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Standard Test Method for
Volumetric and Mass Flow Rate Measurement in a Duct
Using Tracer Gas Dilution *

This standard is issued under the fixed designation E 2029; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope tainty: Instrument Apparatds

1.1 This test method describes the measurement of thg
volumetric and mass flow rate of a gas stream within a duct,” . . )
stack, pipe, mine tunnel, or flue using a tracer gas dilution 3-1 Definitions of Terms Specific to This Standard:
technique. For editorial convenience all references in the text 3-1-1 ideal gas n—a gas or gas mixture for which the ratio
will be to a duct, but it should be understood that this could®f the pressure divided by product of the density and tempera-
refer equally well to a stack, pipe, mine tunnel, or flue. This tesfu® IS a constant. _ _
method is limited to those applications where the gas stream 3-1.2 mass flow n—the total mass of air passing the
and the tracer gas can be treated as ideal gases at the conditiGR&P!ing point per unit time (kg/s, Ib/min). o
of the measurement. In this test method, the gas stream will be 3-1-3 tracer gas n—a gas that can be mixed with air and
referred as air, though it could be any another gas that exhibitf€asured in very low concentrations.
ideal gas law behavior. 3.1.4 tracer gas analyzern—a device that measures the

1.2 This test method is not restricted to any particular tracefoncentration of tracer gas in an air sample.
gas although experimental experience has shown that certain3-1-5 tracer gas mass concentratiom—the ratio of the
gases are used more readily than others as suitable tracer gadBgSs Of tracer gas in air to the total mass of the air-tracer
It is preferable that the tracer gas not be a natural componefiXture. For an ideal gas, the mass concentration is indepen-
of the gas stream. dent of temperature and pressure. _

1.3 Use of this test method requires a knowledge of the 3:1.6 tracer gas molar concentratigm—the ratio of the
principles of gas analysis and instrumentation. Correct use giUmber of moles of tracer gas in air to the total number of
the formulas presented here requires consistent use of unitsM0l€s of the air-tracer mixture. _ _

1.4 This standard does not purport to address all of the 3-1.7 tracer gas volume concentration—the ratio of the
safety concerns, if any, associated with its use. It is thé/o_lume of tracer gas in air to the total volume of th_e air-tracer
responsibility of the user of this standard to establish appro-Mixture. For an ideal gas, the volume concentration is inde-
priate safety and health practices and to determine thgendent of temperature and pressure and is equal to the molar

applicability of regulatory limitations prior to usdor specific ~ concentration. , ,
precautionary statements, see Section 7. 3.1.8 volumetric flow n—the total volume of air passing the

sampling point per unit time (s, f/min).

Terminology

2. Referenced Documents 3.2 Symbols:
2.1 ASTM Standards:
D 3154 Test Method for Average Velocity in a Duct (Pitot ~ = mass concentratiérof tracer gas (ppb-mass, ppm-
Tube Methodj o . mass, ppt-mass)
D 3464 Test Method for Average Velocity in a Duct Using a C, = upstream mass concentratloof tracer gas (ppb-
Thermal Anemometér . mass, ppm-mass, ppt-mass)
2.2 ANSI/ASME Standard: Co = downstream mass concentrafloof tracer gas
C = injection stream mass concentrafliaf tracer gas
(ppb-mass, ppm-mass, ppt-mass)
c = volume concentratidhof tracer gas (ppb, ppm,
ppt)

1 This test method is under the jurisdiction of ASTM Committee E06 on

Performance of Buildings and is the direct responsibility of Subcommittee E06.41

on Air Leakage and Ventilation. -
Current edition approved June 10, 1999. Published November 1999. 2 Available from American National Standards Institute, 11 W. 42nd Street, 13th
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pitot tube or thermal anemometer velocity measurements are

