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Date of Issuance: December 23, 1991

This document will be revised when the Society approves the issuance of the
next edition, scheduled for 1996. There will be no Addenda issued to PTC
21-1991.

Please Note: ASME issues written replies to inquiries concerning interpretation
of technical aspects of this document. PTC 21-1991 is being issued with an
automatic subscription service to the interpretations that will be(issued to it
up to the publication of the 1996 edition.

ASME is the registered trademark of The;American Society of Mechanical Engineers.

This code or standard was developed-under procedures accredited as meeting the criteria for
American National Standards. The Consensus Committee that approved the code or standard was
balanced to assure that individuals\from competent and concerned interests have had an oppor-
tunity to participate. The proposed code or standard was made available for public review and
comment which provides an opportunity for additional public input from industry, academia, reg-
ulatory agencies, and the public-at-large.

ASME does not “‘approve,’’ ‘‘rate,’’ or ‘‘endorse’’ any item, construction, proprietary device,
or activity.

ASME does not _take any position with respect to the validity of any patent rights asserted in
connection with/any items mentioned in this document, and does not undertake to insure anyone
utilizing atstandard against liability for infringement of any applicable Letters Patent, nor assume
any such tiability. Users of a code or standard are expressly advised that determination of the
validity_ of any such patent rights, and the risk of infringement of such rights, is entirely their own
responsibility.

Participation by federal agency representative(s) or person(s) affiliated with industry is not to
be interpreted as government or industry endorsement of this code or standard.

ASME accepts responsibility for only those interpretations issued in accordance with governing
ASME procedures and policies which preclude the issuance of interpretations by individual vol-
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FOREWORD

(This Foreword is not part of ASME PTC 21-1991.)

The need to update the 1941 version of this Code (PTC 21-1941, Dust Separating
Apparatus) led to the reorganization of the PTC 21 Committee in 1980. In the course
of the complete revision, the scope was broadened beyond that of the original doc-
ument, leading to the current more comprehensive title and content. ThePTC 21 code
draftwas approved by the Board on Performance Test Codes on June 141990. The Code
was adopted by the American National Standards Institute as an American National
Standard on August 16, 1991.
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SECTION 0 — INTRODUCTION

0.1 The term particulate matter collection equip-
merjt is intended to include all devices used for
separating gas borne particles from the medium in
whi¢h they are transported. This Code is designed
to qover efficiency determination and perfor-
mance testing for all types of particulate matter col-
lection equipment installed in conjunction with
both industrial and utility combustion processes.
Its use for other gas streams is not precluded if test
pargmeters are compatible with those discussed in
PTC|38, Determining the Concentration of Partic-
ulate Matter in a Gas Stream.

Pqrticulate matter collection equipment in-
cludes, but is not limited to, the following devices
or cpmbinations thereof: baghouse, fabric filter,
medchanical collector, catcher, cyclone, eliminator,
filtef, wet or dry electrostatic precipitator, wet or
dry scrubber, trap, washer, and fixed or moving
bed|filter.

0.2 Unless otherwise specified, all references to
othgr test codes are to ASME Performance Test
Codgs, latest edition.

0.3 This Code provides recommended test pro-
cedires and instrumentation for determination of
efficjency and performance of particulate matter
collgction equipmeént used to control emissions

from combustion processes. It is the intent pf this
Code to minimize uncertainty so that final effi-
ciency results do not exceed +2%: Uncerjainty,
however, depends upon actual,values megsured
and utilized in a given test.

0.4 Test objective(s)-shall be agreed to by the in-
terested parties prior to the test.

0.5 Thelfollowing ASME documents shoyld be
available to the user of this Code: PTC 28, Deter-
mining the Properties of Fine Particulate Matter;
PTC 38, Determining the Concentration of Partic-
ulate Matter in a Gas Stream; and PTC 19.1] Mea-
surement Uncertainty.

0.6 Unless otherwise indicated, the technicalfterms
and numerical constants which are used {n this
Code have the meanings and values as defiped in
Section 2.

0.7 Test results shall be reported as determined,
and only tests which comply with the requirements
of this Code may be designated as “ASME RTC 21
Code Approved.”
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SECTION 1 — OBJECT AND SCOPE
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he object of the test is to determine the per-
ance characteristics of equipment designed
llect particulate matter from a gas stream. This

b specifies methods for determining the per-

ance of the equipment with regard to the fol-

hg:

overall mass collection efficiency of the
pment;
particulate matter concentration at inlet and

bt of collector;

efficiency of collection according to size of
cle;

resistance to gas flow, i.e., the total pressure
across the equipment;

quantity of gas passing through the equip-

menit; and

0

power consumption of the collection equip-

ment.

1.2
aref
prog
test

essa

he rules and instructions included in thisCode
br the particufate matter collectionequipment
er, as indicated by para. 1.1. If the scope of the
ncludes any auxiliary apparatus, it will be nec-
ry to consult other ASME codes, as applicable.

1.3 The determination of the particulate
count, extensively used as a measure of

atter
atmo-

spheric particulate matter pollution, is outside the

scope of this Code.

1.4 This Code cautions against the extrapola
the performance of-ayjcomplete particulate

jon of
matter

collection installation on the basis of testing only

a single unit of multiple unit equipment.

1.5 Should specific directions given in this| Code

for any particular measurement differ from
given in other ASME Performance Test Codg
similar measurements, the instructions g
Code shall prevail, unless otherwise agreed
parties to the test.

1.6 This Code specifies the desired conditio
procedures for obtaining valid and accura
results. Factors affecting overall test accura

validity are considered in paras. 5.4 and 5.5.
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SECTION 2 — DEFINITIONS AND DESCRIPTIONS OF

TE (N
| = J

2.1 This Code specifies the procedures to be em-
pldyed in determining the efficiency of particulate
matter collection equipment. The terms used in
connection with the procedures are defined in PTC
38.|Table 1is an alphabetized and updated version
of Table 2.1 in PTC 38-1980.

2.2For the purpose of this Code, particulate matter
is defined as finely divided material, other than un-
combined water, suspended in a gas stream at the
préevailing temperature of the gas stream under
consideration — such material being separable

from the gas phase by filtration when usjng the

agreed upon sampling apparatus and proq
described in this Code.
This definition is inténded to exclude frd

edures

m con-

sideration those substances which may be formed:

(a) outside the stack or duct;

(b) in a sampling train; or

(c) upon,cooling the gas stream to a low
perature-than at the inlet.

er tem-

2.3.The definitions of specific terms with sub-

seripts utilized in this Code are describec
appropriate parts of the text.

