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INTERNATIONAL
Standard Practice for
Evaluating the Performance of Respirable Aerosol
1
Samplers
This standard is issued under the fixed designation D 6061; 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

1.1 This practice covers the evaluation of the performance of personal samplers of non-fibrous respirable aerosol. The sample
are assessed relative to a specific respirable sampling convention. The convention is one of several that identify specific partic
size fractions for assessing health effects of airborne particles. When a health effects assessmend int has been based on a spe
conventtiong it is approfpriandte to use that same conventiong-fer-comphiance with setting permissible exposure limits in the
workplace and ambient environment and for monitoring compliance. The conventions, which define inhalable, thoracic, and
respirable aerosol sampler ideals, have now been adopted by the International Standards Organization (Technical Report ISO T
7708), the Comité Européen de Normalisation (CEN Standard EN 481), and the American Conference of Governmental Industric

1 This practice is under the jurisdiction of ASTM Committee D-22 on Sampling and Analysis of Atmospheres and is the direct responsibility of SelecD@niu

on-Analysis-ef Workplace Atmospheres.
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Hygienists (ACGIH, Ref{1)),? developed?2) i in part from health effects studles reV|ewed in RZE)‘and in partas a compromlse
between definitions proposed in Ré8s4): Aplifying
characteristies—particular-to-this-fraction. .

1.2 This practice is complimentary to Test Method D 4532, which specifies a particular instrument, the 10-mm%yblene.
sampler evaluation procedures presented in th|s practlce have been apphed in the testlnq of the 10- mm cyclone as well as the
Higgins-Dewell cyclong:* alua ve-been ing of the
}G—mm—eyetene—as—mmﬂ—as—the—Hrggms—DeweH—eyeléﬁdDetalls on the evaluatlon have been recently pubhs(lSeﬂ) and can
be incorporated into revisions of Test Method D 4532.

13-Units

1.3 Acentral aim of this practice is to provide information required for characterizing the uncertainty of concentration estimates
from samples taken by candidate samplers. For this purpose, sampling accuracy data from the performance tests given here cal
be combined with information as to analytical and sampling pump uncertainty obtained externally. The practice applies principles
of ISO GUM, expanded to cover situations common in occupational hygiene measurement, where the measurand varies markedly
in both time and space. A general approa@hf¢r dealing with this situation relates to the theory of tolerance intervals and may
be summarized as follows: Sampling/analytical methods undergo extensive evaluations and are subsequently applied without
re-evaluation at each measurement, while taking precautions (for example, through a quality assurance program) that the methoc
remains stable. Measurement uncertainty is then characterized by specifying the evaluation confidence (for example, 95 %) that
confidence intervals determined by measurements bracket measurand values at better than a given rate (for example, 95 %)
Moreover, the systematic difference between candidate and idealized aerosol samplers can be expressed as a relative bias, whic
has proven to be a useful concept and is included in the specification of accuracy (3.2.9-3.2.10).

1.4 Units of the International System of Units (SlI) are used throughout this practice and should be regarded as standard.

145 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
D 1356 Terminology Relating to Atmospheric Sampling and Anafysis

2 The boldface numbers in parentheses refer to a list of references at the end of this practice.
—'Fhe—sete—eeufce
3If you are aware e#suppw—e%e—ie-ﬁm—eyelene—known alternatlve suppllers please prowde thls information to ASTM Headquarthers. Your-coritinésetigew
careful consideration atth = — - gh—PA 15230. a meeting of the respmmsddledmmltteé
which you may attend.
f you are aware

“ The sole sourc source

&g sup Iy

I 5 Annual Book of-stipply SehigoisDerre-eveltnie oo theSo it e RSt re—58-Gtinan-Street—Wattham—MA 02154. ASTM\®landards
11.03.
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D 4532 Test Method for Respirable Dust in Workplace AtmospReres

D 6062M Performance Specifications for Samplers of Health-Related Aerosol Frctions

D 6552 Practice for Controlling and Characterizing Errors in Weighing Collected Aefosols

2.2 International Standards:

ISO TR 7708 Technical Report on Air Quality—Particle Size Fraction Definitions for Health-Related Sampling, Brusséls, 1993

ISO GUM _Guide to the Expression of Uncertainty in Measurement, Brussels® 1993

CEN EN 481 Standard on Workplace Atmospheres. Size Fraction Definitions for the Measurement of Airborne Particles in the
Workplace, Brussels, 1993

CEN-prEN 1232-Pre-Standard on Workplace Atmospheres. Requirements and Test Methods for Pumps used for Person
Sampling of Chemical Agents in the Workplace, Brussels, 1993

CEN EN 13205 Workplace Atmospheres- Assessment of Performance of Instruments for Measurement of Airborne Particle
Concentrations, 2001

2.3 NIOSH Standards:

NIOSH Manual of Analytical Methods, 4th ed., Eller, P. M., ed.: Dept. of Health and Human Service$, 1994

Criteria for a Recommended Standard, Occupational Exposure to Respirable Coal Mine Dust, NIOSH.°1995

3. Terminology

3.1 Definitions:

3.1.1 For definitions of terms used in this practice, refer to Terminology D 1356 and 1ISO GUM.

3.1.2 Aerosol fraction sampling conventions have been presented in Performance Specifications D 6062M. The relevar
definitions are repeated here for convenience.

3.2 Definitions of Terms Specific to This Standard:

3.2.1 aerodynamic diameter, Qum)—the diameter of a sphere of density> k§/m, with the same stopping time as a particle
of interest.

3.2.2 respirable sampling conventiongE-defined explicitly at aerodynamic diameter-B;-defined-expliditifum) as a fraction
of total airborne aerosol in terms of the cumulative normal func(g9) @ as follows:

= 0.50(1 + ex{{—0.06D]) ® [IN[D/D}/ox] 1)

where the indicated constants e, = 4. 25 pm andr =t-5—Fhefunctiond-may-be-approximated-using-the-algerithm
presenteeHn-AppendixX1. =In[1.5].

