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Standard Practice for
Evaluating the Performance of Respirable Aerosol
Samplers 1

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 epsilon (e) 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
samplers are assessed relative to a specific respirable sampling
convention. The convention is one of several that identify
specific particle size fractions for assessing health effects of
airborne particles. When a health effects assessment has been
based on a specific convention it is appropriate to use that same
convention for setting permissible exposure limits in the
workplace and ambient environment and for monitoring com-
pliance. The conventions, which define inhalable, thoracic, and
respirable aerosol sampler ideals, have now 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 Govern-
mental Industrial Hygienists (ACGIH, Ref(1)),2 developed(2)
in part from health-effects studies reviewed in Ref(3) and in
part as a compromise between definitions proposed in Refs
(3,4).

1.2 This practice is complimentary to Test Method D 4532,
which specifies a particular instrument, the 10-mm cyclone.3

The sampler evaluation procedures presented in this practice
have been applied in the testing of the 10-mm cyclone as well
as the Higgins-Dewell cyclone.3,4 Details on the evaluation
have been recently published(5-7) and can be incorporated
into revisions of Test Method D 4532.

1.3 A central 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 can be combined with information as to analytical
and sampling pump uncertainty obtained externally. The prac-

tice 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 approach (8) for 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 method 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, which 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 (SI) are used
throughout this practice and should be regarded as standard.

1.5 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 appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
D 1356 Terminology Relating to Atmospheric Sampling

and Analysis5

D 4532 Test Method for Respirable Dust in Workplace
Atmospheres5

D 6062M Performance Specifications for Samplers of
Health-Related Aerosol Fractions5

D 6552 Practice for Controlling and Characterizing Errors
in Weighing Collected Aerosols5

2.2 International Standards:
ISO TR 7708 Technical Report on Air Quality—Particle

Size Fraction Definitions for Health-Related Sampling,
Brussels, 19936
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ISO GUM Guide to the Expression of Uncertainty in Mea-
surement, Brussels, 19936

CEN EN 481 Standard on Workplace Atmospheres. Size
Fraction Definitions for the Measurement of Airborne
Particles in the Workplace, Brussels, 19937

CEN EN 1232 Standard on Workplace Atmospheres. Re-
quirements and Test Methods for Pumps used for Personal
Sampling of Chemical Agents in the Workplace, Brussels,
19937

CEN EN 13205 Workplace Atmospheres- Assessment of
Performance of Instruments for Measurement of Airborne
Particle Concentrations, 20017

2.3 NIOSH Standards:
NIOSH Manual of Analytical Methods, 4th ed., Eller, P. M.,

ed.: Dept. of Health and Human Services, 19948

Criteria for a Recommended Standard, Occupational Expo-
sure to Respirable Coal Mine Dust, NIOSH, 19959

3. Terminology

3.1 Definitions:
3.1.1 For definitions of terms used in this practice, refer to

Terminology D 1356 and ISO GUM.
3.1.2 Aerosol fraction sampling conventions have been

presented in Performance Specifications D 6062M. The rel-
evant definitions are repeated here for convenience.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 aerodynamic diameter, D(µm)—the diameter of a

sphere of density, 103 kg/m, with the same stopping time as a
particle of interest.

3.2.2 respirable sampling convention, ER—defined explic-
itly at aerodynamic diameterD (µm) as a fraction of total
airborne aerosol in terms of the cumulative normal function(9)
F as follows:

ER 5 0.50~1 1 exp@20.06D#! F @ln@DR/D#/sR# (1)

where the indicated constants areDR = 4.25 µm and
sR = ln[1.5].

3.2.2.1 Discussion—The respirable sampling convention,
together with earlier definitions, is shown in Fig. 1. This
convention 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 Hygien-
ists (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 (Criteria
for a Recommended Standard, Occupational Exposure to
Respirable Coal Mine Dust) and also forms the basis of the
NIOSH sampling method for particulates not otherwise regu-
lated, respirable (NIOSH Manual of Analytical Methods).

3.2.3 size-distribution C-1 dC/dD (µm-1)—of a given air-
borne aerosol, the mass concentration of aerosol per unit
aerodynamic diameter range per total concentrationC.