Cu = upstream volume concentratfbof tracer gas (ppb,
ppm, ppt) difficult or inappropriate due either to very low average flow
Co = downstream volume concentratfoof tracer gas  Vvelocity or the lack of a suitable run of duct upstream and
(ppb, ppm, ppt) downstream of the measurement location.
C = injection volume concentratiérof tracer gas (ppb, 5.2 This test method can produce the volumetric flow rate at
ppm, ppt) standard conditions without the need to determine gas stream
F = mass flow rati(kg/s, g/min, Ib/min) _ composition, temperature, and water vapor content.
F - injection mass flow rafgkgs, g/min, lo/min) 5.3 This test method is useful for determining mass or
EU - gpstre?m mass flov]:1 ra /; /g/ m'/”' Ib/ TQ)'/n). volumetric flow rates in HVAC ducts, fume hoods, vent stacks,
fD _ ownstrear mass ov3vr grs, gimin, min) and mine tunnels, as well as in performing model studies of
= volumetric flow raté(m®/s, L/min, cfm) . )
9 = volumetric flow rate at standard conditiGfrs’/s, pollution pontrol dewces.. _ o
L/min, cfm) ~ 5.4 This test method is based on first principles (conserva-
f, = injection volumetric flow rat§m>s, L/min, cfm) tion of mass) and does not require engineering assumptions.
fu = upstream volumetric flow ratém®s, L/min, cfm) 5.5 This test method does not require the measurement of
fo = downstream volumetric flow ratgn®s, L/min, the area of the duct or stack.
- cfm) . . 5.6 The test method does not require flow straightening.
f = injection volumetric flow rateat standard condi- 5.7 The test method is independent of flow conditions, such
tions (n¥/s, L/min, cfm) _as angle, swirl, turbulence, reversals, and hence, does not
f 9 = upstream volumetric flow rateat standard condi- require flow straightenin
i /s, L/min, cfm) d 9 9. . _
fd = ggnwsngtrea'm volu’metric flow ratet standard con- 5.8. The dry voIL_Jmetrlc awﬂow can be determined by drying
ditions (m/s, L/min, cfm) the air samples without measuring the water vapor concentra-
p = densitf(kg/m®, g/L, Ib/f) tion.
Pa = density of gas stream without any tracer (kgim
g/L, Ib/ft) 6. Apparatus
Pt = density of the tracer gas (kg/fpg/L, |b/ftj%n 6.1 The apparatus includes a source of tracer gas, means for
p, = density of the injection gas mixture (kg/Mg/L, distributing the tracer gas in the duct, means for obtaining air
'b/ft3), . samples from the duct, and a gas analyzer to measure tracer gas
Pu = denglt)? of the upstream gas mixture (kg/m/L,  concentrations in the air samples.
0 _ l(?éfrt]s)it)? of the downstream gas mixture (kgim 6.2 Tracer Gas—See Appendix X1 for information on
= 1L, Ib/ftd) tracer gases and equipment used to measure their concentra-
oty = geﬁsit)? of the tracer gas at upstream conditions tions. Appendix X1 also contains tracer gas target concentra-

tions and safety information.
6.3 Tracer Gas Injection SoureeThis normally is a cylin-
der of compressed tracer gas either pure or diluted in a carrier
such as air or nitrogen. Tracer release from the cylinder is
4. Summary of Test Method controlled by a critical orifice or nozzle, a metering valve, an
4.1 This test method describes the use of a tracer ga%Iectronic mass flow meter or mass flowpontroller, orothgr gas
dilution technique to infer the volumetric flow rate through a floW rate measurement and control device. A rotameter is not
duct. In practice, tracer gas is injected into a duct at a knowfecommended for this measurement unless of special design,
mass or volumetric flow rate. Downstream of the injectionc@libration, and a corresponding decrease in measurement
point gas samples are taken and are analyzed for the resulti§curacy is acceptable.
tracer concentration. The ratio of the injection flow rate and the 6.4 Tracer Gas Distributior-A single tube or a tubing

downstream concentration represents the dilution volume petetwork is inserted into the duct to dispense tracer gas. The
unit time or volumetric flow rate in the duct. tube or tubes may have either a single or multiple release points

for tracer gas. For large cross-section ducts a network that
5. Significance and Use distributes tracer gas over a wide area will facilitate measure-

5.1 The method presented here is a field method that may g8ent.

used to determine mass and volume flow rates in ducts where 6.5 Tracer Sampling-This is performed using tubing in-

flow conditions may be irregular and nonuniform. The gasserted into the duct downstream of the injection point. A single

flowing in the duct is considered to be an ideal gas. The methotlibe is inserted into the duct. Air samples are removed from the

may be especially useful in those locations where conventionaluct by means of a sampling pump to distribute tracer laden air
to the analyzer either directly or by means of syringe samples.

_ 6.6 Gas AnalyzerThis device must be suited for the tracer

* Equations in this test method assume that all mass or volume concentrations aggas used and the concentrations expected in the duct being

(kg/m®, g/L, Ib/ft3)
p's = density of the tracer gas at downstream conditions
(kg/m®, g/L, Ib/it3)

in the same units. measured. It should be calibrated properly and exhibit a
Equations in this test method assume that all mass or volume flow rates are in . .
the same units. accuracy of better thart 3 % at concentrations employed in

® Equations in this test method assume that all densities are in the same unitthe measurement.
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7. Hazards TABLE 2 Minimum Number of Down Stream Sample Locations
7.1 Safety is the responsibility of the user of this test Duct Cross Sectional Area m*(ft?) Number of Areas Number of Samples

method. Tracer gases have safe maximum concentration limits Less then 0.2 (2) 4 5

due to health and, in some cases, explosive potential. Table 1 G‘:jﬁ:grztfaffzgz(gg) 2 s