3.2.2.1 Discussior—The respirable sampling convention, together with earlier definitions, is shown in Fig. 1. This convention

© Available from Internatlonal Organlzatlon for Standard|zat|on Ca|sse Postale 56, CH-1211, Geneva 20, Switzerland.
7 Available fromn witzerland. CEN Central SecdscBtassad 36, B-1050

Brussels, Belgium.

8 Available from-CEN-Central-Seeretariat—rue-de-Stassart-36-B-1050-Brussels;,Belgium. Superintendent of Documents, U.S. Government Peinftoclofio.
917-011-00000-1, Washington DC 20402.

hwadable

° The TSI Aerodynamic Particle Sizer 3300 frem-NtOSH-Publications4676-CelumbiaParkway-Cinetrnat;-OH 45226. TSI, Inc., P.O. Box 64394, St. 55164MN
is the sole aerodynamlc partlcle sizer presently avallable swtable for thls purpose

10 Available fro g H verAm fice
Columbia Parkway, Cmcmnatl OH 45226

A-BC 20402. NIOSH Pulldgions
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FIG. 1 Respirable Aerosol Collection Efficiencies
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has been adopted by the International Standards Organization (Technical Report ISO TR 7708), the Comité Européen de
Normalisation (CEN Standard EN 481), and the American Conference of Governmental and Industrial Hygienists (ACGIH, Ref
(1) ). The definition of respirable aerosol is the basis for the recommended exposure level (REL) of respirable coal mine dust as
promulgated by NIOSH(riteria for a Recommended Standard, Occupational Exposure to Respirable Coal Mirjeabdstlso
forms the basis of the NIOSH sampling method for particulates not otherwise regulated, resplt@sel (Manual of Analytical
Methods.

3.2.3 size-distribution C* dC/dD {mgtm3/grm—ef (um*)—of a given airborne aerosol, the mass concentration of aerosol per
unit aerodynamic diameter range per total concentration C.

3.2.3.1log-normal size distribution—dfdb —an idealized distribution characterized by two parameters:gig@metric
standard deviation (GSDAnd mass median diameter (MMD)—¢&ib-is The distribution is given explicitly as follows:

1 o 1 5 5
de/dD = —qwexp[— 5 In[D/MMD] /In[GSIJ ] (2)
/27 D InfGsg "™
cldcdD = -t exp — 1 In[D/MMD]#IN[GSD?] @)
/2w D In[GSO 2

whereC is the total mass concentration.
3.2.4 treconventional respirable concentration, ¢mg/nT)—the concentration measured by a conventional (that is, ideal)
respirable sampler and given in terms of the size distribuiGrdD as follows:

¢a= [ dDE; dc/dD 3)

3.2.4.1 Discussior—Note that samples are often taken over an extended time period (for example, 8 h),d©/tiaof Eq.
3 represents a time-averaged, rather than instantaneous, size-distribution.

3.2.5 sampler number s =1, ...,-S a number identifying a particular sampler under evaluation.

3.2.6 sampling efficiency &D, Q)}—the modeled sampling efficiency of sampkeas a function of aerodynamic diamet@r
and flow rateQ (9.1). B

3.2.6.1 model parameters;,, where-j p =1, ..5-J P (for example, 4jparameters that specify the functi&gq D, Q).

3.2.7 mean sampled concentration—the concentration that samplsrwould give, averaged over sampling pump and
analytical fluctuations, in sampling aerosol of size-distributdyhdC/dD ane is given as follows:

¢,= [ dDEdc/dD @)

3-2-16-% uncertainty components:

3.2.9.1 analytical relative standard deviation RQR)+icar—the—preeision standard deviation relative to the true respirable
concentratiorcg associated with mass analysis, for example, the weighing of filters, analysig|wértz, and so forth.
3.2:309.2pump-induced relative standard deviation RGRs—the intra-sampler-impreeision standard deviation relative to the
true respirable concentratian, associated with both drift and variability in the setting of the sampling pump.
3.2:209.3inter-sampler relative standard deviation R§D—the inter-samplerimpreeision standard deviation (varying sampler
s) relative to thetrue respirable concentrat@yand taken as primarily associated with physical variations in sampler dimensions.
32104The

3.2.10 mean relative bias\ teta-mpreeisionr-RSB-of measurement-is-then—given relative to the conventional respirable
concentratiorcy, defined as follows:

RSP—=A/Rcry
L= ) L=~

analytical : R8§pump : RSr‘jeimer (6)
A = (c—cp)lcg (5)

3.2.11 Hlewrate- Q-{Lfmin)symmetric-range accuracy A—the-flowrate-sampled-by-a-given-sampler. fractional range, symmetric
about the conventional concentratigg within which 95 % of sampler measurements are to be fo@itd¢13and the NIOSH
Manual of Analytical Methods).

3.2.12 flow rate Q (L/mimy—the average flow rate of air sampled by a given sampler over the duration of the sampling period.

3.2.13 flow number F—the number (for example, 4) of sampler flow raf@sested.

3.2.134 replication number n (for example, 4) the number of replicate measurements for evaluating a given sampler at
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3.3 Symbols and AbbreV|at|ons

| A—(Buseh-probabilistic)—symmetric-range accuracy as defined in terms of bias and precision (see 3.2.151).
A—estimated accuracsx.

Note 1—Hats as inA refer to estimates, both in sampler application and sampler evaluation.

o5 oA—95 % confidence-fevel limit on the{Buseh-probabilistic) symmetric-range accuracy

€-o(mg/nt)—expected value of the sampler-averaged concentration estimates
c(mg/nt )—expected value (averaged over sampling pump and analytical variations) of the concentration estimate from
samplers.
<coy,—covariance matrix for samplerand efficiency parametefs and ;.
cR(mg/m") —concentration measured by a conventional (that is, |deal) respirable sampler.

I e—s&mp+er—avefaged—eeﬁeenﬁaﬂeﬁ—es+mate

D (um)—aerosol aerodynamic dlameter

Ds—sampling efficiency model parameter.