in the
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TABLE 1 LISTING OF SYMBOLS, UNITS OF MEASURE, AND CONVERSION FACTORS
Multiply by These
U.S. Conventional Units Conversion S Units
Factors
Term Yymbol Description Units Name of Unit to Obtain SI Units Units Name of Unit
Area A Cross-sectional area in.2 square inches 6.452 E-04 |‘m? uare meters
; ft? square feet 9.290 E-02 |y m? uare meters
: cm? square centimeters 1.000 ES04 | m? uare meters
I
\ .
! Concentration C Weight of material in Ibm/ft* | pounds per cubic foot 1.602 E+01 | kg/m’ Milograms per cubic meter
volume of gas or liquid lbm/gal | pounds per gallon 1.198 E+02 | kg/m? Hilograms per cubic meter
mg/m? milligrams per cubic meter | 1.000 E-06 | kg/m? Hilograms per cubic meter
Density 0 Density of material Ibm/f pounds per cubic foot 1:602 E+01 | kg/m? Kilograms per cubic meter
Ibm/gal | pounds per gallon 1.198 E+02 | kg/m? Kilograms per cubic meter
g/cm’ grams per cubic centimeter | 1.000 E-03 | kg/m? Kilograms per cubic meter
Efficiency E Overall mass fractional % percent 1.000 E+00 | % Hercent
collection efficiency
o Electrical power w Electrical power w watt 1.000 E+00 | Wor }/s | Watts or Joules per
second
Energy, electrical KWH Electrical energy kW-h kilowatt hour 3.600 E+06 | Jor N-m | Jpule or Newton meter
Energy, thermal HV Heating value of fuel Btu British Thermal Unit 1.055 E+03 | Jor N-m | Jpule or Newton meter
Cal calorie 4.186 E+00 | J or N-m | Jpule or Newton meter
Flow rate, mass G Mass flow rate tbm7hr pounds per hour 1.260 E~04 | kg/s Kilograms per second
lbm/min | pounds per minute 7.560 E-03 | kg/s Kilograms per second
Flow rate, volumetric Q Volumetric flow rate CFM cubic feet per minute 4.720 E-04 | m¥/s dubic meters per second
GPM gallons per minute 6.308 E-05 | m¥/s dubic meters per second
Force F Force Ibf pound force 4.448 E+00 | N Newton, kg-m /s’
pdl poundal 1.383 E-01 | N Newton, kg-m/s?
kgf kilogram force 9.807 E+00 | N Newton, kg-m/s?
dyne dyne 1.000 E-02 | N Newton, kg-m /s?
Gravitational Constant g Gravitational constant ft/sec? 32.17 ft/sec? 3.048 E-01 | m/s? 9.807 m/s*
cm/sec® | 980 cm/sec? 1.0 E-02 | m/s? 9.807 m/s?
Length L Dimension or distance in. inch 2.540 E-02 | m meter
ft foot 3.048 E-01 | m meter
mm millimeter 1.000 E-03 | m meter
cm centimeter 1.000 E-02 | m meter
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TABLE 1 LISTING OF SYMBOLS, UNITS OF MEASURE, AND CONVERSION FACTORS (CONT’D)
U.S. Conventional Units Conversion St Units
Factors
Term Kymbol Description Units Name of Unit to Obtain Sl Units Units Name of Unit
Mass wt Weight of material Ibm pound mass (avoir) 4.536 E~01 [ kg ilogram
ton ton 9.072 E+02 | kg ilogram
gr grain (avoir) 6.480 E~057 kg kilogram
g gram 1.000 E-03 | kg kilogram
Particle size D Diameter of particle pm micron or micrometer 1.000 E-06 | m meter
Particle, weight S Percentage by weight of % percent 1.000 E+00 | % percent
percentage particles of given
diameter larger or
smaller than
Pressure P Pressure, gas or liquid Ibf/in.? pounds per square\inch 6.895 E+03 | Pa Pascals, N/m*
in. H,0 inches water gage 2.491 E+02 | Pa Pascals, N /m*
in. Hg inches Hg manometer 3.387 E+03 | Pa Pascals, N/m?*
mm Hg millimeters Hg manometer | 1,333 E+02 | Pa Pascals, N/m?
Atm atmospheres 1.014 E+05 | Pa Pascals, N/m?
~ bar bars 1.000 E+05 | Pa Pascals, N/m?
Temperature T Temperature, object or °F degrees Fahrenheit °F—32/1.8 °C Hegrees Celsius
material °R degrees Rankine °R/1.8 °C Hegrees Celsius
°C degrees Centigrade 1.000 °C Hegrees Celsius
oK degrees Kelvin °K—-273.15 °C Hegrees Celsius
Temperature AT Temperature drop °F degrees Fahrenheit 5.556 E-01 | °C legrees Celsius
differentiai °C degrees Centigrade 1.000 E-00 | °C Hegrees Celsius
Time t Duration of time sec second 1.000 E+00 | s econd
min minute 6.000 E+01 | s becond
hr hour 3.6 E+03 | s tecond
Velocity v Velocity; object or material | ft/sec feet per second 3.048 E-01 | m/s meters per second
in./sec inches per second 2.540 E-02 [ m/s Mmeters per second
cm/sec centimeters per second 1.000 E-02 | m/s meters per second
Viscosity ] Viscosity, gas or liquid poise poise 1.000 E+00 ( P boise (0.1 Pa‘s)
Volume Vol Volume, space or material | ft? cubic feet 2,832 E-02 | m? Cubic meters
gat gattons 9755 3785 =03t tubic meters
1 liter 1.000 E-03 | m’ cubic meters
mi milliliter 1.000 E-06 | m? cubic meters

-~ GENERAL NOTE: Additional common conversion factors are contained in Appendix K of PTC 38-1980.
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SECTION 3 — GUIDING PRINCIPLES

3.1 [GENERAL

3.1.1| Determination of the performance of partic-
ulatg matter collection equipment requires the use
of measurements made in accordance with other
test codes, especially PTC 28 (Determining the
Properties of Fine Particulate Matter) and PTC 38
(Det¢rmining the Concentration of Particulate
Matter in a Gas Stream). The procedures specified
in such references provide numerous options for
adapting the chosen techniques to suit the con-
ditiops under which measurements are to be made.
It is incumbent upon the parties to a particular in-
vestigation to develop sufficient knowledge of the
appl{cable conditions and options to ensure se-
lectipn of correct procedures.

3.2 |ITEMS OF AGREEMENT

3.2.1Where the purpose of a test involves the in-
teregts of two or more parties, an agreementamong
thes¢ parties must be formulated.iftadvance of the
test.

The following is a checklistof pertinent items
uporl which agreement™in” writing should be
reached by the parties(ta the test:

(a)| objective(s) of the test;

(b)| date and time of the test;

{c)| number, type, and location of sample trains
and pther instruments where alternates are per-
mitted and-the test procedures to be employed in
their| use;

(d)nu 3
measurement points;

(e) operating conditions of the process, includ-
ing type and rate of fuel fired;

() method of determining and maintaining con-
stancy of process conditions during the test;

(g) gas flow rates in duct(s) or stack(s) to be
tested;

(h) method of determining total gas flow;

whether by combustion calculations, by-prpcess
calculations, or by velocity head measurements;

(i) number and duration of runs;

() duration of steady state” operation Hefore
sampling is commenced and,'in the case of new or
modified installations, the minimal ‘“shakedown’’
operational period required prior to testing

(k) designation of-the procedures for making
calibrations, weighings, and other appropriate
measurements;and selection of the laboratories
for carrying‘out various test procedures;

() maximum deviations of test measurements
and canditions between duplicate runs that »Fill be
acceptable, and the requirements for additional
runs where such deviations are exceeded;

(m) method for determination of collectipn ef-
ficiency (see para 3.5);

{n) format and content of report of resuItE;

(o) portions of the tested equipment (if apy) to
be out of service during the test.

3.3 MEASUREMENT UNCERTAINTY

Ideal test conditions may be unobtainable in
many test situations. This Code specifies t
sired conditions and procedures for obtaining

for-
mulas shown, combined with informatior} pro-
. D N —_ Jrm a

complete error analysis.

In conducting the efficiency testdescribed in this
Code, itis necessary to follow the directions of PTC
28 and PTC 38 in the selection of test equipment
and instrumentation. The largest error is in the pi-
tot measurement of total gas flow due to the pos-
sibilities of varying flow quantities during the test
and flows not running exactly parallel to the duct-
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work. The error is usually on the side of higher than
actual flow rate,

An example of the effects of variations in instru-
mentation and flow rates on the efficiencies of high
performance equipment is shown in the following
table:

Effect on Efficiency, %, When

ASME PTCx21 91 ER 0759670 0542974 1Th -

PARTICULATE MATTER COLLECTION FQUIPMENT

objectives, that portion of the test results, or the
test run itself, shall be deleted.

3.5 METHODS OF TESTING

3.5.1 It is recommended that collection efficiency
be calculated by simultaneous determinations of
the mass of particulate matter entering and leaving

Inlet +h Hocti HN
COﬂditiOﬂS lnlet COnditiOnS \SRLAIAVMV i) Lwi L aLw )]} \.,\.'Ull.llll\,lll-
Vary, Outlet Are Constant,
Conditions Outlet
ltbm Varied Are Constant  Conditions Vary 3.5.2 In cases where reasonably accurate fnea-
surement of particulate matter at_the inlet if ex-
Stack velocity head, cessively difficult or impossible,-determinatign of
H o - 0 . . . -
+0.01in. H,0 0.011% 0.009% collection efficiency by simultaneous meagure-
Orifice [reading, .
+0.2¢ in. H,0 0.000% 0.000% ment of the particulate matter collected by the
Stack t¢mperature, equipment and that leavifig the outlet may becon-
+10°F -0.003% 0.003% sidered by the parties tothe test. It should be npted
Sampler catch weight, that accurate determination of the collector datch
+10% 0.050% —0.055% in a given test pefiod may be difficult. If this fnea-
Oxyger in flue gas, . .
+05% —0.000% 0.000% surement is to be used, the parties must carefully
Stack gps flow rate, consider and)agree upon procedures and equip-
+11.46% 0.058% -0.065% ment to bedused, especially taking into account the
Square foot of the tendency for varying residual deposits to b¢ re-
sum gf the squares +0.078% +0.086% tained"in the collector at the time of meadure-
. . ments.
The|highest uncertainty would occur when the

inlet and outlet gas flow rates varied in opposite
directions, as shown below:

—11.76%
+11.76%

tack gas inlet

—0.147.%
tack gas outlet } 0

Squpre root of the sum of the squares; +0.158%

3.5.3 inlet and outlet particulate matter concen-
tration in the gas stream shall be measured inf ac-
cordance with the procedures, options, [and
precautions described in PTC 38.

3.5.4 When required, particle size distribution of

Dethils of the specific examplé dre shown in Ap- particulate matter in the inlet and outlet|gas
pendik F P p P streams shall be determined by the methods of PTC
:‘:PI'O isions for less-than-desirable test condi- 28 (see para. 4.2.1).
tions must be agreed upon/in advance by all parties
to the fest. This agreement should be clearly stated 3.5.5 Fractional mass efficiency by particle sizg can

34

3.4.1 Accr
cerned should be present to witness that all as-
pects of the test are conducted in accordance with
the agreements,

3.4.2 Should an accredited representative estab-
lish to all parties that the observed test procedures
and conditions will invalidate or prejudice the test

10

be determined for most particulate matter cojlec-
tion equipment only by simultaneous in-situ [size
measurement of the particulate matter in the

determination of particle size distribution) may not
be possible with sufficient completeness to allow
accurate calculation of fractional efficiency.

