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ABSTRACT

Procedures are recol1lllended for test1ng the Mas and prec1s1.on of
grav1metr1c Coal M1ne Dust Personal Samp11ng Un1ts (CMDPSUs). The CMOPSU
b1as relathe to any def1nH1on for resp1rable dust can be calculated
from the unHls collect1on eff1c1ency measured with a fluoresce1n-·tagged
monod1sperse-aerosol. The CMOPSU prec1s1on 1s measured by tak1ng
repl1cate samples 1n a coal dust chamber. Based on th1s type of test,
samp11ng unH accuracy can be compared to the Nat10nal InstHute for
Occupat1onal Safety and Health (NIOSH) crHer10n of .:!:.25 percent at the
95 percent conf1dence level, currently used to va11date other sampl1ng
and analyt1cal methods.

Recommendat1ons are presented for develop1ng a CMOPSU cert1f1cat1on
program based on the -NIOSH accuracy criter1a and the newly developed b\as
and prec1s1on tests. In order to evaluate the proposed certH1cat1on
tests, the 'b1as and prec1s1on tests were performed on 10 mm cyclone
samp11ng un\ts operated a~cord1ng to the federal coal m1ne dust sampl\ng
procedures. Such a certH1cat1on program based on performance criter1a
could allow the 1ntroduct1on of 1mproved grav1metr1c samplers and pumps
excluded by the current regulat10ns (30 CfR 74).
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I. INTRODUCTION

In this report, procedures are described for testing the accuracy of
gravimetric Coal Mine Oust Personal Sampling Units (CMDPSU). The results
of these accuracy tests could be used by NIOSH as the basis for future
revisions of the regulations (30 CfR 74) for the certification of CMDPSUs
for use in sampling respirable coal mine dust as required by the Mine
Safety and Health Administration (MSHA).

CERTIfICATION PROCEDURES

The federal certification of CMDPSUs was established by law over ten years
ago. In the federal Coal Mine Safety and Health Act of 1969, the Dust
Standard begins:

UEach operator of a coal mine shall take accurate samples of the amount
of respirable dust in the mine atmosphere to which each miner in the
active workings of such mine ls exposed. Such samples shall be taken
by any device approved by the Secretary [of the Interlor, now the
Secretary of Labor] and the Secretary of Health, Education and Welfare
[now Health and Human Services] ... u

. Sectlon 202(a)

To approve these sampllng devices, the two federal departments set up on
March 11, 1970 the CHDPSU certlflcation program, descrlbed ln Part 74 of
the Code of federal Regulatlons, Tltle 30. In Section 74.2 of these
regulatlons, the CMDPSU is deflned as U(a) a pump unit, (b) a sampllng
head assembly, and (c) lf rechargeable batterles are used in the pump unit,
a battery charger. u

In Section 74.3, the design and performance of the CMDPSU is specifled,
based on the Dorr-Oliver 10mm nylon cyclone, whlch the Bureau of Mlnes had
been developing for the sampllng of respirable coal mlne dust.

Testlng CMDPSUs for adherence to these speclflcations \n Sectlon 74.3 is
the responslbl1\ty of NIOSH (Sectlon 74.4(a». MSHA must also test the
CMDPSU for lntrlnsic safety in methane atmospheres (Sectlon 74.4(b}).
After passlng the certiflcation tests and meetlng the other requirements in
30 CfR 74, a CHDPSU is certlfled for taking the coal mlne dust samples
requlred by federal regulations.

Wlthln NIOSH, the cert\flcation of CMDPSUs \s conducted by the Air Sampling
and Instrumentation Section, Dlvislon of Safety Research (DSR). for this
task, tests were developed by McCawley and Roder (1975, 1976). The present
certlflcatlon procedures are based on tests for:

pump pulsatlon effects on sample accuracy, 30 CfR 74.3(a)(8)(li);

fl1ter reslstance, 30 CfR 74.3(b)(2)(2);

rotameter calibration, 30 CfR 74.3(a)(11} and (12);

pump flow against resistance, 30 CfR 74.3(a)(14);



*

*

*

*

filter capsule preweight, 30 CFR 74.3(b)(2)(il);

flow rate conslstency, 30 CFR 74.3(a)(13);

battery charge rundown, 30 CFR 74.3(c)(4);

pulsation frequency, 30 CFR 74.3(a)(8)(i).

The CMOPSU tests have been the basis for 25 certificat10n and de-cert1flcation
actions by NIOSH s,nce 1971. (See Table 1-1). At the present t1me, the Mine
Safety Appliances Co. (MSA) has one active certified CMOPSU and the Bendlx
Corporation has 2 active certified un1ts. Six other units are certif1ed but
seldom used.

