guite
significant. The following equations (derived from curves
fitted to viscosity data from the Handbook of Chemistry and
Physics, Chemical Rubber Company Publisher, 54 Edition, 1973-
1974, pp. F52-55), are used to find the viscosities of CO:

(M1), CO(u2), Ny (us)s Oz(uHy) and H,O(Hs).

U1 = 138.494 + 0.499T -0.267 x 100°T? + 0.972 x 10°'7°
by = 165.763 + 0.442T - 0.213 x 10-3T2

us = 167.086 + 0.417T - 0.139 x 10372

we = 190.187 + 0.558T - 0.336 x 10 T2 + 0.139 x 10873
Ms =  87.800 + 0.374T + 0.238 x 10712

where T is the temperature of the flue gas in degrees Celsius.
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The units of u are 107® g/cm-sec. Next, these values of U,
through us are used in a general viscosity equation for a
mixture of any numbet of components (See "A Viscosity Equa-
tion for Gas Mixtures" by C. R. Wilke, Journal of Chemical
Physics, Volume 8, Number 4, April 1950, page 517) used to
find the viscosity of the flue gas:

n My
b= : . (Al15)
i=1 1 j=n
1 + = T OX.9..
Xy 3=1 2713
Jj#1
where ¢ij is given by the equation:
L+ (uy/ W )ﬂz
. Hi/Hy i , (Al6)
17 L
(4/V2) [1 + (Mi/Mj)] :
and M = molecular weight of a component in the mixture,

X = mole fraction of a component in the mixture,

p = viscosity, g/cm-sec; u,, vz, etc., refer to the
pure components at the temperature and pressure of
mixture, v is the viscosity of the mixture, and

¢ = dimensionless constant defined above.

A.3.5 Particle-Gas Interactions

Particle relaxation time - For the purposes of this doc-

ument, the particle relaxation time, T, may be defined as the
time required for a.particle to accelerate from some initial
velocity to the velocity of the carrier gas.

= B (AL7)
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where P _ 1s the particle density, gm/cma,
is ‘the particle Stokes diameter, cm,

is the slip correction factor, and

= 0O gw

is the gas viscosity, poise.

Particle stopping distance - The particle stopping distance,

%2, is the distance travelled by a particle as it decelerates  from

the initial velocity of the gas to zero velocity.

L = TV (Alg)

where 1 1s the relaxation time (sec), and
V is the initial velocity of the particle (cm/sec).

Stokes number - The Stokes number, U, is the ratio of

the particle stopping distance and some characteristic dimen-
sion of the sampling system. For example, if the stopping
distance for particles of a given diameter is much smaller
than the diameter of a sampling nozzle, (b << 1) the particles
will be sampled accurately in spite of flow disturbances due
to the nozzle design or sampling velocity. If the particle
stopping distance is comparable in magnitude to the nozzle
diameter; however, the particles may cross flow streamlines
and either enter or miss the nozzle in quantities.which are
not proportional to the sample flowrate. Thus, for ¥ on the
order of 0.1 or greater, isokinetic sampling is required.

Particle mobility - The ratio of the velocity of a par-

ticle to the force causing steady motion is called the mobi-
lity, b.

(Al9)
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where Yy 1s the gas viscosity, poise,
D is the particle diameter, cm, and
C is the slip correction factor.

A.3.6 Cascade Impactor Terminology

Blank -- A blank usually refers to a controlled test run
in which the particles are removed by a prefilter. 1If the mea-
sured stage weight is found to change significantly and consis-
tently, the normal runs should be corrected for background.

Bounce -- Bounce in this document refers to inadequate
retention of particles which strike the impaction surface.

If the particle deces not adhere, it is said to bounce.

Candensation -- Candensation in an impactor refers to

the coalescence of vapors either intoc liquid particulate in
the gas stream or on the impactor walls.

Control -- A control run is a technique which is used
to confirm that variables are isolated. The control is made
up to be as similar as possible to an actual run, bﬁt it is
not run through the test situation. The control is then
examined as would an actual test run. If the experimental
variable changed significantly, the experiment is not properly

set up.

Cut-point -- The cut-point of an impactor stage is the
particle diameter for which all particles of equal or greater
diameter are captured and all particles with smaller diameters
are not captured. No real impactor actually has a sharp cut-
point, but the D5, of a stage is often called its cut-point.
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Dsy -~ the Dy, of an impactor stage is the particle Adia-
meter at which the device is 50 percent efficient. Fifty per-

cent of the particles of that diameter are captured and 50%
are not.

The impactor cut-point, or D, is given by:

18 v u D.
Dsg = "'ﬁ——l (A20)
P ]

Stokes inertial impaction parameter, determined

where v
by calibration, dimensionless,
L = gas viscosity, poise,
D. = impactor jet diameter (for slot impactors, the slot
width, cm).,

Vj = gas velocity through impactor jet, cm/sec,
C = slip correction factor, dimensionless,
Dp = particle density, g/cm’.

D,,(AI), aerodynamic impaction diameter, is found by setting
C and pp = 1.0.
D., (A), the aerodynamic diameter, is found by setting p_ = 1.

P
and

D.,(S), Stokes diameter, is found by setting B = the actual

particle density.
Grease -- In impactor terminology, grease is a substance
which is placed on an impactor stage or substrate to serve

as an adhesive.

Isokinetic sampling -- This is sampling with the bulk

fluid velocity through the impactor nozzle equal to the velo-
city in the duct. This is necessary to prevent sample bias.
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Preconditioning -- Unwanted weight changes of impactor glass

fiber collection substrates may be reduced by placing a large
number of substrates inside the duct to be sampled, and pumping
filtered flue gas through them for several hours. Such a pro-

cedure is referred to as "preconditioning™ the substrates.

Precutter or precollector -- A collection device, often

a cyclone, which is put ahead of the impactor in order to re-
duce the first stage loading. This is necessary in some streams
because the high loading of large particulate would overload

the first stage before an acceptable sample had been gathered

on the last stages.

Re-entrainment -- Re-entrainment in an impactor is the

phenomenon of particles which impacted on a given stage being
picked up by the gas stream and moving downstream to another
stage.

Stage -- A stage of an impactor is usually considered
to be the accelerating jet {or plate containing multiple jets)

and the surface on which the accelerated particles impact.
Substrate -- The removable, often disposable, surface
on which impacted particles are collected. Substrates are

characteristically light and can be weighed on a microbalance.

Wall Losses - Wall losses are that portion of the parti-

cles in the gas stream which impact with and adhere to sur-
faces in the impactor other than the substrates. They should
be c¢ollected if possible and assigned to the proper stage catch.
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APPENDIX B

PARTICULATE MASS CONCENTRATION MEASUREMENTS

This appendix contains the details for conducting par-
ticulate mass concentration measurements using the EPA Ref-
erence Method 5 procedure (See Appendix G). The information
is presented in four sections. Section Bl describes the
equipment used in conducting these tests. Sectior B2 is
concerned with preliminary procedures prior to sampling.
Section B3 details the actual mass sampling procedures.
Section B4 deals with data analysis after testing has been
concluded. The sampling system described is depicted in Fig-
ure 13 of Section 2.2.2.

B.1 GENERAL SAMPLING EQUIPMENT

B.l.1l Temperature Measurement

Several temperature measurements are reguired in con-
ducting a test for particulate mass loading, including the
temperature of the stack gas, the particulate filter, ahd
the cooled sample stream. The relative errors encountered
in temperature measurements are usually small since absolute
temperatures are used in all gas law calculations. In source
testing., dial thermometers and thermocouples are usually

used for making temperature measurements.

Two common scales are used in temperature measurement,
the Celcius scale and the absolute Kelvin scale. Conversions

for these are shown below for °C to °K and °F to °C.

°C + 273°
5/9(°F - 32)
120

°K
°C
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Mercury bulb thermometers - The mercury bulb thermometer

operates by measurement of mercury expansion with temperature
increase. This expansion is linear over the range of the
temperature scale. Glass mercury thermometers break easily

and this is a risk in source sampling.

Dial thermometers - Two types of dial thermometers are

available for use in sampling. ©One is bimetallic and the
other is a gas bulb thermometer. The bimetallic thermometer
contains a strip of two different metals bonded together.
Because of the different thermal expansion coefficients of
the two metals, the bonded strip will deform with tempera-
ture, and depending on the configuration of the strip, this
deformation will be transferred to a dial movement which
contains a temperature scale.

Gas bulb thermometers rely on the expansion of an inert
gas with temperature. This expansion is sensed as a change
in pressure., The dial-temperature scale is actually a pres-
sure scale. Gas bulb thermometers are used for lower tempera-

ture ranges.

Thermocouples - Thermocouples are the most popular device

for measuring high temperatures. These consist of two dis-
similar wires welded together at one junction (See Figure

Bl). These two wires are joined to a third wire held at

a reference temperature. The difference between the tempera-
ture in question and the reference junction temperature causes
an electromotive force in the system which can be sensed by

.a potentiometer. Several metal pair types are available.
Generally Chromel/Alumel will be the best choice due to

resistance to oxidation. This pair is useful in the range
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from -184°C to 1260°C. Other common pairs are Copper/Con-
stantan (-184°C to 350°C), Iron/Constantan (-158°C to 1010°C).
and Platinum/Platinum 10% Rh (0°C to 1538°C).

B.1.2 Pressure Measurement

Pressure is defined as a force per unit area. Most
pressure measurements are made with local atmospheric.pres-
sure as reference. The pressure above atmospheric is con-
sidered positive, and that below negative. The absolute
pressure at a point is the atmospheric plus the pressure

differential.

An easy way to measure a low pressure is to balance a
column of liquid against the pressure. The magnitude of
the pressure can be calculated based on the measured height
of the liquid column. Devices which do this are called
manometers. In source sampling, manometers are often used
for the determination of the stack gas velocity and the
sample train flow rate. For small pressure differentials,
the manometer is often inclined to increase the sensitivity.
The inclined manometer is used to measure the stack velocity
pressure and sample stream orifice pressure differential.
It is advantagecus to use manometers which have some means

of protection against accidental blow out.

Mechanical pressure gauges are also available to measure
low differential pressures commonly encountered as velocity
pressure and orifice meter heads in sampling systems. The
Magnehelic gauge manufactured by F. W. Dwyer, Mfg. in Michigan
City, Indiana is an example of such an instrument. Inclined
manometers, however, are generallv more reliable and easier

to use. They are also easier to repair.
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B.1.3 Velocity Measurement

The measurement of velocity in a duct utilizes one of
the simplest devices in most sampling systems, the pitot tube.
These devices are necessary because it is impossible to deter-
mine the total volumetric flow through large ducts. Only
by measuring the velocity at many points and knowing the
area of the duct can an accurate determination of duct volu-
metric flow be made. The pitot tube will not directly mea-
sure the average duct velocity but measure only the instan-

taneous velocity at the point at which it is located.

Several configurations are possible for pitot tubes.
One, the Prandtl type is shown in Figure B2. The static
pressure is measured at point W. The velocity pressure is

measured at point P. The velocity, VS, then is given hy

2(P -Pw)
S P Pg
where Vs is the gas velocity, cm/sec,
P_ is the measured velocity pressure, mm Hg,
P, is the measured static pressure, mm Hg,

C_ is the pitot coefficient, dimensionless,

p . is the density of the stack gas, gm/cm’.
This pitot tube shown in this figure is usually called a

standard pitot tube; the Cp value for this configuration
is approximately 0.99,
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One configuration which does not resemble the standard

pitot is the reversed or Stausscheibe (S-type) pitot tube.

The S-type pitot tube is used primarily for stack testing

because of one major advantage: it will not rapidly clog

in gases with heavy dust concentrations. An example of one

of these is shown in Figure B3. The S-type does not give

the same velocity pressure as the standard pitot tube. The

observed delta P is larger for a given velocity because the

rear part of the tube faces downstream. This P is a wake

pressure which is lower than the static pressure. When used

with a water manometer, the S-type pitot tube equation be-

comes

where VS is the
AP is the
T 1is the

P 1is the

M_ is the
and
C_ is the

TSAP %
VS = 422.67 Cp P M

S S5

gas velocity, cm/sec,
velocity head (Pp—Ps), mm Hg

stack gas temperature, °K,
absolute stack gas pressure, mm Hg,

molecular weight of the stack gas, gm/gm-mole,

pitot tube correction factor.

For the limits of 0.025 to 25.4 cm of water velocity pressure,

Cp for a standard (Prandtl) pitot tube usually takes on values

of 0.98 to 1.00.

is between 0.83

The Cp of an S-type pitot tube usually
and 0.87. Each must be calibrated before

a test, preferably in a gas stream in which the gas properties

and velocity are similar to those of the test conditions.

The calibration of a pitot tube requires a gas stream

of constant and

known velocity. Thus, a wind tunnel facility
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should be available. However, the S~type pitot tube can
be calibrated against the standard pitot tube. This is the
procedure designated in EPA Reference Method 2.

The following eguation applies in this case:

AP %
~ std
¢ - C BB, ..
Ptest Pstq test
where C = Coefficient of the S~-type pitot tube,
ptest
C = Coefficient of the standard pitot tube,
Psta
Ap = Velocity pressure measured by the S-type
test pitot tube, and
Ap = Velocity pressure measured by the standard
std

‘pitot tube.

To calibrate the S-type pitot tube, the velocity pres-
sure 1s measured at the same point with both the S-type and
standard pitot tubes. Both pitot tubes must be properly
aligned in the flow field. The appropriate values are
inserted in the above equation and the coefficient for the
S-type pitot tube is calculated. 1If C is not known,
then a value of 0.99 should be used. = Std

The coefficients for the S-type pitot tube should be
determined first with one leg, then with the other leg pointed
downstream. If the computed coefficients differ by more
than 0.01, the pitot tube should not be used without proper
labeling.

The determination of the average stack gas velocity,

Vs, is one of the greatest sources of error in stack sampling.
Therefore, it is recommended that the pitot tube be recali-

brated on a regular basis.
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At extremely low or high velocities the pitot method
is inaccurate and unreliable. There are several other mechanical
and electronic methods which are available, hot wire ane-
mometers, rotating vane anemometers and certain fluidic

devices,
B.l.4 Nozzles

The nozzle is considered the initial sampliig svetem
boundary. It removes a portion of the effluent from the
duct and delivers it to the sampling probe. The nozzle has

several restrictions in its use:

It should not disturb the duct gas stream flow.
. It should not alter the particulate being sampled.
It should not add to the sample being collected.

= W D
. -

. It should be of a size allowing easy access.

For particulate sampling, the nozzle should disturb
the gas flow as little as possible or the sample will not
be representative. Any nozzle will disturb the flow. hut
a thin wall, sharp edged nozzle disturbs it the least. 1In
the case of particulates, any bends in the nozzle will cause
impingement of larger particles. The nozzle must then be
cleaned carefully and any material found within it must be
added to the total collected particulate.

B.1l.5 Probes

The probe is the sampling interface between the gas
stream in the duct and the external sampling train (See
Figure B4). It is exposed internally and externally to
the flue gas at the nozzle end and ambient air at the exit
end. The probe should not alter the sample in any way.

It must be able to support itself. It must be easy to clean
and it must not add to the sample. Ideally the sample should
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be delivered to the sample train at the stack temperature.
In most instances this requires that the probe be heated

to maintain the sample at stack conditions and prevent con-
densation. Structurally the probe must support itself, the
nozzle, the pitot tube, and sometimes a thermocouple. This
strength is obtained by use of a metal sheath around the
probe. The requirement of probe cleaning conflicts with
the structural needs. The surface of a glass tube is much
more easily cleaned than a metal tube, but it is more fra-
gile. 1In most cases glass probes over 2 meters in length
are impractical. If a metal tube is used, some material
may become trapped in the rough surface of the probe.

In the case of extremely high temperatures, the only
practical choice is tc use a water-cooled, high quality,

stainless steel probe.

Glass has another advantage which should be considered.
It is for all practical purposes chemically inert. This
is not true of stainless steel especially if there are acid

gases present in the gas stream which is being sampled.

B.l.6 Gaseous Sample Ccllectors

There are four main types of gas sample collection de~-
vices. One type is the cold trap which condenses vapors in
the sample flow stream. Ancther type is that which contains
a solid adsorbent. This removes the gas from the stream
by surface adsorption. The third type is the grab sample
container. The fourth uses the principle of gas absorp-

tion by a liguid.

Gas absorbers are generally called impingers or bubblers.

Their efficiency depends on the diffusivity of the gases,



the retention time in the devices, the bubble size, and the
gas solubility. There are four general types of impingers;
the midget impinger, the fritted glass bubbler, the modified
impinger tip bubbler, and the most commonly used type, the
Greenburg-Smith impinger.

B.1.7 Particulate Sample Collectors

Filtration is the basic method for particulate collec-
tion. There are three major types of filters available to-
day: the flat glass fiber filter, the ceramic Alundum
filter, and the glass fiber bag.

Alundum thimbles are subject to variations in their
particle retention efficiency as they are used because
of changes in their porosity as a particulate cake forms
on them. Therefore new filters should not be used when
testing relatively clean gas streams. In addition, when
the thimble is used in relatively clean gas streams, only
small amounts of particulate may be collected and weighing
accuracy suffers. There are sometimes problems with unknown
penetration characteristics of the glass fiber bags and
flat filters. 1In many sampling trains a small cyclone pre-
collector is used to remove larger particulate and allow

longer sampling times.

B.1.8 Sample Flow Rate Meters

The sharp edged orifice meter is a simple and accurate
method to measure instantaneous volumetric flow rate. 1In
source sampling it is used in conjunction with a total vol-
ume gas meter. As the gas passes through the orifice re-~
striction, a pressure drop is created. The following equa-

tion is used for determining the flow rate through an orifice.
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L
TmAPom :
On = Kn\F_m
m m

where Qm = Gas flow rate, cm’/sec,
Km = Proportionality factor determined by calibration,
T = Upstream gas temperature, °K,
APom = QOrifice meter pressure drop, mm H:0,
Pm = Upstream absolute pressure, mm Hg, and
Mm = Molecular weight of gas, gm/cm-mole.

For a given orifice, Km must be determined by calibration,
Km is a function of Reynolds number and thus will not be

a constant over the entire range of flow rates. However
for a small range of Qm' such as for most sampling cases,
Km is a constant. Thus it 1s important to calibrate the
orifice for the range of flow rates anticipated. Generally
commercial sampling trains have orifices with delta Pom

of 0-25 cm H:0 over the useful flow rate range. For cali-

bration, see Section B.1,9.

B.1.9 Total Sample Volume

The total volume of gas sampled must be determined in
most sampling trains., This provides the volume necessary
to calculate the particulate concentration. Dry gas meters
with capacities from 0.094-10.8 liters/sec (0.2 to 150 ft®/min)
are generally used. For sampling, the smallest dial face
division should be § cm3(0.01 ft®) because the meter move-~
ment is not smooth over one revolution. The dry gas meter
is calibrated using a wet test meter. 1In a wet test meter
the gas displaces water in a chamber and causes the rotor
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to revolve., It should be noted that the gas leaving the

wet test meter is saturated with water vapor. The setup

for calibrating a dry gas meter and sampling orifice is

shown in Figure B5. The pertinent information should be
entered on a form similar to that shown in Figure B6. The
following equation is used to determine how well the dry

gas meter performs as compared with the wet test meter. If
the ratio defined by the equation is less than 0.99 or great-
er than 1.01, then the dryv gas meter should be readjusted

and recalibrated.

Vw Pb(Td)

Y = Vg (B + AM) (T )

where ¥ 1s the ratio of accuracy of the wet test meter to
the dry gas meter,
V_ is the gas volume passing through the wet test
meter, cm?,
P, is the absolute barometric pressure, mm Hg,
T. is the average temperature of the gas in the dry
gas meter, °K,
T is the temperature of the gas in the wet test meter,
°K,
AM is the orifice meter pressure drop, mm Hg,
Vd is the volume of gas passing through the dry gas
~ meter, cm’, and ,
A is the time, seconds, for sampling the gas volume,
Vw.
The data in Figure B6 can be used to calibrate the orifice
meter. In making these calculations the wet test meter is
used for the flow rate, Qm, and

v
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Figure B5. Set-up for calibration of dry gas meter and orifice meter.
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A.1.10 Gas Conditioning

‘Often the gas sample must be conditioned or treated
before or while it is passed through the sampling train
components. This is done either to preserve the sample
or to prevent damage to the sampling train. Typical gas
conditioning operations include condensing, drying, heat-
ing, and dilution.

Condensing

Condensers are used to remove water and other vapors
from the gas sample. They work on the priniciple that the
partial pressure of water vapor decreases with a decrease
in sample temperature. For example, as indicated in steam
tables, the partial pressure of water vapor at 0°C is only
0.15% of the partial pressure at 150°C. Thus the use of
an ice bath type condenser is an effective way to remove
water vapor from a gas sample. This provides the moisture
content which must be determined in order to calculate the

molecular weight of the stack gas.

The ice bath condenser is also used in source sampling
to protect other components from damage. The deposition
of water vapor and water soluble constituents in such com-
ponents as the dry gas meter and pump can cause severe

damage.

The ice bath condenser usually consists of several wet

and dry impingers connected in series, but it may be as simple

as a piece of coiled tubing. A measured initial amount of
water is put into the impinger-type condenser to assist in
the condensation process. When the sampling train is opera-

ted a known amount of sample gas is passed through the system.
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By observing the pressure and temperature operating condi-
tions, the amount of water condensed, and the amount of gas
passing through the system, the moisture content of the gas
stream can be calculated.

Drying

In source sampling trains, gas drying is used to ac- ‘
complish the same objectives as condensing. The drying opera-
tion is achieved using special chemicals which have a great
affinity for water vapor. One such chemical is silica gel.
The silica gel strongly adsorbs water and hence its change
in weight can be used to calculate the moisture content of
the gas stream. Indicating silica gel, which is granular
and has a bright blue color, can be obtained commercially.

As it becomes saturated with water vapor, its color changes
to a light pink. If this method is to be used to determine
the moisture content of a gas sample, care must be taken

to insure that all particulate matter is removed first and
there is no other major constituent in the gas stream which
may also be adsorbed by the silica gel. The silica gel re-
leases (desorbs) the adsorbed water vapor upon heating to
177°C and can be reused.

Often the condenser and drying tube are used in series
to increase water vapor collection efficiency and obtain
a high capacity for the water removed. Large mesh silica
gel (6-16) is used with a filter support backing to prevent
the possibility of entrainment of small particles which might
damage other components.
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Heating

The heating operation is used solely to preserve the gas
sample prior to passing it through the particulate collector.
This is an effective method of preventing condensation of water
vapor and high molecular weight substances. Therefore it is
common practice to heat sampling probes and particulate collec-
tors such as filters to prevent deposition by condensation.

If such a condensation process were allowed to occur, it would
cause loss of gaseous constituents from the gas sample. In
addition to causing a sampling error these materials could
be deposited in accessible areas of the sampling system and

lead to later malfunctions.

Ideally it is a good policy to try to maintain stack gas
temperatures throughout the sampling train preceding the filter.
However, high temperatures favor chemical reactions such as
oxidation of hydrocarbons in a gas stream containing appreciable
amounts of oxygen. Low temperatures, as mentioned, are conducive
to condensation of water vapor and high molecular weight hydro-
carbons. Hence a compromise is required and most probes and
heated filter boxes operate at about 121°C. Heat sensitive
sampling train components will not be affected by this tempera-
ture. Water vapor will not condense and some of the safety
problems involved with the handling of hot equipment will be
alleviated. Particulate compliance tests require that a gas
stream temperature no higher than 115°C be maintained prior
to particulate filtration. Any condensables which are taken
out by the probe and filter under this condition are considered
to be part of the particulate catch. A recent ruling however,
allows the use of temperature up to 120°C when testing at fossil

fuel utility boilers.
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Dilution

Addition of a dry gas can be an effective method for pre-
venting condensation. When this gas is added the sample is
diluted. Condensation is prevented because the dry gas is
capable of supporting a part of the water vapor from the gas
sample even though the temperature of the mixture is reduced.
The dry gas must be added in such a manner that the original
sample constituents are not altered. This could be a problem
with respect to particulate matter because the dilution (mix-
ing) process could cause such events as particle agglomeration,
deposition, and condensation.

B.1.11 Pumps

The purpose of a pump is to pull the sampled gas through
the sampling train components. The detail of the particular
type of pump required will depend on several criteria. The
pump must provide adeguate flow and pressure characteristics
and be durable and portable. The pump must be able to overcome
the pressure drop of the other sampling train components and
thereby provide the desired flowrate. It must be able to
provide a wide range of flowrates as required by isokinetic
sampling conditions. QOften the head loss across the filter
increases through the sampling tests. This puts an added bur-
den on the pump which must still be able to maintain the required

sampling rate at the nozzle tip within the stack.

The pump must be leakless when it is located ahead of the
gas meter in the sampling train. If it isn't, then the metered
volume will be greater than the sampled volume and hence the
measured particulate concentration will be less than the
true particulate concentration. The EPA Method 5 sampling
train falls in this category. In many of the other sampling
trains, the pump is located after the gas meters and there-

fore no error is involved if a leak exists in the pump.
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The pump must be durabhle in that it is exposed to corro-
sive environment of the sample gas. During most source te5t5>
it is in constant operation and should be a long life component.
The design should enable this component to be maintained easily;
the key components should be accessible and replaceable with

a minimum amount of time.