3.5.6 Calculation of collection efficiency may be
done in accordance with the procedures appear-
ing in Section 5.
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SECTION 4 — INSTRUMENTS AND METHODS OF
MEASUREMENT

4.1 |INSTRUMENTS
4.1.1Necessary Testing Apparatus. A list of required

instruments is given in this Section. A detailed de-

scrigition of these instruments is given in PTC 38,

Determining the Concentration of Particulate Mat-
ter i a Gas Stream. Before proceeding to select or
construct instruments, those chapters of the PTC
19 s¢ries of Instruments and Apparatus Supple-
men}s dealing with these instruments should be
condulted for detailed information.

(a)| Standard pitot tubes or other calibrated de-
viceg for making gas velocity measurements in the
gas 4tream.

(b) Sampling equipment — consisting of noz-
zles [sampling probes, and particulate matter col-
lectdrs — for proper sampling of the gas stream
and ffor collecting representative samples of the
particulate matter entrained therein.

(c)| Metering devices, usually orifices.and/or gas
metgrs, for determining the flue gas sampling rate
and fotal volume.

(d)] Exhausting devices for withdrawing the re-
quired gas samples.

{e)] Thermometers or thérmocouples with tem-
perature indicator(s) for\measuring the gas tem-
peratures at the sampling locations in the gas
stredm, at the orificgs'or gas meters, and attheinlet
and putlet of thé aollector.

(f) [Inclined manometers, orinstruments of equal
or greater acCuracy, for use with pitot tubes or other
calibrated,devices in reading gas velocity and/or
velogity pressures.

() Inclined or vertical manometers, or gages of
equal accuracy, for determining“pressure(drop
across the particulate collection’ device.

(k) A drying oven suitable for removing [mois-
ture from the samples and/filters before weighing,
and a desiccator, with'fresh desiccant, to hold the
samples and filters;while cooling after drying and
before weighing. Drying temperature sh3ll be
105°C, or higher, to meet the requirements g¢f spe-
cific sampling conditions.

() Qrsatequipment, or otherinstrumentation of
equalerbetteraccuracy, for useindeterminipg the
analysis of the sampled gas. Such an analysig is re-
quired to permit correction to design excess{air or
percent O, basis and is necessary if gas flow rates
are to be determined by combustion calculations
or other stoichiometric means. The Orsat |appa-
ratus and its operation are described in PTC|19.10,
Flue and Exhaust Gas Analyses. Fuel samples |rates,
and analyses are required for combustion talcu-
lations.

(m) Timing device.

{n) Barometer.

{o) Humidity measurement equipment.

(p) Equipment for measuring particle size dis-
tribution of the particles in the inlet and putlet
ducts.

(@) Voltmeter, ammeter, and wattmeter tq mea-
sure electrical energy consumption.

(r) Weighing equipment for determining the
amount of particulate matter caught, when the par-
ticulate matter is caught dry and when the weigh-
ing i i ith the

(g) Inclined or vertical manometers, or gages of
equal accuracy, for indicating the pressure drop
across the metering orifices.

(h) Manometers or suitable gages for measuring
the static pressure at the discharge of the metering
orifice.

(i) Manometers or suitable gages for measuring
the static pressure at the sampling location.
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operation of the particulate matter collection
equipment.

4.2 DESCRIPTION OF INSTRUMENTS

Detailed descriptions of instruments not cov-
ered by PTC 38 are given below.
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4.2.1 Particle Size Analysis Equipment. Detailed de-
scription of particle size analysis equipment is be-
yond the scope of this Code (see PTC 28 and Section
7, references 2 and 3).

The particle size distribution measurement is
done preferably with in-situ instruments such as
cascade impactors during the testing period (see
para. 3. 5 5)

plained in detail in the test report. Operator
ience in making size analysis measurements
ressary to obtain reliable results.

4.2.2|Electrical Power Consumption Measurement
Equipment. Industrial type voltmeters, ammeters,
and wattmeters with specified accuracy shall be
used | Refer to PTC 19.6, Electrical Measurements
in Power Circuits.

4.2.3 Weighing Equipment. Platform scales or sim-
ilar weighing equipment with sensitivity of atlleast
0.2% lof the net weight and with accuracy within
+0.5% shall be used.

4.3 METHOD OF MEASUREMENT

PTQ 38 and this Code~contain the information
requifed for the proper’selection of the instru-
mentation, methods/of measurement, and the test
procgdures to be.wused for obtaining valid test re-
sults pnder vdrious test situations.

4 3 1 n e e o 0 = AR
PTC 38 contalns ||Iustrat|0ns of baSIC sampllng sys-
tem configurations which are recommended by
this Code for various applications. Options are
provided, in respect to both the filtration section
and the gas flow control section of the train, to meet
various test requirements. These options may be
supplemented by additional requirements and/or
guidelines appropriate to the nature of the test.
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4.3.2 Designation of Methods of Test, After a study
has been made of all the factors involved in con-
ducting a test on a specific installation under the
desired operating conditions, the following factors
should be utilized to define the nature of the test
program which will provide the most valid and
meaningful test results:
(a) operatlng condltlons of the plantand the par-
- 3 g the

(b) number and duration of test runs;

(c) description of sampling equipment fo be
used;

(d) number and location of sampling points;

(e} methods for obtaining/data;

() supplementary test data required an
means for obtaining such-data;

(&) procedures for-handling test data and re-
porting test results;

(h) manner of-interpretation of test resultp.

i the

4.3.3 Isokinetic Sampling. PTC 38 contains infor-
mation on isokinetic sampling and aids for gstab-
lishing’and maintaining isokinetic flow rates.

4.3.4 Overall Mass Collection Efficiency and |Frac-
tional Efficiency Measurements. The recommended
method for the greatest accuracy in determjning
overall mass collection efficiency of the equipment
is measurement of the inlet and outlet partiqulate
matter concentrations by sampling trains operat-
ing simultaneously. With high efficiency colleftion
equipment, the sampling time at the outlet rpight
be more than 1 hr. A few preliminary runs tp de-
termine the required sampling time of the inlgt and
outlet sampling trains are recommended. Thee op-
erating time for the inlet sampler might be shiorter
due to more rapid buildup of particulate matter on
the filter. Extended sampling time may be pogsible
by selection of a smaller sample nozzle size fgr the
inlet collection. If this is not effective, then{mul-
tiple measurements may be made at the inlet so
that atime average of the inlet measu rementsover

Partlcle size measu rements, as descrlbed in para.
4.2.1,areto be performed as separate tests from the
overall mass efficiency measurement. Impactors
are not intended to give total mass loading.

The fractional efficiency is determined by a size
analysis of the particulate matter at the inlet and
the outlet. The most commonly used method is
in-situ sampling with cascade impactors. By weigh-
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ing each of the stages which collect progressively
finer particles, the particle size distribution can be
determined. From these distributions, the frac-
tional mass-collection efficiency within each size
range can be determined (see Section 5). To obtain
particle size distribution in the submicron range,
the so-called "“diffusion battery’”” has been used
with some success. This method has been com-
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lector. Gas lost to or gained from the ash conveying
systems, insulator purge systems for electrostatic
precipitators, and/or bag cleaning air in baghouses
must also be taken into account.

Actual gas flow rates together with pressure
drops are performance indicators for most collec-
tion equipment.

bined with impactors to give size distribution over
a range from 0.01 micron to 10 microns.

It |s advisable to perform preliminary runs to
make sure that the stages and filters are not un-
derlgaded or overloaded with particulate matter.

In kertain cases, particle size analysis of the col-
lectefd sample can be performed in alaboratory (see
PTC p8).

4.3.5| Pressure Drop. Pressure drop is a perfor-
mange parameter for most particulate matter col-
lectipn equipment.

When pressure drop across the equipment is
meagured, i.e., from the inlet flange to the outlet
flange, the following precautions must be taken:

(a)| ensure that the measurement is taken where
the gas flow is relatively uniform (see PTC 38);

(b)| ensure that the methods utilized for mea-
surement have taken into consideration the dif-
ferences between the two measurement stations.
These differences could be in configuration.and/or
in gak flow characteristics, e.g., different cross sec-
tion And/or different gas density, respectively (see
para{ 5.3.1);

{c)| ensure that repeated measurements are
made at each cross section afid-the values aver-
aged. On installations with-equal inlet and outlet
cros$ section and relatively uniform velocity dis-
tribution, the pressuré.drop can be measured di-
rectly by a single manometer connected between
inletland outlet flanges (see para. 5.2);

(d)| ensure thatthe manometers used have suf-
ficiemt sensitivity for the pressure differential to be
meagured.,

4.3.7 Temperature Drop. On certain _collection
equipment operating in a dry state, ji.e.), electro-
static precipitators and baghouses,la maximym al-
lowable temperature drop across/the device is
often specified.