PERFORMANCE CRITERIA FOR CERTIFICATION

The certified CMOPSUs have been the tool for taking millions of dust samples
1n coal mines from 1971 up to the present. However, the 1971 cert1ficat10n
regulations (30 crR 74) do not allow the use of new dust sampling equ1pment
which is now ava11ible. For example, constant flow pumps are not certif1ed by
30 eFR 74, even though their use in coal m1nes would eliminate the need to
adjust the pumps during a shift. Neither can new designs for the sampler such
as impactor size selectors (Treaftis, Tomb and Taylor, 1978 and Marple, 1978)
or light scatter1ng dust monitors be considered for certification under the
present regulations.

According to a review of all NIOSH certificat10n programs (Br1ef et ~, 1980),
the existing programs:

" . need to be replaced by a conceptually conceived system that
places product performance as the sole respons1b11ty of the
manufacturer. The responslbility of NIOSH in this system should be to
develop basic performance criterla requ1red for NIOSH certif1cat1on and
to assure adherence of products ,n usage to these criteria."

Performance criteria for measurement instruments are limits on the dev1ce ls
operating character,stics (such as a 11m1t on inaccuracy), without any
reference to the des1gn used to ach1eve th1s performance. In developlng a new
certificat10n system, OPSE has had two models of how performance cr,teria can
be used in approving env,ronmental measurement methods. The f1rst example 1s
the NIOSH procedures for the validation of samp11ng and analyt1cal methods for
workplace toxic substances (Gunderson and Anderson, 1980). The second example
1s EPAls regulat10ns for "Amb1ent A1r Monitoring, Equivalent and Reference
Methods" (40 CFR 53, see also Hauser and S~earer, 1975).

The NIOSH validation procedures are applied to laboratory analytical methods
used with lndustr1al hyg1ene samples. The test applies to the laboratory
method, but does not legally restrict the use of commercially ava11able
samp11ng or analytical equipment. In th,s sense, the NIOSH validation
procedures are d1fferent from the sltuation addressed by CMDPSU certif1cation.

~ 2 -



Table I-I

History of CMDPSU Certifications

Certi fi cation Current
Date Manufacturer Model Status

1971 MSA Model G Voided 6/15/73

1971 Bendix Unico Voided 6/15/73

1971 3endix Unico/Koehl er Voi ded 6/15/13

1971 MSA G/l amp battery Vo i ded 6/15/13

1971 Bendix C-110 Voided 6/15/13

1971 Coal Universal Revoked before
Technology Head 5/72

1971 Wi 11 son BC Voided 6/15/73

7/73 Bendix 3900-10 Revoked 4/17/15
Micronair II

7/13 NIOSH/MSA Model G with Never acti ve
Cincinnati damper in coal mines

7/18/73 Wi 11 son BC Few sold, not
produced now

8/10/73 MSA Model G Active

6/28/74 Bendix Micronair II Revoked
w/Koehler Connector 4/17/75

9/17/14 Bendix C-115 Revoked 4/17/15

4/16/75 Bendix Mi crona i r II Revoked 1/12/17

4/16/75 Bendix C-115 Revoked 1/12/71

4/16/75 Bendix Mi crona i r II Revoked 1/12/77
w/Koehler Connector

7/7/75 Bendix 30/31 Revoked 1/12/71

6/23/76 Bendix 30/31 Revoked 1/12/71

- 3 -



Table 1-1 (continued)

Cert ifi cati on Current
Date Manufactu rer Model Status

8/18/76 RAC 2392-PS Stop Sale 5/28/77,
few sol d.

5/20/77 Bendix C-1l5 Not produced now

5/20/77 Bendix Micronair II Active
(Koehl e r conn. a1 so)

5/20/77 Bendix 30/31 Active

4/23/78 Bendix 30/31 Not produced now
( tamper-proof)

5/20/77 Bendix -44 Probably not active
in coal mines

3/29/79 MSA Model G Not produced now
(tamper-proof)

- 4 -



The NIOSH criterion for successful validation is that the results of a
sampling and analytical method come within ±25 percent of the "true" value for
the contaminant at the 95 percent confidence level. In order to test
adherence to thls crHeria, the Standards Completion Program (SCP) conducted
tests for analytical recovery, sampler capacity, storage stabi1Hy,. preclsion
and bias. In the SCP protocol, the precision and bias· are measured at 3
concentrations, 0.5, 1 and 2 times the OSHA standard. At each concentration,
six samples are collected simultaneously in a test atmosphere. The estimated
bias is calculated from the difference between the "true" concentration and
the mean of the six test concentrations. In the validation criteria, the bias
must be less than 10 percent Of the "true ll concentration at all 3 concen­
trations.