3.2.3.1 lognormal size distribution—an idealized distribu-
tion characterized by two parameters: thegeometric standard
deviation (GSD)and mass median diameter (MMD).The
distribution is given explicitly as follows:

C21 dC/dD 5
1

=2p D ln@GSD#
expF2

1
2 ln@D/MMD#2/ln@GSD#2G

(2)

whereC is the total mass concentration.
3.2.4 conventional respirable concentration cR (mg/m3)—

the concentration measured by a conventional (that is, ideal)
respirable sampler and given in terms of the size distribution
dC/dD as follows:

cR 5 *0

`
dD ER dC / dD (3)

3.2.4.1 Discussion—Note that samples are often taken over
an extended time period (for example, 8 h), so thatdC/dD of
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 effıciency Es(D, Q)—the modeled sampling
efficiency of samplers as a function of aerodynamic diameter
D and flow rateQ (9.1).

3.2.6.1 model parametersup, where p = 1, ..., P (for ex-
ample, 4)—parameters that specify the functionEs(D, Q).

3.2.7 mean sampled concentration cs—the concentration
that samplers would give, averaged over sampling pump and
analytical fluctuations, in sampling aerosol of size-distribution
C-1 dC/dD is given as follows:

cs 5 *0

`
dD Es dC / dD (4)

3.2.8 mean concentration c—the population mean ofcs.
3.2.9 uncertainty components:
3.2.9.1 analytical relative standard deviation RSDanalytical—

the standard deviation relative to the true respirable concen-
tration cR associated with mass analysis, for example, the
weighing of filters, analysis ofa-quartz, and so forth.

3.2.9.2 pump-induced relative standard deviation
RSDpump—the intra-sampler standard deviation relative to the
respirable concentrationcR associated with both drift and
variability in the setting of the sampling pump.

7 Available from CEN Central Secretariat: rue de Stassart 36, B-1050 Brussels,
Belgium.

8 Available from Superintendent of Documents, U.S. Government Printing
Office, Stock No. 917-011-00000-1, Washington DC 20402.

9 Available from NIOSH Publications, 4676 Columbia Parkway, Cincinnati, OH
45226.

FIG. 1 Respirable Aerosol Collection Efficiencies
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3.2.9.3 inter-sampler relative standard deviation RSDinter—
the inter-sampler standard deviation (varying samplers) rela-
tive to the respirable concentrationcR and taken as primarily
associated with physical variations in sampler dimensions.

3.2.10 mean relative biasD—of measurementc relative to
the conventional respirable concentrationcR, defined as fol-
lows:

D [ ~c2cR!/cR (5)

3.2.11 symmetric-range accuracy A—the fractional range,
symmetric about the conventional concentrationcR, within
which 95 % of sampler measurements are to be found (8,10-13
and the NIOSH Manual of Analytical Methods).

3.2.12 flow rate Q (L/min)—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 ratesQ tested.

3.2.14 replication number n (for example, 4)— the number
of replicate measurements for evaluating a given sampler at
specific flow rate and aerodynamic diameter.

3.3 Symbols and Abbreviations:
A—symmetric-range accuracy as defined in terms of bias

and precision (see 3.2.11).
Â—estimated accuracyA.

NOTE 1—Hats as in A refer to estimates, both in sampler application
and sampler evaluation.

95 %A—95 % confidence limit on the symmetric-range
accuracyA.

c(mg/m3)—expected value of the sampler-averaged concen-
tration estimatescs.

cs(mg/m3)—expected value (averaged over sampling pump
and analytical variations) of the concentration estimate from
samplers.

scovij—covariance matrix for samplers and efficiency pa-
rametersui anduj.

cR(mg/m3)—concentration measured by a conventional (that
is, ideal) respirable sampler.

D (µm)—aerosol aerodynamic diameter.
D0—sampling efficiency model parameter.
DR(µm)—respirable sampling convention parameter equal to

4.25 µm in the case of healthy adults, or 2.5 µm for the sick or
infirm or children.

E—sampling convention in general.
ER—respirable sampling convention.
Es—sampling efficiency of samplers.
F—number of flow rates evaluated.
GSD—geometric standard deviation of a lognormal aerosol

size distribution.
MMD—mass median diameter of a lognormal aerosol size

distribution.
MSEc—mean square element for sampler in application (see

10.4).
MSE—mean square element for evaluation data (see A1.5).
n—number of replicate measurements.
P—number of sampling efficiency parameters.