Dgr(um)—respirable sampling convention parameter equal to 4.25 pm in the case of healthy adults, or 2.5 um for the sick ol
infirm or children.

E—sampling convention in general.

Er—respirable sampling convention.

Es—sampllng efficiency of samples.

F—number of flow rates evaluated.

GSD—geometric standard deviation of-a—+epresentative-dog-rormal lognormal aerosol size distribution.

MMD—mass median diameter of-a—+epresentativedeg-rormal lognormal aerosol size distribution.
MSE—mean square element for sampler in application (see 10.4).

MSE—mean square element for evaluation data (see Al1.5).
n—number of replicate measurements.
P—number of sampling efficiency parameters.

RSD—relative standard deviation (relative-te-true concentratigas estimated by an ideal sampler following the respirable
sampling convention).

I RSD,nayiicar—aialyticat-impreeision—compenent. —relative standard deviation component characterizing analytical random

variation.
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FIG. 2 Symmetric-Range Accuracy. Plotted are (solid) curves of
constant accurac y =5 %, 15 %, 25 %, and 35 %. The dashed
curves identify circles in the approximation of Egs. 14 and 15.
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RSD.wevar—relative standard deviation component characterizing uncertainty in from—the—pump—flow _rate. evaluation
experiment itself (Annex Annex Al).
RSO,..—relative standard deviation component characterizing random inter-sampler imp-varecisation.

RSI%ump—rmpreerﬁeﬁ—mdﬂeed—by—mapreersreﬁ in—relative standard deviation component characterizing the effect of random
sampling pump variation.
pump ump
s—sampler number.
S—number of samplers evaluated.
I t—sampling time (for example, 8h).

U—expanded uncertainty.
u.—combined uncertainty.
v (m/s)—wind speed.
A—-bias relative to an ideal sampler following the respirable sampling convention.
A—estimated-biag-
! €avais—Tandom variable contribution to evaluation experimental error in a concentration estimate.
es—random variable contribution to inter-sampler error in a concentration estimate.
6—sampling efficiency model parameter.
og—sampling efficiency model parameter.
oevar—evaluation experimental standard deviation in a concentration estimate.

Cinter— |nter -sampler standard deviation in a concentration estimate.
I eval ; eval
Ginter estimate Ot nter

og—respirable sampling convention parameter equal to In[1.5].
Oweightmass—Weighing imprecision in mass collected on a filter.
®[x]—cumulative normal function-elefined, given for argumant

4. Summary of Practice
4.1 The sampling efficiency fro® = 0 to 10 um and its variability are measured in calm air (<0.5 m/s) for several candidate
samplers operated at a variety of flow rates. This information is then used to compute concentration estimates expected in sampling
representative leg-normal aerosol size distributisns—Precision—and-bias{4-1-1-and 4.1.2) Random variations (10.2) as well as
systematic deviation (10.1) are-therefrom-determined specified relative to a conventional sampler. Overall performance in calm air
can then be assessed by computing a confidence JimjfA on the-Buseh—probabilistie-aceuracy, symmetric-range accuracy
(3.2.11), accounting for uncertainty in the evaluation experiment, given—measured estimated bias and imprecision at each
log-normal aerosol size distribution of interest—Fhis-testhas-evelvedfrom-work-deseribed-in Refs The symmetric-range accuracy
confidence limit{34-21}
4—1—1—P1=eers+en—l-nq.; wA provrdes conservatlve confldence intervals bracketlng—ﬂae—samphﬁg—ef—aereser—several—eemponents
0 [ variations conventional
concentratron at qwen conﬂdence in Hae—samp+ers—mfra—samp+er—\+aﬁabm{y—#em—maeeuracy in method evaluation, analogous to
the-setting-ant-maintenance use-efrequired-airflow—and-analytical-errorfor-example—in-the-weighing-of-filters;,—ot,—as another
e*ampre expanded uncertarrth—t-he—measuremeH{—@f-quaFt-z
: ween—true and

eeﬂvenﬁeﬁal—edem%—samplfers ISO GUM (See Eq 16) $h5—b+ae—depeﬁds—eﬂ+he—pamele—s&e—dﬁmbrﬁreﬁ—eﬂhe—aereeel sampled.
Zlihe—werst-ease—sﬁuaﬂeﬁ is performance evaluatron has evolved from work descabed—m—the—samplmg—ef—meaedﬁperse aerosol.
ey negative

5. Significance and Use

5.1 This practice is significant-in—providing—the—experimental-means—for—replacing—instrument-or-sampler—speeification by
determining performanee-eriteriabased-en-aceuracy relative to ideal sampling conventiers—Fhe-advantages purposes are multifold:

5.1.1 The conventions have a recognized tie to health effects and can easily be adjusted to accommodate new findings.

5.1.2 Performance criteria permit instrument designers to seek practical sampler improvements.

5.1.3 Performance criteria promote continued experimental testing of the samplers in use with the result that the significant
variables (such as wind speed, particle charge, etc.) affecting sampler operation become understood.

5.2 One specific use of the performance tests is in determining the efficacy of a given candidate sampler for application in
regulatory sampling. The accuracy of the candidate sampler is measured-aeeording to in accordance with the evaluation tests giver
here—Fhe A sampleris may then-certified-as-aceeptable be adopted for a specific application if the accuracy is better than a specific
value.
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5.2.1 Discussior—In some instances, a sampler so selected for use in compliance determinations is specified within an exposurt
standard. This is done so as to eliminate differences among similar samplers. Sampler specification then replaces the respiral
sampling convention, eliminating bias (3.2.10), which then does not appear in the uncertainty budget.

5.3 Although the criteria are presented in terms of accepted sampling conventions geared mainly to compliance sampling, othe
applications exist as well. For example, suppose that a specific aerosol diameter-dependent health effect is under investigatic
Then for the purpose of an epidemiological study an aerosol sampler that reflects the diameter dependence of interest is require
Sampler accuraey-is may then be determined relative to a modified sampling convention.