The precision is expressed as a coefficient of variation (CV), also called the
"relative standard deviation", calculated for each set of 6 replicate
samples. If the CV estimates are homogeneous at all 3 concentratlons, they
are pooled to give a common precision estimate wHh 15 degrees of freedom.
Under the SCP protocol, the blas and precision estimates are then combined
into a 95 percent confidence 11mit of the accuracy in a single sample. If the
accuracy confidence 11mit 1s 1ns1de ±25 percent, the method is val1dated for
use 1n 1ndustrial hyglene measurements.

With methods of samp11ng resp1rable dust, the NIOSH val1dat1on protocol has·
one fa111ng. In determ1n1ng the bias, the Iitrue" concentration of respirable
dust cannot be d1 rectly measured, as the NIOSH protocol assumes. Respi r.ab1e
dust is defineo rather by a penetration efficiency curve for the human lung as
a function of particle size (see Figure 1-1).

Alternatlve definH10ns of respirable dust have been created by the BrHish
Medical Research Council (BMRC), the American Conference of Governmental
Industr1al Hygen1sts(ACGIH), and other organlzations around the world. In
add1t10n, the penetratlon curves of resplrab1e dust samplers, such as the MRE
horizontal e1utr1ator and the lOmm Dorr-Oliver cyclone, can also be considered
as references against which new· samplers may be compared. All these
definH10ns of resp1rable dust are based on the knowledge that only the dust
fractlon penetrat1ng into the non:clliated portions of the lower lung have the
potent1a1 to cause coal workers pneumoconlos1s (NAS, 1980).

To calculate the b1as 1n resp1rable dust sampl1ng, one of these respirable
dust def1n1t10n~ must be selected as the reference agalnst which new samplers
are to be certified. In addit1on, the NIOSH val1dation protocol 1s based on
the bias in the concentration, wh1ch depends on both the sampler's penetration
curve and the slze dlstribution of the dust being measured. To apply the
NIOSH protocol to resp1rable dust samplers, a method is needed for determlning
the bias over the entire range of dust distrlbutions found in coal mines.
Both these problems must be solved 1n order to apply the NIOSH val1dation
criter1a to CMDPSUs.

- 5 -



Figure 1-1: Human respirable deposition curves, compared to the
definitions of the ACG1H, aM~C and 1CRP Task Group Model.

SOURCE: Lippmann(1975).
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EPA has been study1ng the development of b1as cr1ter1a for part1culate
samp11ng, and also have extens1ve exper1ence w1th performance cr1ter1a for
pr1vately manufactured samp11ng equ1pment. The1r "equ1valent method" system
serves the same purpose for amb1ent air mon1tors as NIOSHls cert1f1cat1on
system does for CMDPSUs. The EPA system cons1sts of thefollow1ng parts:

1. Reference Methods (Append1ces to 40 CFR 50). The reference methods have
been thoroughly tested by EPA. and the procedures (1nclud1ng the brand
names of equ1pment) are thoroughly spec1f1ed 1n the Code of Federal
Regulat1ons. If the EPA approach were app11ed to CHDPSUs, the reference
method would be the current Federal samp11ng procedures 1n 30 CFR 70 and
71, using the CHDPSUs spec1f1ed in Part 74.

2. Candtdate Method. The cand1date method 1s submitted to EPA for
accred1tation as a method equ1valent to the reference method. Under
40 CFR 53, the candidate method must be tested for equ1valence by the
manufacturer, and the test results submitted to EPA. The EPA
Administrator may decide to have the tests repeated in a government
designated laboratory.

Unlike the present CMDPSU certif1cat1on system, a cand1date method may
use new samp11ng procedures, as well as new equ1pment. Such freedom
w111 be necessary in CMDPSU certif1cation in order to allow the
1ntroduction of novel sampling devices for respirable coal mine dust.

3. Performance Testing (40 crR 53, Parts B and C). EPA thoroughly
specifies the tests which a candidate method must pass. The tests 1n
Part B are for automated mon1tors, and thus are largely 1napp11cable to
CMDPSUs, except for the prec1s1on measurement (which is done w1th 24
degrees of freedom). The tests in Part C are field tests comparing the
candidate and reference methods, and can be cons1dered b1as tests with
the "true" value def1ned as the result of the reference method.