presents, as a guide, the maximum allowable concentration i
air for some tracer gasses that can be used for airflow
measurements. The tracer gas supplier must provide a Material8.1.1 If the tracer gas analyzer is field calibrated using a
Safety Data Sheet (MSDS) that will provide information aboutsingle point method, the injection rate, or injection concentra-
health, fire, and explosion hazards. tion, or a combination thereof, should be adjusted to produce a
7.2 Health Limitations—Use current OSHA information on concentration at the sample location that is the same as the
the permissible exposure limit (PEL), or the ACGIH thresholdcalibration concentration to withir: 20 %.
limit value (TLV) if the particular tracer is not listed with a  8.1.2 If the tracer gas analyzer is field calibrated using two
PEL, to determine the safe concentration for the gas chosen fealibration points, the injection rate, or injection concentration,
the test. Never exceed the maximum safe concentration. It isr a combination thereof, should be adjusted to produce a
good practice to use a concentration that is at most one tenth abncentration at the sample location that lies between the two
the maximum safe concentration. Avoid using tracer gases faralibration points.
which no PEL or TLV exists. 8.1.3 If the tracer gas analyzer is field calibrated using more
7.3 Compressed Gas EquipmenDbserve the supplier's than two calibration points, the injection rate, or injection
safety information and CGA information on the transportation,concentration, or a combination thereof, should be adjusted to
use, and storage of compressed gas cylinders, regulators, apbduce a concentration at the sample location that lies at the
related equipment. approximate midpoint of the calibration range.
] ) 8.2 Obtain at leadl measurements of the resulting concen-
8. Procedure for Measuring Mass and Volumetric trations, C'p,, at least ten diameters, or equivalent hydraulic
Flowrate diameters for nonround cross section ducts, downstream of the
8.1 Inject tracer of known concentratio,(c,), and at a injection at the center oN-1 equal areas of the duct cross
known rate, F/(f}), into a flowing duct using procedures section and one at the center of the duct. The nunhbés
provided in Section 9. determined by Table 2 depending on the duct size.

TABLE 1 Tracer Gases and Safety Issues

Tracer Gas TLVA Toxicity Chemical Reactivity Comments
Hydrogen Asphyxiant Nontoxic Highly reactive in Fire and explosion hazard
presence of heat, when exposer to heat,
flame, of O, flame, or O,
Helium Asphyxiant Nontoxic Inert
Carbon Monoxide 25 ppm Combines with Highly reactive Fire and explosion hazard
hemoglobin to with O, when exposed to heat or
cause anoxia flame
Carbon Dioxide 5000 ppm Can be an eye Reacts vigorously
irritant with some metals;
soluble in water
Sulfur Hexafluoride 1000 ppm Nontoxic Inert Thermal decomposition
yields highly toxic
compounds
Nitrous Oxide 25 ppm Moderately toxic Violent reaction Can form explosive
with aluminum; mixture with air; ignites
water soluble at high temperature
Ethane Asphyxiant Nontoxic Flammable Incompatible with
chlorine and oxidizing
materials
Methane Asphyxiant Nontoxic Flammable Incompatible with
chlorine and oxidizing
materials
Octofluorocyclobutane 1000 ppm Low toxicity Nonflammable Thermal decomposition
(Halocarbon C-318 yields highly toxic
compounds
Bromotrifluoromethane 500 ppm Moderately toxid Incompatible with Dangerous in a fire
(Halocarbon 13B1) by inhalation aluminum
Dichlorodifluoromethane 1000 ppm Central nervous Nonflammable; Thermal decomposition
(Halocarbon 12) system and eye can react violently yields highly toxic
irritant; can be with aluminum compounds
narcotic at high
levels
Dichlorotetrafluoromethane 1000 ppm Can be asphyxiant, Can react violently Thermal decomposition

(Halocarbon 116)

mildly irritating,
narcotic at high
levels

with aluminum

yields highly toxic
compounds

AThreshold Limit Values for Chemical Substances in the Work Environment, American Conference of Governmental Industrial Hygienists (ACGIH), 1997.
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8.3 If recirculation is possible or likelyy sample<C' ,inthe 9. Procedures for Injecting Tracer Gas
center of duct upstream of the injection point should be taken g 1 |pject tracer gas at a known, constant rate using metered
within 10 s of the time a downstream sample is taken. Ifinjection. To accomplish this a critical orifice, critical orifice
recirculation does not exist, take at least one upstream samplgetering valve, an electronic mass flow meter or an electronic

before and after taking the downstream samples. ~ mass flow controller may be used in conjunction with a source
8.4 At each time a downstream sample is taken, the injecof pure or diluted tracer gas. The flow measuring device shall
tion flow rateF', shall be recorded. be calibrated and its accuracy certified by a method that is
8.5 Calculate the following quantities in either mass, vol-traceable to NIST. The calibration shall be performed with an
ume, or dry concentration depending on results desired: jnjection gas of the same approximate concentration as will be
8.5.1 The average downstream concentraGgn used in an actual measurement.
1 N 9.1.1 Reliance on scale factors to convert a flow meter
Co = Np Zl & (1) calibration using one gas to predict the calibration on a second

gas is not acceptable unless the accuracy of the conversion
factor has been demonstrated experimentally for the type of
meter used.
c =i§d 2 9.1.2 The total uncertainty (uncertainty in flowrate and
VU Ny Y uncertainty in injection concentration) in the tracer gas injec-
WhereNU is the number Of upstream Samp'e |Ocati0ns_ tIOI’] I’.ate Sha“ be |eSS than 3 %. The bia.S Of the assumed
8.5.3 The average injection flow, (or the corresponding injection rate shall be no more than 3 % of the true rate.