RSD—relative standard deviation (relative to concentration
cR as estimated by an ideal sampler following the respirable
sampling convention).

RSDanalytical—relative standard deviation component charac-
terizing analytical random variation.

RSDeval—relative standard deviation component character-
izing uncertainty from the evaluation experiment itself (Annex
Annex A1).

RSDinter—relative standard deviation component character-
izing random inter-sampler variation.

RSDpump—relative standard deviation component character-
izing the effect of random sampling pump variation.

s—sampler number.
S—number of samplers evaluated.
t—sampling time (for example, 8h).
U—expanded uncertainty.
uc—combined uncertainty.
v (m/s)—wind speed.
D—bias relative to an ideal sampler following the respirable

sampling convention.
eevals—random variable contribution to evaluation experi-

mental error in a concentration estimate.
es—random variable contribution to inter-sampler error in a

concentration estimate.
u—sampling efficiency model parameter.
s0—sampling efficiency model parameter.
seval—evaluation experimental standard deviation in a con-

centration estimate.
sinter—inter-sampler standard deviation in a concentration

estimate.
sR—respirable sampling convention parameter equal to

ln[1.5].
smass—weighing imprecision in mass collected on a filter.
F[x]—cumulative normal function given for argumentx.

4. Summary of Practice

4.1 The sampling efficiency fromD = 0 to 10 µm 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 lognormal aerosol size
distributions. Random variations (10.2) as well as systematic
deviation (10.1) are specified relative to a conventional sam-
pler. Overall performance in calm air can then be assessed by
computing a confidence limit95 %A on the symmetric-range
accuracy (3.2.11), accounting for uncertainty in the evaluation
experiment, given estimated bias and imprecision at each
lognormal aerosol size distribution of interest. The symmetric-
range accuracy confidence limit95 %A provides conservative
confidence intervals bracketing the conventional concentration
at given confidence in the method evaluation, analogous to the
use of the expanded uncertaintyU in ISO GUM (See Eq. 16).
This performance evaluation has evolved from work described
in Refs (8, 14-21).

5. Significance and Use

5.1 This practice is significant for determining performance
relative to ideal sampling conventions. The purposes are
multifold:
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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 determin-
ing the efficacy of a given candidate sampler for application in
regulatory sampling. The accuracy of the candidate sampler is
measured in accordance with the evaluation tests given here. A
sampler may then be adopted for a specific application if the
accuracy is better than a specific value.

5.2.1 Discussion—In some instances, a sampler so selected
for use in compliance determinations is specified within an
exposure standard. This is done so as to eliminate differences
among similar samplers. Sampler specification then replaces
the respirable 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,
other applications exist as well. For example, suppose that a
specific aerosol diameter-dependent health effect is under
investigation. Then for the purpose of an epidemiological study
an aerosol sampler that reflects the diameter dependence of
interest is required. Sampler accuracy may then be determined
relative to a modified sampling convention.

6. Apparatus

6.1 Small Single-pass Wind Tunnel(or, equivalently, a
static exposure chamber). The following dimensions are nomi-
nal:

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:63 % 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 µm and

geometric standard deviation = 2.2.
6.2 Aerodynamic Particle Sizer(APS).3,10

6.3 Tube-Mounted Hot-Wire Anemometer Probe, or equiva-
lent, ac voltmeter or oscilloscope.

7. Reagents and Materials

7.1 Reagents:

7.1.1 Potassium Sodium Tartrate, A.C.S.-certified reagent
grade, for generating solid spherical aerosol particles.

7.1.2 Standard Polystyrene Latex Spheresfor calibrating
APS (6.2).

7.2 Materials:
7.2.1 Five-micrometre PVC Membrane Filters and Conduc-

tive Filter Cassettes.3,11

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
taken in four replicates at the four flow rates. Thus eight
functions of aerodynamic diameterD and flow rateQ are
determined. Use the following model(5) or equivalent for
characterizing the candidate cyclones:

Es~D; Q! 5 FF 1
s0

lnSD0

D DG (6)

where F is the cumulative normal function(9), easily
computed within most statistical software packages. The indi-
cated constants are defined in terms of model parametersup,
determined by the least squares fit to the data using a standard
nonlinear regression routine:

D0 5 u 13~Q/2.0L/min!2u2 (7)

exp@s0# 5 u 33~Q/2.0L/min!2u4

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 the
experimental procedures, see Refs(5,6,22-24).