4. Performance Cr1teria. EPAls performance specificat10ns (Table B-1 and
Table C-1, 40 crR 53) are set essentially to be those which can be met
by the reference method. These criteria could theoret1cally be lowered
if more accurate.methods are available, but th1s has not yet happened.
The performance cr1ter1a differ for different substanr.es. EPA has no
generic accuracy standard, sim11ar to the NIOSH criteria, which applies
to all substances.

- 7-



The ~?A system is not as well developed for particle sampling as it is for gas
sampling. The reason is that EPA's reference method for aerosols is the
High-Volume Sampler, a simple device without clearly defined size-selection
properties. However, EPA has developed a definition for lIinhalable particles ll

in ambient air (Miller et al., 1979), and has organized an extensive effort to
develop performance criteria for inhalable particle samplers.

One size selection criterion recommended for this new method (Ranade and
Kashdan, 1981) assumes that the sampler penetration efficiency in Figure 1-2
can be expressed as a cumulative log-normal function determined by its
50 percent cut diameter (dp)g and its geometric standard deviation ago
The accuracy criteria are then simply given as allowable ranges for tha
parameters (dp)g and ago Other performance criteria are also proposed
for flow rate stability, chemical artifact formation, errors due to wall
losses and particle bounce, and size selection characteristics at different
wind speeds. The IIreproducibiliti' of the inhalable particle sampler would be
tested, as with the other substances in 40 CFR 53, by comparison testing with
a reference method.

"The present certification testing of CMDPSUs also includes one test for the
unit's accuracy, but the measurement ~s indirect. Lamonica and Treaftis
(1972) had shown that insufficiently'damped flow oscillations causes a shift
in the size distribution and therefore the bias of the dust sample.
Therefore, a new specification was added to the certification regulations:

.
1I ••• the quantity of respirable dust collected wi:th a sampler unit shall
be within %5 percent of that collected with a sampling head operated
with a non-pulsating flow. 1I

30 CFR 14.3(a)(8)(88)

To test CMOPSUs for adherence to this pump pulsation criterion, McCawley and
Roder (1975) devised a test where two CMDPSUs were run at 2.0 L/min in a coal
dust chamber with two sampling heads with unpulsated flow regulated by
critical orifices. To pass this test~ 10 respirable d~st samples taken with
the CMDPSU at dust concentrations between 0.5-5.0 mglm must agree within
%5 percent at the 95 percent confidence level with concurrent samples taken
with a non-pulsating flow source.

For thi s test, N10SH ori gi nally used a II standard test coal dust" developed by
Los Alamos Scientific Laboratory. Fairchild, Tillery and Ettinger (1977)
developed this standard dust to have well-defined properties relative to the
ACG1H definition for respirable dust (ACG1H, 197J) , and they claim:

IIThis standard dust permits evalu"ating the performance of coal mine air
sampl ers wi th %10 percent accuracy. II -

However, the theory behind this standard dust was never developed to the point
where CMOPSU accuracy could be rigorously measured in terms of the standard

- 8 -



Figure 1-2: EPAls proposed tolerance limits on the penetration efficiency
function of "inhalable particle" samplers.

SOURCE: Renade and Ka shdan (1981)
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def1nitions for prec1sion and bias. The stat1st1cal characteristics in DSR's
pump pulsation test have not been rigorously analyzed either. furthermore,
DSR used up the los Alamos "standard" dust, and 15 now using a dust prepared
by HSHA. Therefore, the present CMDPSU certification tests conta1n no test
for the absolute accuracy.

PROPOSED ACCURACY CRITERIA

The purpose of this report is to propose laboratory accuracy tests for CMDPSUs
and crlter1a for decidlng whether candldate unlts are accurate enough to be
certifled. Although the proposed tests were developed with the 10 mm nylon
cyclone. they can be applled to any sampler deslgn 1n which dust ls
dlstr1buted between a f11ter and a slze selector. (These tests cannot be
applied to the new 11ght-scatter1ng dust monltors because of the extra
var1ables needed to relate l1ght scatter1ng propert1es to aerosol mass.) The
flnal cert1flcatlon process will presumably require add1tlonal tests of the
un1t's safety. ruggedness, portabll1ty. and reliab111ty.

The recommended accuracy crlterla draw ln part from other certlflcatlon
programs and from past research on s1ze select1 ve samplers (see the B1bl1o-­
graphy), but contaln some new elements as well. especially in the mathematical
treatment of the test data. The proposed system is out11ned in figure 1-3.

As shown ln this flow diagram, CMDPSU accuracy is composed of the bias rela­
tive to a def1n1t10n of respirable dust, and of the precision, expressed as a
coeff'c1ent of variation from replicate samples. Using both bias and preci­
sion in expressing measurement accuracy is consistent with present statistical
theories of accuracy (Eisenhart. 1963, 1968).