The need for portability becomes readily apprarent when
performing source tests, and consequently a small, lightweight

pump is desirable.

There are several types of pumps suitable for source sam-
pling trains. All are of positive displacement types which
are capable of producing relatively high vacuums (Y686 mm
of Hg below atmosphere pressure) and operate with a direct
linear correspondence between the flow rate and inlet pressure.
In commercial source sampling equipment, reciprocating dia-
phragm and rotarvy vane pumps are commonly used.

The diaphragm pump operates on the moving diaphragm princi-
ple. Gas is drawn into the chamber on a suction stroke and
pushed out on the discharge stroke. On the suction stroke
a sucﬁion valve is open, allowing gas to flow in. On the dis-
charge stroke the suction valve closes and a discharge valve
opens allowing the gas to flow out. This intermittent operation
can cause some flow fluctuation (pulsation) in the sampling
train. However, this problem can be somewhat reduced by running
two such pumps in parallel or by a specifically designed surge
chamber in the flow line. The diaphragm in these pumps is

made out of metal, rubber or plastic.

The rotary vane pump is one rotor in a casing, which is
machined eccentrically in relation to the shaft. The rotor
contains a series of movable vanes which seal against the pump
casing. The vanes are free to slide in and out of the slots

141



as the rotor turns. If the pump must be leakless, then only
the fiber vane type pump with an ciler should be used. The
oiler may have to he modified so that no ambient air leaks

into the system through the o0il bowl. -

B.1.12 Flow Control

Flow regulation for most sampling trains is accomplished

bv using a throttling valve preceding the pump. This valve
varies the vacuum the pump must work against and thereby changes
the flow rate. A more sophisticated arrangement uses two
valves. One precedes the pump and provides a coarse control
while a second one 1is installed in a recycle (by-pass) loop

to protect the pump and provide a fine control. This latter
arrangement is used in the EPA Method 5 particulate sampling
train. This double valve arrangement is also easier on the

pump, allowing longer pump life.

The major requirements of the flow control valve are:
fa) it allows sensitive flow rate adjustment to meet propor-
tional sampling (isokinetic} conditions and (h) it does not
allow any leakage. Both these requirements depend upon the
valve construction. The leakage problem poses the same poten-
tial error as was discussed for the pumps. Gnod gqualitv
needle valves are required in most source sampling applica

tions.
B.2 ELECTROSTATIC PRECIPITATOR SAMPLING-PRELIMINARY PROCEDURES

B.2.1 Introduction

Before a sample is taken, several preliminary tests must
be made to determine some of the characteristics of the sam-

pling location and the gas stream. The results of these
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preliminary tests are the basis for determining suitability
of the sampling location, the nozzle size, number of sampling

points, sampling time, and nomodraph settings.

B.2.2 Physical Sampling Location Characteristics

The sampling location should be at a position where the
gas flow is sufficiently uniform that an accurate sample can
be obtained. Eight to ten duct diameters downstream and two
duct diameters upstream from any disturbance such as bends, duct
inlets, duct outlets, or changes in diameter should give suffici-
ently uniform flow. TIf the flow at the sampling location is
very uniform, a minimum number of twelve sample points per
sample may be used. If the upstream and downstream diameter
requirement is not met, the flow at the sampling location is
likely to be very non-uniform and require an increase in the
number of sampling points. 1In such a case, Figure B7 is used
as a guide to determine the number of sample points necessary
to define the velocity profile adequately. Figure B7 is used
by reading the number of sampling points corresponding to both
the number of downstream (A) and upstream (B) diameters and
selecting the greater number of sampling points. A guick pitot
tube survey should indicate whether a sufficient number of
peints has been chosen to define the velocity profile adequately.
After the number of sample points is selected, the c¢ross sec-
tion of the duct is divided into a number of egual areas as
shown in Figure B8. In the case of round stacks, the sample
point is located such that half of the area increment repre-
sented by that pcint is radially on each side of the sample
point. The location of sampling points is determined as shown
in Table Bl. The area increments must be small enough to insure
that the flow at the sampling point in each area 1s representa-
tive of the flow in the area; however, the total number of
area increments must be limited enough so that all the points

may be sampled within a reasonable period of time.
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Figure B7. Minimum number of traverse points per sample obtained
from “Distances to Disturbances”, upstream and downstream.
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Figure B8 Examples of equal area sample paints.



LENGTH FACTORS, KL

TABLE Bl

Duct Traversing Length Factors

(Fraction of stk. diam. from inside wall to traverse pt.)

Traverse
Point NUMBER OF TRAVERSE POINTS ON A DIAMETER
Number 2 4 6 8 10 12 14 16 18 20 22 24
1 .146  .067 .044 ,033 .025 .021 .018 .016 .014 .013 .011 011
2 .854 .250 .X47 .l105 .(082 .087 .057 .049 .044 .039 .035 .032
3 .750 .295 .194 .[l4s .118 .099 .085% .075% .067 .060 .055
4 .933 .705 .323 .226 177 146 . 1L25 .109 .097 .087 .Q79
5 .853 .677 .342 . 350 .20 .169 .14¢6 129 116 .105
6 .956 .806 .€58 . 355 . 269 .220 .88 .165 .146 .132
7 .B895 ,774 .€45 .3686 .283 .236 . 204 .180 161
8 .967 .854 . 750 .634 . 375 . 296 .250 .218 .194
9 .918 .823 .731 .625 .382 . 306 261 . 230
10 .975 . 882 .799 717 .618 .388 .315 .272
11 .933 .854 .780 .704 .612 .393 .323
12 979 .901 .831 .764 .694 .607 .398
13 .943 .875 .812 .750 .685 .602
b | .982 .915 .854 .796 .739 677
15 .951 .891 .835 .782 .728
1 .284 .925 .B71 .820 .770
17 .956 .903 .854 .80¢
18 .986 .933 .884 .83¢
19 .961 .913 .868
20 .687 .240 .80¢c
21 .965 Le21
22 . 989 .245
23 .9€8
24 .989
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In rectangular ducts or stacks, the cross section is di-
vided into a number of equal area rectangles. The sample is
taken at the centroid of each rectangular area. These areas
should be laid off such that the ratio of the length to the

width of the elemental areas is between one and two.

The minimum number of sample points is twelve, and the
same criteria as for round ducts is used to insure that the
velocity profile is adequately defined. The equivalent dia-
meter of a square duct is approximated by 2LW/L+W where L and
W are the duct cross-sectional dimensions.

In most cases the dimensions of the ducts obtained from
construction drawings are accurate; however, the inside dimen-
sions should still be measured if feasible, particularly in
the case of horizontal ducts on the bottoms of which dust
deposits of considerable thickness are often found. The pitot
tube may be used to make this measurement but the ends should
be protected to prevent material from the back wall from clog-
ging the ends. Another critical measurement is the length
of the port extension. With these measurements, the pitot
tube is marked at the points to be sampled. If the ocutermost
points are less than one inch from the walls, they should be
located at one inch and noted on the sampling form. The re-
gquired length of the probe (pitot tube) for each of the points
may be marked with hose clamps, tape, or other suitable mater-
ial compatible with flue gas conditions.

Stack pressure is determined with a leveled and zeroed
manometer. The pitot tubes are aligned perpendicular to the
flow stream in the stack and one of the two pitot lines is
disconnected from the console. If the stack pressure is posi-
tive gauge pressure, the manometer will show positive deflection
with the one pitot line connected to the positive side of the
manometer. If the stack pressure is negative gauge pressure,
the manometer will show positive deflection with the one pitot
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tube line conncected to the negative side of the mancmeter.
The stack gauge pressure (Ps) in millimeters of Hg is obtained
by adding the stack to amhient differential pressure, APD,

to the ambient pressure (PAMB)'

Pg = 8Pp + Paup

The preliminary flue gas temperature is obtained by a suitable
means such as a stem thermometer placed in the sampling port

or a thermocouple with an appropriate readout device.

B.2.3 Velocity Determination

Before velocity measurements are taken, the inclined mano-
meter must be leveled and zeroed and must remain level during
sampling. The openings of the pitot tubes should be shielded
from any wind currents but not be completely closed off when
the manometer is zeroed. Correct connection of the pitot tube
lines may be checked by blowing gently on the upstream pitot
tube opening and noting the response con the manometer. The
probe is then inserted, the pitot reading noted and the pitot
tube lines are switched both on the console and on the probe.
I1f the manometer reading is the same as that prior to switch-
ing the pitot tube lines it is reasonably certain that there
is no significant leak in the lines. If a leak is detected,

it must be eliminated before any readings are taken.

The pitot tube lines must not be pinched or the tube
stopped up during the traverse. If fluctuations in the mano-
meter are noted, pieces of cotton or glass wool may be placed
in the pitot tube lines to dampen the fluctuation but should
not be packed too tightly. Since the pitot tube measures
pressure differences, there is no actual air flow through
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the lines. 1If one line is completely plugged, however, the
results will not be accurate. In some instances condensation
of water within the pitot tube lines can cause difficulties

and erroneous readings.

Once the traverse has been completed and the pressure
and temperature readings have been reccorded the velocity

may be determined. Velocity may be calculated as follows:

(T) (8P *
- avg avyg
(v.) (422.67) (C)) avd
avg s's
where (VS) is the stack gas velocity, cm/sec,
avg

T _  is the average stack temperature, °K,

AP is average stack gas velocity head, mm Hg,

M_ is the molecular weight of the stack gas, wet
basis, gm/gm-mole,

P_ is the absolute stack pressure, mm Hg, and

C_ is the pitot tube correction factor.

B.2.4 Stack Moisture Content

The stack moisture content is an important facteor in
stack sampling. Nozzle size selection and sampling rate
are both dependent on the moisture content. A condenser
method or a determination (based on the dry bulb tempera-
ture with knowledge that saturated conditions exist in the
stack) are two ways of determining moisture content. A
wet bulb-dry bulb technique requires less equipment but
must be limited to non-acid gas streams with moisture con-
tents of less than 15% and dew points less than 52°C. The
condenser method works well for most gas streams and is rela-

tively easy to perform.
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B.2.4.1 Condenser Method

Several condenser techniques can be used to determine
stack moisture content. One such technique uses a Greenburg-
Smith impinger approximately half full of water followed
by a straight impinger approximately half full of silica
gel. A measured volume of stack gas, usually 10 cubic feet,
is drawn through the impingers at a moderate flow rate.

The total change in weight of the impingers is the weight
of the moisture caught. The impingers should be in an ice

bath while the stack gas is drawn.

With the impinger volume increase in milliliters, Ve’

the stack gas volume in cm? (Vm) corrected by the dry gas
meter correction factor, the absolute average meter tempera-
ture in °K (Tm), and the meter pressure in mm of mercury

(P_), the moisture fraction (B ) is calculated as follows:

m WO

3
Ve (1243.34 cm’/ml(H,0))

294.4 P
3 -
Vwc {1243.34 cm”®/ml (H;0)) + Vm Tm =60 mm

wo

B.2.4.2 Saturation Method

If water droplets are present in the stack and the stack
gas temperature is below 1l00°C, the gas stream may be assumed
to be saturated. The moisture content is read from the satu-
ration curve on the psychrometric chart at the stack gas tem-
perature, Figure B9. '
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B.2.4.3 Wet Bulb-Dry Bulb Method

In this method two thermometers are placed in the gas
stream. One is dry and the other has a wet sock over the bulb.
The temperatures are read after they stabilize. If the stack
or duct pressure is near atmospheric pressure, the percent

moisture may then be found from the psychrometric chart, Figure
B10O.

The percent water vapor by volume is found directly on
the ordinate axis. Inputs are the dry bulb temperature on
the abscissa, the wet bulb temperature, and the sloping lines

which terminate at the saturated vapor line.

When obtaining wet bulb-dry bulb readings with a sling
psychrometer, the plane of the thermometers should be perpendicu-
lar to the flow of gas. If it is parallel to the flow, the
dry bulb should be upstream of the wet bulb. The gas velocity
past the wet bulb should be from 3.7 to 9.3 meters per second.
Sufficient time must be allowed for the wet bulb temperature

to stabilize or inaccurate results will be obtalned.

B.2.5 Molecular Weight of the Stack Gas

The most common method of determining the composition
of combustion effluents is the Orsat apparatus. Although flue
gases vary 1in composition, they normally contain CO:2, COQO, Oz,
H20, and N2. The Orsat analysis determines the quantities
of these components (except H:20) present by successive removal
using suitable absorbents and measurement of the volume changes
of the original sample. The Orsat analysis, as it is normally
used, measures the percentage of CO:, Oz, and CO in the sample.
The difference is largely N;. By changing the absorbents other

components may also be measured.
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Figure B10. Percent water vapor with wet and dry bulb.



After the Orsat analysis has been performed, the molecu-
lar weight of the stack gas may be determined by the following

eguation:

proportion by vol.

MS = (Bwo)(lB.O) + (BDG)Z gfycg:gogzggson X MSC of
component
where MS is the molecular weight of the stack gas,
BDG is dry gas fraction of the stack gas, and
MSC is the molecular weight of each component of the

stack gas.

B.3 ELECTROSTATIC PRECIPITATOR SAMPLING FOR PARTICULATE AND GASE

B.3.1 Isokinetic Sampling

To obtain a representative particulate sample, the sample
must be collected at a rate as nearly isokinetic as possibkle,
i.e., the kinetic energy of the gas stream in the stack is
equal to the kinetic energy of the gas stream through the sam-
pling nozzle. Since the composition of the two gas streams
is the same, this energy balance simplifies to: the velocity
in the stack is equal to the velocity through the nozzle.

If a particulate sample is not pulled isckinetically, inaccu-
rate results may be obtained.

Whenever an object is placed in a moving gas stream, some
disturbance of the flow patterns will occur. The purpose of
isokinetic sampling is to minimize any disturbance caused by
the sampling nozzle. A sample collected isokinetically through
a sharp-edged nozzle, should create very little disturbance.

Figure Bll illustrates this point.
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Figure B11. Isokinetic flow patterns.
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Large (heavy) particles tend to travel in a straight line
and are not greatly affected by flow disturbances, whereas
small (light) particles tend to follow the flow lines. In
a gas stream with a homogeneous distribution of large and
small particles, over-isokinetic sampling will give a low particu
late mass rate (PMR) because fewer large particles will be
caught than are representative of the flow stream from which
the gas was withdrawn. On the other hand, under-isokinetic
sampling will give a high PMR due to a greater than represen-
tative number of large particles that will be caught.

The velocity of a gas stream in & stack generally varies
from point to point; therefore, tiic 1iow rate or velacity through
the sampling nozzle must be adjusted to maintain isokinetic
conditions at each sampling point. 1In the sampling train, de-
termination of the nozzle volume and the flow rate through
the nozzle are based on dry gas volume and flow rate measured
at approximately ambient temperatures. For this reason,
the flow rate through the orifice meter which corresponds
to the desired flow rate through the sampling nozzle must
be determined. The stack velocity as measured by the pressure
drop (AP) across the pitot tube and the velocity through
the nozzle as measured by the pressure drop (4H) across an
orifice meter at the end of the sampling train must be equal
in order to maintain isokinetic flow. To speed up this cal-
culation, two nomographs were developed by the old National
Air Pollution Control Administration (NAPCA). Through the
use of these nomographs, the proper size sampling nozzle may

be selected and the flow adjustments required to maintain
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isokinetic sampling conditions may be determined. An alter-
nate method employs the use of one of the NAPCA nomographs
or a calculator for adjusting flow rates along with a mathe-
matical method of nozzle selection. These two procedures

give equivalent results.

B.3.2 Sampling For Effluent Gases

When effluent gases and particulates are to be sampled
simultaneously the sampling must be performed isckinetically.
It is advisable however, to choose a nozzle which will give
a low volumetric flow rate to optimize gas absorption effi-
ciency in the impinger train; 142 cm?/sec (.3 ft®/min) or
less is desirable. 1If only gases are to be sampled and if

they are well mixed, isokinetic sampling is not necessary.

B.3.3 Nozzle Selection and Nomograph Setting

Isokinetic sampling involves maintaining the flow rate
through the sampling nozzle such that the velocity in the
nozzle equals the velocity in the stack at the sampling point,
Obviously, the flow rate through almost any size nozzle could
be adjusted such that this velocity requirement is met.

There are certain physical limitations, however, placed on
nozzle size by the sampling eQuipment: pump capacity, port
diameter, filter efficiency, and the critical flow through
the Greenburg-Smith impingers. Another limiting factor in-
volves the reliability of the sample. Small nozzles can
vield less representative samples when large particles are
present. As the ratio of nozzle tip area to stack cross-sec-
tional area decreases, the chance of sampling at a point
where the flow is not representative of the flow in the

stack area that the point represents increases, The nozzle
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should also be at least a little larger than the largest
particles that might be encountered in the stack. Some
guidelines for nozzle size selection are given in the next

section.

B.3.4 EPA Reference Method 5 Procedure

Isokinetic sampling, the condition of equal velocities,
implies a mathematical relationship between the two pressure
drops, AP and AH. The pressure drop measured by the pitot
tube, AP, indicates the stack velocity and the desired velo-
city through the sampling nozzle. The pressure &roov across
the orifice plate, AH, represents the flow rate of dry gas
through the dry gas meter. This relationship has been incor-
porated into two stack sampling nomographs, Figures Bl2 and
Bl3. To operate the nomographs, a factor which is a composite
of the test constants is obtained from one nomograph and
is used to set up the second nomograph. This factor will
be called "C". As the pressure drop across the pitot tube
(AP) changes from point to point, an updated desired value
for the orifice pressure drop (AH) is found from the second
nomograph. The flow rate may then be adjusted to give this
desired pressure drop across the orifice which establishes

isokinetic conditions.

In using the first nomograph, the following parameters
are required to determine the "C" factor which will be car-
ried over to the second nomograph:

l. Pressure drop (AH) across the orifice plate when 0.75
cubic feet per minute of dry gas is flowing and the pres-
sure and temperature are 760 mm mercury and 21.1°C
respectively is determined. Note that the calibration

factor of the orifice must be determined in the 1lab.
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2. Percent H;O in the stack gas is determined pricr to

sampling.

3. Expected temperature at the orifice must be estimated
from experience. It is usually at least ten degrees
Fahrenheit higher than ambient temperature and is the

same as the outlet temperature from the dry gas meter.

4. The ratio of absolute stack pressure to atmospheric
pressure is also required. This ratio is approximately
equal to one.

Proceed to find "C" as follows:

A. Obtain a point on the "reference one" line by connecting
the orifice pressure drop, aH, (for 0.75 cuhbic feet per

minute) to the temperature of the orifice plate (Tm).

B. Draw a line from this point on the "reference one" line
to the percent H;O to obtain a point on the "reference

two" line.

C. Connect this point to the pressure ratio point; this
line crosses the "C" scale and gives the value required
to set up the second nomograph.

After the initial velocity traverse, and prior to sampling, set
up the second nomograph as follows:

A. Set the vertical sliding scale so that the "C" factor men-

tioned above is at the reference point.

B. From the velocity traverse, calculate the average AP. A
line from this point to the stack temperature intersects

the probe tip (nozzle) diameter scale.
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C. From the nozzles on hand, select one near this size.
Reconstruct the line through the stack temperature and
use the selected probe tip diameter to give a reference

point on the AP scale.

D. A line from the reference point on the AP scale to the
permanent reference point on the AH scale locates the
pivot point on the K factor line. Lock the pivot bolt
that carries the clean plastic rule at this point. The
nomograph is now set up for isckinetic sampling. Note

that stack temperature is assumed to remain constant.

For each point of the sampling traverse the pressure drop
across the pitot tube, AP, is used as input to the nomograph.
The output is the desired pressure drop across the orifice,
AH, which is required to maintain isckinetic flow. TIf the
temperature of the stack changes appreciably during sampling,
(t5% on an absolute temperature basis) the pivot point must
be reset. Once the pivot point on the K factor line has been
set, it is suggested that the maximum and minimum AP's from
the velocity traverse be used to determine the range of AH's.
This range should lie between 0.3 and 6 inches of H,0. If
it does not, a different choice of nozzle tip diameter should
be considered.

B.3.5 General Sampling Procedutres

B.3.5.1 Preparing the Glassware

The glassware must be prepared and placed in the sampling
box. All of the glassware should be clean and dry. The glass
liner in the probe should be washed and the nozzle attached
to the probe. In the sampling box, the sample first passes
through a glass cyclone which has a flask attached to the
bottom to catch large particles that the cyclone separates
from the gas stream. The sample then goes through a fritted
glass filter holder. The filter holder is 6.4 cm to 10 cm in
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diameter. A glass fiber filter is placed over the fritted
surface. The filter should be preweighed to *0.0001 grams.
From the filter the sample goes into the condenser section.
The type and number of impingers to be used in this section
is dictated by the type of sample to be taken. The different
impinger solutions and their uses are listed in the following
paragraphs. Gummed labels can be used to label the impingers
and should be placed near the top to prevent water from be-
ing absorbed from the ice slurry. The impingers should be
weighed to *0.1 gram before and after sampling. A very light'
coating of silicone lubricant should also be placed on the
ball joints connecting the glassware to insure a vacuum-tight
seal. The impinger solution volume is normally 200 ml.

B.3.5.2 Impinger Trains

The following tables give some recommended impinger (IMP)
trains.

Preparation of Impinger Solutions

80% Isopropanol: 160 ml Technical Grade isopropanol +
40 ml deionized (DI) water.
6% H:0:: 40 ml Reagent Grade 30% Hydrogen Peroxide + 160
ml DI water.

0.1 N NaOH: 20 ml 1 N NaOH + 180 ml DI water.

1 N NaOH: 40 grams Reagent Grade NaCH (pellet form)
dissolved in DI water made up to 1.0 liter volume.

Alkaline arsenite solution (0.500 N NaAsO: in 2.5 W NaOH):
Dissolve 100 grams Reagent Grade NaOH (pellet form) and
32.5 grams of NaAsO; in DI water and dilute to 1.000 liter
with DI water. :

0.1 N H;SO,: 10 ml 2 N H2504 diluted with DI water to
200 ml. Prepare 2 N H:SO, by adding 1 volume of Reagent
Grade concentrated H:50, (18 M) to 17 wvolumes of DI water.

0.1 M zinc acetate: 22 grams Zn(C:H302)2. 2H:0 in 1.0
liter DI water.
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II.

Particulate Only

Application: Hot mix plants, ore sintering processes,
gypsum manufacturing, etc.

IMP. POLLUTANT IMPINGER TIP
NO. CONTENTS OR COMPONENT CONFIGURATION
1 DI Water Particulate Straight
2 DI Water Particulate Greenburg-Smith
3 Dry Water Straight
4 Silica Gel Water Straight

Particulate + Sulfur Dioxide

Application: Non-ferrous smelters, Portland cement
kilns, coal-fired bhoilers, fluid catalytic cracking
units, sulfuric acid plants, bhoiler recovery stacks
(kraft paper mills).

IMP POLLUTANT IMPINGER TIP
NO. CONTENTS OR COMPONENT CONFIGURATIOHN
1 80% Particulate, Straight
isopropanol Hz2804, 503
2 6% H:20: S0z G-S
3 6% H20:2 502 G-S
4 Dry Water Straight
5 Silica Gel Water Straight

NOTES: 1. The impinger train must be purged with two

III.

cubic feet of ambient air at the end of the
run to sweep 502 out of impinger #1 into im-
pingers 2 and 3.

2. The first impinger not only is effective in
trapping sulfuric acid but will aisu trap
submicron particulate that passes through
the filter.

Particulate + Chlorine and/or Chlorides

(G-5)

Application: Pulp bleaching (effluent from), Magnesium

plants (drying of magnesium chloride).
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Iv..

IMP
NO.

2x

*NOTE:

CONTENTS

DI Water

Alkaline
Arsenite
Solution

Alkaline
Arsenite
Solution

Dry

Silica Gel

POLLUTANT
OR COMPONENT

HCl, Cl
Particulate

HCl, ClZ
Particulate

HC1, Cl:

Water

Water

IMPINGER TIP
CONFIGURATION

G-S

G-S

Straight

Straight

It is important to measure the volume of this
solution as accurately as possible since the
analysis will be based on the molar quantity of
arsenite remaining.

Particulate in the Presence of Hydrogen Fluoride

Application:

Alumina reduction plants and phosphate

fertilizer manufacturing (acidulation process).

IMP
NO.

1

3
4

NOTE:

CONTENTS

Water

Water

Dry
Silica Gel

POLLUTANT
OR COMPONENT

Particulates,
incrganic
fluoride
particulate

Particulates,
inorganic
fluoride
particulate

Water
Water

IMPINGER TIP
CONFIGURATION

G-5

G-S

Straight
Straight

Use filter bypass instead of fritted filter.

Particulate + Ammonia

Application:

Effluent from manufacturing, prilling

and drying of ammonium nitrate or ammonium phosphate
fertilizer.