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-µm standard polystyrene latex spheres (7.1.2) by com-
paring measured and known particle sizes. Set up the potas-
sium sodium tartrate (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 test region of the wind tunnel. Adjust
the nebulizer aperture and aerosol solution concentration to
achieve a test size distribution with count median diameter'4
µm and geometric standard deviation'2.2, 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 fromD = 0
to 10 µm by measuring the aerosol size distribution before and
after the samplers with 1-min exposures in accordance with an
experimental design similar to the following:

10 The TSI Aerodynamic Particle Sizer 3300 from TSI, Inc., P.O. Box 64394, St.
Paul, MN 55164 is the sole aerodynamic particle sizer presently available suitable
for this purpose.

11 The sole source of supply of conductive cassettes known to the committee at
this time is Omega Specialty Instrument Co., 4 Kidder Road, Chelmsford, MA
01824.
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F = 4 sampler flow rates: distributed between 50 and 200 %
of the presumed optimal sampler flow rate,

S = 8 samplers, numbereds = 1, ...,S, and
n = 4 replicates, numberedr = 1, ...,n.

10. Measurement Uncertainty

10.1 Systematic Deviation Relative to Convention:
10.1.1 Background—As no real sampler follows the aerosol

fraction conventions exactly, bias always exists between real
and conventional (ideal) samplers with sampling efficiency
given by Eq. 1. With minimal loading effects, this bias depends
only on the particle size-distribution of the aerosol sampled,
and is therefore a constant when expressed as a fraction of the
conventional concentrationcR. The largest values of bias occur
in the sampling of monodisperse aerosol. However, in most
workplaces, aerosol is present in a broad distribution of sizes.
The cancellation of positive and negative components of bias at
different particle sizes reduces the overall bias in this 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 lognormal size
distributions (3.2.3.1). Such a comparison is then also appli-
cable to those more realistic size distributions which can be
approximated as a superposition of several lognormal distribu-
tions.

As with EN 13205, this practice requires a comparison over
all lognormal particle size distributions with geometric stan-
dard deviations between 1.75 and 3.5 and mass median
diameter <25 µm. Furthermore, respirable samplers would only
be evaluated 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 µm, 1.5) to (25 µm, 2.75). The
performance tests are therefore not applicable to the sampling
of rarely occurring narrow distributions of large-size aerosols.

Note that the variety of environments in which respirable
aerosol measurements are taken precludes a simple elimination
of this bias in the mean through calibration, with associated
imprecision from variation ofinfluence parameters(ISO
GUM). For example, assuming a lognormal size-distribution,
the aerosol size distribution parameters,MMD andGSDmay
be regarded as influence parameters. It is simplest to explicitly
account for the bias in the development of confidence intervals
about the measurand values (the conventional concentrations
cR).

10.1.2 Bias Estimate—Compute the estimated concentra-
tion ĉs numerically for each samplers at each lognormal size
distribution (MMD, GSD) of interest, as indicated in (3.2.7).
Estimate the constantc by the sampler average:

ĉ 5
1
S(

s
ĉs, (8)

then compute the bias estimateD̂ as in Eq. 5.
10.2 Random Variations—In the sampling of aerosol, sev-

eral sources of random variation have been found (5) signifi-
cant. These include inter-sampler variability (RS-
Dinter(3.2.9.3)), caused by physical variations in the samplers;
intra-sampler variability, from inaccuracy in the setting and
maintenance of required airflow (RSDpump(3.2.9.2)), and ana-

lytical error (RSDanalytical(3.2.9.1)), for example, from varia-
tions in the weighing of filters, or, as another example, in the
measurement of collecteda-quartz mass. Like the relative bias,
the relative standard deviations,RSDinter and RSDpump are
roughly constant, whereasRSDanalytical may depend on the
conventional concentrationcR. For example, a recent assess-
ment (25) by the Mine Safety and Health Administration
(MSHA) indicated an uncertaintysmass in measuring filter
mass changes equal to 9.1 µg. From such an estimateRSDana-

lytical can be computed, given the flow rate Q (L/min), sampling
time t (for example, 8 · 60 min), and conventional respirable
concentrationcR of interest:

RSDanalytical 5 smass· 1000 L/m3/~cR · Q · t!, (9)

which depends inversely on the conventional concentration
cR.