The b1as test starts with measurements of the candidate sampler's penetrat10n
eff'clency (descrlbed 1n Sect'on III.B). The resulting penetra~1on function
is then converted into an estlmate of the CHDPSU's bias 'n coal mines. uslng a
computerized mathematlcal model (descrlbed ln Section II, D-f).

This bias calculatlon requires the lnput of dust size distributions found in
coal mines (revlewed ln Sect10n II.B) and a definition of respirable dust.
Thus. the recommended accuracy crlter1a requlre the adoption of an expllcit
def1nltion for res.p1rable dust. In analyZing the test results (Section IV).
the b'as calculation uses the BMRC definition, but the proposed system will
operate equally well with the ACGIH definition. The definition in this system
could also be the measured penetration curve of a reference instrument such as
the MR[ horizontal elutr1ator or the 10mrn Dorr-Ol1ver cyclone run at a single
flow rate. However. thls alternatlve would require some consideration of the
experimental error~ in measuring the penetration curve of the reference
instrument.

Separately, the candidate CMDPSU ls run through the precision test (described
in Sectlon III.A). In this test, the samplers are operated according to the
manufacturer's d1rect1ons, so any practical d1ff1cult'es with the sampler's
operation become apparent. In the trial runs of the precision tests. the

- 10 -
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CMDPSUs are run accord1ng to current Federal sampl1ng procedures. Stat1st1cal
analys1s of these test results (Sect1on II.C) prov1des est1mates of the CV for
a CMDPSU sample to approximately 15 degrees of the freedom, the standard used
in NIOSHls val1dation program for sampling and analyt1cal methods.

The final step is to comb1ne the bias and precision est1mates into an over-all
estimate of the ac~uracy of a slngle CMDPSU sample at the 95 percent
~onfidence level (described in Sect10n II.G). Th1s accuracy estimate can then
be compared to the criter10n set for cert1f1cation. If the NIOSH accuracy
cr1ter1a 1s adopted for CMDPSU cert1ficat1on. a candidate sampler must have an
est1mated accuracy w1th1n ~25 percent at the 95 percent conf1dence level.
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II. THEORY

A. INTRODUCTION

The bas1c ph1losophy behind this report 1s to address coal mine- dust personal
samp11ng techn1ques in reference to the present NIOSH cr1teria (Gunderson and
Anderson, 1980) requ1ring th~t acceptable samp11ng/analyt1cal techniques
ma1nta1n less than 25 percent error at the 95 percent conf1dence level. This
criterion was app11ed over a set of representat1ve coal dust distributions.
As descr1bed below, both systematic as well as random errors contribute
significantly to the overall error and were evaluated.

In order to select a set of representative coal dusts, a review of size
distribution measurements was carried out. Results of this review, together
with a rudimentary evaluat10n of the different experimental procedures
involved are presented below. Log-normal parameters are given for specific
dust distributions for which the NIOSH accuracy criterion was applied.

Measurement of the random errors or precis10n of the sampling unit under
exam1nation is then discussed. An experimental des1gn is presented for
estimat1ng variations in the CMDPSU performance, after removing run and
position var1ations due to the test method. Standard quality control
practices are suggested for ma1ntaining a high level of accuracy within the
test procedure itself. -

Aside from random errors, the systematic error or b1as was measured. In
general, a sampler to be certified under this program w1ll exhibit a particle
size acceptance efficiency which differs from the applicable respirable dust
definition (ACGIH or BMRC). Therefore, for almost every specific dust
distr1bution there will exist bias or systemat1c error between
sampler-estimated and true respirable dust concentration. furthermore, as the
coal mine dust size distributions, which will not be measured 1n detail, are
expected to vary from mine to mine, workplace to workplace and day to day, the
bias is an unavoidable, unpredictable source of error.

Therefore, details are given as to how the bias and 1ts 95 percent conf1dence
level value are compute~ for any specific dust s1ze d1stribution, g1ven
collect10n effic1ency data for the sampling unit. Calculation of the
sampler's bias alone involves straightforward numerical integration of
1nterpolated collection eff1c1ency data super1mposed onto the s1ze
distribution of the particular coal mine dust size distr1bution of interest.
However, estimation of the experimental uncertainty in the certification
laboratory's bias test is not so simple, because replicate measurements of the
collection effic1ency are not feasible w1th present technology. Secondly,
unlike the 10 mm cyclone, little may be known about the collect10n efficiency
of'the sampler undergoing certificat10n testing. Thus, no detailed
mathematical model curve about which to measure the scatter of experimental
p01nts is available.