IMP POLLUTANT IMPINGER TIP
NO. CONTENTS OR COMPONENT CONFIGURATION
1 Water Particulate ‘ G-S
2 0.1 N H,SO., NH; Straight
3 0.1 N H.50, NH; Straight
4 Dry Water Straight
5 Silica Gel Water Straight
NOTE: Water is used in the first imringer in arder tnat
particulate may be measured. The contents ~f this
impinger will be saturated witpi ammonia, Partial
recovery of ammonia from the [irst impinge . ira/
be accomplished by purging the impinger train with
approximately 2 ft® of ambient air.
VI, Particulate + Hydrogen Sulfide
A. Application: Carbon black plants (furnace effluent),
lime kilns (kraft paper mills).
IMP POLLUTANT IMPINGER TIP
NO. CONTENTS OR COMPONENT CONFIGURATION
1 0.1 M zinc H:S5 G-S
acetate
2 0.1 M zinc H:S - =-3
acetate
3 Dry Water Straight
4 Silica Gel Water Straight
B. Application: kraft pulp mills, boiler recovery
stacks. )
IMP POLLUTANT IMPINGER TIP
NO. CONTENTS OR COMPONENT CONFIGURATION
1 Water Particulate Straight
503, H250,
2 0.1 M zinc H.S G-S
acetate
3 0.1 M zinc H:25 G-S
acetate
4 Dry Water Straight
5 Silica Gel Water Straight
NOTE: With a conventional sampling train H:5 and SO:

cannot be determined simultaneously.

166



3.

5.3 Checking the Sampling Train for Leaks (Vacuum Check)

A vacuum-tight system is necessary to prevent any dilution
air from being pulled into the sampling line. After the probe
and sample box are connected and suspended from the monorail
or other support, the umbilical cord containing the sample
line, pitot tube lines and thermocouple leads may be connected.
The inlet side of the cyclone is then sealed for the vacuum
check. The pump is then started with the coarse valve closed
and bypass valve open. As the coarse valve is slowly opened
the vacuum will begin to increase. The bypass valve is slowly
closed until the vacuum reaches 381 mm gauge. At this vacuum
the flowrate through the dry gas meter should not exceed 9 cm?/
sec (.02 ft?/min). If a leak is present all connections
should be checked to eliminate the leak and the above procedure
repeated. The seal on the cyclone must be removed slowly before
the pump is turned off to prevent liquid backup in the impingers.
After the above vacuum check is performed the probe liner is
connected to the cyclone and a vacuum check on the total sys-
tem may be performed. The pump is started again and the coarse
valve is slowly opened. After the flow starts, the nozzle
tip is sealed and vacuum should start teo build in the system.
When the sample line vacuum reaches 381 mm the coarse valve
should be closed.. The vacuum should hold steady if there are
no leaks. If it holds for about fifteen seconds, the nozzle
tip is opened and the vacuum should drop. Then the pump is
turned off with care not to back up liquid in the impingers.
Under no circumstances should the pump be turned off while
the nozzle tip is sealed. The power line is then plugged in
and the heater turned on. The probe heater, if used, should
be connected and the probe heater turned on. The pitot tube
manometer may then be zeroed by shielding the end of the pitot
tube from any wind or disturbance. The ends should not be
plugged, however. The orifice manometer should also be zeroed.
The manometer must be level at this time and throughout the

sampling period. The pitot tube should alsc be checked to
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be sure the lines are hooked up properly. The man on the plat-
form can blow lightly on the upstream pitot tube while the
console operator checks the manometer displacement. Before
sampling begins, the console coperator should be sure the
manometers are leveled and zeroed, the temperature indicator

is working properly, and the nomograph or calculator is pro-

perly set up.

The console operator should have decided on how long to
sample at each point., The number of sample points is determined
by generally accepted rules, e.g. velocity traverse, but the
sampling time is based on knowledge of the plant operations and
the approximate particulate locading which may be obtained from
plant personnel on a pretest. The sample collected on the
filter should be large enough to weigh accurately and be repre-
sentative of the conditions in the stack: however, care must
be exercised to prevent the filter from clogging, or in wet
stacks, the impingers from filling up. It is preferable to
sample for at least an hour. If the process is cyclic and
. portions of the cycle give high particulate mass rates (PMR)
which are not upset conditions, these portions of the cycle
must be included in the sample. The sample size should be
at least 850 liters at standard conditions. If conditions
permit, some adjustments in nozzle size and sample flowrate
can often be made to satisfy time requirements. It is usually
best to sample each point for no less than three minutes as

this allows time for adjusting flows and recording data.

B.3.5.4 Sampling

When the console operator is ready and the probe and sample
box have heated sufficiently, the initial dry gas meter reading
is recorded and the sampling probe is pushed carefully into
the duct to the point nearest the back wall. This allows the
probe to cool in hot stacks as it comes out, shortening the
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time required for cooling after the sample is taken. This
also allows the use of the stack heat to help heat the probe.
The nozzle must not hit the back wall or the inside of the
port where deposited material might contaminate the sample.
If this procedure is followed, the last point sampled will
be the point nearest the port. As soon as the probe is po-
sitioned the operator should record the time and start the
run by turning on the pump, opening the coarse valve and
adjusting the bypass valve until the desired flowrate calcu-
lated from the nomograph or K factor is obtained. The data
should then be recorded. The probe crew should be notified
15 to 30 seconds before the probe is to be moved and the
signal to move to the next pecint is given apprdximately

5 seconds before that time. When the probe is repositioned,
the operator should read the new AP, use the nomograph or
calculator, adjust the flow rate, and record the data required
on sampling field data sheets. The opening at the port
should be plugged to prevent dilution or abnormal distortion
of the flow patterns in the stack. After the last point

has been sampled, the operator turns off the pump and re-
cords the meter reading. If more than one port is to be
sampled, the sampling box is transferred to the next port
and the above procedure repeated. The probe is then removed
carefully from the port so the open end of the nozzle does
not hit the port. The probe should also be kept horizontal
and the nozzle plugged as soon as possible after it is re-
moved from the stack to prevent loss of sample. 1In some
cases condensate will collect in the probe and if the probe
is tipped, some of the sample might be lost, The particulate
trapped in the probe can represent a significant portion

of the total sample. Normally three sample runs are taken.
Each run normally consists of two traverses. Each run is
considered as a separate sample, and the calculations are
performed for each sample. The results of the runs are

then averaged.

Before making a second run the percent isokinetic of
the first run should be checked. The nomograph or calculated
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¥ factor should be changed and an additional sample taken
if the percent isokinetic varies by more than =x10% from
100%. (See Data Reduction Section.)

B.3.5.5 Sample Handling

At the end of each sample run the electrical power
is disconnected and the hot side of the sample box is opened
to allow the glassware to start cooling. The pitot tube
lines to the probe are disconnected and the probe is removed
from the box and the ends plugged as soon as possible.
The impingers may now be removed and weighed. After the
impingers are weighed, the liquid in the impingers is placed
in clean sample bottles to be taken to the lab. Some particu-
late or condensable compounds will occasionally get past
the filter and be collected in the liguid. The sample catch
from the filter and the probe washings should be collected
and stored separately from the impinger catch. The probe
and nozzle are washed carefully and the washings collected
in a clean sample bottle to be taken to the lab, evaporated
and then weighed. The cyclone and flask and the connecting
glassware are washed and the washings added to the probe
washings. The weight of any water caught in the cyclone
must be determined and added to the impinger weight gain.
The filter is removed from the holder, folded with the parti-
culate side in and placed in an envelope to be taken to
the lab and weighed. The filter holder is washed and the
washings added to the probe wash. Usually distilled water
is used to wash the glassware, but in some instances, ace-
tone may be used. Precautions must be taken to eliminate
the possibility of tampering with, accidental destruction

of, and/or physical and chemical action on the samples.

To reduce the possibility of invalidating the results,

all components of the sample should be carefully removed
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from the sampling train and placed in sealed, nonreactive,
numbered containers. The samples are then delivered to

the laboratory for analysis. It is recommended that this

be done on the same day that the samples are taken. If

this is impractical, all samples should be placed in a carry-
ing case (preferably locked) in which they are protected

from breakage, contamination, and loss.

Each container should have a unique identification
to insure positive identification and to preclude the possi-
bility of interchange. The identification of the container
should be recorded on the analysis data sheet so it will be
asscciated with the sample throughout the test and analysis.

The samples should be handled only by persons associated
in some way with the task. 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.
B.4 MASS CONCENTRATION DATA REDUCTION

After performing particulate mass measurements on the
inlet and outlet of an electrostatic precipitator, the data
must be reduced to obtain particulate emissions concentrations

and other pertinent parameters.

To illustrate these calculations, an example of data col-
lected on a single test will be presented aiong with the appro-
priate calculations to obtain the necessary results.

From the particulate source test data given in Table B2

we find:

Orifice APavg = 3.69 mm Hg
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LT

General

Firm - CM & S Public Service

Source - Coal Boiler #1

Sampling Location - ESP Inlet

Personnel - X.M.C.,

Date - 3/18/77
Test No.-5
Witnessed by - D.B.

Traversc Time
Pt. (sec)
1 300
2 300
3 300
4 3jao
3 300
) 300
7 300
8 300
9 3oQ
10 300
11 300
12 300
Totals 3600

Averages

J.D.M.,

H.

Dry Gas
Meter
{x10 Im?)

53.5
244.4

415.7
677.4
929.5

1088.3
1311.5
1613.4
1928.6
2137.9
2331.3
2560.1

2800

EXAMPLE - PARTICULATE SOURCE

TABLE B2

TEST DATA - ESP INLET
Equipment

Gas Mcter No.-3
Sample Box No.-B

Probe No.-3 TLength-305 cm Cp-.87

& W.B.S. Nozzle Dia. - 0.89 cm
Filter No. Silica Gel No.
212 87
Probe Wash Sample No. - KClQ

Mcter Temp. Stack Pump

Pitot AP Orifice AH Inlet Outlet Temp. Vacuum
mm Hg nm Hg °C °C >C mm Hg
.99 4.52 23 20 146 152.4
1.08 4.89 24 20 146 152.4
1.18 4.86 24 21 150 152.4
0.45 4.30 24 22 150 177.8
1.53 3.31 25 22 145 177.8
1.62 3.16 25 722 147 152.4
1.77 2.97 25 22 151 152.4
1.76 2.80 25 22 151 152.4
1.55 3.29 26 22 153 127.0
1.18 3.10 27 23 150 152.4
1.12 3.38 28 23 147 177.8
1.08 3.74 28 24 145 177.8

1.28 3.69 25.3 21.9 148.4

Orifice
Assumed

Assumed

Assumed

Conditions

AH - 3.74 mm Hg
$H,0 - 8% T_ -~ 149°C

AP -1.5 mm Hg
AVG 5 %p -1.0
TM—26.7§C M - 9,29 m?

Bar Pressure - 749 mm Hg

C~Factor

- .860

Probe Heater Set - 135°C

Filter Ovecn Scot -

Stack
Pressure
-7.5 mm Hg

Impinger Outlet
Ma¥ Temperature
L0°c

Condensate
Collected
1 100 wml
#2 50 ml
#3 10 ml

AH

AVE:3'69 mmHg

121°C

Test End - 12:00 noon
Test Start-11:00 a.m.

CQ: Oz
11.0% 6.0%
11.5% 5.5%
12.0% 5.8%
S5tlica Gel Mass

Charge -~ +46 grams
Filter and Probe

wash Catch - 150 mg



B.4.1

T

23.6°C 296.9°K

Mavg

Volume of Gas Sampled

\Y

where
mc

AHave

std

B.4.2

is

is

is

is

is

is

is

v Tstd(Pbar +AHave)
m T P
m s

td

224
297

{749 + 3.69)
760

2.8
2.75 DNM?®

the volume of gas sampled through the dry
gas meter at standard conditions (21°C, 760
mm Hg), DNM®.

the volume of gas samples through the dry gas

m’.

meter at meter conditions,
21°C, 294°K.

the average dry gas meter temperature,
23°C, 297°K.

the uncorrected barometric pressure at the
outlet of the orifice meter, 749 mm Hg.

the average pressure drop across the orifice
3.69 mm Hg.

the absolute pressure at standard conditions,

760 mm Hg.

meter,

volume of H:Q Vapor in Stack Gas

Water condensed in impingers

on silica gel

160 ml, water absorbed
46 grams.
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where

B.4.3

where

R Tstd
Pstd

PH.0O

=V
C MHzO

Vwc 1

1.00 (6.2383x10") (294)

18.0 760
= 0.28 m’
Vwc is the total volume of water in the sampled gas
at standard conditions (21 %C, 760 mm Hg),
m’.
vy is the total volume of liquid H,0 collected in
o]

impingers and on silica gel, 206, ml.

pHZO is the density of water at standard conditions.
1.00 g/ml.

R is the ideal gas constant, 6.2383 x 10" mm Hg
cm’/gm mole-°K.

T is the standard temperature, 21°c, 294°K.
P is the standard pressure, 760 mm Hg.

M is the molecular weight of water, gm/gm-mole.

Moisture Content of Stack Gas:

v

WwC
Bwo = Vm + vV
std we
- Q.28 B -
= 595§ 5§ ° 0.0924 or 9.24%

B.o is the mole fraction or proportion by volume of

H,0 vapor in the stack gas.
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v is .28 m* H,0 vapor at standard conditions.
Wz

v is 2.75 m* of dry sampled gas at standard conditions.
std .

B.4.4 Molecular Weight of Stack Gas

From Orsat analysis per EPA Method 3:

CO; ave = 11.5%

0, ave = 5.8% by volume

{dry basis)
CO ave = 0%

From moisture analysis per EPA Method 5:

H,0 avg = 9.24%
From EPA Method 3:

% N, (dry basis) = 100% - (% CO; + 0, + % CO)

=100% - (17.3%) = 82.7%
M =

- + + + +
W (1-B o) Beo, Mg, * Bo,Mo, * BeoMco * By, M, !

BWOMHzo

=(1-.0924) {(0.115) (44.0) + (0.058) (32.0) + (0.0) (28.0) +
(0.827) (28.0)] + (0.0924) (18.0)
=28.96 gm/gm-mole
where M

y is the molecular weight of the stack gas,
am/gm-mole, wet basis.

175



B. is the mole fraction of the component gas.

M. is the molecular weight of the component gas.

Bwo is the mole fraction of the water vapor in the
stack gas.

B.4.5 Excess Combustion Air (per EPA Method 3)

BEA = 0.264(%N2)'i%?éé;yig'gfé?géO) * 100
- (5.8) - 0.5(0)
0.264(82.7) - (5.8) - 0.5(0)
=36%
where $EA is the percent excess combustion air.

%0, is the percent 0; by volume on a drv hasis.
&¢N; is the percent N: by volume on a dry ba:.::.
%CO is the percent CO by volume on a dry baz:=
0.264 is the ratio of O; to N; in air by volume.

B.4.6 Particulate Emissions Concentration

M
Cl_ =2
st
std
_ 150.0 _ 3
= 595 T 54.55 mg/DNM
where C'_ 1s the concentration of particulate matter

in the stack gas, mg/DNM°.
M_ is the total particulate mass collected on
filter media, 150.0 mg.
v is the volume of stack gas sampled (volume through
dry gas meter), DNM’.
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B.4.7 Stack Gas Volumetric Flow Rate (per EPA Method 2

[(T ) ]%
savg

(V.) = K C_ (/Ap) P_M
Savg PP avg S W
where (VS) is the average stack gas velocity, m/sec.

avg

%
. m gm
Kp 1s l28'83sec(gm—mole-°K )

Cp is the pitot tube coefficient.

(Ts)avg is the average stack gas temperature, °K.
Nﬁﬁ)avg is the average of the square roots of velo-
city heads of stack gas, in H:0, deter-
mined according to EPA Methods 1 and 2.
PS is the absolute stack gas pressure, mm Hg.
M, is the molecular weight of the stack gas,
gm/gm-mole (wet basis).

From Table B2:

vip)avg = 1.13

C_ = 0.860
P

(T )avg = 421.7°K

Ps = Pbar + (Ps) = 749 + (~-.75)

= 748.25 mm Hg

M,, = 28.96 gm/gm-mole
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%

421.7
(VS) = (128.83)(0.860) {1.13) (748.25) (28.96)
avg

(V.) = 17.47 m/sec
S avg

Then calculating the average stack gas volumetric flow rate:

secC TSth‘%
5EE (1-B_ _XV.) A - —
hr wol¥st g (Ts)avg P_ g

Qs = 3600

where 65 is the average volumetric flow rate at dry standard
conditions, DNM’/h
B is the mole fraction of water vapor in the stack gas,
dimensionless, and
A_ is the cross-sectional area of the stack at the

s
sample point, 9.29 m’ (from the Particulate Test
Data Sheet).
Then,
_— . (294) {748.25)
Q. = (3.600 x 10°) (.9076) (17.47)(9.29) (121.7) (7607

= 3.64 x 10° DNM’/h

Therefore, the particulate inlet mass emission rate can be
calculated by PMRS = Qs CS

where ﬁﬁﬁs is the average particulate inlet mass emission
rate, (mg/hr calculated by the concentration
method) .
PMR_ = 3.64 x 10° 9%%1 54.55 mg/DNM’

il

1.986 x 107 mg/hr of particulate.
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B.4.8 Average Isokinetic Ratio

(V) o
_.''n‘avg
Iavg Wy ¥ 100
- - 5 avg
where Iavg is the average percent isockinetic.
(Vn)avg is the aQéragé éas velocity into the nozzle
.. entrance. ‘ ‘ g
Vé)avg is the average gas velocity of the stack gases.

Writing the*équhtionsﬁfbr the noiéle‘be;ocity independent

of the velocity pressure measured in the stack,

where (V) -1s the average,nozzle velocity. -
.. V_ is ‘the: volume of:.gas through the dry.-gas
meter,  DNM? (dry).

'T_ is the average absolute-stack gas‘-‘temperature

S
OK' R - It o . .
Ps is the average absolute stack pressure, mm Hg.
Pm is the average absolute dry gas meter pres-

sure, mm Hg

(Pm = Aam 4 Pbar)
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T 1is the average absolute meter temperature,
OK ’

M3 is the average mole fraction of the dry stack

gas, (1-B,,)-

A 1is the area of the nozzle, m?

n
8 is the total sampling time, sec.
Then,
(2.8) 421.7 752.69 1
_ 294 748B.21 .9076
(v,) =

avg (6.22 x 10 *m?) (3600 sec)

= 19,88 m/sec

(V))avg  yq,gg

= = = 1.
Iavg (Vs)avg 1747 1.14 or 114%

To conform with the federal performance standards, the
avg’ must be >0.90 and <1.10. 1In

does not fall within these limits,

average isokinetic rate I
this example, since Iavg

this test would be discarded,

B.4.9 Mass Collection Efficiency Calculation

This example has shown calculations for a test at a
precipitator inlet. Similar calculations are made on data
taken at ESP outlets. After determining the inlet and outlet
mass loading concentrations, the precipitator efficiency

can be calculated from

PMR - PMR
SEFF = Inlet Outlet % 100%

PMRInlet

PMR; 1et = Particulate inlet mass emission rate.

PMR = Particulate outlet mass emission réte.
Outlet
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APPENDIX C
CASCADE IMPACTOR SAMPLING TECHNIQUES

This appendix contains detailed guidelines for the opera-
tion of cascade impactors to measure the particle size distri-
butions at the inlet and outlet of electrostatic precipitators.
These instructions are taken from "PROCEDURES FOR CASCADE
IMPACTOR CALIBRATION AND OPERATION IN PROCESS STREAMS®,
EPA-600/2-77-004, by D. B. Harris. Minor modifications were
made to make them specifically applicable to precipitator
evaluation, and a more detailed description of data reduc-

tion techniques and data presentation formats has been added.
C.1 THE PRESURVEY

The Key to performing a successful fractional efficiency
evaluation 1is thorough planning based on a complete pretest
site survey. The survey should provide adequate information
at as low a cost as possible. Some sites will reguire more
information and some less. As far as is possible, the in-
formation noted during the presurvey should be measured rather

than obtained from plant records or personnel.

As the presurvey is generally conducted by one or two
men "traveling lightly,“'the apparstus used during the pre-
survey should be as light and compact as possible. A pre-
survey sample train is shown in Figure Cl. This system can
be built into a single, suitcase-size package, and serves
well as a presurvey sample train. The impactor which is
to be used during the main test program should normally be
used during the presurvey. This is because the suitability
of substrates and adhesives must be checked out. These

problems are discussed more fully in later sections.
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Figure C1. Presurvey sampling with a cascade impactor.
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In general, the presurvey work should be done using
the technigques described in this gquideline. Less precision
is required, but the accuracy must be high enough to provide
useful information in designing the test program. The de-

cisions which must be made are summarized in Table Cl.

C.2 EQUIPMENT SELECTION

C.2.1 Impactor Selection

The selection of the proper impactor for a particular
test situation is primarily dependent upon the mass locad-
ing of the gas stream and its effect on sampling time. There
are three major criteria to be met to match an impactor to

a particulate stream.

1. The sampling period must be long enough to provide
a reasonable averaging of any short term transient

in the stack.

2. The loading on a given impactor stage must be low

enough to prevent re-entrainment.

3. The sampling rate through the impactor must be low
enough to prevent scouring of impacted particles

by high gas velocities.

For these reasons, an impacto- with a comparatively low
sample rate must be used in a gas stream with a high mass
loading. The low sample rate allows a longer sampling time,
although in some situations it will still be undesirably
short. Conversely, in a low mass loading situation such
as a control device outlet, a high sample rate device must
be used if a significant amount of sample is to be gathered

in a reasonable amount of time.
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981

Item

TABLE Cl. IMPACTOR DECISION MAKING

Information Required

Criteria

Impactor

Sampling rate

Nozzle

Pre-cutter

Sampling time

Collection substrates

Number of sample points

Loading and size estimate

Loading and gas velocity

Gas velocity

Size and loading

Loading and flow rate

Temperature and gas
composition

Velocity distribution
and duct configuration

a. If particle concentration below 5.0 ym is less
than 0.46 gm/am® (0.2 grain/acf), use high flow
rate impactor,

b. 1If particle concentration below 5.0 um is greater
than 0.46 gm/am® (0.2 grain/acf), use low flow
rate impactor.

a. Fixed, near isoKkinetic

h. Limit so last jet velocity does not exceed:
60 m/sec greased
35 m/sec without grease

a. Near isokinetic, *10%
h. Sharp edged; min 1.4 mm ID

If pre-cutter loading is comparable to first stage
loading--use pre-cutter.

a. Per Figure C4
b. No stage loading greater than 10 mg

a. Use metallic foil or fiber substrates whenever
possible

b. Use adhesive coatings whenzsver possible
a. At least two points per station

h. At least two samples per point



A cascade impactor can normally yield useful information
over a range of sample rates differing by a factor of 2 or
3. As high efficiency control devices cause the ocutlet
mass loading to differ from the inlet by a factor of 10°,
the same impactor can seldom be used on both inlet and out-
let. Both high and low flow rate impactors are usually re-
guired to determine the fractional efficiency of electro-
static precipitators. Some commercial impactors are constructed
such that their stage and nozzle configurations can be altered,
and they can serve as either high or low sample rate impac-
tors. Others are fixed with respect to sample rate.

C.2.2 Sample Trains

Figure C2 is a flow diagram of a typical impactor sample
train. As shown, it is desirable to have the impactor inside
the stack with a straight nozzle. The various parts of the

sample train are discussed below.

A sampling probe leading to an impactor outside of the
duct should be used only if absolutely necessary. The probe
should be as short as possible and contain the fewest possible
bends. It is recommended that a pre-cutter cyclone be mounted
at the probe inlet to remove particles larger than approximately

ten micrometers and thus reduce line losses.

Heating system -- The criteria for heating are given

in Section C.4.3. 1If heating is reguired, the entire impac-
tor must be either wrapped in a heating tape or put in a
custom-fitted heating mantle. The temperature control should
be based on the temperature at the outlet end of the impactor.
Often the temperature is measured between the last stage

and back-up filter. The impactor temperature can be con-
trolled either manually or automatically. An automatic con-
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Figure C2. Typical sample train with a heated impactor.
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troller has usually been found to be worth the money by

releasing the operator for other tasks.

Flue gas conditioning -- It is usually necessary to

cool and dry the flue gas before it reaches the flow measur-
ing section. Condensation in the orifice would distort the
measurement; also, it is useful to protect the equipment
from the condensate, which, in SQ:-containing gases, is
likely to be sulfuric acid. The type of condensers shown
are usually satisfactory. Packed bed drying columns are
commercially available. The heat exchange coil is used to
bring the gas temperature to essentially ambient so that
there will not be a significanf temperature gradient across

the flow measuring devices.

Flow measurements -- At least two flow measuring devices

are used in series. Normally, a calibrated crifice is used
in conjunction with a dry gas meter, as shown. At very low
sample rates the dry gas meter'may be inaccurate. The com-
monly used diaphragm-type positive displacement gas meter
becomes increasingly inaccurate at flow rates less than five
percent of rated caracity. For a typical stack sampling
gas meter this would be approximately 23.3 cm?/sec (0.05
cfm). Another calibrated orifice or a rotameter should then

be used as the second flow meter.

Vacuum pumps =-- The vacuum pump should usually be placed

at the end of the sample train. This is because vacuum pumps
tend to leak and all of the flow measurements must be made
upstream of any leak. The flow rate can be controlled by

using an inlet side air bleed or with a recirculating bypass.
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Pressure measurements -- Most of the pressure measurements

are made with manometers, but calibrated differential pres-
sure meters are equally acceptable. The in-stack pressure
needed is the static pressure, which i1s not exactly the down-
stream pressure of an S-type pitot tube., A true static pres-
sure measurement should be made. It 1s not necessary that
this be part of the impactor train, but it can be.