whereNp, is the number of downstream sample locations.
8.5.2 The average upstream concentratpn

volumetric flow rate): 9.2 Injection of tracer gas may be via a single tube or via a
N manifold consisting of several tubes connected to the flow
F :Niz F 3 injection metering device. In the case of a manifold, flow
1=t through each branch of the manifold should be approximately
whereN, is the number of flow rate measurements. equal. The tube or tubes may have either a single or multiple
8.5.3.1 The mass flow rate in the duct is given by: release points for tracer gas.
Fy= % F, (mass concentrations (4) 10. Procedures for Sampling Tracer Gas

10.1 Sampling is performed using a single tube connected to
a pump that draws air samples to the exterior of the duct for
analysis. Use a separate sampling tube for the downstream and
for the upstream air sample.

6 — fniCo —(L— 1,000 P! _ 10.2 Samples of air may be routed directly to the analyzer or
fy = o —Cy) U fy (volume concentrations grab samples using syringes, sample bags, or other appropriate
®6) containers may be taken for subsequent analysis.
10.3 If good mixind is not obtained, enhance the mixing by

wherer,, = Vs the ratio of the density of the main one of the following procedures:

constituent of the injection gas mixture to the density of the gas 10'3'_1_ MQVé the_samvi\allhe p0|fr|1t flirther_downstream from th%
stream without any tracer. = 1, thanr,, = 1. tracer injection point. en flowing air encounters a rapi

8.6 The volumetric flow rate in the duct at standard Condi_change in direction, mixing within the duct is assisted; hence,
tion.s is given by: moving the sample point to a location past one or more bends
' in the flow will enhance mixing.

8.5.3.2 The volumetric flow rate in the duct is given by:

_ (C = Co) p .
fu = Cy—Cylpy f, (mass concentratiops (5)

pa_ G rnaCCD —_(1(:—) Mna)CiCo £ (volume concentrations (7) 10.3.2 Mové the tracer injection point further upstream
D MU from the sample point. When flowing air encounters a rapid
8.7 The dry gas flow rate in the duct at standard conditionghange in direction, mixing within the duct is assisted; hence,
is given by: moving the injection point to a location past one or more bends
c c in the flow will materially enhance mixing. Often moving the
fiﬂj)sm=m-ffmifé< 0.001(dry volume concentrations injection point upstream of an air handling fan can enhance

®) mixing. Note that centrifugal fans are not as efficient at mixing
here th ot refers t it td di as are vaneaxial fans.
t'ovrilsere & superscriptl( refers to quantities at dry condi- 10.3.3 Enhance the uniformity of the tracer injection by
: 87.1 D | trati btained by drving th increasing the number of injection tubes or the number of
. ry volume concen. ra IOI"]S are optaine Yy arying . anjection holes in each tube.
gas sample before analysis. It is important that the drying
technique used should not remove any of the tracergas. This
can be checked by drying a sample of the calibration standard 7 The lack of good mixing results in an increase in the uncertainty in the
using the drying techniques and Comparing the measured dicyetermination of the duct airflow rate (see Eq 11). Good practice usually results in
concentrations with the calibration standard. The two concerf Variation i tracer concentration across the duct of less than 10 %.
. L . In moving the sample or injection locations, care should be taken so that there
trations Sh_OUId _be the Same within the precision of the analyzeg o leakage into or out of the duct between the point of injection and the
as determined in Appendix X2. downstream sample locations.



A8 E 2029 — 99
“afl

11. Tracer Gas Analysis Requirements AF, = the uncertainty in the injection flow rate,
11.1 The tracer gas analyzer shall be calibrated using® Cp = the calibration uncertainty in the downstream con-
calibration standards that bracket the anticipated measured centration (Appendix X2), and
concentration using the procedures given in Appendix X2. ACy = the calibration uncertainty in the upstream concen-
11.2 Determine the accuracy of the gas analyzer in order to tration (Appendix X2).

estimate the accuracy of a given concentration reading. Cali- 12.2 The precisionF in the flow is given by the following
brate the analyzer with several tracer gas concentration stagguation:

dards to estimate bias. Biases of samples exhibiting low tracer 9E GFZ  a(Co— CyP
gas concentrations (relative to the ultimate sensitivity of the F =tIN—-1,093 — (10)
F : (FI) (CD - Cu)

analyzer) and deviations in the detector response from the

empirical relationship between concentration and analyzer Where: 1w

output all affect t_he accuracy of the gas analyzer. A gas 2 -~ % (Fil — F,?is the square of the standard

analyzer whose bias is less than 1% for all concentrations = '~ N—-15%V!