- 13 -



Thus, in order to estimate the bias uncertainty for a general (i.e., not
necessarily the 10 mm cyclone) sampling unit, further assumptions are
necessary. Firstly, it is assumed that, as with the 10 ~m cyclone,
uncertainty as to the collection efficiency curve's exact positioning along
the particle diameter axis dominates the bias uncertainty. Secondly, this
translational uncertainty itself is estimated from certification laboratory
measurements of cyclone characteristics. Within these assumptions it is a
simple matter to compute the propagation of error into the bias for the
general sampler.
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B. COAL MINE DUST SIZE JISTRIBUTIONS

SCOPE

The size distribution of the sampled dust is needed for the
calculation of the bias in respirable dust samplers. In order to
estimate this bias for Coal Mine Dust Personal Sampling Units, the
literature on dust size distributions in coal mines is r2viewed.

The scope of this literature review is therefore limited to those
studies whose results are applicable to respirable dust sampling in
coal mines. Size distributions measured in the laboratory or in
workplaces other than coal mines are thus excluded. The size
distributions of bulk coal samples which have been crushed are also
irrelevant to this application.

Also excluded are the size distributions for samples taken with a
respirable dust size selector (e.g., a horizontal elutriator). For
use in the bias calculations, the size distribution must represent
the ambient dust entering the sampler. Although ambient
distributions can theoretically be recnnstructed from a ~nowledge of
the size selector's collection efficiency, this mathematical
operation results in great uncertainty in the distribution
parameters, especially when substantial portions of the ambient dust
are larger than respirable. For this r~ason, this review is limited
to measurements of the Iitotal" dust size distribution, -taken with
samplers which have 100 percent penetration efficiencies for dust in
the respirable size range (~10 ~m).

On this basis, sixteen studies of the size distribution in coal
-mines have been selected (Table 11-1). These studies were done in

six different countries, extending back to 1960. Since the pre-1960
studies report parameters which are not generally consistent with
the more modern measurements, citations before 1950 are not included.

Willeke, Whitt>y, Marple and Liu performed a review of coal dust size
distributions with similar scope (1970). Where the studies reviewed
by Willeke et al. were performed after 1960, we have included them
in Table II:r.-
In order to compare the diverse results of these studies, the data
were.fitted to a mass-weighted log-normal distribution dM/dD as a
function of the aerodynamic diameter D. Within the log-normal
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Study I~ation Type of Mining Sampler location Samp11 ng Method Sizing Method Data Report

Tomb, Treaftis USA Continuous Various Total dust filter Coulter counter frequency data
and Gero (1983)

Burkhart. USA Conti nuous, Various Sierra 260 and 294 impactors with MHD and GSD
f4cCaw1ey, and 10ngwal1 greased glass or stainless steel slides for 2 modes
IIhee1er (1983)

Vi tek (1977) Czecho- Long\~a 11 10 m outby Fi Her in metal Optical Microscope Probit plot
slovakia face, casing

"skip bunker"

White and DeNee USA Bituminous coal NR "Personal sampling fluid redispersion Probit plot
(1972) filter" and scanning

...... electron microscope
(J\ I

Dodgson et ~ UK Various longwall Random coll ier Standard Therll\al Optical microscope II parameters
(1971) mine operations method* Per'cipltator and Coulter Counter

leiteritz. fRG lon!Jwa11, all 10 - 20 m outby GOTHE filter Optical Microscope Probit plots
Bauer and types of coal ta 11 gate
BrLlckmann (l971)

Landwehr fRG NR 1m "Siter" total Andreasen frequency data
and Druckmann dust sampler sedimentation
(1969 )

Breuer (1967) fRG Longwa11 and Return gateroad GOTHE fi Iter Andreasen frequency plot
continuous 10 - 20·m from sedimentation
mining junction

*. Random Coil ier /4ethod - Sampler carried by investigator who remained close to a randomly selected miner from beginning to end
ot shIft.
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Study Na ti on Type of Mi ni ng Sampler location Sampling 14ethod Sizing Method Data Report

leiteritz. FRG
Einbrodt and
Klosterkotter
(1967)

Poieluiv et al USSR
(1967)

Anthracite to
"long-flaming
gas coal"

Uses di fferent
wetting methods

NR

Near coal face

NR

Filter

Sedimentation

Optical microscope

Frequency plot

Probft plot

-;
Q>
0-......
CD

......
-...J

Rogan, Rae
and Wa I ton
(1967)

Baier and
Oidkun
(1963, 1964)

Breuer (1961)

Cartwright
and Skidmore
.(1961)

Faye anJ
Ashford
(1960)