The pressure at the downstream end of the impactor,
between the last stage and the final filter, must be known.
It can be measured, but this is often inconvenient. If a
flow rate pressure drop calibration is available for the
impactor {(without final filter), it is normally acceptable
to calculate the pressure drop. Correction must be made
for pressure and temperature differences between the cali-

bration conditions and the actual conditions.

The pressure at the inlet to the metering devices must
be known. 1In the system shown in Figure C2, the pressure
is metered ahead of the calibrated orifice and the orifice
pressure drop is used to calculate the pressure going into
the dry gas meter. The dry gas meter pressure should be
measured if there 1s a reason to think the procedure above
was not adeguate.

Temperature measurements -- It is necessary to know

the temperature at all points where the pressure is measured.
Any convenient device of known accuracy can be used to make
the measurements. The measurement in-stack can easily be
made at the probe end with a thermocouple. The temperature
at the downstream end of the impactor is made directly be-
hind the final filter and is used to control the heating

tape if one is used. If the heat exchanger in the train
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brings the gas temperature to about ambient, only one tem-
perature reading will be necessary at the flow meters. This
is usually most conveniently done at the dry gas meter, as

taps are available on the meter.

C.2.3 Balance Requirements

For the accurate weighing of collected material a balance
with a sensitivity of at least 0.05 mg is required. This
is especially true for the lower stages of the low sample
rate impactors where collection of 0.3 mg or less is not
uncommon. The balance must also be insensitive to vibration
if it is to be used in the field. It is also desirable to
have a balance with a large weighing chamber. These capa-
bilities are available in several electrobalances marketed
in the United States.

More information on selected sampling train components
can be found in Appendix B, Section B.1.

C.3 IMPACTOR SUBSTRATES

C.3.1 Collection Substrates

For reasons which have been discussed, very accurate
determinations of impactor stage catch weights are necessary.
Impactor stages are generally too heavy for the tare capacity
of field-usable precision balances. Thus, a substrate which
can be weighed on the balance is used. Generally, these

substrates are made of metal foil or glass fiber.

Glass fiber substrates -- Glass fiber substrates are

used on some commercial impactors. In addition to providing
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a lightweight impaction surface, glass fiber mats greatly
reduce re-entrainment due to particle bounce. They are su-
perior to greased metal substrates in very high temperature
applications where the greases tend to evaporate. Care must
be taken when using glass fiber substrates in streams con-
taining sulfur dioxide, however., Recent experimentation’
has shown that glass fiber materials often exhibit anomalous
weight gains due to sulfate on the substrates. Apparently,
sulfur dioxide in a gas stream can react with basic sites

on most glass fiber materials and form sulfates.

There are two approaches to alleviate this problem.
Substrates which will gain - weight from sulfate uptake can
be preconditioned in the flue gas before weighing. Two to
six hours of exposure to the flue gas will suffice where
mass loadings are high and sample times are short. 1In the
situations where sample times are long and the collected
amount of particulate matter is small, it may be necessary
to condition the substrates for as long as twenty-four hours
to eliminate significant sulfate uptake and weight gains.
Repeated weighings to check weight gains are necessary to
confirm that the substrates can be used. Another approach
is to use a fibrous substrate which shows little weight gain
in a sulfur dioxide stream, if one can be found. 1t should
be noted that the particle retention characteristics of dif-
ferent fiber materials vary, and the impactor calibration
could change significantly if the substrate is changed.

Greased substrates -- "Grease" must often be used on

metal foil substrates to improve their particle retention
characteristics. This is particularly important with hard,
bouncy particles. Impactor stage velocities of 60-65

m/sec have been used on greased substrates with good results,
while particle bounce can become a problem at about half

of that rate on ungreased substrates.

192



Finding a suitable grease can be difficult. The grease
should not flow at operating temperature. and it must be
essentially nonvolatile. Gas chromatographic materials such
as polyethylene glycol 600 have exhibited more consistent
characteristics than materials such as stopcock grease.
Another class of materials which may be suitable are high
vacuum greases; Apiezon L and H in particular have performed
well at temperatures up to 120°C. The greased substrates
must be tested as blanks in filtered process gas before they
are used in the test program.

The greases are normally applied as suspensions or solu-
tions to 10-20 percent grease in toluene or benzene. The
mixture is placed on the substrate with a brush or eyedropper,
baked at 204°C for 1 to 2 hours, and then desiccated for
12 to 24 hours prior to weighing. It is important to aveid
an excess of grease. The desiccated, greased substrate
should be tacky, but not slippery, with a film thickness
about equal to the diameter of the particles which are to

be captured.

Horizontal operation of the impactors with greased sub-
strates is not recommended due to possible flow of the grease.
Care must also be taken to ensure that grease is not blown
off the substrates (which tends to occur at jet velocities
greater than 60 m/sec). To some degree, grease blow-off
can be avoided by using a light crating of grease on the
last stages. This is normally satisfactory from an adhesive
standpoint, as the last stages usually have the lightest load-
ing along with the highest jet velocity. Inspection of the
stage catches is the best way to check on this problem.
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C.3.2 Back up Filters

Back up filters are used on all impactors to collect
the material that passes the last impaction stage. Binder-
less glass fiber filter material is normally used for this
purpose in all the impactors, although the exact configqura-

tion varies.

Glass fiber back up filters have the same problems as
do glass fiber substrates. Their use in process gases con-
taining sulfur dioxide is suspect, and blanks must be run
to check out the problems. Pure Teflon filters may alleviate
this problem if they can be used.

C.4 PREPARATION AND SAMPLING

C.4.1 B8Substrate Preparation

It is assumed that the substrates have been properly
prepared and that the necessary quality assurance steps have
been taken. The substrates should be carefully weighed and
kept in a desiccator until they are to be placed in the im-
pactor. ’

C.4.2 Impactor Orientation

Whenever possible, the impactor should be oriented ver-
tically to minimize gravitational effects such as flow of
grease or fall-off of collected particles. Sampling situa-
tions requiring horizontal placement will occur, and extra
care must be taken on such occasions not to bump the impac-
tor against the port during entry or removal.
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C.4.3 Heating the Impactor

All condensable vapors must be in a gaseous state until
they exit from the impactor, unless a condensate is the prime
aerosol being measured. 1In gas streams above 177°C, auxill-
iary heating should not be requitred. Below 177°C the exit
temperature of the impactor should be maintained at least
10°C above the process temperature if condensable vapors
are present. A thermocouple feedback temperature controller
has proven useful.

When condensable vapors are present, it iIs sometimes
necessary to heat the impactor probe to prevent any conden-
sate formed in the probe from entering the impactor and con-
taminating the substrates. Water vapor is the primary problem.
The probe temperature should be maintained above the vapor's

dewpoint.

Whether the impactor is being heated in the duct or
externally with heater tape, an allowance of 45 minutes warmun
time is recommended as a minimum to ensure that the impactor
has been heated to duct or operating temperature. The:rmocouvle
monitoring of the impactor temperature and gas temperature

is recommended.
C.4.4 Probes

Sampling probes leading to ar impactor outside of the
duct should be used only if there is no other way. They

should be as short as possible and contain the fewest possible
bends. It is recommended that a precutter be mounted at

195



the duct end of the probe to remove the large {(>10 pm) par-
ticles and thus reduce line losses.

C.4.5 Nozzle and Sampling Rate Selection

It is preferable to use as large a nozzle diameter as
nossible to minimize sampling errors resulting from nozzle
inlet gecmetry. When very small nozzles have been used
with the Brink impactor, there have been some cases in which
large amounts of matarial were retained in the nozzle or
the nozzle was completely blocked. It is recommended that
the inlet nozzle not be smaller than 1.4 mm, and some tvpes
of particulate material may require g larger minimum nozzle
size. 1In some instances bent nozzles are necessary due to
port location and gas direction, but these should he avoided.
Problems occur in cleaning bhent nozzles, ahd it is Aiffi-
cult to determine the size interval in which the deposited
material originated. If they cannot he avecided, bends should
~be as smooth as possible and of minimum angle in order to mini-

mize the losses in the fine particle region.

For hard, "bouncy", pvarticulate, the sampling rate must
be such that the last stage velocity does not exceed 50 m/sec
for greased collection surfaces or 35 m/sec for ungreassd
plates if no suitable substrate can be found to limit particiz
bounce. The flow rates ahove should not be consideresd the
final word on nozzle velocitv. Particle bounce has bheen
observed at nozzle velocities as low as 10 m/sec. Some var-
ticulate materials are "sticky" and will adhere at well above
the maximum velocity for hard particles. The exvosed substrate
should be visually examined for evidence of re-entrainment

and the rates adjusted accordingly.
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It is apparent that sample rate and nozzle size are
closelv coupled. The requirements for isnkinetic or near -
isokinetic nozzle flow sometimes impose a compromise on nozzle
selection. The general order of priorities when choosing
the sample rate is nnzzle diameter (at least 1.4 mm). last
stage Jet velocity and flow rate required for isnkinetic
samplina. Selection of rozzle diameter and impactor flow
rate combinations for achieving near-isokinetic sampling

conditions can be made from Figure C3.
If a choice must be made between undersized and over-
sized nezzles, undersized nozzles will usually result in

lower sampling errors than will oversize,

C.4.6 Use of Precollector Cyclones

In many instances the percentage (by weight) of material
with sizes larger than the first impaction stage cut point
is quite high. 1In such cases a preccllector cyclone is neces-
sary to prevent the upper impactor stages from overloading.
A precutter should always be used for the first test. If the
weight of material obtained by the precutter is greater than
or equal to that on the first stage, the precollector should
be used in all subseguent runs. Cyclones can be obtained from
the impactor manufacturer or can be shop made. The use of
two first stages in series has also heen suggested and appears
to be a valid approach; however, no data are available.

C.4.7 Impactor Flow Rate Measurement

The flow rate through an impactor must be accurately
measured in order to set the isokinetic sampling rate and
to determine the correct impactor stage cut points. Unfor-

tunately, it is usually very inconvenient, and sometimes
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Figure C3. Nomograph for selecting nozzles for isokinetic sampling.
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impossible, to measure the impactor flow rate at the condi-
tions present in the impactor. The gas is normally drier,
cooler, and at a lower pressure by the time the flow rate

is measured; and the flow must be corrected to impactor con-
ditions. The use of calibrated orifices and dry gas meters

is discussed below.

Units -- The equations presented are valid only if the
units of the various terms are consistent. For instance,
the pressure drop terms could be in units of mm H,0 or cm
H,O0 or something else, but all pressure drop terms must have
the same units. The same is true for the other properties.
Note that pressure and temperature are both absolute measure-

ments.

Orifice meters -- The gas flow rate through a particular

orifice meter is related to the pressure drop across that

crifice by an equation of the form:

07 = C A—E (c1)

volumetric flow rate at upstream conditions,

where Q

AP = pressure drop across orifice,
p = density of gas at upstream conditions, and
= dimensional constant, (length)’ (mass) (time) 2 (force)
Solving for the constant, C, in eguation (Cl), one ob-
tains:
4
= 90
C AP (C2)

As C is a constant at all conditions, its value can be
obtained at a convenient set of conditions with a known flow
rate and used later to calculate the flow rate. Equation (C2)
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can be rewritten to:

C = ——s5— (C2a)

The subscript "¢" indicates that these parameters were
determined during a calibration. Density and flow rate are

at upstream conditions.

Substituting equation (C2a) into equation (Cl) yields
an equation suitable for obtaining flow rates from a cali-

brated orifice:

Q.?% = I : (C3)

The subscript "m” denotes the parameters of the gas
as it is being "measured". All are at conditions immediately

upstream of the orifice.

For use with impactors, the measured flow rate, Qm,
must be conyerted to a flow rate at stack conditions, QS.
Assuming that the stack gas was dried as well as altered
in temperature and pressure, the stack flow rate is related

to the measured flow rate by:

0.1 - B )7 = O 7 (c4)

where Bwo water removed from flue gas, exXpressed as a volu-
' metric fraction,

P
T

The subscript "s" refers to stack conditions.

absolute pressure, and

absolute temperature.
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At the usual conditions of relatively high temperature
and low pressure which occur during stack sampling, the flue
gas behaves very much like an ideal gas. The density of

an ideal gas can be approximated as:

T TR () (sl
where R = the universal gas constant. and
MW = the molecular weight of the gas.

Equations (C3), (C4), and (C5) can be combined and re-
arranged into a form which gives the pressure drop which must
exist across the calibrated orifice, APm, to obtain the re-

quired impactor flow rate, Qg

2 2
AP = AP __TQS (1-B. ) ?2 P_s___.__ ,__Z._TmTC % (C6)
m c Q WO PP T MW : i
c m C s / c

|

where (MW)m molecular weight of the stack gas at the orifice,

normally the dry molecular weight,

1i

(MW)C molecular weight of the calibration gas.

Dry gas meter -- The dry gas meter, like the orifice,

can only directly measure the flow rate of the gas which
passes through it. This measured flow rate can be converted
to the flow rate through the impactor (which is at stack
conditions) using eguation (C4a):

To\ Fs
Qn = Qg (Tg §; (1 - B.o) (Cda)
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C.4.8 Sampling Time

The length of the sampling time is dictated by mass
loading and size distribution. An estimate for initial tests
can be obtained from Figure C4. Two conflicting criteria
complicate the choice of the sampling time. It is desirable
from the standpoint of minimizing weighing errors to collect
several milligrams on each stage. However, most size dis-
tributions are such that the upper stages are overloaded
and are re-entraining particles by the time the lower stages
reach a few milligrams. A rule of thumb is that no stage
should be loaded above 10 mg, but the determining factor
is whether or not re-entrainment occurs. As is discussed
later, a comparison of the relative distribution determined
by a long run with that from a shorter (about half as long)
run can be used to check on re-entrainment due to stage over-

loading,

C.4.9 Readying the Impactor

As equipment is not always cleaned as well as it should
be, the impactor should be inspected prior to use. The nozzles
must be clean, gaskets in good shape, and the interior clean.

Nozzles can be cleaned with fine wire if necessary.

After inspection, the impactor should be carefully loaded
with the preweighed stage substrates and assembled. Teflon
thread sealant tape or antiseize compound should be applied
to the threads, especially when high temperatures (»215°C)
are encountered. The thread sealant tape generally works
better and causes fewer problems but probably cannot be
successfully used at temperatures above 290°C.

If supplemental heating is required, a heating device
and temperature monitor need to be added. A thermocouple
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Figure C4. Nomograph for sampling time selection (50 mg sample).
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mounted in the gas flow immediately after the impactor

is best for controlling impactor cut points.

The supplemental heat can be supplied with either a
heating mantle which has been made to fit the impactor or
by using heating tapes. If the tapes are to be used, a heat-
ing tape of sufficient wattage is wrapped around the impac-
tor. Glass fiber tape works well for holding the heating
tape. Insulation such as asbestos tape is then wound around
the impactor. Glass fiber tape again is used to hold the
asbestos in place and also acts as additional insulation.
The impactor can now be mounted on the appropriate probe,
taken to the sampling position, and installed in the sam-
pling system.

C.4.10 Pre-Sample Checks

Impactors are prone to leak, and they must be checked
at operating temperature for leaks, This can be done 1in
several ways. The nozzle can be plugged and the impactor
pressure-~tested or vacuum~-tested. Because impactors are
basically a series of orifices, they should have a constant
flow to pressure drop relationship. Checking the pressure
drop on various flows of filtered air will point out devia-
tions from normal operations--both leaks (external or inter-

nal) and plugged jets.

C.4.11 Taking the Sample

The impactor should be preheated for at least 45 minutes
before sampling. If supplemental heat is being used, the
impactor should be brought up to temperature outside the
duct and then allowed some time to eguilibrate after insertion.
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The nozzle should not point into the flow field during this
phase. Without supplemental heat, the whole warm-up is con-
ducted within the duct, again with the nozzle pointed away
from the flow field.

A predetermined flow rate must be maintained to ensure
stable cut points. Any attempt to modulate flow to provide
isokinetic sampling will destroy the utility of the data i
changing the cut points of the individual stages. Rapld
establishment of the correct flow rate is especially impor-
tant for the short sampling times typically found at the
inlets to control devices. Capping the nozzle during preheat

in the flue is also desirable.

C.4.12 Number of Sample Points

As the velocity and particulate distributions in indus-
trial ductwork are unlikely to be ideal, a large number of
samples are often required for accurate particulate measure-
ments. A velocity traverse should be run to check on the
velocity distribution. At least two points within a duct
should be sampled in each measurement plane, and at least
two samples taken at each of these points. These are the
minimum sampling efforts and are appropriate only for loca-
tions with well developed flow profiles in the absence of
significant concentration stratification. If the flow pro-
file at the inlet or outlet is uncertain due to duct con-
figuration and/or the mass loading is not uniform, the number

of samples may need to be increased for reliable results.

C.5 SAMPLE RETRIEVAL AND WEIGHING

C.5.1 Impactor Clean-up

The careful disassembly of the impactor and removal

of the collected particulate are essential to the success

205



of the test program. The crucial points are to make sure
that the collected material stays where it originally im-
pacted and to remove all the particulate. After the sam-
pling run, the impactor should be carefully removed from

the duct without jarring it, removed from the probe, and
allowed to cool. Disassembly can be difficult in some cases,
particularly if the impactor was used at elevated tempera-

tures,

Typically, not all of the particulate which collects
in an impactor collects on the substrates. Some accumulates
on the interior surfaces, especially in the nozzle. By con-
venticon, all of the particles collected upstream of a given
impaction stage are assigned to that stage.

The collection of these "misdirected" particles 1is
often troublesome. If the particles are hard and dry, they
can be brushed off into the weighing container., A No. 7
Portrait brush or its equivalent is suggested, and care must
be taken to prevent brush hairs from contaminating the sample.
If the particles are sticky or wet, some type of washdown
procedure should be used. The solvent must be considerably

more volatile than the particulate matter.

C.5.2 Drying and Weighing

All of the samples must be dried to constant weight,
with 2 hour checks used to establish the uniformity of the
weights. Hard, nonvolatile particles are often dried in
a convection oven to 100°C, desiccated until cooled to room
temperature, weighed, then check weighed. Volatile mater-
ials will require some other technique using low temperature.
Whatever the technique used, constant weight of the sample

with further drying is the criteria to be met.
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C.5.3 Data Logging

Permanent records should be kept of all pertinent infor-
mation. It is generally necessary to Keep records in three
places--in the lab with the balance using a bound notebook,
and using either looseleaf data forms of a bound notebook
at both the inlet and outlet of the control device. Table
C2 presents a fairly complete listing of the information
required concerning an impactor run. In addition, records
of the weighing of the catches must be kept. Notes should
be taken on any abnormalities which occur and on the ap-

parent condition of the stage catches.
C.6 QUALITY ASSURANCE

The field use of cascade impactors is a difficult task.
The accuracy required is more appropriate for a laboratory
program than for a field test. There are many places in
the operational sequence where errors can occur in spite of
a conscientious effort to do a good job. Quality assurance
attempts to discover inaccuracies before they are propagated
throughout the test program. The techniques presented in
this section are not the only ways to ensure quality data.
However, they have been used successfully in field testing

with impactors.

C.6.1 Impactor Techniques

Glass fiber substrates -- As has been discussed previously,

glass fiber substrates are not without problems. Two poten-
tially serious problems are SO; uptake on the substrate and

mechanical or manual abrasion of the filter mat.
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__TABLE C2. SAMPLING INFORMATION REQUIRED

Date

Time

Run Code Number

Impactor Type and Identification Number
Operator

Port Number/Sampling Location

Ambient Temperature

Ambient Pressure

Impactor In-Stack or OQut-of-Stack

Impactor Orientation '

Number of Traverse Points

Stack Pressure

Stack Temperature

Nozzle Diameter/Type

Probe Depth, if used

Stack Pitot Tube Delta P/Stack Gas Velocity

Desired Impactor Flow rate for Isokinetic Sampling
Metering Orifice Identification Number

Metering Orifice Delta P

Impactor Temperature

Scalping Cyclone in Use? Identification

Prefilter Identification

Postfilter TIdentification

Substrate Set Identification

Pressure Drop Across Impactor

Test Start/End Time: Duration of Test

Gas Meter Start/End Readings? Gas Meter Volume
Agreement Between Meter and Orifice

volume of Condensible H;0 in Flue Gas

Gas Meter Temperature




The problem of S0O; uptake on the substrate is dis-
cussed by Felix et al.' The two approaches available are
to use a substrate which does not chande weight in the flue
gas or to precondition the substrate in filtered flue gas
prior to weighing. Using a new glass fiber material, which
does not react with the S0, may alter the particle reten-
tion characteristics of the impactor and change the impac-
tor's calibration. This must be checked and the data re-
ported. The use of preconditioned filter mats requires that
the glass fiber substrates be preconditioned long enough
to reduce the weight change during the expected duration
of the impactor runs to 10 percent or less of the minimum
stage weight. At the present time, this SO:; reaction phe-
nomenon is not well understcocod, and only rough guidelines
are available. For some common glass fiber materials tested,
the saturation times were on the order of 2 to 6 hours at

the temperatures tested.

The applicability of the method chosen to overcome this
substrate problem must be tested during the presurvey and

periodically during the test runs by running blanks.

Glass fiber substrates must be handled carefully to
prevent damage and possible loss of fibers. Loose surface
fibers should be removed by shaking prior to initial weigh-
ing. After weighing, every precaution must be taken to pre-
vent the loss of any part of the substrate. One approach
which will guantify the problem of substrate abrasion is
to prepare a substrate set, load the impactor, then dis-

assemble and reweigh.

Greased metal substrates -- The problems which occur with

the use of greased substrates are usually related to the
properties of the grease. A grease which has been applied
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too heavily or has a low viscosity at operating temperature
can be physically blown off the impactor stage. The grease
could also react chemically with the flue gas or bhe exces-
sively volatile at the operating temperature. Again, these
phenomenon must be checked during the presurvey and period-

ically during the test program.

Re-entrainment -- Re-entrainment is the phenomenon of

an impacted particle being blown off the stage on which it
was collected initially and being recollected downstream.
This can be caused by excessive jet velocities or by over-
loaded stages. The effect of re-entrainment can be serious,
because only a few large particles on a small particle stage

will considerably affect the size distribution.

One way to spot re-entrainment is to very carefully
examine the stage catches. If, for example, a low velocity
through the jets resulted in a well-defined pile of particu-
late and a high velocity sample gave a diffuse deposit,
re~entrainment should be suspected at the high sampling rate.
Microscopic examination of the lower stages and final filter
for large particles {(which should have been collected up-

stream) is another way to check for re-entrainment.

Re~-entrainment due to stage overloading can be detected
by running two otherwise identical tests for two different
test durations. If the two size distributions are not the
same, overloading should be suspected at the higher stage
locadings.

Impactor leaks -- Two types of leaks can occur with

impactors--internal or external. A flow rate versus pres-
sure drop check of a pressure test will pick up most leaks.

An internal leak, where part of the airstream is bypassing
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the proper flow path, will give results similar to re-en-

trainment.

ture.

Leak checks must be made at operating tempera-

General procedure -- A general procedure for impactor

use, concentrating on quality assurance, has been outlined

below:

l.

Prepare Impactor

a. Wash impactor. Use ultrasonic cleaner if avail-
able.

b. Visually check cleanliness. Jets must be clear,
sidewalls clean. Must be done in good lighting.

c. Obtain preweighed substrates and assemble impac-
tor.

Sampling

a. Assemble impactor train and heat to operating
temperature.
Leak check the impactor.
Sample with impactor.

d. Disassemble impactor, examine stage catches

and impactor walls. Note any anomalies.

Substrate and Re-entrainment Checks

a.
b.

Check during presurvey.
Check substrates if flue gas composition
changes significantly.
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C.6.2 Weighing Techniques

Precision and calibration -- The manufacturer's direc-

tions should be followed when operating the balance. The
balance should be calibrated at least once a day. The re-
peatability of measurements should be checked by repeatedly
weighing a substrate and a test weight.

Technigue -- The assembly and disassembly of an impactor
should have no effect on the substrate weights. This should
be checked by weighing up a set of substrates, assembkling
them in an impactor, then disassembling and reweighing.
Any welight losses from this process should be within the
repeatability of the balance (approximately 0.02 milligram
for an electrobalance). Dry weight checks are made by
desiccating the substrate, weighing, then desiccating again
and reweighing. When the agreement is within the repeatability
of the balance, dry weight has been achieved.

C.6.3 General Notes

Spare parts -~ The well equipped sampling team will

travel with an adequate supply of spares. Improvisatior

due to an equipment failure can lead to poor quality data.

Flow meters -- At least two flow meters should be used

in series. If they do not agree, the problem should be in-

vestigated.
Pumps -- Typically, vacuum pumps in sampling trains

leak. For this reason, the flow meters should be upstream

of the pump.
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C.6.4 Date Analysis

Final filter data -- The fine particulate information

obtained from the final filter can sometimes be misleading.
It is assumed for analysis that a stage captures everything

larger than its D, and captures nothing smaller. A real

stage misses some 1arge particles. Under some conditions
{including but not limited to re-entrainment), large particles
will penetrate to the final filter. 1In this case the size
distribution will be skewed towards the small particles.
Microscopic examination of the final filter may provide an
indication of this problem. If it occurs, the best choice

in data analysis is probably to ignore the final filter on

runs where this phenomenon was encountered.