encountered in the measurement may be assumed to E€viation of the aneCUfn f|I\?W rate, and

unbiased for the purpose of this test method. 2 i i 2
11.3 The precision of the gas analyzer is a measure of 9Co — Gy N— 1;1 C = G = G+ C)is

reproducibility. Make an estimate of the precision of the gaghe square of the standard deviation of the difference in the

analyzer by using replicate measurements. See Appendix Xgownstream and upstream tracer concentratiort @Kel,0.95)

for details on assessing ana|yzer precision_ is the two-sided confidence limits of the Student Distribution
11.4 The zero concentration response of the gas analyz&r N-1 and probability 0.95.

shall be demonstrated by injecting a zero tracer concentration Tq total uncertaint 4 IT:': is the square root of the sum of

air mixture into the analyzer and noting the analyzer response, ) .
the squares of the bias and the precision.

if any.
11.5 It must be demonstrated using the procedure of Appen- aF AF\2  [oF\2
dix X3 that the gas analyzer response is not affected by F (T) (f) 11

potential interference due to other gases that may be presentiny» 3 Note that Eq 11 is equivalent to the measurement
the duct. To demonstrate this one can sample the duct in thg,certainty derived in ANSI/PTC 19.1.

absence of tracer and note the analyzer response, if any.
13. Precision and Bias

13.1 The precision and error of the test results depend on the
ﬁrecision and error of the instrument and tracer gases used. The
precision and bias in this test method can be assessed using the
error analysis of Section 12 if the precision and error of each

12. Calculation of Test Errors

12.1 The uncertainty of the test results depends on th
instrumentation used and on the mixing obtained in the tes
The biasAF, of the results is given by the following equation:

AF <AC,)2 (AF,)Z (ACp)* + (ACy)? ° instrument and tracer gas is known.
Fo G F (Cp — C)? ®)
14. Keywords
where: o L . 14.1 ducts; flow rate; mass flow; stacks; volumetric flow;
AC, = the uncertainty in the injection gas concentration, .- gas
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APPENDIXES
(Nonmandatory Information)

X1. Tracer Gas Analysis Methods and Specifications

X1.1 Tracer gas analysis methods and specifications are
listed in Table X1.1.

TABLE X1.1 Tracer Gas Analysis Methods and Specifications

Tracer Gas Ambient Levels Measurement Techniques Detection Levels
Hydrogen 0.5 ppm Katharometer 200 ppm
Helium 5.2 ppm Katharometer 300 ppm
Carbon Monoxide 0.1 - 1ppm Infrared absorption 5 ppm
Carbon Dioxide 320 ppm Infrared absorption 1 ppm
Sulfur Hexafluoride 1 ppt Electron capture detector 2 ppt
Nitrous Oxide 0.3 ppm Infrared absorption 1 ppm
Ethane 1.5 ppb Flame ionization detector 5 ppm
Methane 1.5 ppb Flame ionization detector 5 ppm
Octofluorocyclobutane (Halocarbon A Electron capture detector 5 ppb
C-318)
Bromotrifluoromethane AB Electron capture detector 0.1 ppb
(Halocarbon 13B1)
Dichlorodifluoromethane A Electron capture detector 0.6 ppm
(Halocarbon 12) Flame ionization detector
Dichlorotetrafluoromethane A Electron capture detector 0.3 ppm
(Halocarbon 116) Flame ionization detector

“Below detection limit.
Bl ocally variable.

X2. PROCEDURE FOR CALIBRATION OF THE GAS ANALYZER

X2.1 Detailed Calibration of the Gas Analyzer TABLE X2.1 Two-Sided Confidence Limits T (p, N) for a Student
Distribution

X2.1.1 At an interval specified by the gas analyzer manus-

T i P 08 0.9 0.95 0.99 0.995 0.999

facturer, which is not more than one year, a complete calibra N
tlor_1 of _the gas analyzer should be performed. The s_pecmc 1 3078 63138 12706  63.657  127.32 636.519
calibration procedure for a gas analyzer should be provided by 2 1.886 29200  4.3027  9.9248  14.089 31.598
the instrument manufacturer. After the calibration, the gas 3 1638 23534  3.1825 58409 74533  12.924
| hould b diusted di to the inst ti fth 4 1.533 2.1318 2.7764 4.6041 5.5976 8.610
analyzer should be adjusted according to the Instructions orthe. s 1476 20150 25706 40321 47733  6.869
manufacture using certified gas calibration standards. After this 6 1440 20150 25706 4.0321  4.7733 6.869
adjustment, the following procedure should be performed. ' 1415 18946 23646 34995 40293 5408
. . o S . . 8 1397  1.8595 23060 3.2498  3.6897  4.781
Using at least five certified calibration mixtures with concen- ¢ 1383 18331 22622 32498  3.6897 4781
trations approximately equally space over the intended range of 10 1372 18125 22281  3.1693  3.5814  4.587

use of the analyzer, perform the following:
X2.1.1.1 With h calibrati tanda@; obtain at least i ;
oz readingg:f. _eac calibration standa@, obtain at leas pred = t(m — 1,0.95 \/(1C}7
ij* _
X2.1.1.2 Calculate the avera@®; and the standard devia-
tion 9C", using the following equation:

(X2.3)

where t (N,p) is the two-sided confidence limits of the
Student Distribution.