The best method for obtaining the temperature
drop is to utilize the temperature data from the ve-
locity pressure traverses made in the inlet ar:{d the
outlet ducts of thecollection device during the de-
termination of the'flow rate through the equip-
ment. Arithmeticaveraging of the temperature data
will yield realistic temperature drop values. The is-
sue of boundary layer temperatures and ductjinner
wall temperatures and their effect on the tenper-
ature-averaging is subject to pretest agreement by
thé parties to the test (e.g., ignoring low wal| tem-
peratures as long as they are above a certair] min-
imum).

If there is significant heat loss between theg sam-
pling point and the collection equipment (e.g., un-
insulated duct), temperature measurements pt the
inletand outlet of the collection equipment should
be performed. The temperature measurements
shall be performed during the particulate matter
sampling period.

4.3.8 Electrical Power Consumption Measurements.
The methods suitable for measuring the power
consumption of the main equipment and any aux-
iliaries are adequately covered in other ASMH pub-
lications. For the consumption of electrical enjergy,
refer to PTC 19.6, Electrical Measurements in Rower
Circuits.

The specifications under which the collgction

4.3.6 Flow or Capacity Measurement. The collec-
tion equipment is commonly specified to have a
certain capacity in terms of throughput flow rate.
The inlet and outlet flow rates will be determined
as part of the determination of the inlet and outlet
particulate concentration (see PTC 38).

A comparison of these two measurements will
give an indication of measurement accuracy and/
or the amount of gas leakage into or out of the col-

13

device has been engineered normally specify the
power consumption, which is considered a param-
eter of performance. This includes the primary
power to an electrostatic precipitator, pump power
for a scrubber, reverse gas fan power for a bag-
house, and auxiliary power for the equipment.

The power consumption measurements shall be
performed during the sampling and flow mea-
surement period.
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SECTION 5 — COMPUTATIONS

fo

Jt  INTRODUCTION

This Section deals with three main computations
r the performance of particulate matter collec-

tign equipment:

le

bq

5.
m
tig
tig
pa

(a) formulas for both overall and fractional col-
rtion efficiency;

(b) formulas for equipment pressure drop;

(c) procedures for uncertainties with respect to
pth validity of data and accuracy of results.

.2 COMPUTATION OF COLLECTION

EFFICIENCY

R.1 Overall Mass Collection Efficiency. If the gas
hss flow rate and particulate matter concentra~
pn are known at the inlet and outlet of the,par-
ulate collection equipment, the total mass'of the
rticulate matter may be calculated to.determine

thie overall mass collection efficiendy E, as in Egs.

to Cg, is

where

3

C,,, = particulate matter concentration af inlet or

outlet of the collector (unit mass
gas volume)

p¢, = density of gas at standard dry co
(Unit mass per unit volume)

Inthosespecial cases when the volumetric
at the inlet and outlet are considered the s
(4 may be employed, utilizing particulat
concentration measurements obtained fr
the inlet and outlet of the particulate m3
lection equipment.

C,. - C,
E % = L”—'Z]wo
Cy

per unit

hditions

gas flow
ame, Eq.
b matter
bm both
tter col-

(4)

(1] and (2). 5.2.2 Fractional Mass Collection Efficiency. [The par-
ticle size distribution is usually representefd graph-
Gip, TGip, ically on logarithmic-probability paper, with Stokes
E, % = ‘ \100 Q] particle diameter on the logarithmic sdale (log
D1 scale) versus cumulative percent by mass less than
or greater than the stated size on the prgbability
where i
scale (see Fig. 1).
G, = Co(Go) 2 _ (a) Based on the particle size distributign at the
Dn Cn* Pt inlet and outlet of the collection equipment, effi-
ciency for particles larger than a certain pize can
arld be calculated as follows
n =1 for inlet and 2 for outlet ’
()= particulate matter concentration at the in- G
Tetor outlet of the collector (Unit mass/unit o — —257,
mass flue gas) Dy
E = overall mags collection efficiency (percent) o = “D (100) )
Gip, = total particulate matter (unit mass/unit
time) or
G, = weight of flue gas (unit mass flue gas/unit
time) . 100 - £,
. . A [2 2 S +D
When the particulate matter mass concentration E,p = 100 (100) ©6)
is expressed per unit gas volume, the conversion Sho
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FIG. 1 TYPICAL PARTICLE SIZE DISTRIBUTION CURVE
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Fractional efficiency between two particulate sizes
D, and D, can be calculated as follows.

G,
s’ _ D 5”
“Dp4D1 T & ~D2+ Dy

1D1

(100) @

E*Dz+D| = S’
~D2+Dn

It can be shown that G,, /G,, = (100 — E)/100.
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other set of particle diameters can be utilized as
per the pretest determination.

5.2.3 Other Particulate Matter Collection Equipment
Performance Criteria. For a variety of reasons, per-
formance criteriaother than (or attimes in addition
to)those described in paras.5.2.1and 5.2.2 are often
required.

Thys
, 100 - £ _,
5~D_.+D| - T)B_S—D.HD.
E pyp, = S s (1000  (8)
—Dr+ Dy
where

E., = efficiency of equipment in re-
moval of particles with diameter
larger than D, %

E_p,.+p, = efficiency of equipment in re-
moval of particles with diameter
larger than D, and smaller than
D, (Note: D, > D;), %

S'.p = percentage by weight of the par-
ticles of diameter larger than D at
the inlet of the equipment, %

S§%p = same as S’,; except at the outlet
of the equipment

S_p,+p, = percentage by weight of the par-
ticles of diameter larger than' D,
and smaller than D, at thejinlet of
the separator, %

S”p,+p, = same as ST p, ., except at the
outlet of the separator

D = particle diameter [customarily
given in pm-(10~°m)]

(b) If an overall efficiency guarantee has been

magle based on a specified size analysis of the par-

ticglate matter entering the collection equipment,
then the efficiency corrected to this size analysis
may be calcufated as follows.

B ormepredn?e = (Ev50S %50 + E 594305 50490

(@) In solid or liquid fuel burning boilers, it is
often required that the average particulate|matter
loading in the flue gas leaving the collectionjequip-
ment shall not exceed a given level of parficulate
thass per unit of heat input or per unit volume of
gas leaving (corrected to a‘specified gas gompo-
sition), while burning a given type of fuel (e g., coal
plus fuel oil, for whichali analyses are defingd). See
PTC 38, Section 5.

There may be additional requirements regarding
the opacity of the flue gas.

(b) Inthe'case of wet scrubbers, where the mass
of the flae)gas is changed during the scrlibbing
process;. the performance requirement car| be ex-
pressed in terms of the average mass of par&culate
matter per dry volume of the gas leaving the col-
lecting equipment, sometimes corrected fo 12%
CO, by volume.

5.3 EQUIPMENT PRESSURE DROP

The performance of particulate matter cc‘)JIection
equipment is also evaluated by the measured av-
erage total pressure drop through the equipment.
The total pressure drop is directly related| to the
equipment energy consumption and, for some
types of equipment, is correlated with the|partic-
ulate collection efficiency; e.g., cyclones ahd wet
scrubbers (see Appendix B).

5.3.1 Necessary Conditions. The selection gf pres-
suredrop calculation method depends uporj which
of the following conditions can be complied with:

(a) work performed on the system does hot ex-

T L.30+10°2-30+10 T E-10+52 -10+5

1
+E 5.5 5+ E ST (%6) 9

Note that the S values in Eq. (9) are estimated or
specified before the test, while the E values are the
actual measured values. The numerical values of
the subscripts given in Eq. (9) are an example; any

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

17

ceed T% of the system total loss of power due to
the pressure drop;

(b) heat lost or gained by the system is not more
than 5% of the flue gas internal energy, or 5% with
respect to the flue gas heat content;

{c) the extent of permitted deviation from steady
state is a function of the actual method of mea-
surement and must be determined on a case-by-
case basis; however, changes affecting the flue gas
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rate less than 5% during the measurement can be
considered as steady state for the purpose of pres-
sure drop measurement;

(d) the flue gas mass, average velocity, and den-
sity can be considered the same for both mea-
surement stations as long as the measured
difference between them is less than +10%.

PARTICULATE MATTER COLLECTION EQUIPMENT

where

_ 1 _—,
P=P,+ Em V- (12)

and

P, =Py, + Py (13)

5.3.2 JoWressurerp%rPressureﬁﬂhw
Providing that all the conditions in para. 5.3.1 are

met, the total pressure drop can be found by

-2 = (AP oy + (Zy — Z)er — o)) (gﬁ) (11))

C.

(AR

in consistent units,

total pressure drop

= static pressure drop

average gas density at duct conditions

average density of the fluid (gas) in the

tubes connecting the static probes to

the instrument which measures the

(a Psg)1 ~2

Z, = height of the static probe port above
a common reference

g = gravitational acceleration

g. = gravitational conversion factor

basurement is performed with the two static
probe$ connected to an instrument or a device
which|measures (AP, _, directly.