6. Apparatus

6.1 Small Single-pass Wind Tunndlor, equivalently, a static exposure chamber). The following dimensions are nominal:

6.1.1 Cross section: 500 by 500 mm; Length: 6 m.

6.1.2 Air speed: <0.5 m/s.

6.1.3 Air speed uniformity=3 % over 250 by 250-mm central cross-sectional area.

6.1.4 Turbulence <3 %.

6.1.5 Test Aerosol Generation System

6.1.5.1 Generation system: ultrasonic nebulizer.

6.1.5.2 Static discharging nozzle.

6.1.5.3 Mixing with tunnel air by turbulence created by 100 by 100-mm rectangular plate 10 cm downstream of the nebulizer
and perpendicular to the tunnel’s airflow.

6.1.5.4 Concentration: 5000 aerosol particles/L.

6.1.5.5 Size distribution: count median diameter = 4 um and geometric standard deviation = 2.2.

6.2 Aerodynamic Particle SizgAPS)3°

6.3 Tube-Mounted Hot-Wire Anemometer Prpbe equivalent, ac voltmeter or oscilloscope.

7. Reagents and Materials

7.1 Reagents

7.1.1 Potassium Sodium Tartraté.C.S.-certified reagent grade, for generating solid spherical aerosol particles.
7.1.2 Standard Polystyrene Latex Spheffes calibrating APS (6.2).

7.2 Materials

7.2.1 Five-micrometre PVC Membrane Filters and Conductive Filter Cassétfés.

8. Data Representation through Sampling Efficiency Model

8.1 Determine a sampling efficiency curve for each of the S (for example, eight) samplers by least squares fit to the data take
in four replicates at the four flow rates. Thus eight functions of aerodynamic diabDeted flow rateQ are determined. Use the
following model (5) or equivalent for characterizing the candidate cyclones:

. — 1 DO
E.(D;Q) = ® a|n ° (6)
where® is the cumulative normal functiof8)_(9),-whi i i i '

easily computed within most statistical software packages The indicated constants are defined in terms of model pfqgameters
determined by the least squares fit to the data using a standard nonlinear regression routine:

DO =40 1\\{14.\.} L/m-iﬁ)jz (10)
Do = 6,X(Q/2.0L/min)"% @

40y —es0—0-3(Q2-0/min—04—
exdoo] = 0 5X(Q/2.0L/min)~%™
In this case the curve fitting would determine eight sets (one for each sampler) of four parameters each.

9. Procedure

9.1 General procedures for evaluating respirable aerosol samplers are presented in this practice. For other details on tl
experimental procedures, see RE$H,22-24)

9.2 Set up the APS (6.2) for operation in the small wind tunnel (6.1). Check the APS calibration using (nominally) 3 and 7-um
standard polystyrene latex spheres (7.1.2) by comparing measured and known patrticle sizes. Set up the potassium sodium tartr
(7.1.1) aerosol generator (6.1.5.1) with charge neutralizer (6.1.5.2) and adjust to achieve about 5000 aerosol particles/L in the te
region of the wind tunnel. Adjust the nebulizer aperture and aerosol solution concentration to achieve a test size distribution witt

1 The TSrAerodynamic Particle Sizer 3300 fronm TSt e, P:O- BoX 64394, St Paut, MN55164 is the Sote aerodynamic particle sizer presentlytrzitatier s

source of supply of conductive cassettes known to the committee at this time is Omega Specialty Instrument Co.--4 Kidderp Rosad, Chelmsford, MA 01824.
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count median diametet4 um and geometric standard deviatie@.2, covering the aerodynamic diameter region of interest. Test
the aerosol concentration for stability in time by taking a series of size distribution measurements. Variation should be <1 % over
2-min periods.
9.3 Determine the sampler sampling efficiency frone 0 to 10 um by measuring the aerosol size distribution before and after
the samplers with 1-min exposures in accordance with an experimental design similar-te-the—foltowing—experimental design:

following:

4 sampler flow rates: distributed between 50 and 200 % of the presumed optimal sampler flow rate,
8 samplers, numberes=1, ..., S and

F
S
n 4 replicates, numbered=1, ...,n.

10. Performance-Classification Measurement Uncertainty

10.1 BiasSystematic Deviation Relative to Convention

10.1.1 Background—FAs no real sampler follows the aerosol fraction conventions exactly, bias always exists betweenr-candidate
real and conventional-3-1:2)+espirable (ideal) samplers with sampling—ef-monedisperse—aerosol-can—-be-determined directly

efficiency given by-eemparing Eq. 1. With minimal loading effects, this bias depends only enthe-mean-fitted-sampling-efficiency
eurve—{from particle size-distribution of the-results aerosol sampled, and is therefore a constant when expressed as a fraction of

Seetion—8)-to the conventional-efficieney—However—a—eomparison concentrgtionhe largest values ef-cantdidate—to-ideal
samplers bias occur in the-measurement sampling-ef-aeroselpartictes-distributed monodisperse aerosol. Hewever, in size most

workplaces, aerosolisore+elevantto-workplace-atmospheres,as-mentioned presentin-Section 4. To a broad distribution of sizes
The cancellation of positive and negative components of bias at different particle sizes reduces the overall bias-n-this-end, it has
case.

It has, therefore, become conventional to compare samplers as applied in sampling aerosol distributed in size. Particularly, bias
is estimated in the sampling of specific fog-normal size distributiens<3-1.3.1).

16-3-+1Fhis (3.2.3.1). Such a comparison is then also applicable to those more realistic size distributions which can be
approximated as a superposition of several lognormal distributions.

As with EN 13205, this practice requires a comparison over al log-normal particle size distributions with geometric standard
deviations between 1.75 and 3.5 and mass median diameter <25 um. Furthermore, respirable samplers would only be evaluatec
at aerosol size distributions with the fraction of respirable to total aerosol greater than 5 %. This omits sizes beyond the line defined
by: (mass median diameter, geometric standard deviation) = (10 um, 1.5) to (25 um, 2.75)—Fhe-narrowest-distributions of
fargest-size-aeresols performance tests are therefore-emitted-from-consideration—The—+ationate-is that size not applicable to the
sampling of rarely occurring narrow distributiens-with-small of large-size aerosols.