Cumulative size data analysis ~-- If either a probe or

a precutter cyclone is used with an impactor, the resultant

probe losses and precutter catches must be included in cumu-
lative size analysis. Failure to do so will lead to an in-

correct cumulative distribution.

Inspection of data -- After the data have been collected,

they should be examined for any inconsistencies and outliers
should be rejected before the final averaging is done.

C.7 USE OF COMMERCIAL IMPACTORS

C.7.1 Brink BMS-11 Cascade Impactor

Additional information on the following impactors can
be found in Section 2.3.2 under Table I.

The Brink impactor is a five-stage, low sample rate,
cascade impactor, suitable for measurements in high mass
loading situations. The Brink uses a single round jet on

each of its stagés.
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Sampling rate -- The usual sampling rates for the Brink

are in the range of 9-33 cma/sec (0.02 to 0.07 acfm). The
sampling rate must be low enough to prevent re-entrainment
of particles from the lower stages. With hard, bouncy par-
ticulate, the last stage nozzle velocity must be less than
30-35 m/sec with ungreased substrates, and less than 65 m/sec

with greased substrates.

Collection substrates and adhesives -- The Brink impactor

collection stage is too heavy to use without some type of
substrate insert. Folil cups are commonly preformed and
fitted into the collection cups cof the Brink stages. If
grease is to be used, the top stages require about 5 or 6
drops of solution while the bottom stages normally require
only about one drop in the center of the cup. Glass fiber
substrates cut to fit the collection cups have also been

found satisfactory in many situations.

Back up filter -- The Brink back up filter is normally

made of binderless glass fiber filter material. Two 2.5 cm
diameter disks of filter material are placed under the spring
in the last stage of the impactor. The filter is protected
by a Teflon O-ring and the second filter disk acts as a

support.

Precutter cyclone -- A precutter cyclone for the Brink

is not presently commercially available.

Sampling train -- The Brink uses the usual type of sam-

pling train. Orifices on the order of 0.77, 1.52, and 2.29
cm in diameter allow full coverage of its range of sampling

rates at reasonable pressure drops.
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Brink clean-up -- Careful disassembly of a Brink impac-

tor is necessary for obtaining good stage weights. If a
precollector cyclone has been used, all.material from the
nozzle to the outlet of the cyclone is included with the
cyclone catch. All of this material should be brushed onto

a small, tared, 2.5 x 2.5 cm aluminum foil sgquare to be saved
for weighing. Cleaning the nozzle is also important, espe-
cially if it is a small bore nd%@ie;AlAil“material between
the cyclone outlet and the second stage nozzle is included
with material collected on the first collection substrate.
All appropriate walls should be brushed off, as well as around
the underside of the.nozzle, where as much as 30 percent

of the sample has been found.

C.7.2 Andersen Mark III Stack Sampler

The Andersen impactor is a relatively high sample rate
impactor. The normal sample rate is about 236 cm®/sec (0.5

acfm). The Andersen is a multiple jet, round hole impactor.

Sampling rate -- The nominal Andersen sampling rate

is given above. As with other cascade impactors, the flow
rate must be low enough to prevent re-entrainment of impac-
ted dust.

Ceollection substrates and adhesives -- Andersen sub-

strates are obtained precut from the manufacturer. . The sub-
strates are glass fiber and of two types--one cut for the

odd numbered stages, one for the even. As discussed earlier,
neormal Andersen substrates have a tendency to absorb SO:

on basic sites in the substrate and therefore gain weight.
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The Andersen requires careful assembly, as overtighten-

ing will cause the substrates to stick to the metal separator

rings.
Back up filter -- The Andersen uses a 63.5 mm diameter
disk placed above the final F-stage. (This F-stage is an

option not normally included with the standard stack head.)
The filter should be cut from binderless glass fiber filtev
material, such as Reeve-Angel 934AH filter paper.

Precutter cyclone -- A precutter cyclone for the Andersen

is available from the manufacturer. It is necessary to have
a 6~-inch diameter or larger sampling port when using the

precutter cyclcone with its nozzle.

Andersen sampling train -- The Andersen requires the

usual type of sample train. The pumping and metering systems
of the commercial EPA Method 5 mass sampling trains are ap-
propriately sized for use with the Andersen.

Care should be exercised never to allow a gas flow re-
versal to occur through the impactor. Material could be
blown off the collection substrate onto the underside of
the jet plate or the collection substrates could be disturbed.
A check valve or maintenance of a very low flow while re-

moving the impactor from the duct avoids this problem.

Andersen clean-up -- Cleaning an Andersen impactor is
difficult. Foils should be cut to hold the substrates, and
each foil and substrate weighed together before and after

the run. For disassembly, the foil to hold the stage 1 sub-
strate should be laid out. Next the nozzle and entrance
cone should be brushed out and onto the foil. Then the
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material on stage 0 should be brushed onto the foil. The
stage 1 filter substrate material should then be placed on
the foil and, finally, the top of the étage 1 plate, O-ring,
and cross piece should be brushed off. Depending on how
tightly the impactor was assembled, some filter material

may stick to the O-ring edge contacting the suhstrate. This
should be carefully brushed onto the appropriate foil. This
process 1is continued through the lower stages. Finally,

the after filter is carefully removed.

C.7.3 University of Washington Mark III (Pilat) Impactor

The Mark IIT impactor is a seven~stage, high flow rate
device with generally the same characteristics as the Ander-
sen. The Mark III is a round hole, multiple jet imapctor.

Sample rate -- The Mark III sampling rate is c¢n the

order of 236 cm?®/sec (0.5 acfm). The flow rate must be low

enough to keep scouring of impacted particles to a minimum.

Collection substrates and adhesives —-- The Mark IIT

has often been used with supplementary foil {(aluminum or
stainless steel) substrates. These substrates require the
use of grease for easily re-entrained particles. Enough

of the grease solution is placed evenly on the substrate

to adequately cover the area under the jets. The normal
cautions on the use of greased substrates apply as discussed
in the text.

Precutter cyclone -- A BCURA (British Coal Utilization

Research Association) designed precutter cyclone is avail-
able from the manufacturer.
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Mark III sampling train -- As the Mark III is a high

flow rate device, 1ts sampling traln is similar to that of

the Andersen.

Mark III clean-up -- Mark III impactor clean-up is

similar to that for the Brink. Some problems have been noted
with O-rings sticking rather tenaciously and care must be
exercised not to dislodge the sample while trying to sepa-

rate the stages.

C.7.4 Meteorology Research, Inc. (MRI) Mcdel 1502 Cascade
Impactor

The MRI impactor is a high flow rate sampler. The bodyv
of the instrument is constructed from quick-disconnect rings
which allow flexibility in configuration of the impactor
and a positive gas seal between stages. The impactor uses
multiple round jets in its stages.

Sampling rate -- The sampling rate is nominally 235

cm®/sec (0.5 acfm) in the seven-stage configquration. Higher

flow rates have been used by removing the last stage.

Collection substrates and adhesives -- The MRI collec~

tion disc is a self-supporting foil (316 stainless steel)
which is functiconally similar to the collection cup or tray
and inserts used in other impactors. The cellection discs
are mass produced and normally are used only once and dis-

carded.

Grease applied as described earlier is recommended for

most applications.
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Back-up filter -~ The MRI impactor has a built-in

filter holder for 47 mm diameter filters. Normally, binder-
less glass filters are used. Filter losses can be prevented
by placing tared Teflon washers on both sides of the filter
during the test.

MRI sampling train =-- The MRI sampling train is similar

to that of the Andersen.

MRI clean-up —-- The clean up of the MRI impactor is

similar to the Brink. The device is clamped in a vice and
all of the sections and nozzles are loosened with wrenches.
The wall losses are carefully brushed onto the appropriate
collection disc. Care is taken not to brush contamination
from the threads into the sample. A tared foil dish is used
to hold the back up filter. Any worn O-rings should be re-
placed and the whole unit carefully cleaned before the next
test.

C.7.5 Sierra Model 226 Source Cascade Impactor

The Sierra impactor is a six-stage, high sample rate
cascade impactor. The Sierra instrument uses a radial-slot-

design.

Sampling rate -- The Sierra impactor has a nominal sam-

pling rate 236 cm’/sec (0.5 acfm). The flow rate must be
low enough to prevent re-entrainment of particles.

Collection substrates and adhesives -- Substrates for

the Sierra are obtained precut from the manufacturer. These
are glass fiber substrates and should be checked for weight
gain. Stainless steel substrates are also available and
these should normally be coated with grease as described

earlier.
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Back-up filter -~ The back-up filter uses a 47 mm glass

fiber filter mat. It is supported by a screen from below.

Precutter cyclone -- A precutter cyclone is available

from the manufacturer.

Sampling train -- The sampling train for the Sierra

is similar to that of the Andersen.

Clean-up -- Clean-up of the Sierra is fairly similar
to Andersen clean-up. Care should be taken to be sure the
glass fiber substrates are removed intact.

C.8 DATA ANALYSIS

C.8.1 General Discussion

The majority of impactor data reduction is done using
a technique referred to as the "Ds." method. In this method
it is assumed that all of the particles caught by an impactor
stage consist of particles having diameters equal to or great-
er than the Ds, of that stage, but less than the diameter
of the stage above. The mass caught by the first stage or
cyclone is considered to be egqual to or greater than the
Ds, of that stage, but smaller than the largest particle
diameter present in the aerosol. The largest diameter may
be determined, approximately by microscopic examination of
the stage catch, or it may be assigned some reasonable ar-

bitrary value, say 100 um.
Particle size distributions may be presented on a dif-~

ferential or a cumulative basis. When using the Dsa method,

either type of presentation may be easily employed.

220



The size parameter reported can be aerodynamic diameter,
aerodynamic impaction diameter, or Stokes diameter. In all
cases, the particles are assumed to he‘spherical. The method
of reporting diameters depends to a large extent upon the
ultimate use of the size distribution information. For this
reason it is suggested that the data be reported in three
parallel sets: one set based on aercdynamic impaction dia-
meter, one based on aerodynamic diameter, and one based on

the Stokes diameter.

C.8.2 Calculation of Impactor Stage Dsy's

The reduction of field data obtained with a cascade
impactor can sometimes be troublesome and time consuming
because of the computations involved. The equations below
are based on the motion of particles in the Stokes regime
for which the Reynolds number is less than 1000. Although
this is not always true for impactors, the eguations are
often a good approximation. The basic equation that defines
the theoretical impaction behavior of a given stage of a

cascade impactor is

p_D?V.C

Y = ’
18 uD.
25

where v 1s the Stokes number,

(C7)

p_ is the particle density. gm/cm’,

V. is the velocity of the gas (and particles) in
the impactor jet (cm/sec),
u is the gas viscosity, poise,
D. is the diameter (width for slots) of the jet, cm,
and

C is the slip correction factor.
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If the value of § for 50 percent collection, ilsg. can
be determined, equation C7 can be inverted to give the stage
D:¢ for a wide range of test conditions. Historically, the
experimental values reported by Ranz and Wong? have been

used. These are:

For round jets, wsy; = 0.145, and

For rectangular jets, Wwsge = 0.44.

Subsequent studies, however, have shown that there is
no universal value for Usqy and the actual value must be de-
termined by calibration for each impactor design. Several
papers and reports are avaijlable which tabulate stage con-
stants of different impactors, and ocutline procedures for
impactor calibration.®’"

From equation C7,

185, D. %
Dso =| g5y (ce)

P J

As eguation (CB) is written, with the actual particle
density and the calculated slip correction factor, it defines
the Stokes diameter. If the particles are treated as if

their density, was 1.0, eguation (CB) defines the aero-

Pt
p
dynamic diameter. If the slip correction factor is also

assumed to be equal to 1.0, the aerodynamic impaction dia-

meter is defined by equation (C8).

Since C, the slip cerrection factor, contains D, this
equation must be solved by iteration where Ds;q and C are
calculated alternately.

Equation C8 may be written more conveniently in terms

of the test parameters: For round jet impactors
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14,1 UsqouD. X.P.
Dy = ""“"Ea—a_ﬁl“—l—l ‘ (C9)
p¥s s

where X. is the number of jets on the stage,

P. is the ahsolute pressure downstream of the jet(s),
mm ng
P_ is the absolute pressure in the stack, mm Hg, and

Q. is the sample flow rate, cm’®/sec.

and for rectangular jet impactors

5
18 wsopW. L. X,
Dso =( 11 ) (C1LO)

CDPQSPs

where Wj is the jet width, cm, and

Lj is the total jet length, cm.

One approach that can be used to simplify the computa-
tions is to develop curves for the impactor stage cut points
at cone set of conditions--e.g., air at standard conditions
and a particle density of 1.0. Then a suitable correction
factor can be applied to these curves for the actual sampling
conditions. Unfortunately, further steps are involved in
making the correction factor simple enough to be of value.
Therefore, the use of this type of approach suffers from

some restrictions.

All of the assumptions and calculations involved in
going from equétions C92 to Cl0 to the calibration curve can
be quite awkward, particularly in cases where different tvpes
of sources are being sampled. The best and easiest approach

is to write or obtain a computer program based on the rigorous
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equations given initially. Such a program can calculate
impactor stage cut points, compute concentrations of par-
ticles in each size range, determine the precipitator effi-

ciency, and plot graphs.

A sophisticated computer data reduction program is avail-
able from the EPA and also less powerful programs are avail-
able for the Hewlett Packard HP-65 and HP-25 programmable
calculators.5’?®

C.8.3 Cumulative Particle Size Distributions

Impactor data may be presented on a cumulative basis
by summing the mass on all the collection stages and back
up filter, and plotting the fraction of the mass below a
given size versus size. This is frequently done on special
log-probability pacer. Semi-log paper may be preferable
for distributions that are not log-normal.

Cumulative distributions are very easy to understand
and present the data with clarity. For this reason, they
should be presented as part of each particle sizing report.
Cumulative distributions do have a couple of disadvantages
when ccmpared to differential distributions. An error in
stage wéight will be propagated throughout a cumulative
analysis, but will be isolated by the differential approach.
Also the differential method does not involve the use of
total mass concentration or total size distribution from dia-
meters of zero to inifinity, and so is useful in comparing
instruments with overlapping but different size fractiona-
tion ranges and different stage cut points while cumulative

analysis is not.

When cumulative plots are used, the abscissa is normally
the logarithm of the particle diameter and the ordinate is
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the weight percent smaller than this size. The value of

the ordinate at a given (Dao)k would be

k-1

z AM.,
!

1=0

Weight percent smaller than (Dag)k = ey 100%, (C11)

where i

1}

1‘

i

This
the final

sponds to

K

2 : AM.
1

i=0

o corresponds to the filter,
k corresponds to the stage under study, and
K corresponds to the coarsest jet or cyclone.

equation requires that the stages be counted from
filter up. There 1is no (Dsg)o, as the "o" corre-

the filter. (DSG)l is the cut point of the last

stages, which collects mass, AMl.

C.B8.4 Differential Size Distributions

Differential particle size distributions are used to

plot the relative concentration versus particle diameter.

The area under the fregquency curve, between two designated

diameters,

is equal to the mass of particles in that size

range. Differential curves may be obtained directly from

the reduced impactor data, or by differentiation of curves

fitted to

the cumulative particle size distrihutions.

Many cascade impactors are designed so that the relation-

ship between successive stage Ds,'s is logarithmic. For

this reason, and to minimize graphical scaling problems,

the differential particle size distributoins are plotted

on log-log or semi-log paper with AM/A(logD) as the ordi-~

nate and geometric mean of A(logD) as the abscissa. The
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9 "

mass on stage "n" is designated by M and is, in approxi

mation, the particulate mass with diameters between (Dsa)n

and (Dso)n+l. The A (logD) associated with AMn is 1og(Dso)n+1
log(Dso)n. Using these approximations, the derivative term

{ordinate) associated with stage "n" is:

AM " L]

n Mass on Stage "n'
AM/A (logD) = = ,
/8 (1og ln ’ A"].OgDso)‘n 10g(Dso) 4y - lOg(Ds:)n
(C1l2)
and the abscissa, Dgeo’ is
%
[(Dso)n_H_ X (Dso)n] . (C13)

Usually, smooth curves are fitted through these computed
points for convenience in averaging the data and calculating
the precipitator efficiency. As many tests as possible should
be obtained for each precipitator operating conditions and.
the results averaged after outliers have been identified

and discarded.

The fractional penetration of the precipitator is deter-
mined by dividing the magnitude of the outlet AM/A(logD) plot
by the magnitude of the inlet at several corresponding values
of Dgeo' The efficiency is equal to the penetration subtracted
from unity, multiplied by 100%. Both the efficiencv and pene-
tration can be conveniently plotted on a single log-probabilitv

graph.

C.8.5 Confidence Limits of Reduced Data

After data from the individual cascade impacter runs have

been reduced, then averages for these inlet and outlet tests
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can be calculated. Generally the data are presented as

1) Cumulative Mass Versus Particle Size, 2} Cumulative

Per Cent Mass Versus Particle Size, and 3) AM/A(logD) Ver-
sus Geometric Mean Particle Size. To calculate the Upper

and Lower 90% Confidence Limits for the data, the follow-

ing eguations are used:

UCLsg = Average + L9090 o Average + C.I. g 14y
VN
= tosl _ 1
LCLso = Average - = Average - C.I.sg {(C1l5)
VN
where
Average = The average of the N values for aM/AlogD or

AN/AlogD at a particular particle size.
tee = The Student's t distribution for 90% confidence
limits with N sets of data.
0 = The Standard Deviation of the N sets of data.
N = The number of data values in the average.

The average cumulative mass and cumulative per cent
graphs are obtained from AM/AlogD data by piecewise inte-
gration, after discarding outliers. The confidence interval
of the cumulative graph, at a particular size, is equal to
the square root of the sum of the squares of the confidence
intervals of each size increment of the differential graph
less than or equal teo that size.

Clearly, the average values are more reliable and the
confidence limits are small when the number of data points

is large.
A determination of precipitator fractional penetration

is made by taking the ratio of the average AM/AlogD outlet

values to the average AM/AlogD inlet values at a series of
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particle sizes. The confidence limits of the calculated

penetration are given by:

{clg)

UCLso = Average Penetration + CIPss; = P + CIPy, (Cl6)
and

LCLs¢ = Average Penetration - CIPyy = P - CIPgy, (Cl7)
where:

(c.1 Outlet)’ | P?(C.I Inlet)?|
CIP;O - « Lo 90y e 4 »+s 90 » e
(Inlet Average)? (Inlet Average)?
and
p = Outlet Average

Inlet Average

C.8.6 CASCADE IMPACTOR DATA REDUCTION--SAMPLE CALCULATION

This section contains a detailed description of the
calculations that are required to derive particle size dis-
tributions and a precipitator fractional efficiency curve
from raw impactor data. The specific example given is for
a single hypothetical test performed with an Andersen impac-
tor. The calculation procedures outlined here can be used
with any impactor, however. Normally the results of all
tests made under the same process and precipitator operating
conditions are grouped and averaged, and confidence limits

calculated as described in Section C.8.5.

This discussion is based on Table C3 which was generated

by a computer program. All of the calculations, however,
can be done on programmable calculators. In the example
shown, the data is reduced using a particle density of 1.35
gm/cma; thus the diameters reported are Stokes diameters.
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62¢

Hypothetical Andersen

Impactor Flowrate = 0.500 ACFM
Impactor Pressure Drop = 1.5 In. of Hg
Assumed Particle Density = 1.35 gm/cu.

Gas Composition (Percent)

cm.

TABLE C3

SAMPLE CAILULATION - INPUT DATA AND RESULTS

CO2 = 0.95

Cale. Mass Loading = 8.0711E =03 gr/acfl

Impactor Stage

Stage Index Number

D50 (Micrometers) 1
Mass (Milligrams)

MG/DSCM/STAGE

Cum. Percent Of Mass Smaller Than D50
Cum, (MG/ACM) Smaller Than D50

Cum. (GR/ACF) Smaller Than DR0

Cum. (GR/DSCF) Smaller Than D50

Geo. Mean Dia. (Micrometers)

DM/DLOGD {MG,/DSCM)

DN/DLOGD {NO. PARTICLES/DSCM)

51

1

0.74
0.72
4.71E+00
86.24
1.59E4+01
6.96E-03
1,29E-02
3.28E+01
4.86E+00
1..95E+05

Impactor Tempetature =
Stack Temperature = 40
Stack Pressure = 26.50

Cco = 0.00

400.0 F =

204.4 C

0.0 F = 204.4 C

In. of lig

N2

1.4948E ~02 gr/dscE

52

?
9.95
0.50
2.62T+00
78.99
1.45E+01
6.34E-03
1.17E-02
1.03E+01
7.94E+01L
1.02E+08

Normal or standard conditions are 21°C and 760 mm Hg

53

3
6.36
0.53
3.47E+0D
68.46
1.26E+01
5.53E-03
1.02E-02
7.96E+00
1.798+01
5.01E+Q7

54

4
4.19
0.09
5.89E-01
66.74
1.23F+01
5.39E-03
9.98E-03
5.17E+00
3.25E+00
3.33E+07

= 76.53

.B470E+01

55

I

2.22

0.38

2,49E+00
59.47

T.10E4D1

4.80E-03

8.89E-03

3.05E+00

8.99E+00
4.48E+08

Max.

Q2

mg/acm
56

[
1.29
1.43
9.35E+00
32.13
5.93E+00
2.59E-03
4,.80E-03
1.69E+00
J.99E+01
1.16E+10

Sampling Duration =

Particle Diameter =

20.53

HZ0 =

20.00 Min

100.0 Micrometers

1.00

3.4207E+01 mg/dscm

57

7
0.69

1.25

8.18E+00Q
8.23

1.52E+00
6.64E-04
1.23E-03
9.43E-01
2.98E+01
5.03E+10

58

8

0.33
0.04
2.62E+0Q1
.46
.3BE+Q0
.02E-04
.12E-03
. T4E-01
8.09E-01
1.08E+10

o= o~ ~d

FILTER

9

0.29
2.55E+00

2.31E-01
8.47E+00
9.74E+11



For aerodynamic, or aevodynamic impaction diameters, p
or p and Cp, are set to unity, respectively. (p 1s particle

density and C is the slip correction factor.)

Information obtained from the data log sheets for each
test is printed at the top of Table C3. The maximum particle
diameter is measured by examining the particles collected
on the first stage (or first cyclone) with an optical micro-
scope. Gas analysis samples are taken at the same time the
impactor is run. The mass loading is calculated from the
total mass of the particles collected by the impactor, and
listed in four different systems of units after the heading
CALC. MASS LOADING. The symbols are defined as:

GR/ACF - grains per actual cubic foot of gas at stack con-
ditions of temperature, pressure, and water content.

GR/DSCF - grains per dry standard cubic foot of gas at en-
gineering standard conditions of the gas. Engineer-
ing standard conditions are defined as 0% water
content, 76°F, and 29.92 inches of Hg.

MG/ACM - milligrams per actual cubic meter of gas at stack
conditions of temperature, pressure, and water
content.

MG/DSCM - milligrams per dry standard cubic meter of gas at
engineering standard conditions of the gas. En-
gineering standard conditions are defined as 0% water
content, 21°C and 760 mm of Hg (Torr).

The conditions at which the impactor was run to determine

stage Ds¢ cut points. These are calculated by iterative solu-

tion of the following equations:
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X

i i
Dso. = iC1l9)
1 Dp Q Po Ci
2 A, Dsoj B
C; =1+ b [1.23 + 0.41 EXP(-0.44— x 10 “>]
Dso; X 0 * i
(C20)
where D5°i = stage (1) cut point fcm},
U = gas viscosity (poise),
Dc = stage jet diameter (cm),
i
Ps = local pressure at stage jet (mm Hg),
i
pp = particle density (gm/cm®),
Q = impactor flow rate (cm?®/sec),
P, = ambient pressure at impactor inlet {(mm Hg),
C.l = Slip Correction Factor,
xi = gas mean free path (cm),
xi = number of holes per stage (i), and
VYso . = Stokes number of stage (1i).

To find the pressure Ps at each impactor stage, the
i

following equation is used:

Py = P - (F,)(DP), (C21)

where Py is the ambient pressure at the impactor inlet,
F. is the fraction of the total impactor pressure drop

at each stage, and
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DP is the total pressure drop across the impactor.
The total pressure drop DP across the impac-
tor is given by the following equation.

DP = K Q% o MM, (C22)

Empirically determined constant for each impac-

where K
tor,
Q = Flow rate through impactor (cm’/sec),
= Gas density (gm/cm’), and
MM = Mean Molecular Weight of gas (gm/gm-mole).

To calculate the gas mean free path, Ai' for each im-
pactor stage, the following equation is used:

5 8.31 x 107 T,
A = 2 X T (C23)
1.013 x 10° P_
i
where p 1s the gas viscosity (poise),

Ps 1s the pressure at each impactor stage (atm).
i

Tg is the gas temperature at the impactor
stage (°K), and

MM is the average flue gas molecular weight.