10.3 Measurement Model—The various aspects of concen-
tration measurement accuracy covered in 10.1 and 10.2 lead to
the following approximation for modeling the measurement:

ĉs 5 m̂s/~Q̂ · t! (10)

5@ ~11D! 1 es 1 epump1 eanalytical# · cR,

where e signifies random variables approximated as nor-
mally distributed about zero:

es'N@0, RSDsampler# (11)

epump'N@0, RSDpump#

eanalytical'N@0, RSDanalytical#,

remembering thatRSDanalytical depends specifically on the
analytical method and is not necessarily constant.

The measurement model specified in Eq. 10 indicates that
the totalrelative standard deviation RSD(the combined rela-
tive uncertainty uc/cR (ISO GUM)) in the estimateĉs is given
through the lowest order approximation to the law of propa-
gation of uncertainty (ISO GUM) by:

RSD5=RSDinter
2 1RSDpump

2 1RSDanalytical
2 (12)

10.4 Symmetric-range Accuracy A—The definition in
(3.2.11) is equivalent to the following implicit definition of the
function A in terms of relative biasD and RSD, assuming
approximately normal distributions of the concentration esti-
mates:

FFD 1 A
RSDG – FFD2A

RSDG 5 95 %, (13)

whereF is the cumulative normal function. The accuracy
A[D, RSD] may be computed numerically and is depicted in
Fig. 2. Alternatively, Eq. 13 has an approximate solution (8) for
A[D, RSD] given by:

A@D, RSD# 5 1.9603 MSE
c

1

2, (14)

where thecombined mean square element MSEc is defined
as:

MSEc [ D2 1 RSD2 (15)

The approximation of Eq. 14 is extremely accurate for small
bias magnitude |D| (that is, for |D|<RSD/1.645), A being
overestimated fractionally by up to 1 %, only in a narrow
region close to |D| = RSD/1.645. In fact, over the region
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|D| < RSD, Eq. 14 overestimates the accuracy fractionally by
less than 5 %. Therefore, Eq. 14 may be regarded as a
minimally conservative estimate of the symmetric range accu-
racy over ranges of bias andRSDof general interest. Ref (8)
indicates how to handle yet larger bias magnitudes.

10.5 Estimating Components of the Combined Mean Square
Element MSEc

10.5.1 The components (D2, RSD2
inter, RSD2

pump, and
RSD2

analytical) of the combined mean square elementMSEc

(Eqs. 12 and 15) can be estimated as follows. The components,
D2 and RSD2

inter, may be categorized asType A standard
uncertainities(ISO GUM), meaning that their estimates are
obtained by statistical means from the data obtained during
sampler evaluation.RSD2

pump can be, and has, also been
estimated by statistical means in specific applications. How-
ever, for illustration,RSD2

pump is estimated here as aType B
standard uncertainty, meaning, determined on the basis of
“experience with, or general knowledge of, the behavior and
property of relevant materials and instruments” (ISO GUM).
RSD2

analytical 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 ofD2 andRSD2
inter at each size

distribution (MMD, GSD) of interest. The statistical details
required for these estimates are presented in Annex A.

10.5.3 Assume, as suggested in the NIOSH Manual of
Analytical Methods, thatRSD2

pump= 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 esti-
mates ranging within6=3 3 5 % of the mean.

10.5.4 RSD2
analytical depends on the specific analysis re-

quired and therefore is not estimated within the sampler
evaluation described in this practice.

10.6 Confidence Limit on the Combined Mean Square
Element MSEc

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 ofMSEc are estimated. Then the part of the
estimate ofMSEc which varies (that is, excluding the constant
RSD2

pump) is approximated 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
level for MSEc, and therefore, through Eq. 14, the symmetric-
range accuracy confidence limit95 %A.

10.6.2 The confidence limit95 %A (accounting for evalua-
tion uncertainty) is a counterpart to what is denoted the
expanded uncertainty Uin (ISO GUM). Aside from differences
in application, both quantities are used for bracketing the
measurand by confidence intervals. The expanded uncertainty
U, used for constructing symmetric intervals about measured
values in the case that bias is negligible, is equal to the
combined uncertaintyuc multiplied by acoverage factorgiven
in terms of a Student-t quantile, indicating continual re-
evaluation of a method at each application. In contrast,95 %A
leads, with 95 % confidence in a single (extensive) initial
method evaluation to intervals that enclose the conventional
concentration at least 95 % of the time. For example, suppose
95 %A is approximately independent of the measurand valuecR

and that the likelihood that95 %A > 1 is negligible. Then 3.2.11
implies the following inequality:

ĉ
1 1 95 %A , cR ,

ĉ
1 2 95 %A (16)

for > 95 % of estimates cˆ, at 95 % confidence in the
evaluation experiment. Note that the interval of Eq. 16 is not
exactly symmetrical about the estimate cˆ, unlike intervals using
the expanded uncertaintyU (ISO GUM), with bounds cˆ 6 U.