If the measurement of the static pressure dif-
ferentfal between the inlet and the outlet of the
particdilate collection equipment is done with two
separJlte instruments (one for the inlet and one for
the outlet), and the instruments’/are adjacent to
their test ports, then in Eq. (10).replace p; by pampients
and replace static pressure drop (A Pyo); _, by (P,

— (Psg). Therefore, Eq. (10) becomes

where
APy
(A Psg)'

-2
-2
Pr
Pt

Zy,

Them

(API)1—2 = (Psg)1 - (Psg)2

+ (Z1 - 22) (Pf - I_Jamb) (‘gg_>

c

In consistent units,
P, = average total pressure, Ibf /ft*

P., = absolute static pressure, Ibf/ft’
P., = gage static pressure, Ibf/ft}
P, = barometric pressure, Ibf /ft*

V = average gas velocity; ft/sec

pr = average flue gas density, Ibm /ft?
Note that on systems with large differences in el-
evation between the measurement stations/ the
barometric presstire should be measured at pach
station and the respective valuesinserted in Eqf (13)
for stations¢thand 2.

5:3:4 Total Pressure Drop — General Total Pregsure
Method. Thermodynamic analysis utilizing the|First
Law and the concept of enthalpy can be utilized to
deal with a situation where none of the condiatlions
listed in para. 5.3.1 are valid. This type of analysis
is beyond the scope of PTC 21. For particulateg col-
lection equipment, the methods of paras. 5.3.2and
5.3.3 are sufficient. In the case of work performed
onthe system (e.g., accelerating droplets, etc.)| this
work is usually an integral part of the system|par-
ticulate collection process and therefore should be
part of the energy balance as expressed by the fotal
pressure drop. A detailed discussion is included in
Appendix C.

5.4 VARIATION OF TEST RESULTS — OUTLIERS

5.3.3 Total Pressure Drop — Total Pressure Method.
In cases where only velocity varies among the con-
ditions in para. 5.3.1, and the density can be con-
sidered the same for both stations, then the total
pressure drop can be found by

(AP)i -y = (P)y — (P + pi(Z) — Z) (f) (11)

18

According to Daniel and Wood (Section 7, ref. 1),
“most large collections of data, and occasionally
even small collections, contain a few ‘wild points,’
sometimes called mavericks or outliers. What hap-
pened to make them nontypical cannot usually be
reconstructed. They must be spotted, however,
since to retain them may invalidate the judgments
we make.”
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TABLE 2 STATISTICAL VALUE OF DATA
POINTS (DEVIATION VS PROBABILITY)
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(b) Exceeding a Statistical Criterion. CAUTION:
This method should be applied only to the average
result obtained when performing the test. For ex-

T P, N . . o .
[Note (1] [Note ()] [Note (3] ample, ifa given duct cross section is divided into
several subsections for the purpose of measuring
15 0.8664 4 the velocity profile, temperature, particulate mat-
1.55 0.8789 4 ter concentration, and major gas composition (as
1'25 g'gg‘;‘: g per the recommended procedure in PTC 38), only
T 09709 3 the avcrage—value—ef—t-he—velegmf,—tempefa-tu re, or
particulate matter concentration, etc., is'to|be uti-
1.75 0.9200 6 lized when analyzing for outliers. Hence; the num-
1.8 0.9281 6 ber of cases evaluated statistically is‘the rjumber
]‘25 g'gigz g of complete tests performed.
1.95 0.9488 10 A nu'mber'of s‘tatistic.al methods for setting limits
for point rejection exist (see PTC 19.1, Mgasure-
2.0 0.9545 10 ment Uncertainty). One of those methods| Chau-
2.1 0.9643 10 venet’s Criterion, is réviewed below because of its
;g 8‘2;2}2 ;g applicability to patticulate matter determination.
24 0.9836 20 It is assumed thatthe errors are normally |distrib-
uted such that Table 2 can be utilized to find prob-
25 0.9876 50 ability values. A statement of the criterion|is: Any
2.6 0.9907 50 reading ofa series of N readings shall be rpjected
27 0.9931 20 if the:magnitude of its deviation from the [true or
2.8 0.9949 100 . -
méan  value is such that the probability ofl occur-
29 0.9963 100 rence of such deviation does not exceed P, from
3.0 0.9973 500 Table 2, where
3.5 0.9995 500
4.0 0.9999 500 1
Po=1-— 14
] IN (14)
NOTES:
(1) 7is ratio of deviations from calculated mean valué-of stan- and
dard deviation. .

(2) #, is probability of occurrence (area under the'normal dis- N = number of data points (N must bel 24)

tfibution curve, between ¥ = #7). P, = probability of occurrence

3) N ber of data points (N bé\= 4). .

3 f is number of data points (N must g4 Upon calculation of P, [Eq. (14)], the valug of the
dimensionless T should be found from Table 2. T
is the ratio of the deviation from the cal¢ulated
mean value to a

5.4{1 Criteria for Determining Outliers. When there X, - X|

« . » 1]

are[no obvious erfors (i.e., obvious process upsets, T = . (15)

insfrument malfunctions, or calculation errors), an

anglysis of ,outliers may be useful.

(@) Imbalance Beyond a Calculated Criterion. If
a balarice equation (e.g., mass balance) can be uti-
lizdd to check the test results and if, after consid-

where
X, = actual value of each of the data pgints

X = mean value of all X values

o= standard deviation {see PTC 19 1)

ering the testing errors, most results are in
agreement with the balance equation, then a test
result which is in disagreement may be an outlier.
For example, the combustion stoichiometric cal-
culation and O, measurementindicate the gas mass
flow rate. If any measurement of velocity, tem-
perature, pressure, or O, yields a result which is
greatly different, then that result could be an out-
lier.

19

This value of T should not be exceeded for any point
among the N data points. To obtain T, i.e., the
value of the calculated T for the sample, the esti-
mated standard deviation S is required.

& 12
% (X, = X)?

S:
N-1

(16)
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Methaod A presents a problem in performing an
error analysis when it results in only two or three
tests. It should be established prior to the actual
test which type of error analysis, if any, shall be per-
formed, and what will constitute an acceptable
“truevalue.” The results obtained through Method
B can be analyzed by random error analysis; see
PTC 19.1.

or
N 2 172
(5
N ) n=1
x —_
n=1 n N
= 1
S N =1 (17)
where
N
_Ex
X N (18)
Finally, to check for outliers
X, - X
Tcal = I S | (19)

If Tcy >{ T in Table 2, the datum point is an outlier.

The user of this method is cautioned that the pro-
cedure should be done only once; i.e., after elim-
inating the outliers, the procedure should not be
repeatef again with a new N. As previously noted,
this method should not be utilized unless N = 4.

5.5 ERROR ANALYSIS

as well) are such that a very Iarge number of tests
are performed, e.g., opacity monitoring in a stack.

The true value of the measured variable is never
known. However, an error analysis which is aided
by calculated criteria [see para. 5.4.1 (a)], experi-
ence, and common sense can provide an accept-
able estimation of the true value of the measured
variable.
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5.5.2 Glossary
accuracy — closeness of agreement betweer| a
measured value and the true value
average value X — arithmetic ‘mean of N readirjgs
[see Eq. (18]
bias 8 — difference between the average of the
measurement population and the true value. The
true systematic or fixed error which characterizes
every number of any set of measurement in the
population.
measurement error — difference between the true
value and'the measured value. Itincludes both bjas
and precision error.
mistake — divergence arising from an uninten-
tional departure from the usual procedure, e.g{, a
misreading of scale, etc. (from Section 7, ref. 5
parameter — quantity such as temperature or pres-
sure used in deriving a result
precision error — random error based on a set|of
repeated measurements
result r — value calculated from a number of pa-
rameters
sample size N — number of individual measufe-
ments of a parameter in a sample
sensitivity — ratio of the change in a result tq a
change in a parameter

5 5 3 Maxumum Error. When random error analy

i.e. very small sample size N, maximum error anal-
ysis can be performed. Theoretically, maximum er-
ror analysis is all inclusive (i.e., bias error, precision
error, and mistakes) and generates error-band
width which often leads to a large overestimate of
the error. However, prior to the actual maximum
error analysis, all efforts should be made to reduce,
if not eliminate, the bias errors and the mistakes.
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The maximum error is determined for a given
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or 2 ar 2 ar 2]1/ 2
nl — R
Kam S*‘) * <3X2 5*’) * (axN 5"“).

(21)

result r by 5=
ar or ar
Afmax = % l RAXJ + aX2 AXZ + ...+ aXNAXN
(20) See PTC 19.1 for the method of obtaining the
Sy...
where
r="fXy, Xy ..., Xy, and the absolute values

are required since AX; y is usually
+AX; N

The values for the AX,, can be established for the
specific test or be developed based on past ex-
petience. Actually, if estimated standard deviation
is qvailable, AX,, = 35S, can be utilized. [See Eq. (16)
or [17), and PTC 19.1.]