UK

USA

FRG

UK

UK

longwa11 face

Conventional and
continuous,
anthracite and
bituminous

tlR

Conventional
mIning. anthracite
and bituminous.

longwall. heading
and sur face
operations

Random collier
meth!Jd*

Breathing zone
of miner at face

NH

Intake and return
ai r. near face
I~hen blasting

Random collier
method*

Standard Thermal
Precipitator

Membrane fi 1~er
s~mpler

fllter

Thermal
Prec1pirator

Standard Thermal
Precipitator

Optical microscope

Optical microscope

Andreasen
sedimentation

Optical and
electron
microscopes

Optical microscope

II parameters

Frequency data
--NI1Dand GSD
averages--NM
range.

Frequency plot

Frequency plot

II parameters
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distribution, dust of total mass Mcontained in a given volume of air
is distributed according to:

dM/dD = _M_ exp 1_
'f"2; 0 1n GSD .

1n2(0 I MMD)!

2 1n2GSD .

(II-1)

where MMO = mass median diameter
GSO = geometric standard deviation.

With this model, the results of the size distribution measurement are
summarized by the two parameters, MMD and GSO. Not only are these
parameters used to compare size distribution measurements, but the
log-nonnal model is conveniently used in the bias calculation.

METHODS FOR DETERMINING SIZE DISTRIBUTIONS

(1) Types of Coal Mi ne Dust

Coal mine dust consists of coal mixed with quartz, clay and other
mineral s (sometimes just called "dirt"). The dust is ge!lerated by a
wide variety of mechanical processes such as shearing~ drilling,
blasting, etc. After the dust is suspended in the air, the particles
settle out at a rate which depends on the particle size. All these
factors affect the size distribution. -

In order for a measurement of the size distribution to be useful in
the CMDPSU bias calculation, the measurement should be taken in
conditions similar to those under which the occupational health
samples are taken. For the purposes of the present review, the ideal
study would consist of measurements from all major types of coal
mining processes, both underground and surface, found in the U.S. The
samplers would be located as prescribed in the Federal dust sampling
regul ati on s.

This ideal sampling is seldom found in the literature on coal dust
sizing. Most of the MSHA-required samples are personal or breathing
zone samples, while most size distribution measurements in Table 11-1
are made on area samples.

In the one major exception to area samples, the Pneumoconiosis Field
Research study in Great Britain (Hurley et al., 1979) does include
extensive breathing zone samples taken by-investigators who followed
randomly selected miners throughout a shift (lithe Random Coll ier
Method"). The British mines, however, use several techniques not

- 18 -



found in the U.S. The process of "stowing" or "filling", in which
waste material is re-deposited in abandoned mine areas, is extensively
measured in British studies, but is not used at all in the U.S. coal
mines.

All foreign countries use some mining machines and techniques not
found in the United States today. Since the type of mining can
dramatically affect the dust sizes, results from foreign mining
technology must be interpreted cautiously.

(2) Particle Di ameters.

Many different particle diameters have been defined, depending on the
method of sizing and the application of the measurement. For
simplicity, this review will consider only 4 definitions of particle
di ameter:

o = aerodynamic· diameter, the diameter of a unit density sphere
with the same settling velocity in air as the particle being
measured.

Dev =

Dst =

Dp =

Stokes diameter, the diameter of a sphere with the same
density and settling velocity as the particle being measured.

equivalent volume diameter, the diameter_of a sphere with the
same volume as the particle being measured.

projected diameter, the diameter of the two-dimensional
projection of the particle seen through a microscope.

The projected diameter itself can be defined in a vast number of ways (see
Allen (1974) for examples). However, these refinements are not pursued
here.

In this review, Dp , Dev and Dst all have to be converted to .
aerodynamic diameter D. As summarized by Kotrappa (1972), the conversions
between these diameters can be given in terms of the following quantities
(where the Cunningham slip factor is set equal to 1):

K =dynamic shape factor

R = ratio of projected diameter to Stokes diameter

= Dp lOst

av = volume shape factor

= part i c1e vol ume I (DpP

- 19 -
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S1nce the part1cle volume 1s also equal to ~(Dev)3/6, the def1n1t10n
for 0v can be re-expressed as: .

Dev = Dp (6 0v 1 .)1/3 (11-5)

F1nally, the relat10nsh1p for convert1ng to aerodynam1c d1ameter 1s:

D = -Dst1l'p 1 (1 g/cm3)_ (11-6)

where p 1s the part1cle dens1ty.