Note that the variety of environments in which respirable—fraction—generally—either_have aerosol measurements are taken

precludes a-small-respirable-mass-concentration-{thatis,—accuracy simple elimination of this-bias-inaereset-measurement is not

needed-exeeptin-speciat-cases)-or-actualty-consist the mean through calibration, with associated imprecision from variation of
smal-diameter—+espirabl|fluence parameterdSO GUM). For example, assuming a lognormal size-distribution, the aerosol

mixed-with—extremelylarge—aeresols, size distribution parameMMD and-se—-weuldGSD may be regarded as influence
parameters. It is simplest to explicitly account for the bias in the d aevelopment of confidence intervals about the measurand values
(the conventionaly concentratiogsg).

10.1.2 Bias Estimate-Compute the estimated concentratidonnumerically for each samples at each log-normal size
distribution MMD, GSD) of interest, as indicated in (3.2.7). Estimate the constdit the sampler-average-as-foltews: average:

¢, ®)

t=

¢t =

ZFthen compute the bias estlma@ieby—means—ef%—Q—9

0neE e

Se, ®)

r |a§/|n Eq. 5.
H r-estimate sampling

of—ﬂqe—samm%aeeu*aey—ﬁseH—Ferﬂs—qupese—&n—esﬂmate aerosol several soufees—ef—fhe—mas—uneeFt&an%yﬂs—Heeessary This i

s random variation have been fourfe) 6ignificant. These

mclude inter- sampler varlab|I|ty (RS-D—aeeefetmg—te—the—feHewmg—medel

L1292\
)

.
"s_" eovars T €5

lhe—e#eﬁfm,g—N{G—ee—ﬂ—aﬂd-e—f—N{O—e;,mer]raFe—FepFesen{edﬁ 2.9. 3)) caused—by—tuhe#—respeetam—s&anela#d—demaﬂons

grantity o characterizes-the EeF-S-&H%pk—:*Hf&HﬁHhty .
%G%Hheﬂfaﬂamemﬁrme#c?rs—es%mﬁed—m%d#—aﬂeﬂews:
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1 A 4
Uzinter +o 2eval ~S—1 g (Cs ) 2 (13)

, N :

PN 1 2 2
var(€) = g[a inter T 0 “eval (14)

the-guantity var@))-is-then given-as follows:

1
0'2/\ = var (A) = § [0' 2inmr + O'zn\mI] /CZD (15)

and-is-estimated physical variations-iraccerdanee-with-Eq 13.
10 2-tmpreeision
162 1-AsmentionedHn-3-2-10, the-samplerimprecisionis+epresented samplers; intra-sampler variability, from inaccuracy ir
terms the setting and maintenance-ef-three-dominant-compenents:
eguwed alrflow RS%W%_MW%%B@%DH%%4

nalytlcal Vo

i measuremen
ety(3. 2 9 2)) aHd—He&Hrh—Adems%ratlon
te analytical eRS . yricar€aR-be-computed

as—feHews—grven(SZ 9. 1)) for example from varlatlons m—the—ﬂew—Fa{e—Q—éHmm)—s&mpmg—ﬂme—aﬁd—Hue—resplrable
eencentratioreg weighing of-nterest:

X 1000 L/n?
RSD,aysical = %Qe'gmn—/cp (16)

O ouThmT

. inatime.=8 h.
%9—2—3—R—SQ,—e*pfeeses fllters or, as another example in-the-effect measuremem—ef—pump—&neeﬁamfy—&nd—reqtﬂres result

/4 —)\

5 10D is-indi d—Let relat|ve standard deviatiofSDiowiner FEPresent-the
€ : e 5 by anBSD,,; giver-approximately-as

wheread?SDﬁUWana, tlcalmay—b degend ont he conventlonal concent_u,ngor example a recent assessme#j py the Mine

Safety and Health Administration (MSHA) indicated an uncertainty..in measuring filter mass changes equal to 9.1 pg. From

such an estimatBRSD,,,, =5 % with a high degree of confidence (>95 %).
10-24—-Obtainanalytical can be computed, given the flow rate Q (L/min), samplingR&&s (for example, 8 - 60 min), and

conventional respirable concentratiop-from-Eg-13-by-estimating s zrfrom_of interest:
RSDmalmiml Omass 1000 Um(Cg - Q - 1), 9)

10.3 Measurement ModelThe various aspects of concentration measurement accuracy covered in 10.1 and 10.2 lead to the

fitted-parameters-at-fixed-sampler following approximation for modeling the measurement:

&= m/Q 1) (10)
:[ (1+A) tet enumn+ €r-mal\ni{‘f-xl] “Cr

wherese signifies random variables approximated as normally distributed about zero:
€.~N[0, RSDy, el (11)
€pumn=N[0, RSD, o]
€anaytica N[0, RSD,aivsicall,
remembering thaRSD,..1ico depends specifically on the analytical method and is not necessarily constant.
The measurempenti model specified in Eg. 10 indicates-that all the¢tdtive standard deviation RS@Ehe combined relative

uncertalntyﬂs—frem—e*pemﬂenfal—eﬁeﬁandﬂeﬁarﬁrem—laeleef—ﬂt Iﬁ:lé (ISO GUM)) |n the—mede{—'Fhen estlmate—vaxg_at
fixeds sfrom_is given through then y ws> lowest order
approximation to the law of propagation of uncertalnty (ISO GUM) by
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9
Eae coJ ae > (fixed s)

RSD:VRSIjr\ter+RSiump RSEinalytlcal (12)
i .
10.4 Symmetric-range Accuracy-AThe definition in (3.2.11) is-prepertional equivalent-tf—P)-L-where the following
implicit definition of the functionnA-is—the-rumber in terms -ofreplicates, relative bissand FRSD;—the-rumber assuming
approximately normal distributions -efflew—+ates, in the-evaluation,and P_concentration estimates:

A+A  A-A
Pl rspl - Plrspl = 95 % (13)

where® is the-rumber-ef-moedel-parameters. cumulative normal function—Fhe-derivatives, acéwraéy—are-computed
numericalty—Averaging—ov@{A, s—an—estimate—ofo;;zRSO may be computed numerically and_is depicthed in Fig. 2.
Alternatively, Eq. 13 has an approximate soluti@) fore A[A, RSD given-as-fellews: by:

ac.
o eval ~ QE E nn LOVjj AAT

1
AlA, RSO = 1.960X MSE, {4)

o —5vz individually (neglecting lackombined mean

square element MSI:‘ts deflned as:

MSE.= A? + RSD? (15)
The approximation ef-fit) Eq. 14 is extremely accurate for small bias magnit\idéhat is, for A|[<RSD/1.645), A being
overestimated fractionally by up to 1 %, only-in-Eg-34-and-EgAL4-Asapplied a narrow region clase®3D1.645. In fact,

over the-data—presented-HnRE) region |A| <RSD Eg. 14 overestimates the-experimental-design-adepted-{9-2)-results in
smalt-evaluation—errors accuracy fractionally by less than 5 %. Therefore, Eq. 14 may be regarded as—fellews:

2 2 /o (91
U eval Uinter 2 \z4)

10-2.5-Compute a minimally conservative estimate of-the-variability symmetric range accuracy over ranges of RiBaind
general interest. ReBJ indicates how to handle yet larger bias magnitudes.

10.5 Estimating Components of the-estimat€ombined Mean Square Element MSE

10.5.1 The componenta\f, RS, throtgh RSD ,,m, aNdRSD,naica) Of the combined mean-ssquare elemBISE,

(Egs. 12 and 15) can beg estimated as follows. The componkritand RSD?,,WQ,, may ble categorized aB/pe A standard
uncelrtainitiees(ISO GUM) mean-bing that their estwimates are obtained by stafistical means from the data obtained duringh
sampler evaluat-iorRSD? numpCan be, and has, also been estimated- by statistical means in specific applications. However, for
illustration, RS[fn,.mnls estimated here asType B standard uncertaintyneaning, determined on the basis-ef-Eq 13 “experience
with, or general knowledge of, the behavior areHEqQ 20 property of relevant materials and instruments” (ISORBIM)...ica

may be obtained from experiment separate from this practice as a Type A standard uncertainty, as in | Practice D 6552.

10.5.2 Compute estimates af and RSC,,., at each size distr ributionMMD, GSD of integrest. The statistical details
required for these estimates are presented in Annex A.

10.5.3 -€0Assumpe, as suggested in the NIOSH Manual of Analytical Methodﬁ&ﬂﬁﬁt,,mp: 5 %, with infinite degrees of
freedom. As described in ISO GUM, this assumption corresponds to stating that variation from pump fluctuation follows an
approximately rectangular distribution with estimates ranging withig3 X 5 % of the mean.

10.5.4 RSDF.,,...ic.. depends on the specific analysis required and therefore is not estimated within the sampler evaluation
described in this practice.

10.6 Confidence Limit on the Combined Mean Square Element.MSE

10.6.1 Statistical details of this calculation may be found in Annex A. However, the basic idea is as follows: The variances of
each component dfISE. are estimated. Then the part of the estimatM8fE. which varies (that is, excluding the const&83
pump 1S @pproximated as proportional to a chi-square variable with an effective number of degrees of freedom determined so that
the variance is consistent (Satterthwaite approximation (ISO GUM)). The result is a 95 %-confidence & fand therefore,
through Eq. 14, the symmetric-range accuracy confidence JigjA.

10.6.2 The confidence limijs A (accounting for evaluation uncertainty) is a counterpart to what is denoteg-the-sampler’s
Buseh—p*eb&bﬁsﬁc—aeeumeym uncertainty h-Ref (ISO GUM). Aside from differences in application, both quantities
are used for bracketing the measurand by confidence intervals. The expanded undéitajntged for constructing symmetric
intervals about measured values in the case that bias is negligible, is equal to the combined uncertaintyrepeated,.
multiplied by a coverage factogiven inFArrex-Al terms of a Student-t quantile, indicating continual re-evaluation of a
method at each application. In contrast,q.s o, A leads, with 95 % confidence in a single (extensive) initial method evaluation

10
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to intervals that enclose the conventional concentration at least 95 % of the time. For example, suppose.A is
approximately independent of the measurand value, and that the likelihood that o5,,A > 1 is negligible. Then 3.2.11
implies the following inequality:

TT oo R ST A
for > 95 % of estimates,cat 95 % confidence in the evaluation experiment. Note that the interval of Eq. 16 is not exactly
symmetrical about the estimate umlike intervals using the expanded uncertaigtylSO GUM), with bounds ct U.
10.6.3 An example of the difference betwegn, A and “Acan be given: AMMD = 10um andGSD= 3, the Higgins-Dewell
cyclone has§) A=7 %, RD inter = 9 Y0RSD,,,,,< 1 %. Now suppose that; = 2 mq/n? and that 25) o,..= 9.1 ug; then Eq.
9 givesRSD, i = 0.4 %. Thus, the total random variationRSD= 5.1 %, and sd\ 15 %. Following Annex A, it is found

thatos o A is about 40 % larger thaf. This value is expected to be typical of the evaluation uncertainty (at 95 % confidence) over
a wide range of size distributions at =2 mg/nt and analytical errorr ,...;= 9.1 Hg. For other specific applications, the
corresponding figure can be calculated.

(16)

11. Non-Performance Items—

Because of the complexity of aerosol sampling, several respirable aerosol sampler characteristics remain unevaluated. The
may be controlled as suggested in this section through sampler specification, rather than performance criteria. Any of the suggest
features not presently available are to be considered recommendations for future sampling equipment.

1041

11.1 Recommendation of the Use of Only Conductive Sampl€lgs practice presents a recommendation that only conductive
samplers be used in aerosol sampling.