To find the viscosity of the flue gas, u, the viscosity
of the pure gas components of the flue gas must first be
found. Viscosity is a function of temperature, and the tem-
perature difference in different flue gases can be qguite
significant. The following equations (derived from curves
fitted to viscosity data from the Handbook of Chemistry and
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Phyvsics, Chemical Rubber Company Publisher, 54 Edition,
1973-1974, pp. F52-55), are used to find the viscosities

of CO

Hi =
Hz =
H3 =
Has =
Hs

1]

where

through us

Z(Ul)r

138.494
165.763
167.086
190.187

87.800

+ + + + +

T is the
The units of u

are

mixture of any

CO(pz), N2(us), Oz(ps) and H.O(us).

.499T ~ 0.267 x 10 *T* + 0.972 x 10 'T®
L4427 - 0,213 x 10 °T1?

.417T + 0.417 - 0.139 x 10 °T? ‘
.558T - 0.336 x 10 °T? + 0.139 x 10 °T?
0.374T + 0.238 x 10 *T?

o O O O

temperature of the flue gas in degrees Celsius.

are 107 °

g/cm-sec. Next, these values of u.
used in a general viscosity equation for a

number of components (See "A Viscosity Egqua-

tion for Gas Mixtures" by C. R. Wilke, Journal of Chemical

Physics, Volume 8, Number 4, April 1950, page 517) used to

find the viscosity of the flue gas:

where

and M

n
U
- 1
W= Z 1 i=n
1=1 . .
1l + o— X ...
[ fo2 ”}
J=1

i#1

¢ij is given by the equation:

©
u

2

[1 + (ui/uj)*imj/mi)ﬂ

. ’ (C25)
1] _ 5
(4/V7) [1 + (Mi/Mj)]

molecular weight of a component in the mixture,

mole fraction of a component in the mixutre,
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u = viscosity, gm/cm-sec; p;, u2, etc. refer to the
pure compcnents at the temperature and pressure of
the mixture, Y is the viscosity of the mixture, and

¢ = dimensionless constant defined above.

Below these data the information pertinent to each stage
is summarized in columnar form in order to decreasing particle
size from left to right. Thus 81 is the first stage, S8§
is the last stage, and FILTER is the back-up filter. If
a cyclone was used, then to the left of S1 a column labelled
CYC would appear and information relevant to the cyclone
would be listed in this column. Beneath each impactor stage
number is listed the corresponding stage index numbers, which
also serve as identification for the stages. Directly beneath
these listings is the stage cut point calculated from Equations
Cl9 and C20 for the actual test conditions, It is labelled
Ds, and is given in micrometer units. The stage weights
are likewise listed for the respective stages, labelled MASS

and are in milligram units.

The mass loadings per unit volume of gas sampled indicated
by the stage weights are labelled MG/DSCM/STAGE and are written

in milligrams per dry standard cubic meter. The /STAGE indicates

that it is not a cumulative. It is calculated for a particu-

lar stage j by the formula

MASSj
- SAMPLING DURATION (minutes)

MG/DSCM/STAGE‘.:.l =

35.31 cubic feet/cubic meter Absolute Stack Temperature

FLOWRATE (ACFM) X Absolute Standard Temperatu

Absolute Standard Pressure % 1
Absolute Stack Pressure (1 - Fraction of H:0)

(C26)

X
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where absolute means the temperature and pressure are in
absclute units~degrees Rankin or degrees Kelvin for tempera-
ture, and atmosphere, inches or millimeters of mercury for

pressure. For 51,

12 mg . 35.31 cubic feet/cubic meter

MG/DSCM/STAGE, =

20 min 0.500 ACFM
(400 + 460)°R _ 29.92 in. Hg 1 )
X “70 + 460)°r * 26.50 in. Bg * (1.0 = 0,01y =~ %-71 mg/DSCM

The subscripts indicate stage index numbers.

The percent of the mass of particles with diameters
smaller than the corresponding Ds, is called the CUMULATIVE
PERCENT OF MASS SMALLER THAN Ds;gy. It is the cumulative mass
at stage j divided by the total mass collected on all the

stages, and converted to a percentage:

9

MASS,
1

- i:3+l,
J Total Mass

CUM & x 100 ‘ (C27)

For example, for S6, the cumulative percent is given by

MASS; + MASSs + MASSs

Total Mass x 100

CUM 3¢ =

- 1.25 mg + 0.04 mg + 0.39 mg

5.24 mg x 100 = 32.06%

For S8, the mass of the particulate collected on the filter

is used,

MASSs
Total Mass

CUM %s x 100 (C28)

- 0.39 mg

= 524 mg X 00

7.44%
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Note that the apparent error in the least significant figures
of the calculated percentages is due to using masses from

the computer printout which have been rounded off to two
decimal places before printing.

The cumulative mass loading of particles smaller in
diameter than the corresponding Dsg in milligrams per actual
cubic meter (CUM. (MG/ACM) SMALLER THAN bbﬁ) for a particu-
lar stage j is given by the formula

g
:E: MASS
i:;j+1
sampling duration (min)

CUM.(MG/ACM)j =

35.31 cubic feet/cubic meter .
FLOWRATE (ACFM)

{C29)

From the information at the top of the computer print-out
sheet, the flow rate is 0.500 actual cubic feet per minute
{ACFM) and the sampling duration is 20.00 minutes. There-
fore, for 54,

MASSs + MASSg + MASS; + MASSg + MASSe
CUM. (MG/ACM). = : G20 minu;es :

35.31 cubic feet/ cubic meter

X 0.500 ACFM = 12.3 mg/ACM

For S8, the mass of the particulate collected on the filter
is again used,

- MASS, 35.31 cubic feet/cubic meter
CUM. (MG/ACM)s = 35 nminnces X 0.500 ACFM

_0.39 mg' < 35.31 cubic feet/cubic meter

- 20 minutes 0.500 ACFM

1.38 mg/ACM
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The cumulative’mass loading of particles smaller in
diameter than the corresponding Dse in grains per actual
cubic foot (CUM. (GR/ACF} SMALLER THAN Dsg) for a particu-
lar stage j is given by the formula

CUM.(MG/ACM)j

2.288 grams/cubic meter
grains/cubic foot

CUM. (GR/ACF)

1000 mg/gram
(C30)

For S7,

1.52 mg/ACM
2.288 grams/cubic meter
grains/cubic foot

CUM. (GR/ACF) ;=

1000 mg/gram

= 6.64 x 10 " grains/ACF

The cumulative mass loading of particles smaller in
diameter than the corresponding Ds¢ in grains per dry stan-
dard cubic foot (CUM. (GR/DSCF) SMALLER THAN Dsgy) is calcu-~
lated to show what the above cumulative would be for one
cubic foot of dry gas at 70°F and at a pressure of 29.92

inches of mercury. For a particular stage j,

CUM.(GR/DSCF)j = CUM.(GR/ACF)j

Absolute Stack Temperature Absolute Standard Pressure
Absolute Standard Temperature Absolute Stack Pressure
)
X (C31)

(I-Fraction of H,0)
where absolute means the temperature and pressure are in
absolute units-degrees Rankin or degrees Kelvin for tempera-
ture, and atmospheres, inches or millimeters of mercury for

pressure. For S1,
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CUM. (GR/DSCF), = 6.96 x 10 ° gr/ACF

(400 + 460)°R x 29.92 in. Hg X )
(70 + 460)°R 26.50 in. Hg (1.00-0.01)

= 1.29 x 10 ¢

gr /DSCF

The particle size distribution may be presented on a

differential basis which 1is the slope of the cumulative curve,.
Differential size distributions may be derived two ways:

1. Curves may be fitted to the graphs of cumulative
mass vs. particle size, and then the differential curves
(slope) of each test would be calculated by taking finite
differences along the ordinate and abscissa of the fitted

curve.

2. The finite differences may be taken equal to the
differences in Ds;'s from stage to stage (abscissa) and the
particulate mass on each stage {ordinate). This technique
was used to calculate the differential size distribution
data in Table C3, and is described in detail in the follow-
ing paragraphs.

If we define the terms:

AMj = MG/DSCM/STAGEj and

(AlogD)j = 1oglo(Dsoj_1) - 10910(D50j), then
. AM i _ MG/DSCM/STAGE’ c32)
AlOQD 10910 (DSOj_.l) - loglg(Dsuj)

Because the computer printer does not contalin Greek letters,
the computer print-out sheet reads DM/DLOGD instead of
AM/ALOGD. For S6,
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_AM_ )y 9.35 mg/DSCM _ .
(ALOGD )5 logip{2.22) - log,¢(1.29) 39.7 mg/DSCM

Note that AM/ALOGD has the dimensions of the numerator since

the dencminator is dimensionless. In the calculation for S1.
a maximum particle diameter is used. For this example, MAX.

PARTICLE DIAMETER = 100.0 micrometers. '

AM

- 4. _
(ALO(;"]S")1 B Tog:c (100 = 4.86 mg/DSCM

71 mg/DSCM
) - 1091 ) (10.74)

For the filter stage, the Dss is arbitrarily chosen to
be one-half of the Dsq for stage eight (S8). For this example,
it is chosen to be 0.33 micrometers/2 = 0.165 micrometers.

Thus,

MM _ 2.55 mg/DSCM B
(ALOGD)Q = 109,5(0.33) - 1og,,(0.165) - 8-47 mg/DSCM

The gecmetric mean diameter in micrometers (GEO. MEAN
DIA. (MICROMETERS)) for a particular stage j is given by

the formula

GEO. MEAN DIA.. = I/DSQ . X Dsyg (C33)

j J j-1

For S8, ﬁﬁ

v0.33 x 0.69 micrometers

GEO. MEAN DIA.;
0.477 micrometers

As in the ALOGD calculation, we again use the maximum particle
diameter for the stage one calculation and one-half the D;,

for stage eight for the filter stage calculation.

239



For 51,

GEO. MEAN DIA.,; v10.74 x 100.0 micrometers

32.8 micrometers

For the filter,

GEO. MEAN DIA.s v0.165 x 0.33 micrometers

1]

0.23 micrometers

A differential number distribution (for comparison with
ultrafine data) can also be derived. Since AMj = MG/DSCM/STAGEj
is the mass per unit volume for stage 1 then we can define
ANj as ANj = NUMBER OF PARTICLES/DSCM/STAGEj or the number
of particles per uqit volume for stage j. Now AMj and ANj
are related by the equation Mj = Nj X mp, where mp is the
average mass of the particles collected on one stage. Di-

viding both sides of the equation by mp X ALOGD vields

{
\AM/:lLOGD)j =( ALégD ) 34
p ]
Now mp = QPVP where D is the assumed particle density and

Vp is the average volume of one particle on one stage. To

obtain mp in milligram units when ¢o_ is in grams, per cubic

P o

centimeter and Vp is in cubic micrometers, certaln conversion
factors must be used. The complete formula, using the correct
conversion factors and the expression (4/3) (n) (D/2)’ for

Vp where d is the geometric mean diameter in micrometers, is:
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2
1

o (107 mg W ar)fay 10 '% em?
P Py 1 gm 3/\2 1 cubic micrometer

(5.23599 x lO—lo)dea.

Therefore,

AN i (AM/ALOGD)i
ALOGD -

k!

5.23599 x lO_loppd'

where QM/ALOGD is in units of mg/DSCM, pp is in gm/cm?,
d is in microns, and AN/ALOGD is in number of particles/
DSCM. For 853,

( AN ) ) 17.9 mg/DSCM
ALOGD  Js (5 23599 x 107'°) x (1.35 gm/cc) x (7.96 microns)’

5.02 x 107 particles/DSCM.

For the filter stage

BLOGD /s (523599 x 107'°) x (1.35 gm/cc) x (0.231 microns)

3

( AN ) 8.47 mg/DSCM

= 9.72 x 10'! particles/DSCM

The test data are usually classified according to sampling lo-
cation (outlet of inlet), sampling time (day, week, etc.)

and combustion chamber or pollution control device conditions
(high or low sulfur coal for coal plants, normal or below
normal fuel consumption, normal or below normal current density
for electrostatic precipitators, etc.). When classified,

all of the data taken in a single classification are usually

averaged and plotted on appropriate graph paper.
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Curves are drawn through the discrete points. At selec-
ted particle sizes values of AM/Alogd and AN/Alogd are chosen

from these curves for averaging.

Figure C5 shows a typical average AM/Alogd outlet par-
ticle size distribution curve, from Andersen impactor data,

and Figure C6 shows the same data presented as AN/Alogd.

Figure C7 shows similar data for a hypothetical inlet
test when a Brink impactor was used. The size distributions
of Figures C5 or C7 were used to calculate the penetration/
efficiency curvé of Figure C8. Confidence limits were cal-

culated for the average data as described in Section C.8.

A computer program has been written which does all of
the calculations necessary to generate plotted graphs of
the particle size distributions and fractional efficiency
curves from the raw field data. Table C4 shows a flow dia-
gram for this program. Ccpies of the report describing this

computer program will soon be available from the EPA or NTIS.
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AM/ALOG D, mg/DSCM

102 7 ‘
101 _— po—
10-1}— —
ERAOR BARS INDICATE 90% CONFIDENCE INTERVAL
10—2 l
10-1 10 0 101 102

GEOMETRIC MEAN DIAMETER, micrometers
3630-094

Fiqure €5. Hypothetical particle size distribution at an ESP outfet
determined from Andersen fmpactor data.
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Figure C6. Hypothetical particle size distribution at an £SP outlet
determined from Andersen impactor data.
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AM/ALOG D, mg/DSCM
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Figure C7. Hypothetical particle size distribution at an ESP infet
determined from Brink impactor data.
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% PENETRATION

L1813 ERROR BARS INDICATE 90% CONFIDENCE INTERVAL

0.01 99.99
| [ 1 11 l [T 1
0.1 — 99,9
0.2}— % .23 —Jo0a
1 % § % % —{99
2l— % % —osg
5l— —95
10— — 20
204 -~ 80
40— —160
60 b wned 40
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s | I I S O R B A O
0.1 0.2 0.4 06 0.81.0 2. 4, 6. 8.10.0 20. 40. 60, 80.100.
GEOMETRIC MEAN DIAMETER, micrometers
3630.096

Figure C8. Hvpathetical ESP fractional efficiency curve based on
the data presented in Figures C5 and C7.
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TABLE C4

PROGRAM FLOW

For all inlet data:

I. Impactor Program (MPPROG)

Takes testing conditions, stage weights, and impactor constants
to preoduce stage D:o's, cumulative and cumulative % mass
concentrations < Ds¢, geometric mean diameters, and mass

and number size distributions.

IT. Fitting Program (SPLINI1)

Uses modified spline technique tc fit cumulative mass loading
points for each plot. Stores fitting coefficients and boundary
points on file.

ITI. Graphing Program (GRAPH)

Produces individual run graphs with points based on stage
weights and impactor Dsc's. Also superimposes plot based

on fitted data, if desired. Graphs include cum. mass load-
ing, cum. % mass loading, and mass and number size distribu-
tions.

IV. Statistical Program (STATIS)

Recalls cum. mass loading fitting coefficients to produce
avg. cum. mass loading, avg. % cum. mass loading, avg. mass
size distribution, and avg. number size distribution plots
each with 90% confidence bars.

Repeat programs I-IV for outlet data.

V. Efficiency Program (PENTRA)

Recalls avg. mass size distribution values along with 90%
confidence limits for inlet and outlet to plot percent pene-
tration and efficiency with 90% confidence bars.
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APENDIX D

SIZE DISTRIBUTIONS OF SUBMICRON AEROSOL PARTICLES

If it is desirable to measure the precipitator collection
efficiency for ultrafine particles, measurements of the particle
size distribution must be made at the inlet and outlet. This
appendix describes procedures for making measurements of the

particle size and concentration from 0.0l to 2 um diameter,

D.1l SYSTEM FOR EXTRACTIVE SAMPLING

When possible, in-stack sampling is preferred because it
eliminates many condensation and sample loss problems which
occur when probes are used for extractive sampling. Unfortu-
nately, existing submicron sizing techniques and instrumenta-
tion are designed for a laboratory environment and cannot be
used in-stack.

Particulate concentrations are usually extremsely high in
industrial flues and vary by orders of magnitude from one in-
dustrial process to another and from the inlet side of a control
device to the outlet of the same device. Temperature, pressure.
moisture content, and the physical properties of the particulate
also vary widely from one industrial process to another. Be-
cause of this complexity and the limited useful concentration
range for particle sizing techniques, extensive sample dilution
and conditioning is required to obtain information on submicron

particles 1in an industrial gas stream.

D.1.1 Line lLosses

When extracting the sample, attention should be given to
line losses which can be a problem for particles smaller than
0.01 ym or greater than 1.5-2.0 pym diameter. Since the ohjec-

tive is to measure the concentration of ultrafine particles,
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there is little interest in measuring particles larger than

about 2.0 ym. Thus losses due to impaction and settling are

not significant, and isokinetic sampling is unnecessary. Dif-
fusional and electrostatic line losses are of concern, however.
For example, at a sampling rate of 1 ¢pm, a sample line will
remove 0.005 pym particles by diffusion at a rate of about 8%

of the instantaneous concentration for every foot of sample

line, independent of the radius of the sample line. This pro-
blem can never be eliminated for the case of out-of-stack sampling,
but it can be minimized by (1) using short probes and as high

a flow rate as is practical, or (2) by using high, nonturbulent,
flow rates through a probe and connecting lines to a conditioning-
dilution system in which a sample is split off at the required
rate; This second technigque allows one to use long probes and
change sampling points without disconnecting and reconnecting

all sampling lines. Diffusional line losses for non-turbulent
flow can be estimated from the equations for diffusion to the
walls in a circular geometry (Figure Dl). A similar discussion

of diffusional line losses has been given by Ensor and Jackson.'

D.1.2 Condensation of Gases

Ancother problem of concerh is condensation. Elements which
are at a gaseous state at stack temperature (503/H;SO, in parti-
cular) can drop below their dew point and form high concentra-
tions of very small particles resulting in anomalously high
readings. In the case of S0; in the presence of H;O0, a sulfuric
acid fume can be formed if temperatures fall below the acid
dew point (température, pressure, and concentration sensitive).
Once this fume has been formed, very high temperatures are re-
quired to re-evaporate the droplets. For this reason tempera-
tures above the dew point must be maintained throughout the
system until the gaseous S0; /H,S0, can be removed or diluted.
Two technigques appear to be useful for doing this: (1) dif-
fusion to an abscrber reagent and (2) dilution of the S0;/H,S0.
while hot, to levels at which the mist will not be formed.?

The main problem with the second technique, however, is that
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Figure D1. Probe losses due to settling and diffusion for spherical particles
having a density of 2.5 gm Jem3 under conditions of laminar flow.
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a further dilution is required to bring the aerosol to a
temperature within the operating range of the instrument.

As a result, the minimum total dilution, which is the product
of hot stage and cold stage dilutions, may be excessive for
low particulate concentration levels such as those found

at the outlet of some gas cleaning devices. Hence the con-
centration of ultrafine particles even at the minimum dilu-
tion may be below the minimum detection level of the sizing

instrument.

At low levels of S0j;, such as those at power plants hurning
low sulfur coal,; copper has been found to be a successful
S03;/H;80, absorber reagent through the formation of CuS50,.

This reagent has the particular advantage that the reaction
product is water soluble, and the absorber can easily be re-
juvenated. Activated charcocal is also a very effective absorber

of SOX, even at relative high concentrations.

A special effort must be made to detect any particles
generating interferences and to eliminate these if possible
by conditioning the extracted sample. Condensation may be
observed by periodically checking the linearity of the dilution
system. When the dilution system is adjusted to produce a
many~-fold change in dilution, the indicated concentration
should reflect an equal change in measured concentration.

Figure D2 shows a diffusional absorber/dryer for the re-
moval of water vapor from the sample stream. Figure D3 shows
a sample extraction system which includes diffusional absorbers

for high temperature use.

D.1.3 Temperatures

Consideration must also be given to reducing the gas tem-
perature to a level at which the instruments were designed to

operate. This is normally done by using a large volume of cool,
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Figure D2. Diffusional adsorption apparatus for removal of H20 from

sample aerosol.
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dry dilution air but in some cases can be done by simply pulling
the sample through an ice bath condenser. It should be remem-
bered, however, that unless condensible gases have previously
been removed, it is possible to form a condensation fume

when using a simple condenser.

D.1.4 Electrostatic Losses

Electrostatic line losses can also be a problem. Due to
charges present on the particles, large static electric fields
can be established which result in particle deposition and non-
representative sampling. Line losses may be more severe if
the aeroscl particles are charged. Electric fislds may exist
which result in particle deposition and nonrepresentative sam-
pling. This problem is most severe if the sample lines are
made of insulating materials. Particle losses may also be a
problem in the diffusion batteries where the theory assumes
that the particles are electrically neutral and no considera-
tion is given to unknown electrical forces. Also, it is assumed
in the application of the electrical aerosol analyzer that the
sample aerosol particles initially bear no charge. Precharged
particles could acquire charges different from those of cali-
bration, causing them to exhibit different mobility vs size
characteristics. It is desirable to neutralize the particle
charge prior to entering the probe nozzle, and charge neutrali-
zation to Boltzmann Equilibrium can be accomplished by exposure
to an ion field created by radiocactive materials, however, no
suitable radicactive source has been developed for in-stack appli-
cations. The approach generally taken has been to use radioac-
tive materials such as Py;2!? in the diluter to neutralize the
particulate after it has been cooled and before it goes to the
sizing instruments. The extent of electrostatic interferences,

however, has not been well quantified.
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D.1..5 Humidity

High humidities can alter the charging characteristics
of electrical mobility analyzers and can cause water to con-
dense on particles and change their size (similar to the
controlled process occurring in a condensation nuclei counter).
Humidity problems can be eliminated by the use of (1) dry
dilution air or (2) diffusional dryers.

D.l.6 Dilution

In-stack concentrations generally exceed instrument
concentration limits and must be reduced to levels at which
the instrument functions properly. Large changes in the
aerosol size distribution due to coagulation are also of
concern, particularly in a diffusional configuration in-
volving long residence times, since the loss rate due to
coagulation for a given size particle rises rapidly with

increasing concentration.

Most of the dilution systems used to date involve the
measurement of two different flow rates. Several methods are
available for doing this: {1) Rotameters., (2) Orifices, {(3) Ven-
turis, and (4) Mass Flowmeters. Spink3 has summarized the use
of the first three and Parry' has described the use of several
mass flowmeters in an automated system. Rotameters are con-
venient for measuring cool dilution air flow rates but could
cause sample losses when measuring sample gas flows. They are
also sensitive to temperature, pressure, and gas composition.
Flowmetering orifices are useful for measuring flow rates of
hot gases but significant sample losses can occur for particles
larger than about 2 um. Orifices also require, as do venturis,
that pressure drops, etc. be monitored in order to calculate
the flow rate. Venturis have the advantage that less turbu-

lence occurs in the meter and hence size dependent losses



should be much less than those for orifices. Venturis have
the disadvantage that the pressure tap must be taken at the
Vena Centracta making them difficult to construct for low

flow rates. Mass flowmeters are ideal but may require line

restrictions in order to throttle the flow rate.

D.1.7 Sample Extraction-Dilution Systems (SEDS)

Figure D3 is a block diagram of a sample extraction-dilu-
tion system (SEDS) developed by Southern Research Institute
under EPA Contract No. 68-02-2114., 1In this system a 233 cm?/
sec sample flow is removed from the process exhaust stream and
is pulled through a rigid probe, a flexible connector hose,
and a cyclone, into a "T" where the flow splits. The excess
flow is dumped and the desired sample flow goes into
the diluter via a calibrated orifice and an optional bank of
sulfur oxide absorbers. The cyclone, orifice, and sulfur oxide
absorber bank are housed in a heated box so that all components
of the system except the diluter can be maintained at the stack
temperature (up to 200°C) to prevent ccondensaticn. Pressure
taps for the cyclone and the orifice allow continuous monitoring
of the cyclone flow rate and the orifice flow rate by reading

the pressure drop across the respective component.

Currently, charge neutralization is done in the cone of
the diluter by two 500 pC Polonium-210 strips, mounted as shown.
The sample gas enters the dilution chamber at the apex of a
perforated cone into which clean, dry air is pumped through
the perforations, creating a highly turbulent mixing zone.
Calibration data for the diluter, Figure D4, is shown in
Figures D5 and D6. At a downstream point, after adequate mixing
has occurred, the diluted sample is extracted and conveyed to
the sizing instrument. This diluted sample passes through a
diffusional dryer where any remaining moisture is removed.
The major drying action is accomplished by using dilution air
which has been passed through an ice bath condenser.
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Figure D5. Calculated dilution versus true dilution for the Southern
Research Institute Ultrafine Particle Diluter, 0.092 um
particles.
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Just prior to entering the sizing instrument, the sample
passes through a plenum to damp out short term concentration
changes. The exhaust from each instrument is returned to the
diluter to reduce pressure drops across the sizing devices.

If further drying of this recycled gas is necessary, absorption

driers are placed in the instrument exhaust lines.

Changing the sample air flow and the dilution air flow
allows one to change the dilution ratio. Sample air and di-
lution air flowrates are controlled by twe bleed valves on the
dilution air pump, one upstream of the pump (#1) and one down-
stream (#2). Manipulation of these valves changes the internal
pressure of the diluter which, in turn, sets the sampling rate.
As the pressure in the diluter is reduced, the sample flow rate
i1s increased. In practice, the operation of these valves
changes the dilution air flow only about 10% for a many-fold
change in sample flow.