X2.1.1.3 Calculate the uncertainty in the reading of the
calibration standard using the following equation:

i ACS = \/(AC?? + (C° — C/)? + t(m — 1,0.95\/(aC)?
(G = =21 3 (C; - G2 (x2.2) (*x24)
= wheret (m-1,095) is the student-function with a 0.95
where m is the number of readings. The precision of theconfidence level; andAC;?® is the certified uncertainty in the
analyzer at this calibration point shall be considered as calibration standard.

_ 1M
C = ﬁ,zl of (X2.1)
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_AC I The field calibration standard should be within the range of
X2.1.14 Caleulate the uncertaintg- in the calibration standards used for the detailed calibration of X2.1. The single
over the range of use of the instrument using the followingpoint field calibration should be done by taking at least three
equation: readings of a certified calibration gas and adjusting the
AC AC AC analyzer to read the average of the reading. The standard
T~ an( c ) +in— 19955“(@) (X2.5)  deviation of the readings should be less then the laboratory
determined precision at this calibration point.

X2.2.2 Two Point Field Calibratior—For use over an

wheren is the number of calibration points and

avg(A C?) _ 134G (X2.6) extended rate range, the gas analyzer should be field calibrated
¢ ) n=Ec before it is used to make flow measurements using two
is the average of the calibration errors and calibration standards. The two field concentrations should be

. . 5 within the range of the detailed calibration of X2.1. The
std(ACi> _ \/ 1 (Acf (AC?)) (x2.7y  Tesulting downstream concentrations should be greater than

—=> | — —avg

c n=1=\ ¢ o 0.75 times the concentration of the low calibration standard

is the standard deviation of the calibration errors. and less than 1.25 times the concentration of the high calibra-

. o tion standard. The two point field calibration should be done by

X2.2 Field Calibration of the Gas Analyzer taking at least three readings of each certified calibration gas

X2.2.1 Single Point Field Calibratior-For use at a single standard and adjusting the analyzer to read the average of the
flow rate, the gas analyzer should be field calibrated before #ach set of readings. The standard deviation of the each set of
is used to make flow measurements having the resultingeadings at the two calibration points should be less then the
downstream concentration within 20 % of calibration standardlaboratory determined precision at each calibration point.

X3. Derivation of Tracer Dilution Equations for Duct Flow Measurements

X3.1 Determining Flow Rate tration at a point; however, this dependence usually is very small. Again

. . . dditional lication i including this d d t thi
X3.1.1 The equations for determining the flow rate in aducﬁfage_ tional complication is causég including this dependence at this

by the tracer dilution method can be derived by considering the . .

following experiment in which one injects a tracer gas into a X3.1.3 I.f one selects a.volumv, which consists of two end

duct in order to determine the total flow of gas in the duct. InCrOSS Sections and the side surfaces of the duct:

this experiment one will inject the tracer gas mixture of mass V=SUA UA,, (X3.3)

concentratiorC, with a mass flow rate of,. then, under the assumption that no mass enters or leaves the
X3.1.2 The bases of the tracer dilution equations for a ducgjuct through the side walls:

are the two integral conservation of mass equations:
Conservation of mass for air-tracer mixture:

d
gfoav— [ pv.da=F (X3.1)

Conservation of mass for the tracer:

n-n=0o0nS, (X3.4)
the surface integrals in Eq X3.1 and X3.2 reduce to:

faVPV-da:fADpv-da—fAupv-da (X3.5)
Jocv-da=[ ocvda-[ pcvda xae)

d

— | pCdv— pCv -d a = CF, (X3.2)

dtJv av ; ;
X3.1.4 Using the mean value theorem, the two integrals on

where the right hand side of (Eq X3.6) can be written as:
p = the density of air-tracer mixture,
v = the air velocity, fAD pCv-da=0Cp fAD pv-da (X3.7)
C = the mass concentration of the tracer,
F, = the mass injection rate of the tracer mixture into the fAU pCv-da=Cy fAU pv-da (X3.8)
duct,
C, = the mass concentration of the injected tracer mixture, Where: _ _
V= avolume of duct enclosing the point of injection, and Cp = the tracer concentration at some point on downstream
dV = the enclosing surface of. area,Ap, and
) ~ Cy = the tracer concentration at some point on the up-
Note X3.1—In normal tracer experiments, the amount of tracer in- stream aread,.

jected into the duct is so small that the teFfnon the right-hand side of
(X3.1) is negligible, in comparison to the terms in surface integral on the
left hand side; however, no additional complication occurs by including
the term. Also, in principle the density depends on the tracer concen-

X3.1.5 If one defines the quantities:

FD=fADpv-da (X3.9)
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Fo= [ NARCE (X3.10) Fu = pufy = o3 (X3.22)
Fi=pf= PlsmflStd (X3.23)
where:
Fo = the downstream total mass flow rate through the duct, Where: )
and fu = the volumetric upstream flow rate at the upstream
Fy = the upstream total mass flow rate through the duct and conditons, S
also introduces the quantity,, the total mass in the i = the volumetric injection flow rate at the injection
volumeV is: conditions,
f ¢ = the volumetric upstream flow rate at the standard
m, = f , Pav (X3.11) conditions,
fS' = the volumetric injection flow rate at the standard
and uses the mean value theorem to express: conditions,
B B PuU = the upstream mass density at the upstream condi-
prCdv— Cy fvpdv = Cymy, (X3.12) tions,
where C, is the tracer concentration at some point is the Pi = the injection gas mass density at the injection
volume,V, Eq X3.1 and X3.2 can be written as follows: » conditions, ) )
q p,>¢ = the upstream mass density at the standard condi-
™+ Fo-Fu=F (X3.13) tions, and
pS® = the injection gas mass density at the standard
and conditions.
d d 3 X3.3.2 Using these relations the volumetric flow can be
Mgl T Cvge M + CoFo — CuFy = GF, (X3.14)  obtained from:
X3.1.6 Eliminating the downstream total mass flow from Eq (C, - Cp) p
. f,=——2_f (X3.24)
X3. one obtains: UT(Co—Cupuy!
d d _ std
MgiCv + (Cy — Co) &M, + (Co — CYFy = (G, — Co)F, o %d (X3.25)
(X3.15) v
_X3.1_.7_ The normal a_pplication o_f the tracer dilution tech- x3.4 Concentration Units
nigue is in the case of incompressible or steady total flow, or . .
both. for which: X3.4.1 The above equations were expressed in mass con-
' ' centrations. There are many other concentration units: volume
Em/: 0 (x3.16)  concentrations, molar concentrations (or fraction), mass per
_ _ dt unit volume or volume per unit mass. The following are the
in which case, (Eq X3.15) reduces to: relationships between these concentrations:
d _ pC
m\/acv + (CD - CU)FU - (CI - CD)FI (XS-J-?) C= m (X3.26)
X3.1.8 The tracer gas is injected at a constant flow rate until .
the tracer concentration does not change with time: where: :
: ¢ = the volume concentration,
d_ C = the mass concentration,
@ =0 (X3.18) « = the density of the tracer, and _
in which case, (Eq X3.17) can be solved fqy & follows: ~ Pa = the density of the other component (air):
(C,—Cp) _ XV
Fu= ﬁﬁ (X3.19) C= T v, Ty (X3.27)
Note X3.2—In normal tracer dilution tests: where:
Cp<<C, (X3.20) x = the molar concentration of the tracer,

the molar volume of the tracer gas, and
the molar volume of the other component of the

the G in the denominator of (Eq X3.19) can be neglected. z‘

X3.2 Bounds on the Flow mi_xture (usually air). o
X3.2.1 One can use (Eq X3.19) to develop bounds on the According to Avogrado’s principles, a mole of a gas at the
estimate of the flow § same temperature and pressure has the same volume (1g/mole

i i occupies 22.41 L at standard conditions of pressure and
() G- Co )Flmax (xa21) temperature). This is strictly true for ideal gases and true to
(G5 =" (C3" — 0™ better than 1 % for most gases; thus, for an ideal gas or two
X3.3 Volumetric Flow and Standard Conditions gases with the same molar volume:

X3.3.1 The mass flow rate can be expressed in terms of the ¢ = x (ideal ga3 (X3.28)
volumetric flow rate at either test or standard conditions using Also, for two ideal gases, the ratio of the density of the gases
the relations: is independent of pressure and temperature and equal to the

Fin < B, <
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ratio of the molecular weights of the gases; therefore, for ideal X3.5.3 The error in using (Eq X3.36) instead of (Eq X3.34)
gases, the mass concentrati@),and the volume concentra- is of the order g/ c,, which in terms of flows, is of the oreder
tion, ¢, are independent of temperature and pressure and tte# f,/ f,.
volume concentratiog is equal to the molar concentration
X3.6 Dry Gas Flow and Concentrations
L . ) . X3.6.1 In many applications, one is either interested in the

X3.5.1 If the injection gas mixture Is a mixture of a gas dry gas volumetric flow (EPA methods), or one must (due to
and the tracef and the_gas In the duct is a mixture of the 9as g gensation problems) dry gas before measuring the tracer
aand the tracet, then introducing the density ratios: gas concentrations. If one considers a mixture of dry air, tracer