10.6.3 An example of the difference between95 %A and Â
can be given: AtMMD = 10µm andGSD= 3, the Higgins-
Dewell cyclone has (5) D̂ = 7 %, R
ŜDinter = 5 %RSDpump< 1 %. Now suppose thatcR = 2 mg/m3

and that (25) smass= 9.1 µg; then Eq. 9 givesRSDanalyti-

cal = 0.4 %. Thus, the total random variation isRSD= 5.1 %,
and soÂ = 15 %. Following Annex A, it is found that95 %A is
about 40 % larger thanÂ. This value is expected to be typical
of the evaluation uncertainty (at 95 % confidence) over a wide
range of size distributions atcR = 2 mg/m3 and analytical error
sweight = 9.1 µg. For other specific applications, the corre-
sponding figure can be calculated.

11. Non-Performance Items

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

11.1 Recommendation of the Use of Only Conductive
Samplers—This practice presents a recommendation that only
conductive samplers be used in aerosol sampling.

11.1.1 Justification for Recommendation— 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 there-
fore provide 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 charge

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 Eqs. 14 and 15.
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effects (26). Furthermore, evidence exists that a charged
sampler may undersample moderately charged aerosol by as
much as 40 %(27). Finally, 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 reported(28). 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
cyclones are 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, with a shift in the manufacturing process, a 10-mm
conductive cyclone could again be available. The Higgins-
Dewell cyclone,4 now available in the United States, is made of
metal and is therefore conductive. The 37-mm filter cassette4,11

which is used with the cyclone should be made of a conductive
material, for example, graphite-filled plastic.

11.2 Recommendation of Controlled Pump Fluctuations—
Pulsation amplitude must be less than 20 % of the mean flow.
This amplitude may be measured with an in-line hot-wire
anemometer placed close to the sampler, analyzing the output
using an oscilloscope or ac voltmeter.

11.2.1 Justification—Bias has been shown(30,31) 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 distribu-
tion. For pumps 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.

11.3 Recommendation of Controlled Pump Accuracy—In
accordance with 10.5.3, control the relative standard deviation
of the pump flow rateRSDpump through the use of a self-
regulating network toRSD pump< 5 % (NIOSH Manual of
Analytical Methods).

12. Report

12.1 Several alternatives exist for using the results of the
experimental evaluations described in this practice. For ex-
ample, it is possible to classify the samplers in accordance with

specific accuracy criteria. Alternatively, the NIOSH accuracy
criterion (10-13 and the NIOSH Manual of Analytical Meth-
ods) presents a pass/fail requirement that acceptable sampling
methods have better than 25 % symmetric-range accuracy at
the 95 % (evaluation) confidence level. What is denoted as
sampler accuracyitself may, in fact, be defined in alternative
manners. Here it is suggested simply that sufficient information
is presented that most performance criteria selected for specific
applications can be easily implemented. Therefore, the follow-
ing should appear in the report of the sampler evaluation.

12.2 Describe the sampling efficiency model used. Present a
short table giving the fitted sampling efficiency parametersup,
p = 1, ..., P (for example, 4). Plot sampling efficiency data,
averaged over sampler and replicate, together with the model
curves at the four sampler flow rates of the evaluation.

12.3 Present maps giving iso-curves overMMD = 1 to 25
µm and GSD= 1.5 to 3.5 for estimates of the following:
inter–sampler variationRSDinter, and biasD.

12.4 Prepare tables of estimates ofD2, RSD2
inter, and

RSD2
eval, andMSE (A1.5) in digital form. Relevant estimates

of the combined mean square elementMSEc (Eq. 15) and
confidence limit (equivalent to95 %A) can then be constructed,
given external knowledge ofRSDanalytical. The tables should be
at MMD = 1 µm, 2 µm, ..., 25 µm andGSD = 1.5, 1.6, ..., 3.5.