McCain® has reported some problems with an earlier pro-
totype conditioning system; growth of particles when high con-
centrations of S50; are present, pluggage of orifices, single
point sampling limitations, and diffusional losses in sampling
lines. The configquration described above allows the use of
optional SOx absorber chambers, rapid replacement for plugged
orifices, quick positive determination of partial pluggage,
full traverse sampling capability, and decreased sample line
losses. The hot box configuration also increases the total
time available for data acquisition by decreasing the time
needed to change orifices or dilution ratios (2 minutes compared

to about 30 minutes).
Different sampling and dilution systems have been developed

and reported by Ensor and Jackson,! Bradway and Cass,® and Schmidt

er al.’
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It is clear that the most difficult problem in making size
distribution measurements of submicron particles is extracting
a representative sample from the duct and conditioning it for

compatibility with the sizing instruments.

A variety of instruments are available to characterize
the conditioned sample, and these are described in the remainder.

of this appendix.

D.2 SUBMICRON PARTICLE SIZING TECHNIQUES BASED ON PARTICLE
DIFFUSIVITY

D.2.1 Diffusion Batteries

Fuchs® has reviewed diffusional sizing work up until 1956,

9rl10 11 12

while Sinclair, Breslin et al, Twomey, and Sansone
and Weyel!® have reported more recent work, both theoretical

and experimental.

Diffusion batteries may consist of a number of long, narrow,
parallel channels, a cluster of small bore tubes, or a series
of screens. Variations in the length and number of channels
(tubes, or screens) and in the aerosol flow rate are used as
means of measuring the number of particles in a selected size
range. As the aerosol moves in streamline flow through the
channels, the particles diffuse to the walls at a predictable
rate depending on the particle size and the diffusion batterv
geometry. It is assumed that every particle which reaches the
battery wall will adhere; therefore, only a fraction of the
influent particles will appear as the effluent of a battery.

It is only necessary to measure the total number concentration
of particles at the inlet and outlet to the diffusion battery
under a number of conditions in order to calculate the particle

size distribution.
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When the Stokes diameter is used to descrihe particle
size, the penetration of diffusion batteries is wvirtually
independent of physical properties of the individual aerosol

particles.

Parallel plate geometry - The parallel plate geometry is

convenient because of ease of fabrication and the availability
of suitable materials, and also because sedimentation can be
ignored if the slots are vertical, while additional informa-
tion can be gained through settling if the slots are horizon-
tal. See Figure D7. Disadvantages of the parallel plate dif-
fusion batteries are ({l1) the bulk of the diffusional batteries,
and (2) the long transport time required to measure a size
distribution.

The mathematical expression for the penetration of a
rectangular slot or parallel plate diffusicn hattery by a
monodisperse aeroscl was given in series form by Gormley and

1.

Kennedy. The ccefficients were calculated and tabulated

by Twomey'?® using a computer.

By varying the number of diffusion batteries in series
and the flow rate, it is pcssible to measure penetrations under
a variety of conditions. Using a set of diffusion batteries
such as those developed at Southern Research {(four-98 channel
diffusion batteries, and a 13 channel Aiffusion battery) and
measuring the penetration at three different flow rates, yields
fifteen data points from which the particle size distribution

(0.01-0.2 pym diameter) can be reconstructed.

When calculating the fraction (n/ny) of the aerosol which
penetrates a series of diffusion batteries, the transport time
through the diffusion batteries must be taken into account.
This transpeort time is about 3%-5 minutes for a 98 channel,
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parallel plate diffusion battery. Thus, with four of these
diffusion batteries in series, n, at a particular time, would
be related to ny, at a point 16-20 minutes earlier in time cn

a chart recording. Making a complete measurement of a particle
size distribution requires 2-4 hours and diffusional measure-
ments are most useful on stable scurces where the distribution
is constant in time when using parallel plate diffusion bat-
teries. The transport time is determined hy the open air velume
of the diffusion battery and flow rate. If the same geometry
constant can be obtained with smaller open air volumes, the
transport time can be reduced. This can be accomplished by
decreasing the plate spacing, but one very quickly approaches
problems with material flatness errors, or equipment surviva-
bility when such materials as precision ground graphite sheets
are used. These problems seem to have been eliminated with

the screen geometry, which is discussed below.

Screen geometry - Sinclair!® and Breslin et al'' report success

with more compact, tube-tyvpe and screen-type arrangements in

laboratory studies.

Although the screen-type diffusion battery must be cali-
brated empirically, it offers convenience in cleaning and ope-
ration, and compact size. Figure D8 shows Sinclair's geometry.
This battery is 21 cm long, approximately 4 cm in diameter,

and weighs 0.9 kg.

This system is commercially available from Thermosystems,
Inc., St. Paul, MN 55113 as the Model 3040 Diffusion Battery.
Because of the small internal volume of the battery, the time
necessary to obtain a test on one battery is reduced by about
a factor of ten as compared to the parallel plate batteries.
This diffusion battery system allows data to be collected on
process streams where the particle concentration is somewhat

unstable (v15 minutes per cycle).
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Stainless steel screens.
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A disadvantage of the small volume is the sensitivity

to surges in flow rate caused by the commercially available
CN counter.

D.2.2 Particle Concentration Indicators-Condensation Nuclei
Counters (CNC) '

Condensation nuclei counters function on the princiole
that particles act as nuclei for the condensation of water
or other condensable vapors in a supersaturated environ-
ment. This process is used to detect and count particles in
the 0.002 to 0.3 micron range (often referred to as condensa-
tion or Aitken nuclei). In cendensation nuclei detectors, a
sample is withdrawn from the gas stream, humidified, and brought
to a supersaturated condition by reducing the pressure. 1In

this supersaturated condition, condensation will be initiated
on all particles larger than a certdin critical size and will

continue as long as the sample is supersaturated. This con-
densation process forms a homogeneous aercsol, predominantly
composed of the condensed vapor containing one drop for each
original particle whose size was greater than the critical
size appropriate to the degree of supersaturation cbtained;

a greater degree of supersaturation is used to initiate growth
on smaller particles. The number of particles that are formed
is estimated from the light scattering properties cf the

final aerosol.

Because of the nature of this process, measurements of
very high concentrations can be in error as a result of a lack
of correspondence between particle concentration and scattering
or attenuation of light. Additional errors can result from
depletion of the vapor available for condensation. Certain
condensation nuclei measuring techniques can also obtain infor-
mation on the size distribution of the nuclei; that is, vari-

ations in the degree of supersaturation will provide size dis-
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crimination by changing the critical size for which condensation
will occur. However, MacLauren and Junge'’ have predicted that:
the critical size for initiating condensation is alsoc affected
by the volume fraction of water soluble material contained in
the original aerosol particle, so the critical size will be
uncertain unless the solubility of the a=rosol particles is
known. At very high degrees of supersaturation (about 400%),
solubility effects are only minor and essentially all particles
in the original aerosol with diameters larger than 0.002 um

will initiate the condensation process.

A continuous flow CN counter has been described by Sin-

clair'!® and an absolute calibration of a CN counter has been

'7  The theory and principles of operation cf CN

, 18

done by Liu.
counters has been described by Haberl.!®

D.2.3 Using Diffusion Batteries With Condensation Nuclei Counters

and a Sample Extraction-Dilution System To Measure Concen-

tions of Submicron Aerosols In Industrial Flue Gases

Before taking equipment into the field, a preliminary exami-
nation of the sampling site should be made. There must be ample
space for the diffusion batteries (D,B.) and the condensation
nuclel counter (CNC). The sample lines to and from the D.B.'s
should be as short as is practical; The diffusion batteries
should be placed out of direct sunlight to reduce thermal inter-

ferences.

Four models of CNC's are presently used. Two automatic
models are the General Electric (GE)* and the Environment One

*General Electric - Ordnance Systems, Electronics Systems
Division, Pittsfield, MA 01201.
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Model Rich 100 (E-1).** Small manual particle detectors are
alsc commercially available from Gardner Associates*** and Environ
ment One.** The valving system in the GE 1s mechanical, and
pressure differentials across the valves are irrelevant. How-
ever, the E-1 has pneumatic valves and a pressure difference

of greater than 2 inches of water across the valves will lock
them either open or shut, thus the return lines on the E-1 CNC
must be connected to the sample extraction system to prevent
instrument malfunctions. A return line is normally used on.

the GE but may not be connected to the diluter in some circum-
stances. The GE creates substantial pulsation in the sample
lines which is intolerable for diffusional analysis, and an
antipulsation device consisting of two metal cylinders connected
by a small orifice may be used as a pneumatic R-C network to

damp the oscillations to an acceptable level.

Once all sample and return lines have been connected, the
equipment is turned on and allowed to warm up. The flows are
then adjusted to the proper rates. If the GE model is used, the
vacuum gage on the front panel should read 8 inches of Hg as
recommended in the operation manual. This gives a nominal
flow rate of 6 Lpm and a sample supersaturation after expansion
of approximately 400%. The E-1 may be adjusted to any deéired
flow rate between about 0.6 2pm and 4.2 %pm.

The water supplies for the humidifiers are filled with
a mixture of distilled water and a wetting agent. About 0.5%
Kodak photoflow (ethylene glycol) is used in the water. This
reduces the surface tensicn of the water and allows the wick

to wet better and more quickly.

**Environment-One Corporation, Schenectady, NY 12301.

***Gardner Associates, Schenectady, NY 12301,
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Before any data can be taken the system should be leak
checked. This 1s done by connecting all the D.B.'s in series,
clamping one end off and pumping several inches of mercury
vacuum. If the vacuum holds data can be taken. If there is
a leak it can be isolated by repeating the process with suc-
cessively fewer D.,B.'s until the leaky one is found. The exact
location of the leak can be determined by putting a concentrated
condensation nuclei source (e.g., a burning string) clcse to
various parts of the D.B. When the leak 1s found, the CNC panel

meter will rapidly rise.

There are two methods of data collection: graphing the
CNC output on a strip chart recorder or directly writing down
the meter reading. 1In general, a combination of the two is
used to insure that no faulty connection exists between the
CNC and the chart recorder or that the chart recorder is mal-

functioning,

Since with either the GE or the E-1 CNC the largest flow
possible is 6 &pm, a certain minimum amount of time is required
to pull the sample through the parallel plate D.B.'s. If gra-
phical techniques are used a characteristic output will be
observed. The indicated concentration is zero while the clean
alr already in the D.B.'s is being exhausted. Then the output
rises to a peak and stabilizes. It is at this point thaﬁ mean-
ingful data is being taken. However, if data is taken by meter
readings alone this characteristic response is very difficult
to follow. Adequate time must be allowed for transport through
the D.B.'s before each reading is taken. These transport times
have been calculated for 6 &4pm for two types of parallel plate
D.B.'s used: Thirty seconds for the 13 channel parallel plate
and five minutes for each 98 channel parallel plate D.B. used.
Quite freguently the in-stack concentrations are unsteady and
data is normally recorded for several minutes after the system
has had time to stabilize as a double check on the validity
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of the data and to provide some time averaging of the data on
fluctuating sources. With the screen type diffusion batteries,
transport times of about 1/10 of the times given above can he
used.

If the GE CNC is used, diffusional sizing cut points are
selected by changing the number of D.B.'s, since the flow rate
is constant. However, with the E-1, the cut sizes may be ad-
justed by either changing the number of D.B.'s or the flow rate.
The flow rate is sometimes held constant because source fluctua-
tions introduce so much uncertainty that attempts to achieve

high resolution are futile.

In order to obtain a set of data, the CNC is first connects
directly to the diluter to obtain total concentration. Data
is then taken by pulling the sample next through a single batte:

two batteries, three batteries, etc., until all the available
permutations of geometry and flow rate have been used.

If only one set of equipment is available, after data
are collected at the inlet the equipment is carried to the
outlet, set up, leak checked, and the above procedure is re-

peated.

D.2.4 Data Reduction Technigques and a Sample Calculation

Fuchs et al?® presented a technique for calculating the
particle 3ize distribution from raw data, assuming that the
size distribution was log normal. A technique suggested by
Sinclair® does not include this restriction. In Sinclair's
method a nomograph is prepared using the penetration for each
diffusion battery geometry and flow rate and a large number of
monodisperse particle sizes. Comparing this nomograph with

experimental penetrations, one calculates the particle size
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distribution using a "“graphical stripping" process. However,
it is usually more convenient toc use a "Ds," technigue like

that used for the reduction of cascade impactor data.

Data for a given test condition are averaged as follows
to yield a representation of the source at that condition.
All instrument readings are converted to indicated concentra-
tions by means of individual instrument calibration curves.
These values are then corrected for dilution to obtain flue
gas concentration. Since the CNC calibration curve is non-lin-
ear, multiplying by the dilution factor before converting to
concentration will yield erroneous results, Next, process
averaging is accomplished by taking appropriately weighted
averages of the data obtained through the various process cy-
cles. These weighted averages are found for each D.B. arrange-
ment, including no D.B.'s, and test condition, both inlet and
outlet.

For the sample calculation it is assumed that five para-
llel plate diffusion batteries were used, in four configura-
tions, and at three flow rates to obtain data at twelve D;, sizes.
These five diffusion batteries consisted of one 13 channel (Type
A) and four 98 channel (Type B) units. The four sampling con-
figurations were 1) one Type A, 2) one Type B, 3) two Type B
in series, and 4) four Type B in series. These diffusion bat-
teries are similar to the one depicted in Figure D7. The three
flow rates were 1, 6, and 10 liters per minute. The aerosol
was sampled from a Sample Extraction and Dilution System and
the total number of particles entering and exiting the diffusion
batteries was determined using a condensation nuclei counter
(CNC). The sample data for this experiment is shown in Table
Dl.

To calculate the particle size for 50% penetration (the
Dsy) through a diffusion battery configuration, the following
equations must be used.



The penetration of a rectangular plate diffusion battery

is given by

p = nno _ [0_9104e—1.88522DY + 0.053le-21°431DY
"
+ 0.0156752-317DY ¢ (ogg.=124.537DY] (D1)
where D = Particle diffusivity, cm?/sec,

Y = Diffusion battery flow rate-geometry constant,
sec/cm ¢,

m = Number of identical batteries in series,

N, = Diffusion battery inlet concentration, #/cm?’, and

n = Diffusion battery outlet concentration, #/cm’.

The particle diffusivity, D, is given by

D = KTB , where (D2)
k = Boltzmann's Constant, gm cm?/sec? °K,
T = Absolute Temperature, °K, and
B = Particle Mechanical Mobility, sec/gm.

The particle mechanical mobility is given by

B =/1 + 2.49 (\/d) + .84 (X/d)e—('44) (d/}\_V/:iﬂud (B3)

where gas mean free path, cm,

jol)
]

particle diameter, cm, and

gas viscosity, gm/sec cm.

The gas mean free path is given by

¥Yr/m where (D4)

-1
A = 3.109 x 10

=
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Configuration

N . I - S

Type
Type
Type
Type
Type
Type
Type
Type
Type
Type
Type
Type

DWWwroow Do

DIFFUSION BATTERY SAMPLE CALCULATION DATA

{L/min)

HRERPRFRFOOGGGRON

Calc.

(um)

0.02
0.06
0.098
0.17
0.028
0.07
0.12
0.20
0.015
0.045
0.08
0.14

TABLE D1

CNC

Dso Reading Dilution
(#/cm?)

53000
43000
45000
11000
84000
33600
29000

5500
64000
62000
66500
20500
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Factor

1000
500
200
200
500
500
200
200

1000
500
200
200

Actual
Concentration

(#/cm?)

53.0 x 10°
21.

[ - . L]
HwWwoOoOoOrFm@mOoOMNOoW



o
it

Ambient pressure, atm,

it

Absolute temperature, °K, and

=
t

gas mean molecular weight, gm/gm-mole.
The approximate gas viscosity is given by

=[(.495 (T-294°K) + 182)] x 10~ ° gm/cm sec. _ (D5)

The diffusion battery flow rate-geometry constant, Y, is
given by

4TLhYy
ow

where (D6)

Channel length, cm,

[t}

Channel height, cm,
Number of channels,

Flow rate, cm’/sec, and

20 =z 5
"

"

Channel width, cm.

See Figure D-7.

The two diffusion batteries under consideration in this

example have the following dimensions.

Type A Type B
L 45.72 cm 45.72 cm
h 10.15 cm 11.46 cm
W 0.1C cm 0.10 ¢cm
N 13 98
Thus, Y, = 2.358 x 10° sec/cm? and Yy = 2.006 x 10* sec/cm?

for Q = 6 ¢/min.
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The manipulation of these equations allows one to calculate
the penetration of the diffusion batteries at different flow rate
and particle-size combinations. After plotting the penetration
versus particle size, the D;,'s can be determined.

To aid in the calculation of the particle diffusivity
and penetration of a particular D.B. arrangement, two programs
have been written for the Hewlett-Packard HP-65 Program-
mable Calculator. If a programmable calculator is not
available, the calculations can be done manually using
the equations given above. The calculator programs
and their applications are described below:

Program 1 is used to calculate the viscosity (pu) and
mean free path (A) of standard air. These values are then
used to calculate the diffusivity (D) for a monodisperse
aerosol having diameter 4. Given values for the flow rate-
geometry configuration (y) and the diffusivity (D), Program
2 is used to calculate the theoretical penetration (n/ng).

Program l: Diffusivity (Program Steps are Listed in Table
D2.)

Over the temperature range from 0-350°C, the viscosity
of dry standard air is very nearly linear. For a given

temperature y can be found, in CGS units, from:

-6
v = [.495 (T - 294°K) + 182] x 10 poise
Knowing the viscosity, the mean free pafh is given
by '
A= 5.77%&5 x 107% cm for standard air (P is the absoclute

pressure, atm.).
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From a knowledge of  and » for the carrier gas, the
diffusivity (Di) of a monodisperse aerosol having diameter

(di) is given by the following equation:

T

u di

D, = (1.46 x 10717

+ .84 (% )e'(’44)(d/k)}

{l + 2.49 |
i

A

3.)
i

for T in °K, u in poise, * and 4 in cm.

User Instructions. Enter the program shown in Table D2,

To calculate u and A for Standard Air having 250°K < T <
600°K: A

-1. Load storage registers with the following variables

Temperature T, °K, STO 2

Absolute Pressure, P, "Hg, STO 3
2. Start program "y, A" "B"

3. Output:

Values of y are stored in the correct storage register
for retrieval during calculation of D

To display ¢ {units of poise) RCL 4

To display A (units of cm) RCL 5

To calculate Di for a monodisperse aerosol

4. Load storage registers with the following variables

Temperature, T, K, STO 2 Performed
Viscosity, Ko poise, STO 4 in Steps
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TABLE D2
PROGRAM 1 - PARTICLE DIFFUSIVITY

HP-65 CALCULATOR PROGRAM FOR A PARALLEL PLATE DIFFUSION BATTERY

CODE KEYS CODE KEYS CODE KEYS
LBL | 23 6 | 06 it N
Al N EEX | 43 Vv 09
RCL 1 34 01 CHS | 42 X1 7
RCLG | 34 05 1 01 . 83
+ 1 81 9 | 09 0| o0
. 83 X | 71 5| 05
4| 04 RCL4 | 3404 7| 07
3] 03 = 1 81 71 o7
51 05 RCL1 | 34 01 Xi M
CHS | 42 + 1 81 STO7 | 33 05
x| 7 STO7 | 33 07 ATN | 24
1! 32 RTN 24
LN | o7 \BL | 23
RCL5 | 34 05 B 12
RCL1| 34 ™1 - { 83
+1 81 4 ! 04
STO8 | 33 08 9 | 09
X! M 5 | 05
. 83 RCL2 | 34 02
8| o8 2| 02
4| 04 91 09
x| 71 4 | 04
1 01 - 51
+ | 61 X | 7
ACL 8| 34 08 1] 0
2| 02 g8 ! 08
; 83 2| oz
4| 04 + ] 61
9 09 EEX | 43
2| 02 CHS | 42
Xi M 6 | 06
+1 61 X1 7
RCL2 | 3402 STO4 | 3304
x| 7 RCL 3 | 34 03
11 01 + 1 81
4| o4 RCL2 | 34 02
R d Ry u R7 P
R2 T Rg 1 Rg (WORK)
R3 P Re {BLANK)} Rg  {(BLANK)

279




Mean Free Path, x, cm, STO 5 1 and 2
Diameter of the

monodisperse

aerosol, di’ cm, STO 1
5. Start program "Diff" "at
6. Output:

Displayed value is "D" in cgs units (also stored in
register 7).

Test Problem

Find u, %, and Di for T = 75.2°F, P = 14.39 PSIA, and
d = .023 microns.

1. Convert T, P, and di to the proper units then store

in registers 2, 3, and 1, respectively,

75.2°F = 24°C = 297°K, store in register 2

"HE

14.39 PSIA x 2.036 5SIA

= 29,30 "Hg, store in

register 3

.023 um = .023 x 10”% em = 2.3 x 10~¢ cm,

store in register 1

2. Start Program B. X is displayed (% = 6.23 x 10 °©
cm), RCL 4 to display {L = 1.83 x 107" poise).

3. Start Program A. Di is displayed (Di = 9.95 x
10 %em?/sec) .
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2: Theoretical Penetration

{Praogram Steps are Listed in Table
D3.}

When the diffusivity (Di) of a monodisperse aerosol
of diameter di is known, and the flow rate-geometry configu-

raion (yj) for the diffusional apparatus (diffusion battery)

are known, fractional penetrétion as a function of size
(D) is given by

Py ;= 0.9104e 1-8832D,¥5 | ¢ 0531721-431D3¥5 4 ¢ 05316

-62.317D.¥y. _
13 4 0.068e 124.537Diyj

If several diffusional configurations are used in series

where the aerosol is allowed to remix before going through

the next configuration, the final penetration is the product
of the penetration for each, thus

p; = Hpi .
iy vJ

If m diffusion batteries having the same y. value are
used in series, then

To calculate P for m identical batteries in series,

!
enter program in Table D3.
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TABLE D3
PROGRAM 2 - PARTICLE PENETRATION

HP-65 CALCULATOR PROGRAM FOR A PARALLEIL. PLATE DIFFUSTOMN BATTERY

CODE KEYS CODE KEYS CODE KEYS
LBL 24 3 03 0 00
A 1 1 01 6 06
AcL 7 34 07 X 71 8 08
RCL 6 34 06 + 61 X 71
X 71 RCL 8 34 08 + 61
STD 8 33 08 6 06 RCL 34
1 01 2] 02 9 09
. 83 - 83 g 35
8 08 : 3 03 - yX 05
8 08 1 01 RTN 24
5 05 7 07
2 02 CHS a2
CHS 42 X 7
X 71 t! 32
! 32 LN 07
LN 07 : 83
- 83 0 00
9 09 1 01
1 01 5 05
] 00 3 03
4 04 X 71
X 71 + 61
RCL B 34 08 RCL 8 34 08
2 02 1 01
1 01 2 02
- 83 4 04
4 04 . 83
3 03 5 05
1 01 3 03
CHS 42 7 07
X 71 CHS 42
! 32 X 71
LN 07 f! 32
. 83 LN 07
0 00 - 83
5 05 0 00
R1 (BLANK) |Ryg (BLANK) |R7 D
Ra (BLANK) | Rg (BLANK) |Rg {(WORK)
R3 P Rg Y Rg m
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Load storage registers with the following variables

Diffusivity, i
Flow rate-geometry yj,
configuration

Number of identical m,

batteries in series

Start Program

cgs units, STQ 7

cgs units, STO 6

integer, STO 9
IIAH

Displayed value is the fractional penetration (P. .)

1,7

of this monodisperse aerosol of size di through n

identical diffusion batteries in series.

Test Problems

Load data
¥y = 2.36 x 10% in cgs units
D; = 5.39 x 10-% in cgs units
P.,j =1

Calculate P

P=9.38 x 10! = 93.8%

particles.

STO 6
STO 7
STO 9

ﬂAﬂ

Therefore the penetration of the diffusion battery Type
A at a flow rate of 6 liters/minute is 93.8% for 0.023 um

After calculating the penetration, a graph similar

to Figure D9 will be obtained.
from this graph as indicated.
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The D¢y 's can be determined
The experimental data for
this sample calculation are shown in Figure D11,
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Figure D 9. Theoretical parallel plate drffusion battery penetration

curves.
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A cumulative particle size distribution is plotted using
the corrected concentration from the last column in Table DI.
as the ordinate and the Ds¢'s for each confiquration as the
abscissa. Differential number graphs are obtained by Aif-
ferentiation of the cumulative curve (finite differences) as

described in Sections C.8 and C.9.

D.3. SUBMICRON PARTICLE SIZING TECHNIQUES USING THE ELECTRICAL
MOBILITY PRINCIPLE

D.3.1 Electrical Mobility

If a particle charge is known, measurements of the elec-
trical mobility are sufficient to determine the particle size.
This concept has been used by Liu, et al,’' at the University
of Minnesota to develop a series of Electrical Aerosol Analyzers
(EAA)Y. A schematic of this device is shown in Figure D10.

The EAA has the distinct advantage of very rapid data acquisi-
tion compared to parallel plate diffusion batteries and con-
densation nuclei counters (two minutes as opposed to two hours

for 2 single size distribution analysis.