-

5.5.4 Random Error Analysis. The random error is
determined for a given result r by

5.5.5 Conclusion. The subject of error analylsis as it
applies to particulate collection equipment is ad-
dressed in PTC 21 only to the extent necespary for
the practical application of this Code. The|variety
of methods and instruments.involved in the mea-
surement of particulate collection equipm}nt per-
formance (particulate’ matter load, stafic and
dynamic pressures;.temperatures, and flue gas
composition) rendérs the detailed and cgmplete
treatment of the Subject outside the scope of PTC
21,
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SECTION 6 — REPORT OF RESULTS

6.1 [IMPORTANCE OF REPORTS

6.1.1 Most of the tests conducted in accordance
with|this Code are performed to obtain dataon pro-
cess|emissions or the performance of emission
contfol systems for operational, commercial, and/
ulatory purposes. Therefore, establishing the
accuracy and assuring completeness of the test re-
ports are of the utmost importance.

The test report may be subject to scrutiny with
respgct to the nature and conduct of the tests per-
formed. The actual test data will probably be cor-
related with the design and operation of the
emigsion source and emission control systems in-
volved. Often tests conducted for one particular
purpgose are later utilized to provide useful infor-
matipn differing in application from that for which
the test was originally conducted.

6.1.1 The purpose of this Section of the Code is to
provide guidance with respect to that information
h should be obtained during the test program
and fto recommend formats for recording this in-
formation and presenting it i a-suitable manner
to meet the strict requirements cited above.

6.2 [REPORTS AND_THEIR CONTENT

A properly conducted test program should re-
sult jn a final'test report containing the following
infofmation in a well-organized format, as com-
plet¢ and-accurate as possible:

(a)reason{si-forconducting-test-and-the-infor

above, including the nature and flow- rateg of all
material consumed and/or emitted during the test
period;

(d) identification and deseription of the sam-
pling train and test procedures used, with|infor-
mation regarding the bdsis of their selection;

(e) outline of the manner in which the tests were
conducted, with ‘commentary on any deviation
from normal action which may have been peces-
sary; includé calibration procedures;

(f) testresults — both the detailed tabulation of
data taken during the test and the calculated test
results obtained therefrom;

{g) summary of test results correlated with per-
tinent operating data and other factors invplved.
Commentary on the test results and their gignifi-
cance may or may not be required, depgnding
upon the nature of the test assignment.

6.3 RECOMMENDED REPORTING
PROCEDURES

The following is presented as a guide for ob-
taining and presenting the data necessary tq fulfill
the test objective. These recommendations|apply
to a typical efficiency and emission test prqgram.
The great variation in the nature and conditipns of
any specific test program may necessitate devia-
tion from these recommended procedures|{How-
ever, in all cases, the reporting procedure should
be so planned and carried out as to achieve the re-
quirements of the above stated criteria for thie final

mation desired from the test results;

(b) description of the particulate matter collec-
tion equipment being tested, with data covering
both the source itself (e.g., boiler, incinerator) and
all equipment or other factors which may directly
or indirectly affect test results (e.g., electrostatic
precipitator, fans, duct configuration);

{c) operating conditions of the emission source
and all the other equipment and systems listed
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test report.

6.3.1 Presurvey Report. In order to properly plan
the test program, a preliminary survey of the emis-
sion source and the test site should be made. The
information obtained during this presurvey should
provide considerable help in the selection of the
proper testing procedures to be employed and the
preparation of a well-organized test plan.
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The presurvey should include the acquisition of
data on the design, operation, and physical ar-
rangement of the particulate matter collection
equipment and the related equipment of concern.
These data can be obtained from a study of per-
tinentdesign and operating data available from the
owner, operator, and vendors involved, plus actual
inspection of the test area. The availability and use-

ological equipment, should also be inves-
tigated.

The|use of a questionnaire or presurvey report
form, puitable for the type of emission source in-
volved, can be very helpful. Samples of such forms
for combustion sources, incinerators, and indus-
trial processes are shown in PTC 38. These forms
should be augmented by appropriate process flow
diagrams and scaled plan and elevation drawings
of the| equipment involved, including the actual
sampl(ng site. A cross section drawing of the duct
or stagk at the sampling locations, showing exact
locatign of sampling ports, should be prepared.
Actual sample point locations should be added to
this when determined.

6.3.2 Gas Flow Measurement, Sampling, and Analyt-
ta. The wide variation in the type of source
sted, the nature and conditions of the test,

report| forms required. Typical forms for gas ve-
locity ¢nd volume data, field sampling meter data,
and arfalytical data for the samples.collected, fuel
burnedl, etc., are included in-PTE€ 38.

The [data taken should not'be limited to that
whichmay seem essential tothe current objectives
of the ftest program. Any'supplementary data and
observations whichmay later be useful (e.g., eval-
uating|data for outliers) should be included to the
um extent practical.

PARTICULATE MATTER COLLECTION EQUIPMENT

equipment involved in the test — emission control
systems, gas flow systems, etc.

6.3.4 Calculations. The calculation procedures used
to compute the final test results are an important
part of a test report. The test procedures used, the
conditions of the test, and the computation facil-
. . . ine
the methods of calculation and their presentation
in the report. The calculation section of’atest re-
port may vary in format, ranging from a‘computer
printout of test data and calculated results, accom-
panied by an example of a typical set of calfula-
tions, to a complete set of manually performed
calculations presented on appropriate forms

The primary criteria in présenting calculatiopsin
a test report are that‘the nomenclature and ynits
of measurementcused are defined and that the
sources of all input data, formulas, constants) and
conversion factors are clearly identified. Sect{on 2
of this Code/contains a Table of Terms (Tahle 1)
which should be utilized to the maximum extent
possible in the tabulation of test data and the cal-
culation and presentation of test results.

6.3.5 Emission Data. Both a detailed report of the
calculated efficiencies and emission data obtajned
during the test, with a summary of the test rejlults,
correlated with pertinent operating parameters,
are usually required in the final test report. Typical
forms for presenting detailed emission data from
a combustion source and for presenting a $um-
mary of test data, correlated with pertinent qper-
ation data, are shown in PTC 38. Both are s:.leect
to considerable variation to meet the requirements
and conditions of a specific test program.

6.3.6 Responsibility for Test Results. Depenfling
upon the nature and requirements of the test|pro-
gram, it may be necessary to assign the respon-
sibility for obtaining valid testdata and prepardtion

6.3.3 Operating Data. The wide variation in the type
of particulate matter collection equipment to be
tested and the nature and conditions of the test
necessitate a wide variation in the format of the
forms needed to record and report operating data.
Typical forms for boilers, incinerators, and indus-
trial processes are included in PTC 38. They should
be supplemented by similar forms covering the de-
tailed operating data for the other systems and

of the reports to a specific party or parties. If this
is the case, the final test report should be certified
or validated in a manner appropriate to the cir-
cumstances involved and in accordance with the
mutual agreements of parties concerned. In all
cases, the final test report should clearly identify
all the personnel and organizations involved in the
conduct of the test and the determination of test
results.
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APPENDIX A

TEST CONSIDERATIONS FOR PARTICUILIATE MATT

£

There are four basic types of particulate collec-
tior} devices in general use — cyclones, electro-
statjc precipitators, fabric filters, and scrubbers.
Each device has distinctive features which affect
the[way in which it should be tested to obtain per-
forfnance data. The following brief descriptions of
opgrating parameters are intended to specify par-
ticdlar concerns in determining performance for
each collection device.

A1 | CYCLONE

This type of collector utilizes centrifugal force to
extfact particulate matter from a rotating gas
strgam. The collector may be a single large cyclone
or § multitude of small (typically 3 in."to 12 in. di-
ameter) cyclones arranged in parallel. Figure A1l
shows a typical cyclone tube arid its location in the
deviice. Since the principle of operation depends
upgn centrifugal force, the/device performs best
at or near the design veloeity specified by the man-
ufagturer in terms of\the pressure drop across the
unit. There is an Optimum operation range below
which centrifugal force is inadequate to efficiently
sepprate particles from the gas stream.

The efficiency of cyclone collectors is related to
thefsizésand densities of particles being collected,
as ghown in Fig. A2. Performance determination

COLLECTION EQUIPMENT

(This Appendix is not part of ASME PTC 21-1991.)

the sample for size determination by centrifugal
classification per RTC 28.

The parametersrsually specified for a givien par-
ticulate mattercollection efficiency are the gas flow
rate, the gas‘density, and the anticipated pfessure
drop. Injerder to arrive at the most accurjte rep-
resentation of cyclone operation, tests shguld be
made at or near the design flow rate and temper-
ature.”

Test data and results required are as fol

(a) gas flow rate;

(b) total pressure drop across equipment, inlet
to outlet (in most cases, static pressure drop is sat-
isfactory); ‘

(c) inlet particulate matter concentration;

(d) outlet particulate matter concentratipn;

(e) inlet and outlet particle size distribufion re-
quired for fractional efficiency determinatjon;

(f) gas temperature;

(g) collection efficiency.