12.5 Present maps of estimates ofA and 95 %A by setting
RSDanalytical equal to zero. A note should be included stating
that RSDanalytical of a particular analytical application would
generally increase the values of the estimates ofA and95 %A.

12.6 It may also be useful to give a brief statement as to the
purpose behind estimating95 %A. An example would be:

“With 95 % confidence in the method evaluation, the
symmetric-range accuracy confidence limit95 %A results in
confidence intervals enclosing measurands >95 % of the time.
95 %A then plays the role of the expanded uncertaintyU (ISO
GUM).”

13. Keywords

13.1 aerosol; air monitoring; bias; confidence; conventions;
deposition; evaluation; fractions; particle; particulates; pen-
etration; performance; random variation; respirable; sampling
and analysis; sampling efficiency; size-selective; tolerance;
uncertainty; workplace atmospheres

ANNEX

(Mandatory Information)

A1. STATISTICAL DETAILS

A1.1 The sampler performance assessment of this practice
accounts for uncertainty in the sampler evaluation by comput-
ing a confidence limit on the combined mean square element
MSEc(Eq. 15) as well as an estimate ofMSEc itself. This is
accomplished by analyzing the concentration estimates cˆs from

samplers in accordance with the following model character-
izing the sampler evaluation:

ĉs 5 c 1 eeval s1 es, (A1.1)
where random variables,eeval s= N[0, s2

eval] and es = N[0, s2
inter], are

represented by their respective standard deviations,seval and sinter. The
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quantityseval contains, for example, evaluation concentration fluctuations
and aerosol counting errors. The quantitysinter characterizes the inter-
sampler variability.

A1.2 The variances2
inter + s2

eval of ĉs is estimated with
S - 1 df by:

ŝinter
2 1 ŝeval

2 5
1

S2 1 (
s

~ĉs 2 ĉ!2 (A1.2)

A1.3 seval is itself estimated from the uncertainty in the
fitted parameters at fixed samplers from the assumption that all
the uncertainty is from experimental error and no part from
lack of fit to the model. In other words, var(cˆs) is estimated at
fixed s from the nonlinear regression’s asymptotic variance-
covariance matrixscovij as:

vâr~ĉs!|s ' (
i, j

]ĉs

]ui
scôvij

]ĉs

]uj
~fixed s! (A1.3)

This quantity is proportional to (n · F - P)–1, wheren is the number of
replicates,F, the number of flow rates in the evaluation, andP is the
number of model parameters. The derivatives,]ĉs/]uj, are computed
numerically. Averaging over the samplers tested, an estimate ofseval is
therefore given by:

ŝeval
2 '

1
S(

s
(
i, j

]ĉs

]ui
scôvij

]ĉs

]uj
(A1.4)

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

A1.4 The estimate forsinter is then found from Eqs. A1.2
and A1.4.

A1.5 Estimation of the combined mean square element
MSEc is simplified through computing an estimated mean
square elementMŜE (32) defined by:

MŜE [
1
S(s ~ĉs2cR!2/cR

2 (A1.5)

5 D̂2 1 RŜD2
inter 1 RŜDeval

2

Given knowledge ofRŜD2
analytical and RŜD2

pump, the estimate ofMSEc

may then be directly obtained (Eqs. 12 and 15) by usingMŜE (Eq. A1.5),
eliminatingRŜD2

eval(that is,s2
eval/c

2
R) through Eq. A1.4.

A1.6 Finally, a confidence limit onMSEc, and therefore
(from Eq. 14) the symmetric-range accuracy95 %A, may be
calculated in accordance with the sketch given in 10.6.1. To
this end, the estimation of the various variance components is
simplified by the following:

A1.6.1 MŜE andRŜD2
eval are uncorrelated.

A1.6.2 RŜD2
eval may be approximated in terms of a chi-

square variable.

A1.6.3 S3 MŜE/(RŜD2
inter + RŜD2

eval) is a noncentral chi-
square random variable (33). In terms of the number of degrees
of freedomSand noncentrality parameterl, the expected value
and variance of the noncentralx2 are S+ l and 2S + 4l,
respectively. The parameterl is given by:

l 5 S3 D2/~RŜDinter
2 1 RŜDeval

2 ! (A1.6)
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