D.3.2 Thermosystems Model 3030 Electrical Aeroscl Size Analyzer*

The EAA is designed to size particles in the range
of 0.01 micrometer diameter to 1.0 micrometer diameter.
It can size solids and non-volatile ligquids. The concen-
tration of 1 to 1000 ug/m’ limit its application to a sample

extraction-dilution system as described earlier.

*Thermosystems, Inc., St. Paul, MN 55113.
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The EAA operated in the following manner. As a vacuum
pump draws the aerosol through the analyzer (See Figure DI10O),
a corona generated at a high voltage wire within the charg-

ing section gives the sample a positive electrical charge.

The charged aerosol flows from the charger to the
analyzer section as an annular cylinder of aerosol surround-
ing a cone of clean air. A metal rod, to which a variable,
negative voltage can be applied, passes axially through the
center of the analyzer tube. Particles smaller than a cer-
tain size (with highest electrical mobility) are drawn to
the collecting rod when the voltage corresponding to that size
is on the rod. Larger particles pass through the analyzer
tube and are collected by a filter. The electrical charges
on these particles drain off through an electrometer, giving

a measure of current.

A step increase in rod voltage will cause particles of
a larger size to be collected by the rod with a resulting
decrease in electrometer current. This decrease in current
is related to the additional number of particles being col-
lected. A total of eleven voltage steps divide the 0.0032
to 1.0 micron size range of the instrument into ten egual
logarithmic size intervals. Different size intervals can
be programmed via an opticnal plug-in memory card.

The electrical aerosol analyzer can be operated either
automatically or manually. In the automatic mode, the ana-
lyzer steps through the entire size range. For size and con-
centration monitoring over an extended period of time, the
analyzer may be intermittently triggered by an external timer.
The standard readout consists of a digital display within the

control circuit module, although a chart recorder output is
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available, It is almost always advantageous to use

a strip chart recorder to record the data. This allows
the operator to identify a stable reading supérimposed on
source variations and gives a permanent record of the raw
data.

D.3.3 Using The TSI Model 3030 Electrical Aerosol Analyzer
With a Sample Extraction-Dilution System To Measure

Concentrations cof Submicron Aeroscls in Industrial

Flue Gases

Once the egquipment is set up as shown in Figure D3, the
flows are adjusted through the sample orifice and the dilution
air orifice, to obtain the desired dilution factor. The EAA
is placed in a manual mode and the cﬁrrent readings for each
channel are recorded with a strip chart recorder. Manual con-
trol allows run times of from two to five minutes in each of
the nine channels. This allows one to average out rapid source
fluctuations. At the beginning of each day, the interval cali-
bration points and flows through the EAA are checked, as de-
scribed in the instrument manual. These are periodically re-
checked throughout the day.

D.3.4 Data Reduction Techniques and a Sample Calculation

It is assumed that a Thermo-Systems Inc. Model 3030 Elec-
trical Aerosol Size Analyzer (EAA) with a 0.0032 um to 0.360
um range at the normal operating conditions has been used to
determine concentration vs size information in the ultrafine
size range for the effluent of a precipitator. The EAA sampled
the gas stream after the sample was extracted with a Sample
Extraction and Dilution System as described in Section D.1l.7.
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TABLE D4

EAA {(Model 3030) Data Reduction Form
Concentration, Cumulative Concentration, and ANSIALogD from Scan No.

for DF =
1 2 3 4 5 6 7 8 9 10 11 12
Channel Collector
No. Voltage Dp' um Dpi' pm AN/AT AlogDP I,pA AI,pA AN ANS ENS ANS/AlogD
3 196 0.0100
0.0133 4.76x10° 0.250 -
4 593 0.0178
0.0215 2.33x10% 0.165
5 1220 0.026 T
0.0306 1.47x10° 0.141 -
6 2183 0.036
0.0502 8.33x10% 0.289
7 3515 0.070
0.0917 4.26x10% 0.234 .
B8 5387 0.120
0.149 2.47x10" 0.188
9 7152 0.185
0.219 1.56x10* 0.148
10 B64L2 0.260
0.306 1.10x10% 0.141
11 9647 0.360




The EAA was placed in a manual scan mode and the current
readings for each channel were recorded with a strip chart re-
corder. Manual contrel allowed run times of from two to five
minutes in each of the nine channels. This allowed the averag-

ing of rapid source fluctuations.

The theory of operation and basic equations for the EAA
have been given by Liu et al®’' and calibration of the Model
3030 EAA has been done by Liu and Pui.?? The latest cali-
bration and modifications revise the initial EAA calibration
which assumed eleven size fractions from .0032 pm to 1.0 um,
but which was actually eleven size fractions from 0.0032 um
to 0.36 um (as usual in this example). The mechanics of the
data reduction is identical, however. Table D4 shows the pre-
vious calibration constants in a data reduction format. The
calibration by Liu?' suggested the use of a calibration
matrix; however, typical source fluctuations in industrial
processes generally negate any potential advantage of such
refinements. Table D4 is essentially self-explanatory. The
heading "Dp, um" (Column 3) is the particle diameter in micro-
meters. A value of 0.100 um diameter and smaller are col-
lected in the analyzer tube while larger particles pene-
trate to the current collecting filter where an electrometer
measures the total current carried by the unprecipitated par-
ticles. This current represents the charges on all particles
larger than 0.100 pym. This measured current is the basic output
of the Model 3030.

The fourth column (Dpi' um) is the geometric mean diameter
of the particles represented by the current difference of
two successive steps (Channel No.'s). For example, the
difference in current for the 0.100 um cut-off and the current
for the 0.0178 um cut-off is the total current collected
from particles between these sizes, or rather for a mean
diameter of 0.0133 pym. The current differences are entered
in Column 8 headed " I, pA" (picoAmps).
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B. Calculate all dilution factors (DFj).

STEP 2

r

Calculate current differences (AIi j) from adjacent chan-
nels and average the a, products (ai = AIi 3 X DFj) for the
!
same size band for all scans taken for the same test conditions.

Calculate 90% confidence intervals for each Ei. Note: the
i subscript denotes size and the j subscript denotes dilution
setting.

STEP 3

Using Ei and Table D6 calculate "number concentration"”
(ANS), "average cumulative concentration of all particles having
diameter greater than the indicated size" Z(ANS), and"ANS/ALOgD"
for each size band for each test condition.

STEP 4

Plot "Cumulative Concentration vs. Size" for each test

condition.
STEP 5§
Plot ANS/ALogD (with upper and lower 90% confidence limits)
vs. size for each test condition.
SAMPLE CALCULATION FOLLOWING THE CALCULATION FORMAT

Table D5 contains hypothetical test data for the follow-

ing sample calculation.
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TABLE D5

EAR Current Readings (I, in picoamps and Dilution Factors)

for this Sample Calculation:

Hypothetical Inlet Data

SCAN Time CH 21 CH 4 CH 5 CH 6 CH 7 CH 8 CH 9 CH 10 CH 11 Dilution Factor
1 1:30p 2.6869 2.734 2.519 2.227 1.362 .682 242 .102 .020 255
2 1:32 2.835 2,711 2.495 2.205 1.344 .669 .220 .075 .010 255
3 1:34 2.B41 2.709% 2.500 2.200 1. 340 .655 .218 .081 .001 255
[ 1:386 2.859 2.722 2.522 2.235 1.368 .676 .226 .096 .010 255
S 1:38 2.866 2.1740 2.530 2.251 1.381 .11 .279 .137 .052 255
6 1:40 2.866 2.736 2.531 2.238 1.378 .698 .255 .115 .033 255
7 1:45 6.477 6.188 5.716 5,056 3,11 1.575 «565 243 .053 113
8 1:47 6.580 6.288 5,818 5.153 3,233 1.613 .510 195 AOIO. 113
9 1:49 6.377 6,087 5.620 4.960 3.021 1.52¢6 .537 227 012 113
10 1:51 6.3590 6.0%4 5.614 4.956 1.006 1.467 .492 .187 005 113




£6C

1

2

EAA (Model 3030) Data Reduction Form

TABLE D6

Concentration, Cumulative Concentration, and AN fALogD
From Average a for Condition

3 4 5 6 g 9 ' 10
Channel Collector .
No. Voltage Dp, um Dpi' um AN/AI AlogDp ANs EANS ANS/AlogD
3 196 0.0100 ;
0.0133 4.76x10° 0.250
4 593 0.0178
0.0215 2.33x10° 0,165
5 1220 0.026
0.0306 1.47x10° 0,141
6 2183 0.036 .
0.0502 8.33x10" 0.289
7 3515 0.070 .
0.0917 4.26x10" 0.234
8 5387 0.120
0.149 2.47x10* 0.188
9 7152 0.185
0.219 1.56x10" 0.148
10 8642 0.260
0.306 1.10x10% 0.141
11 9647 0.360




The fifth column gives the revised calibration factor
(based on the calibration by Liu and Pui’?) for each of
the eight size bands. These factors are in units of particles
per cm per picoAmpere. Multiplying this size specific
current sensitivity, AN/AI, (Column 5) by the current dif-
ference, AI, (Column 8) gives the total number of particles,
AN, (Column 9) in units of particles per cm?®, within this
size band (Coldmn 4y for the diluted aerosol. To correct
for dilution and find in-stack concentrations, multiply
Column 9 by the dilution factor (DF) and enter the result,
ANS, in Column 10. Columns 6 and 12 are used for ANS/ALogD
information calculated from the number distribution in Column
10. Column 11 is used for cumulative concentrations, correc-
ted for dilution to engineering standard (normal) conditions
by a dilution factor (i.e. Column 10). Engineering standard
or normal conditions are defined as dry gas at 21°C and

760 mm Hg pressure.

The basic data from the EAA is cumulative current for
each of nine channels {Column 7). One must then take the
differences of the current readings for successive channels
(Column 8) in order to find AN, etc. These I values are
multiplied by a series of constants (AN/AIi, DFj) to arrive
at ANS (concentration in stack corrected to dry, standard
conditions). While a single scan should be made at a constant
dilution, different scans may be made at different dilutions.
To simplify the arithmetic for each test condition,

the product g, = AI X DF. is formed and all such inlet

i i3
(outlet) products for the same size band are averaged.

SUMMARY OF THE CALCULATION FORMAT
STEP 1

A. Calculate the average instrument reading (I) for each chan-
nel as obtained from the strip chart recording of channel cur-

rent vs. time.
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STEP 1

A. Calculate the average instrument reading (I) for each chan-
nel as obtained from the strip chart recording of channel cur-
rent vs. time. Each complete size scan (Table D5) consists

of nine instrument readings (I, Column 7 of Table D4). These
instrument readings are the average current outputs as taken
from the strip chart recordings, for each of the nine channels.
Run times were manually contreclled and varied from two to ten
minutes per channel as the instrument operator sequentially
stepped through channels 3, 4, 5, ..., 11. Table D5 gives the
instrument readings used as data for the sample calculation

(10 scans, 90 average current readings).

B. Calculate all dilution factors (DFj; corrected to engineer-

ing standard (normal) conditions: 70°F (20°C) and 29.92 inches

of mercury pressure (760 mm Hg)}).

STEP 2

Calculate current differences (AIi j) from adjacent chan-

r

nels and average the o products for the same size band for

all scans taken at the same test condition. Calculate 90% con-

fidence intervals for each ai' (Refer to Section C.8.5).

The oy product is given by the following:

where i denotes the size band and j denotes the dilution value.

For channels 3-4 we have:

Scan #1l: a3_4'l = (.135) (255) pA
$2: a3_4,l = (.124) (255) pA
#3: U3_4,1 ° (.132) (255) pA
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#9: g, , = (.290)(113) paA
- a -
#10: %5, o = (.296) (113) pA
thus §,_, = 33.179 pA; n = 10 and CI = .579.

In a similar manner we can find & G

4-51 %5_gr =+ -1 *1p-11°

Thus the mean, with upper and lower 90% confidence limits for

Gq_a is given by:

A4_, = (33.179 + 0.579) pA
or
Gy_4 = (33.2 + 0.6) pA
STEP 3
Using &i and Table D6 calculate "number concentration”
(ANS), "average cumulative concentration . . ." (ZANS)' and

"ANS/ALogD" for each size band for each test condition.

Table D7 shows these calculations for the sample data of
Table D5. Column 7 is @ as shown in Step 2. Column 8 is the
product of columns 7 and 5. Column 9 is the summation of 8
for all sizes "equal to or greater than the indicated size."

Column 10 is column 5 times c¢olumn 7 divided by column 6.
STEP 4

Plot cumulative concentration vs. size for each test con-
ditions. For the sample data set of Table D5 this would be
the concentrations in Table D7 column 9 plotted against the

Sizes in column 4. No errors bars are used.
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TABLE D7

EAA (Model 3030) Data Reduction Form
Concentration, Cumulative Concentration, and AN_/ALogD

L6T

From Average AI for Condition Inlet 5
(Sample Calculation)
1 2 3 4 5 6 7 8 9 10
Channel Collector _
No. Voltage Dp, ym Dpi' um AN/AT 4 log Dp o ANS ZANS ANS/ALogD
x10°® x10° x10°

3 196 0.0100 ,
0.0133 4.76x10° 0.250 33.2+.6 15.8+, 3 68.4 . 63.2+1.1

4 593 0.0178 - -
0.0215 2.33x10° 0.165 53.3+.7  12.4+.2 52.6 75.3+1.0

5 1220 0.026 : = -
0.0306 1.47x10° 0.141 74.3+.8  10.9+.1 40.2 77.5+.8

6 2183 0.036 T -
0.0502 8.33x1C* 0.289 [219.8+.8 18.3+.1 29.3 63.4+.2

7 3515 - 0.070 - . -
0.0917 4.26x10" 0.234 |174+2 7.42+.09  11.0 31.7+.4

8 5387 0.120 - -
0.149 2.47x10* 0.188 114+2 2.82+.05 3.61 15.0+. 3

9 7152 0.185 - - -
0.219 1.56x10" 0.148 35.4+.6 .552+.009 .785 3.734.06

10 - 8642 0.260 - -
0.306 1.10x10% 0.141 21.2+.3 .233+.003 .233 1.65+.02

11 9647 0.360 - - -




STEP 5

Plot ANS/ALogD with upper and lower 90% confidence limits
for each test condition.

For the sample data set of Table D5 this would be the con-
centrations in Table D7, column 10 plotted against the sizes
in column 4. The upper error bar is the value plus the 90%
confidence interval. The lower error bar is the value minus
the 90% confidence interval. For a,_, in Table D7 we would
have &;_, = 33.2 + 0.6
thus:

33.2 x 4.76 x 10 + 0.6 x 4.76 x 10
.250 - . 250 ‘

1]

AN_/ALogD

(63.2 + 1.1) x 10°

The data shown in Column 10, Table D7 is graphically displayed
in Figure D-11.
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Figure D11. Hypathetical inlet size distribution at an ESP on a
coal-fired boiler. Sample data for paraliel plate
diffusion batteries and electrical aerosol analyser
are shown.
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D.4 OPTICAL PARTICLE COUNTERS

Optical particle counters are a useful adjunct to the
ultrafine sizing system, giving additional data in the region

where impactors, diffusional and electrical methods have the
worst resolution.

A number of commercial optical particle counters are avail-
able which will perform adequately in the field environment
associated with precipitator evaluation. These instruments
can be obtained with several optical sensor configurations
~ and may usually be specified to perform in a threshold mode,
where all particles larger than a certain size are counted,
or in a window mode where a narrow range of particle sizes
is indicated. 1In either instance, the smallest particle
which will be detected is approximately 0.3 um diameter.

In this respect, most optical counters size particles in

the same range as cascade impactors and cyclones.

The calibration of optical particle counters is usually
done with monodisperse plastic spheres which have a refractive
index of 1.59. Any deviations from this index of refraction,
or sphericity of the particles will cause the indicated sizes
to be in error. If high accuracy in the optical particle counte
data is important to the test, it is possible to do calibrations
in the field, using the test aerosol. McCain® has used a sedi-
mentation technique which employs parallel plate diffusion bat-
teries as sedimentation chambers to correlate aerodynamic par-
ticle diameter with the indicated, or egquivalent PSL, diameter.
Marple?? reported the development of special impaction devices

which may be used for this same purpose.

In the majority of full sampling situations, optical par-
ticle counters must be used with some type of Sample Extraction

and Dilution System as described in Section D.l. The sample
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is thus cooled and diluted to less than 300 particles per cm’.
Also it is usually necessary to place the return line back into
the dilution system to minimize pressure gradients across the

counter system.

Most commercially available systems come with real-time
analog outputs and digital outputs with one to 10 minute ac-
cumulation or integration times. Analog signals are particu-
larly useful for monitoring source variations and rapping emis-

sions.

Data accumulated by optical particle counters are given
as particles per unit volume and, after multiplication by the
proper dilution factor, may be plotted on a cumulative or dif-
ferential number basis. See paragraph C.8 for a discussion
of data plotting. Figure 35 in Section 2.3.4. shows data taken

using an optical-diffusional impactor system.
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APPENDIX E
LABORATORY DETERMINATION OF PARTICULATE RESISTIVITY
E.1l STANDARD LABORATORY TECHNIQUE
The standard technique for conducting laboratory resis-

tivity measurements is described in the American Society

of Mechanical Engineers Power Test Code 28, Determining

the Properties of Fine Particulate Matter.  This code was

adopted by the Society in 1965 as a standard practice for
the determination of all the properties of fine particulate
matter which are involved in the design and evaluation of
dust-separating apparatus. The tests include such proper-
ties as terminal settling velocity distribution, particle
size, bulk electrical resistivity, water-soluble sulfate

content, bulk density, and specific surface.

The document defines bulk electrical resistivity as
the resistance to current flow, expressed in ohm-centime-
ters, through a dust sample contained in a cubic volume
one centimeter on a side when exposed to an electrical vol-
tage equivalent to 90% of the breakdown voltage of the sample,
applied uniformly across two opposite faces of the cube.
The code specifies that the property is to be determined
at 150°C (300°F) and at a humidity of 5% by volume, unless

otherwise specified.

E.1l.1 Apparatus

The basic resistivity cell is shown in Figure El1.
It consists of a cup which contains the ash sample and serves

as the lower electrode, and an upper electrode with a guard
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Figure E1. Resistivity cell for laboratory measurements.
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ring. To conform with the code, the high-voltage resistivity
cell must have the dimensions shown, and must use electrodes
constructed from 25-micron porosity sintered stainless

steel.

The controlled environmental conditicons required for
the measurement of resistivity in the laboratory can be
achieved by an electric oven with thermostatic temperature
control and with good thermal insulation to maintain uniform
internal temperature, and a means to control humidity.
Humidity may be controlled by any one of several conventional
means, including circulation of pre-conditioned gas through
the oven, injection of a controlled amount of steam, use
of a temperature-controlled circulating water bath, or the
use of chemical solutions which control water vapor pressure.
Figure E2 illustrates a suitable setup for resistivity mea-

surements.

E.1.2 Procedure for Laboratory Resistivity Measurements

The first problem encountered in making any resistivity
measurement 1is obtaining an appropriate dust sample. The
prescribed procedure for PTC 28 Code assumes that samples
of gas-borne dust are taken from a duct in accordance with
the Test Code For Determining Dust Concentration in a Gas
Stream (PTC 27-1957).% The PTC 27 Code involves isokinetic
dust sampling at various points in the duct. It is rec-
ommended that samples should not be obtained from a large
bulk of material in a hopper, silo, or similar location. If
it is necessary that samples be obtained from such a location,
procedures which will insure that the sample is representative
of the whole must be used. For any resistivity test to be perform-
ed on a bulk sample, it is necessary that a random sample be

obtained. This can be done by quartering the bulk sample to
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Figure £2.  Laboratory apparatus for measuring particulate bulk resistivity.
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obtain the test sample. To break up agglomerates and to
remove foreign matter, e.g., collection plate scale, the speci-

men can be passed through an B80-mesh screen.

The procedure for making the resistivity measurement accord-
ing to Power Test Code 28 follows:

1. The sample is placed in the cup of the resistivity
cell by means of a spatula. Then it is leveled by drawing a

straight edge blade held vertically, across the top of the cup.

2. The disc electrode is gently lowered onto the surface.
It should rest freely on the sample surface without binding

on any supports.

3. The resistivity cell is mounted in the environmental
chamber and equilibrium temperature and humidity are established.
The Code specifies that a temperature of 150°C (300°F) and
a humidity of 5% by volume are to be used for the test, unless

otherwise specified.

4, A low voltage is applied to the cell and then gradually
raised in a series of steps up to the point of electrical break-
down of the sample layer. Current transients will occur when
the voltage is first applied or increased across the cell.

It is necessary that these die away before recording current
and voltage readings (approximately one minute). A record of
the current-voltage characteristic of the dust is obtained.
Preferably using another sample, the above is repeated; when
another sample is not available, the sample layer should be
remixed and releveled after each run in order to break up any
spark channels that may have been formed in the dust layer.

A total of three runs should be made. The average breakdown
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voltage is then calculated. Before taking the samples to break-
down, 1t 1s necessary to determine whether the temperature and
moisture content of the sample are in equilibrium with tempera-
ture and humidity of the controlled environment. A test for
equilibrium is that the voltage-current measurements are re-
producible to within 10% when determined by two successive mea-

surements made 15 minutes apart.

5. The resistivity of the samples is then calculated in
the range of 85 to 95% of the average breakdown voltage, using
the corresponding currents from the previcusly recorded voltage-

current characteristics.

6. In any case, resistivity measurements at elevated tem-
peratures and controlled humidity should be made under equili-
brium temperature and moisture conditions between the gas and
the dust. The condition for equilibrium of temperature and
moisture conditions in the ash shall be determined by the reéuire—
ment that resistivity measurements be reproducible within 10%
when determined by two successive measurements 15 minutes apart.
Further, since the particle conductivity usually depends on
the past treatment of the particles, as well as on the tempera-
ture and humidity equilibrium reached under given conditions,
it is preferable to determine the conductivity by raising the
oven temperature to the value desired rather than by first heating
above the desired temperature and then cooling to the desired
temperature. For additional information, see Reference 3.

E.1.3 Calculations

Resistivity can be calculated in the following way. First,

calculate the resistance of the dust layer, R.

V{volts)

R({ohms) = T(amps)

(E1)
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Then calculate the resistivity, p.

A{cm )

T (cm) (E2)

p (ohm-cm) = R (ohms)

The moisture content of the air in the environmental cham-
ber can be determined by weighing a tube filled with calcium
sulfate (Drierite) before and after passage of a measured volume
of air through it. The volume of dry air passed through the
tube is determined from the flow rate and the sampling time.

E.2 An Alternate Laboratory Technigue

An example” of an alternate laboratory technique is given
below. This procedure has been quite useful for the comparison
of resistivities for a large number of fly ashes over an extend-
ed temperature range. All procedural steps, equipment, calcula-
tions, etc. are identical to those stated in Section E.l. unless

otherwise specified.

1. The resistivity cell and ash specimen are thermally
equilibrated at 460°C overnight in an environment of dry air

or nitrogen.

2. After determining the resistivity under condition 1
(usually a voltage of 2 kV/cm is used), the test environment
is introduced. The environment can be an air-water mixture
or a simulated flue gas without sulfur oxides. The voltage
gradient and water concentration are selected with respect to

the specific test objectives.

312



3. After the specimen "equilibrates" with the test environ-
ment, resistivity is determined, and the oven is turned off

and allowed to cool naturally, 50°C to 100°C/hour.

4, As the test specimen cools, resistivity is determined
at selected temperature intervals between 460°C and 85°C.

Figure E3 shows data acquired using this procedure.
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Figure E£3. Resistivity versus temperature for fly ash obtained using the
procedure outlined in Section E.2.
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APPENDIX F
IN SITU PARTICULATE RESISTIVITY MEASUREMENTS

Point-to-plane probes for measuring particle resistivity
have been used since the early 1940's in this country.' Two
madels of these devices are shown in Figure F1,.

This section describes the use of a particular point-to-
plane resistivity probe. Similar procedures would be used
with other point-to-plane resistivity probes. This probe can
operate under the following conditions:

1. From 1 to 23 g/m® dust loadings (0.5 to 10 grains/ft?).

2. Corrosive gas compositions.

3. Sampling ports of 10.2 cm to 15.4 cm diameter (4 inch
to 6 inch pipe size).

4. Temperatures up to 200°C (392°F).

5. Resistivities of 10° to 10!'“Q-cm.

6. Gas velocities of up to 30.5 m/sec (100 ft/sec).

This description is presented in the following sections:
practical factors in resistivity measurement; a detailed de-

scription of the probe; general maintenance instructions; and

operating instructions.
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Nichols? has written a more general description of methods
for measuring particle resistivity, both laboratory and in
situ.

F.1l PRACTICAL FACTORS IN RESISTIVITY MEASUREMENTS

F.1l.1 Selection of Sampling Sites

The first priority in the selection of a sampling site
is the location of a point in the operating system where the
conditions of the gas and the gas-borne dust particles are
representative of the environment for which the particle re-~
sistivity may be of practical significance. That is, the gas
temperature, gas composition, and particle history should be
the same as that found in the precipitator. Usually the inlet
of the precipitator is selected as the point for making re-
sistivity measurements. However, sampl