OwWS:

A2 ELECTROSTATIC PRECIPITATOR

This equipment uses electrostatic forceq to col- :
lect particulate matter (see Fig. A3). Gas mdlecules
are ionized by corona current discharge frjm high
voltage electrodes and the particles are|subse-
quently charged so that they will be attracted to the

must include a size analysis of the entering par-
ticles to obtain a size distribution from which to
predict performance. Efficiency is determined by
comparison of inlet and outlet particulate matter
concentrations (see PTC 21, Section 5).

A high volume sampling train capable of col-
lecting large particulate matter samples is used (see
PTC 38). This train collects a sufficient amount of

27

collecting plates.

The efficiency of an electrostatic precipitator is
a function of a number of factors, including par-
ticle size distribution; the chemical composition of
the particulate matter; electrical resistivity; oper-

*The pressure drop is affected by density, which is in turn af-
fected by temperature, pressure, and flue gas composition.
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FIG. A1l

ating voltage and current; inlet and outlet gas flow
distribution in the precipitator; and the velocity,

GENERAL NOTE: Courtesy-Aerotech Industries.

TYPICAL CYCLONE TUBE AND COLLECTOR ARRANGEMENT

should be determined separately by an impagtor.
The determined size distribution is useful in ¢val-

temperature, density, and'composition of the gas uating precipitator performance. The chemical ash

streany. composition should be determined from a sarhple
Singe performance. is affected by the focal gas of the ash collected during the test. Pressure drop

strean) velocity, it(is)important that gas flow rates is ordinarily low and may not be a significant factor

be as lose to,design as possible and the gas be in performance.

distributed across the face of the precipitator as Sometimes gas conditioning agents are used to

evenlylas possible. This is usually accomplished by alter the precipitator performance by modifying

installingdistribution baffles atthe inletand outlet.

the gas composition or the electrical resistivity.|The

Acceptable distribution should be confirmed by a
field pretest with no power to the electrodes and
with air flowing through the precipitator rather
than process gas.

Sampling trains are usually low volume, of the
type discussed in PTC 38. Since these trains usually
employ coincident velocity measurement, isoki-
netic sampling is easily obtainable. Mass loading
is determined by the train, but size distribution

28

quantity of any gas conditioner(s) should be noted
in the result so that future comparative tests will
be meaningful.

CAUTION: Since the gas stream is ionized, a large potential for
electrostatic charge exists. Trains and all measurement probes
in both the inlet and outlet location must be well grounded.

Electrostatic precipitators are cleaned by rap-
ping or vibrating the collecting plates and the dis-
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GENERAL NOTE:

and an ash specific gravity of 2.5,

charge electrodes. The frequency, intensity, and
durdtion of the cleaning procedure will determine
the ¢leanliness of theloternal parts. Since partic-
ulat¢ matter can beteentrained into the gas stream
duripg cleaning;it\is essential that cleaning pro-
grams be optimized before tests are done. Clean-
ing should. be continued at the optimum rate
duripg thetest.

El¢ctrostatic precipitators are considered con-
stant- ;
being equal, the precipitator will remove a con-
stant percentage of the incoming particulate mat-
ter.

Test data and results required are as follows:

(a) gas flow rate, inlet and outlet;

(b) gas temperature, inlet and outlet;

(c) gas velocity distribution between collecting
plates;

29
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Efficiencies are shown for a dust concentration of 3.0 gr/ft, gas temperatures from 70°F to 700°F,

FIG. A2 BASIC PERFORMANCE;"CHARACTERISTIC OF TYPICAL CYCLONE COLLECTOR

(d) pressure drop across precipitator, irjlet to
outlet, including any flow distribution deviges (in
most cases, static pressure drop is satisfactpry);

(e) inlet particulate matter concentration

(f) outlet particulate matter concentratiof;

(g) inlet and outlet particle size distribution (re-
quired for fractional efficiency);
(h) power input to transformer/rectifier sets;

(i) power input to auxiliary equipment 5||1ch as
rs;

j) spark rate;

(k) voltage and current of precipitator power
supply equipment;

() particulate matter composition (elemental ash
analysis);

(m) amount and type of gas conditioning agent
used;

(n) cleaning factors — frequency, intensity, and
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FIG. A3 TYPICAL WIRE AND PLATE TYPE PRECIPITATOR
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duration for both high voltage electrodes and col-
lecting plates;

o) composition of flue gas (O,, CO,, 50,, SO;,
H,0);

{p) collection efficiency;

(@) fuel analysis;

() ash analysis.

tinuously, the test must be run under the operating
conditions of cleaning. If a filter needs to be
cleaned only every 12 hr, testing should not in-
clude a cleaning cycle. The majority of cases fall
between these conditions.

Test sample trains are low volume, as described
in PTC 38. Though there are no large electrostatic
forces, grounding of sample trains is recom-

A3 (FABRIC FILTER

THis equipment uses a filter medium to remove
the particles from the gas stream. As shown in Fig.
A4, the equipment causes the gas stream to pass
thropgh a filter material which retains the particles
on the material. The particulate matter may be col-
lectgd on either the outside or inside surface of the
filte medium. The filter medium is usually felted
or woven cloth. It provides a substrate on which
the particles are collected, and the resultant cake
of pprticulate matter assists in filtering the gas
stregm. The thickness of the cake affects the per-
formfance, so agreement must be reached on the
prespure drop across the tubesheet (i.e., through
the ¢loth and cake) to be used during the test.
Cleahing frequency and intensity required are a
function of inlet particulate matter concentration
and pressure drop.

All things being equal, fabric filters are consid-
ered| constant-emission devices, because the out-
let particulate matter loading is more a funetion of
leaks and bleed-through of the fabric than of par-
ticulate load. For this reason, collettion efficiency
of a fabric filter is an unrealistic fepresentation of
performance. Thetrue performance indicator is the
outlg¢t mass concentration{Therefore, outlet tests
are ysually sufficient to.indicate performance.

Since filter performance is based mainly on
phydical properties)of the particles, it is not nec-
essafy to obtain a particulate matter sample for
composition, analysis. Where desired, impactors
are ysed to\collect samples for particle size distri-
butign. The size and shape of the particles will have
an effeet on the porosity of the filter cake and,

mended 1o dVUi‘dTh‘E'WSSTbﬁRTU‘I‘EXWU?i‘(lI:.

Test data and results needed are as folloys:

{a) gas flow rate;

(b) gas temperature, inlet and outlet;

{c) gas-to-cloth ratio;

{d) total pressure drop across filters, inlet
let (in most cases, static pressure drop is s
tory);

{e) pressure drop across tubesheet (cloth and
filter cake) of each module;

(f) cleaning procedures — frequency, dufation,
volume, and, pressure of cleaning fluid;

(g) power Of auxiliary equipment, such
verse gas)fan and/or air compressor;

(h) inlet particulate matter concentration| (if re-
quired);

(i) outlet particulate matter concentratior.

o out-
isfac-

as re-

A4 SCRUBBERS

Scrubbers are used to remove particulate atter
from a gas stream and, with a chemical solution,
to minimize the amount of SO, and/or oth¢r gas-
eous constituents in the effluent. Analysis pf gas
removal performance is beyond the scope of this
Code (see PTC 40, Flue Gas Desulfurization Units).

A4.1in the wet scrubber, the flue gases are passed
through a contactor (e.g., venturi, packed bed,
open spray chamber) where they come in cpntact
with a liquid or a slurry (see Fig. A5). The partifulate
matter is captured by the liquid through eptrap-
ment in droplets, in liquid film, or in liquid bath.
The saturated outlet gases and droplets/wet par-
ticles pass through a mist eliminator of centr{fugal,

hence, the pressure drop across the filter. Gas tem-
perature should be sufficiently above acid dew
point to avoid condensation on the cake and filter
medium.

Cleaning of the filter medium is accomplished
by reversing the flow of gases (or air) through the
fabric, shaking the fabric, or a combination of the
two. The performance test should reflect the nor-
mal cleaning procedures. If a filter is cleaned con-

31

mesh, or chevron type which minimizes carryover,
Mist eliminator performance affects collection ef-
ficiency, since many droplets have solid particles
entrapped. Some installations reheat the gases or
use another source of hot gases to provide buoy-
ancy to the saturated gas stream and to minimize
visible plume formation. Outlet measurements for
efficiency determinations must be made immedi-
ately after the scrubber. Measurements for source
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FIG. A4 TYPICAL FABRIC FILTERS
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emission must be made sufficiently downstream of
the confluence of both gas streams to assure non-
stratified conditions.