11.1.1 Justification for Recommendatien Various authors have reported sampling problems specifically posed by the
nonconductive 10-mm cyclone. The basic problem is that charges on a nonconducting sampler are immobile and therefore provic
a localized source of electric field. This can strongly affect the trajectories of charged aerosol particles in the air flowing into the
sampler. Quantitatively, a 10 % variability has been reported to be associated with charg¢28eEisrthermore, evidence exists
that a charged sampler may undersample moderately charged aerosol by as much(2g8)4Bifally, the conductivity of the filter
holder itself following the 10-mm cyclone may be significant. A 25 % increase in the aerosol collected upon increasing the holder’s
conductivity has been reportg@8). Electrical charging typical on aerosol to be found in many workplaces has also been
documented?29).

11.1.2 Availability of Samplers-The presently used 10-mm cycloreare fashioned out of a poorly conductive plastic relative
to metals. At one time, however, a conductive graphite-filled plastic was used in the construction of the sampler. Therefore, witf
a-miner shift in the manufacturing process, a 10-mm conductive cyclone could again be available. The Higgins-Dewelf-€yclone,
now available in the United States, is made of metal and is therefore conductive. The 37-mm filter‘cdbsetieh is used with
the cyclone should be made of a conductive material, for example, graphite-filled plastic.

1042

11.2 Recommendation of Controlled Pump Fluctuatiea$ulsation amplitude must be less than 20 % of the mean flow.
Measure-this This amplitude may be measured with an in-line hot-wire anemometer placed close to the sampler,-andanalyzeir
the output using an oscilloscope or ac voltmeter.

11.2.1 Justificatior—Bias has been showf80,31)to be caused in a cyclone by pulsation of the personal sampling pump.
Cyclone samplers with pulsating flow can have negative bias as large as —22 % relative to samplers with steady flow. The
magnitude of the bias depends on the amplitude of the pulsation at the cyclone aperture and the aerosol size distribution. For pum
with instantaneous flow within 20 % of the mean, the pulsation bias is estimated at less than -2 % for most size distributions
encountered in the workplace.

1043

11.3 Recommendation of Controlled Pump Accurady accordance with 18.25.3, control the relative standard deviation of the
pump flow rateRSD,,,,through the use of a self-regulating network’8D, =<5 % (NIOSH Manual of AnalyticaH\vethods)
at-eonfidence>95%.

pump

11—~ Methods).

12. Report

142.1 Several alternatives exist for using the results of the experimental evaluations described in this practice. For example,
is possible to classify the samplers-aceerding to in accordance with specific accuracy criteria. Alternatively, the NIOSH accuracy
criterion ©-1210-13 and the NIOSH Manual of Analytical Methods) presents a pass/fail requirement that acceptable
sampling methods have better than 25 % symmetric-range accuracy at the 95 % (evaluation) confidence level-The What

11
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is denoted assampler accuracytself may, in fact, be defined in alternative manners. Here it is suggested simply that
sufficient information is presented that-a-targe—number-of-saeh most performance criteria—stited selected for specific
applications can be easily implemented. Therefore;-as-a-minimum, the following should appear in the report of the sampler
evaluation.

1122.2 Describe the sampling efﬁcrency model used. Present a short table grvrng the fitted samplrng efﬁcrency paﬁ,arpeters
=1, ..., P (for example, 4) ., sampler
I speemeens—and—repheaﬂens Plot sampling efficiency data, averaged over sampler and repllcate together Wrth the modeI curves
at the four sampler flow rates of the evaluation.

142.3 Present maps giving iso-curves ov#vID = 1 to 25 pm andsSD= 1.5 to 3.5 for estimates of the following—sampler

impreeision inter—sampler variatidRSQ,., pump-effectimpreeisioM S m{assumingRSBG,;=5%), and bias\.
112.4 Prepare tables-efthe-infermation estimates-of(11-3)-is-application-specific- because-of-the-assumedRaRes of

RSDiatcar inten aNdex rsp—Fhereforeprepare-tablesgf, and MSE (A1.5) in digital form. Relevant estimates of the combined
mean square element _ﬁq 15) and confldence I|m|t (equrvalenthoA) can then be constructed, qrven external knowledge

of RSD e
ean—mefe#em—be—eenstrueted analﬂ cal The tables should be at MMD 1pym, 2 um, . 25 pm and GSD =15,1.6, .., 35.

12—-Acedraey

12-1Thispracticeprovides-an-estimate
12 5 Present maps ef—the—Buseh—pfeJeabH-isﬂc—aeeuracy est mates—ef—a—eand-rdate—sampb%bmdeﬁevaluaﬂen—aeeountmg for

vbe biased or

setting RSQna,yt,ca,,—whreh—dﬂeends—en—detaﬂe as equal to zero. A note should be |ncluded statrnq tna,taﬁﬁpof a partrcular
analytical application would generally increase Hee—resmrable—sanﬁateﬂs—apphed—?herefore values-ofthe-uneertainty in estimates

yakandA-can.
2 6 It may also be—gwen—AMM-B—]:e—ptm—aneG—S-D—?r useful to qrve a brief statement as to—the—H+ggrns—Dewe+l—eyclone

has purpose behind estimatif)-2 6 RPrer=

and-that(25) oyegrr=984-Hg;A. An example would be:
“With 95 % confrdence in the—Eg—16—¢gives method evaluation, the symmetric-range accuracy confidenéeSigi,A
analyticar="4Yo—Thus, results in confidence intervals enclosing measurands >95 %-ef-the-tetat-impreeision is-time-RSB-= 6.4 %.