X3.5 Equations in Volume Concentrations

= (X3.29) and water vapor then:
Pa Vi
c=—r- 't — (X3.37)
fn = P (X3.30) VotV + Vi
) P and:
(Eq X3.24) can be written as follows: y
o _ "
Nl a1 Vol S S e .39
Yoraret — o+ (LT raac by from which:
where the superscriptsD, andU mean the properties at the c=c@1-qc,) (x3.39)

injection conditionsl, the downstream condition® and the ) )
upstream conditions. For mixtures of ideal gases, the ratio of Where.cw is the water vapor volume concentration (or
the densities of the gases is independent of pressure af@ction):
temperature: _ Viy
D_ U R VAT VREEEVA
Ma=lMa="ra (X3.32)

d (Ea X3.31) red o X3.6.2 If the upstream and downstream water vapor con-
and (Eq X3.31) reduces to: centrations are same, then (Eq X3.34) becomes in terms of the

¢ — o — (1—r.)cCo Pl ) dry tracer concentrations:
| na ZD —e na/“p p—sj -f, (ideal gases  (X3.33)

t

(X3.40)

fu =

Ci .

flSJtd = (C@TI)(]_—CW) . fftd (|dea| gas an(qu X335
D U

(X3.41)

or at standard conditions, (Eq X3.33) reduces to:

C — I'alp — (17 rna)CICD fstd
“h

fSld —
v G~ G

(ideal gases  (X3.34) The dry volumetric air flow is defined as:
NoTe X3.3—Most flow meters assume that the gases measured are f¥“= (1 — c,)f®dry volumetric air flow at standard condtions
ideal gases and correct for non-standard conditions using ideal gas laws. (X3.42)

X3.5.2 In most tracer gas measurements, the dilution con- and therefore:
centrations are several order of magnitudes less than the

C
injection concentration: flohstd — (c‘d)——lc") -£(ideal gas andEq X3.35  (X3.43)
D U
. Q<o (X3.35) X3.6.3 The significance of (Eq X3.43) is that the dry
In this case, (Eq X3.34) becomes: volumetric air flow can be determined by drying the air

samples and measuring the resulting dry tracer concentrations
without measuring the water vapor concentration.

G
fold — < - < - £ (ideal gas andx3.)) (X3.36)

X4. ACCURACY OF COMPONENTS OF THE MEASUREMENT SYSTEMS

X4.1 Accuracy of Tracer Injection Concentration ¢, TABLE X4.1 Accuracy of Tracer Injection Concentration, ¢ |

X4.1.1 Gas mixtures can be obtained in various grades of Gas Concentration Accuracy
accuracy and certification. One only should use analyzed gd¥re

. .. . . . Commercial pure 0.2 % wt
mixtures for injection which have a certificate of accuracy, | ciument grade 0.003 % wt
which is traceable to NIST. The level of accuracy that can be2 % 0.02 % absolute
achieved with current technology is given in Table X4.1. 2% > 1ppm 1 % of composition
1ppm > 100 ppt 2 % of composition”

Altis possible now to achieve 1 % accuracy in the higher ppb range with special
instruments, but this is not typical of what is currently being supplied.

X4.2.1 The injection flow meters used in this test method
should have a current calibration certificate traceable to NISThan one year. Typical accuracies, which currently can be
at an interval recommended by the manufacturer but no morachieved, are indicated in Table X4.2.

X4.2 Accuracy of Injection Flow f,
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TABLE X4.2 Accuracy of Injection Flow, use analyzed gas mixtures for calibration, which have a
Meter Type NIST Traceable Typical certificate of accuracy, which is traceable to NIST. The level of
Calibration Manufacturer accuracy, which can be achieved with current technology, is
Sonic nozzles 0.25 % of reading 1 % of reading given in Table X4.3. Noncertified dilution mixtures should not
Electronic mass flow meters 1 % of reading from 20 % 2 % full scale
Full-scale from 0.5 cc/min to  to 100 % full scale
100 4 min
TABLE X4.3 Accuracy of Tracer Calibration Gases
. . . . . Tracer Gas Composition Accuracy
X4.2._2_ Injecn_on r_neters must be calibrated vv_lth th_e MIXtUres 1 ppm 1% of composition
of gas injected ifc, is greater than 0.1 %. The injection flow 1 ppm > 100 ppt 2 % of composition”
meters should be calibrated at temperatures and pressures neat is possible now to achieve 1 % accuracy down to the ppb range with special
those used in the test. instruments and significantly increased expense, but this is not typical of what is

currently being supplied.
X4.3 Accuracy of Tracer Calibration Gases

X4.3.1 Calibration gas mixtures can be obtained in various ) )
grades of accuracy and should be certified. One only shoulf® used for calibration.

X5. PROCEDURE FOR ASSESSING THE POTENTIAL FOR INTERFERENCE FROM CONSTITUENTS IN THE GAS
STREAM TESTED

X5.1 Procedure: of a certified zero gas should be made. Then, three readings of

X5.1.1 The potential for interference in the response of théhe gas stream should be made without any tracer gas. The
analyzer to other components of the gas stream should béfference in the average of the gas stream reading and the
determined by the following procedure. After the analyzer hagiverage of the zero gas reading should be less than 0.01 times
been field calibrated according to Appendix X2, three readingghe high calibration reading obtained in Appendix X2.
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