Low volume sampling trains are identified in the
Appendix of PTC 38. The interpretation of test re-
sults on a saturated gas stream is difficult due to
chemical reactions in the sampling equipment.

pending upon the type of scrubber, a combination
of some of the following parameters should be
measufed.
Test data and results required are as follows:
(a) irjlet gas flow rate;
(b) optlet gas flow rate;
(c) irllet gas density;
(d) optlet gas density;
(e ivfet gas temperature;
(f) oytlet gas temperature, before and after re-
heat;
(g) irjlet gas humidity;
(h) optlet gas humidity;
(i) erjergy required for reheat;
{j) liquid or slurry flow rate to scrubber;
(k) pressuredrop across scrubber contactor and
breech|ngs;
() injet particle size distribution;
(m) qutlet particle size distribation after reheat;
(n) ppwer to fan and pumgpgs;

I |

(o) slurry system discharge solids concentra-
tion;

(p) liquid make up flow rate;

(q@) inlet particulate matter concentration;

(r) outlet particulate matter concentration;

(s) collection efficiency.

sed
through an open spray chamber, where they|are
contacted by a liquid spray containing Gorbents.
The quantity of liquid is closely controlled to Keep
the temperature of the flue gases @bove the few
point (usually 15-40°F above), to keep the gaseg, fly
ash, dry reaction products, and sorbent in a|dry
form. A coliecting device isadded to remove these
dry substances from the gases (see PTC 40 for per-
formance measuremént during collection of cid
gases in a dry scrubber).

When an electrostatic precipitator is used,|the
concentration of input particulate matter to|the
collection/device should be measured down-
stream of\the spray dryer. Outlet particulate ¢on-
centrations are measured after the collection
device. The guidelines in para. A2 for precipitator
performance and in para. A3 for fabric filter per-
formance may be used.

A4.3 In dry injection systems, sorbents are adfed
to the flue gas upstream of the particulate mdtter
collection device which removes fly ash, dry| re-
action products, and unreacted sorbent from|the
gas stream. To determine efficiency, the guidelines
in para. A2 for precipitator performance an(II in
para. A3 for fabric filter performance may be uged.
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APPENDIX B

high efficiency cyclone dust collector was

tested with the following results.

(AP

in

Inlet (Station 1)
Q, = 31,880 ACFM

T, = 200°F
P, =285 in. Hg
Po) = —7 in. WG

(h); = 10% moisture by volume
M; = 28 Ibm/lb-mole

C,, = 3.8 gr/SDCF

G, = 11.7 Ibm/min

Outlet (Station 2)
Gy, = Gy,
T, = 195°F
G,,. = 0.5846 Ibm/min
(P.p, = —10in. WG
)1 -y = 3in. wWG
(hl)2 = (hl)1

pble B1 depicts the test results and calculated
ormation regarding.the particulate matter.
rom Eq. (1) of PTC 21, Section 5,

. 2 =

& (11.7000 — 0.5846

11.7000 ) (100

= 95.0034 = 95% total efficiency

COMPUTATION OF COLLECTION EFFICIENCY —
EXAMPLE

(This Appendix is not part of ASME PTC 21-1991.)

S%15=20%3 + 5+ 4 =320%

Shs =,2.00+ 0.31 + 0.513 + 0.41 = 3.233

100 — 95
32~ K—jl-b—o——> (3.233)]

32

5 =

If the fractional efficiency E_4q , 5 is requi
(8) can be used as follows:

100 — 95
375 — [(T) (68.1)]

375

E_i945 =

If required, the values of C;, C,, and G,,
found from the above information, althoug
values were required already in order to d
part of Table B1:

From Eq. (3):

3.80

0724

CC| 0.

= 52.5 gr/(lbm dry gas)

%

(100) = 99.495%

ed, Eq.

(100) = 99.920%

can be
h these
evelop

NOTE: G,, should be calculated using Eq. (2). It is not rec-
ommended to sum up the fractional concentrations obtained
with a cascade collector, since it may lead to a large error. A
comparison of the total particulate loads obtained from the cas-
cade collectors to that obtained when total concentration was
measured is recommended.

If £, 45 is to be determined using data from Table

B1, Eq. (6) can be used as follows:
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{Qqa)1 = (Qy) (temperature correction)

X (pressure correction; barometric and inside

the duct) (moisture correction)

=(01)(460+70

[28.5 — 7(0.0735)
460 + 200

29.92
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TABLE B1 CYCLONE TEST RESULTS (PARTICULATE COLLECTION EFFICIENCY)

Average Inlet Percent by Mass Percent by Mass
Particle Size Particle Size, at Inlet, % Particle Mass at at Qutlet, % Particle Mass at
at Inlet, pm pm (Totals 100%) Inlet, Ibm/min (Totals 100%) Outlet, Ibm/min
+ 50 50 4.0 0.4700 0.410 0.0024
=50 + 40 45 5.0 0.5900 0.513 0.0030
-40 + 30 35 3.0 0.3500 0.310 0.0018
=3+ AU pasl FAIAY) 4.I0W & W .Ut/
-=20|+ 10 15 28.0 3.3300 2.86 0.0167
—-10|+ 5 7.5 37.5 4.4200 68.1 0.3981
=5|+ 0 2.5 2.5 0.2900 25.8 0.1510

(Qs1 = 0.676 Q; = (0.676)(31,880.0) = 21,551 SDCFM

Therefore,
G, = (0.0724)(21,551) = 1,560 Ibm/min
From Eq. (2),
Gy, = (52.5)(1,560) = 81,900 gr/min, = 11.7 Ibm/min

This can also be calculated as follows:

21,550
= 3.80 {———5—-——) = 11.7 Ibm/mi
Gy, = 3.80 (7000 gr/lbm) bm/min

36
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APPENDIX C

In|dealing with energy loss (mechanical energy
converted into heat), only kinetic energy is con-
sidefed. Therefore, AP, should be zero under static
conditions. In all the equations in para. 5.2 of PTC
21, ifis of no consequence whether the upstream
statipn is number 1 or number 2. When selecting
the reference elevation, the proper sign for the di-
rectipn should be utilized. If the reference eleva-
tion|is below the test station, Z is positive. If it is
above the test station, Z is negative.

Assuming steady state and constant mass flow
rate,|but with all the other conditions in para. 5.3:1
violgted, it can be shown that

TOTALPRESSURE DROP—GENERALTOTALPRESSURE
METHOD

(This Appendix is not part of ASME PTC 21-1991.)

Then

RT P
Vi+ —In2 L w
? M PsaZ ¢

c

1
-2z -z +:gc(v$ -
24)

NOTES:
(1A situation where W, is present occurs when a pumpp gen-
erated water jet in a wet scrubber, after a quenchgr, adds
energy through momentum exchange to the flue gag stream
at constant temperature.
(2) Pressure drop is calculated by multiplying F (ft-Ibf/lH), as de-
termined by Eq. (24), by the calculated average flue gas den-
sity (Ibm/ft’).

Vi (tdp, %
Z1'?+'2?1_S1Tf_zzgﬁ—ﬁ=FhWe (22) EXAMPLE 1
pC c [ c
A calculation of the system AP,, i.e., between sta-
where tions 1 and 4 in Fig. C1, is required. None [of the

f = friction loss, ft-Ibf/lbm
W{ = work by external-source on the system,
ft-Ibf/lbm

If p; £ constantandW, = 0, then Eq. (11) will result.
Agsuming that.the system is isothermal, i.e., the
flue |gas temperature is unchanged, then

2
p
d_P=___R;_;| _fl=_ﬂ-|nﬁ (23)

M—P

where
R = gas constant = 1546 [(ft-Ibf)/(°R-Ib-mole)]
T = absolute flue gas temperature (°R = °F +

equations given above is applicable, since the mass
ratio between stations 4 and 1 is 1.08 > 1.05 (see
para. 5.3.1). Therefore, AP, is calculated befween
stations 2 and 4. The energy required by the|fan to
overcome the energy losses between station$ 1and
2 can be calculated as stated in para. 5.3.4] How-
ever, the specific analysis is not within the|scope
of PTC 21. Based on the data given in Table C1, a
review of the conditions given in para. 5.3.] indi-
i i ecked

“are the conditions for the flue gas density and av-

erage velocity. For both, the deviation is greater
than 5%. Therefore, the last two conditions were
not met.

460) Hence, the General Total Pressure Method in this
M = molecular weight of the flue gas, Ibm/Ib- Appendix should be utilized. However, in order to
mole simplify the calculation, the Total Pressure Method
P,, = absolute flue gas static pressure, Ibf/ft* of para. 5.3.3 is utilized, and therefore the average
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TABLE C1 TABULATION OF VALUES FOR EXAMPLE 1

Station
Variable . 1 2 3 4

Flue gas weight, Ibm/min 537.5 582.0 582.0 582.0
Flue gas volume, ft/min 25,000 11,323 11,975 11,975
Flue gas temperature, °F 1,200 165 165 165
Flue gas density p;, Ibm/ft® 0.0215 0.0514 0.0486 0.0486
Avgrage velocity V, ft/sec 60 60 60 50
Mepsured static pressure P, in. WG -2.0 -4.0 —-25.0 =255
Eleyation Z, ft 60 30 25 5
Barometric pressure Py, Ibf/in.? [Note (1)] 14.0 14.0 14.0 14.0

NOTE:

(1) Barorpetric pressure P, may not be constant due to the elevation difference of 55 ft.

To dispos;
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GENERAL NOTES:
{a) Sampling stations 1 through 4 are described in Table C1.

(b} The liquid loop is designated . .
{c) The gas loop is designated

FIG. C1 TOTAL PRESSURE DROP (EXAMPLE)
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