Fhesefigures;-as-input-to-the-algerithm-in-Annex ALA then-give plays thefractional-difference-asfollows:
(G5 —PHA=25% (22)

lhrs—value—rs—e*peeted—te—be—ty&cal roIe ofthe—evaleatlon expanded uncertamty—(at—%—%—een#ldenee)—eveea—wrde—range of size

an be

66 weight

eateulated gISO GUM} i

13. Keywords

13-1-acedraey,;

13.1 aerosol; air monitoring; bias; confidence; conventions; deposition; evaluation; fractions; particle; particulates; penetration;
performance;:—preeision; random variation; respirable; sampling and analysis; sampling efficiency; size-selective; tolerance;
uncertainty; workplace atmospheres
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(Mandatory Information)

Al. STATISTICAL DETAILS

Al.1 The-eonfidencelimit-on-the-Buschprobabilistic-aceurBegecounting sampler performance assessment of this practice
accounts for uncertainty in the sampler evaluatien-experiment-is-ecemputed by computing a confidence limit on the combined mea

square elemef®MSE.(Eqg. 15) as well as an estimate d¥ISE, itself. This is accomplished by-appreximating analyzing the
strfaee;A concentration estimat€s ¢, from sampler-RSDs in accordance with the following model characterizing the sampler
evaluation:

Ce —C+emm, + €q (A1.1)
where random variables,,.; .= N[0, 6%.,.] ande .= N[0, 02 ;e ec-vaileRYP], are represented
by their respective standard deviatiows,,., and c,meHms—HHe&H-zaﬁeﬂ—pfeeedme—leaves—an—eﬁeFéepeﬁdent on. The quam;,w:ontalns for
example, evaluation concentration fluctuations and aerosol counting errors. The quigptitharacterizes the-eurvature-of-the-aceuracy-surface; that
is-anro+S inter-sampler variability=-0-2A/0RSD

Al1.2 The variancer %) + 0%va Of & is estimated with S - 1 df by:

~ ~ 1
o2 &2 ANIZN a2 (A1 2)
inter eval S 1 LJ &g ) )

Al.3 o ... iS itself estimated from the uncertainty in the-derived-confidencetimit—Limiting-cases fitted parameters at fixed
samplers from the assumption that all the uncertainty is from experimental error and no part from tack-of-this-appreach reduce

fit to-elassicaHolerance-intervat-theory the model. In other words; yas(estimated at fixe(B2:33sapplied from the nonlinear

regression’s asymptotic variance-covariance matri ov; as:
R i
var()l ~ Eae L5 (fixed 9 (AL.3)

This quantity is proportional Ee—samp&evaiuaﬁea—BetaHs—a*e—as—fellows

AL11 TFhefunctionti - F - P-AJY, where r; is the number of replicates-RSDF, the number of flow rates in the evaluation,
and P is the number of model parameters. The derivatiesg ; ;. are computed numerically. Averaging over the samplers tested,
an estimate o, is therefore given by:

~ 08
O-eval SE 239 SCOV'J()G (Al.4)

with approximatelyS (n-F-P) degrees of freedom, siné& Sdegrees of freedom determine the fitted parameters.

Al.4 The estimate fou,;, . {atfixede(for-example;959%)) islinearized-by-means then found from Eqgs. A1.2 and Al1.4.
Al.5 Estimation of-Fayler's-series-expansion-asfolows:

ALA ImTadmY AY o 1 Q A LA RN
3, R Itnter/ Po T P18 T P2 Ihnter

where the-eeefficients; combined mean square element ndBEY-DE-€OMpied-as-follows:

A+A A-A
A P Rsp " P Rsp
BV Yo m 5 PN (Alz)

[daxe) =) P +—€b—

(A1.2) 0AIRSD = ®+ A+ ARSD — ®— A — ARSDd+ + d— is simplified through computing an estimated mean square elemeE_t(@
defined by

_~
b
1
H

R

A D —D,
A" H B
dA D =D
— 1 PS 212
MSE = §§S‘,(CS—CR) Ich (AL.5)

D,

1 ~
exp{— — (A = A?/ RSD?
AZ + RSDzlmer + R $eval
Given knowledge oR

A—1—1—2—|—H—R-eSD m\,ﬁmland(%) RP? pump? the estimate ofMSE. may then be directly obtained (Egs. 12 and 15) by using
M SE (Eq. AL.5), eliminating RD?,.(that is, o .,./c%s) through Eg. Al.4.

13
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Al1.6 Finally, a confidence limit oMSE, and therefore (from Eq. 14) the symmetric-range accugagyA, may be calculated
in accordance with the sketch glven—by—Eq—Al 1in 10.6.1. To thls end the estimation of the various variance components is

| is taken simplified by-usingthe noncentral

E-d+S-t-HbH-t+6H.—|-f—b| foIIowmg:
A1.6.1 M-is-a-standaré-nermal-varialSE and-independentReisx S-distributed-withv-df—then-t—defined-as

u+3a

u= A/Re /o nory (A14)
V ROl O+ RO ey
[R’Sjinter —|2 2
v | RSB =X (A1.5)

Fhe-variabled ., are uncorrelated. A
Al.6.2 Ris-standare-nermatfollewing Eq-15-FheriHRSDP 2, in-EgAt4-can may beneglectedby-means approximated

in terms of a chi-square variable.

Al.6.3 SX MSE/(RD?,,...+ RD? ,.) is a noncentral chi-square random varial¥8)( In terms of the number of degrees of
freedom S and noncentrality parametér, the expected value and variance of the noncengrat are S+ \ and 2S + 4,
respectively. The paramet&ris given by:

_A-A+BX RSOyl \/S

' RSDmteJ \/_S

— (A= BolB + X RSDyy + 8 X RSQ//S

RO/ /[T
~Pher V>

ility that

onfid i valhas i i Wig

Spd—1+—ZxHagt—+as + at) (X1.1)
O[x] =1 —Z[X (at + a,th = SX A¥(RSDZ + RDZ,) X1

wheret-is-given-in-terms- ok by:
t=1t—+px) 62

1
Z[X = exg—¢/2] (X1.3)
\/ i
L AY (O-A4261 Q924 O 1201676 - 0O 02729009 A4\
\al, ﬂz, qs[ — \U.H\)UJ.U\)U, V. LZU1VUTU, U.J0T7 LqU \/\J..ﬁf}
p=0-33267 (XL.5)
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