For a1rborne coal m1ne dust, the dens1ty has been reported to range from
1.3 to 1.5 g/cm3 . S1nce s111ca has p = 2.6 g/cm3, dust w1th h1gh
s111ca content may have even h1gher dens1t1es. However, the extent of th1s
dens1ty var1at10n has not been reported 1n the 11terature on f1eld
samples. Follow1ng the assumpt10n usually made 1n the 11terature (e.g.,
Breuer, 1967), the dens1ty p=1.3 g/cm3 w111 be used 1n all calculat10ns.-

The other convers1on parameters have been measured 1n a number of stud1es,
wh1ch are sumrnar1zed 1n Table 11-2. _The~11terature survey shows reasonable
~reement about the mean values for R = 1.44 (std. dev = 0.10) and
0v = 0.29 (std. -dev = 0.08). However, ser10us d1sagreements ex1st over
the dynam1c shape factor K.

To dec1de on a value for K, we comb1ne Eq. 11-2, -3 and -5 to get:

K = i2 (6 0v 1 .)2/3 (11-7)

Us1ng the mean values for Rand 0v from Table 11-2 now g1ves
K = 1.40±0.32.- Th1s outcome agrees w1th K reported by Rob1ns (1954) and by
Shrag and Corn (1969), but excludes the results of Kotrappa (1972), Tomb
and Corn (1973) and Sansone et !I. (1973).

These three measurements of K can be declared to be out11ers, not only by
th1s compar1son w1th the Rand 0v measurements, but by cr1t1ques of these
stud1es found 1n the 11terature.On the K value measured by
Kotrappa (1972), Stoeber (1972) comments: aThe cons1stently h1gh values
of K = 1.9 for coal part1c1es of s1zes below 3 x 10-4 cm seem to suggest
that a systemat1c error may be 1nvo1ved 1n the measurement .... lf the h1gh
values are correct, 1t would mean that therepresentat1ve oblate spher01d

- at random or1entat1on would have an ax1a1 rat10 1n excess of 1:20, wh1ch 1s
not 1n agreement w1th the h1gh value of 0v = 0.38, wh1ch 1nd1cates
sphere-11ke shape.·

Accord1ng to Stoeber's theor1es (1972), the values of K ~ 1.0 1n Tomb and
Corn (1973) and 1n Sansone, Bell and Buch1no (1973) are also 1mposs1b1e for
randomly or1ented part1c1es. Aga1n, exper1menta1 errors are 1nd1cated.
Tomb and Corn (1973) reported deagg10merat1on of the part1c1es d1spersed 1n
alcohol, and calculated K from data show1ng random errors from 67 to
77 percent. Sansone et !l. -(1973) reject the1r own measurement of K, done
by sed1mentat10n ana1ys1s and a Coulter counter. Accord1ng to the1r own
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Tabl e II -2: Shape Factors for Coa 1 Dust
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critique: "It is probable that a sedimentation potential was responsible for
fine particles remaining suspended after they should have settled. The
implication of this with respect to size distributions obtained from
sedimentation balance runs is that the observed distributions would be skewed
toward the larger particle sizes. This could lower the calculated
[Dev/Dst =KJ ratios. It is not possible, at this time to estimate the
magnitude of the electroviscous effect on the values of K obtained."

In conclusion, there is consensus on the shape factors for coal dust if the K
values measured by ~otrappa (1972), Tomb and Corn (1973) and Sansone et ale
are excluded on the basis of their reported experimental error. In summary,
we therefore combine Equations 11-6, 11-2 and 11-5 to produce the following
relationships to derive aerodynamic diameters:

D = Dst,J P

= 1.14 Dst

D = (Dev / R) h / 6 av)1/3F

(11-8)

(II-9)

(11-10)

= 0.96 Dey;

o =' (D p / R) F
= 0.79 Dp

(3) Methods of Sampling

In this review, the only sampling methods considered are those which give an
unbiased sample of aerosols, especially around the respirable size range (1 ­
10 ~m). Therefore, we have not included two excellent studies of coal dust
size distributions samples with horizontal elutriators (Corn et al., 1973; and
Ogden and Rickmann, 1977).-----

All the British studies considered took their samples with the Standard
Thermal Percipitator (STP) (Allen, p. 62-64, 1975). Studies indicate that the
STP collects' all particles smaller than approximately 15 ~m (Watson, 1958).

Most of the other samples are taken with filters held in devices such as the
37 mm Millipore cassette. A study of these "total dust" samplers by Fairchild
et ale (1981) shows that they can have biased selection properties, especially
at Targer particle sizes and at ambient air speeds different from the
sampler's inlet velocity. The ideal sampling method is isokinetic sampling,
matched to the speed and direction of the ventilation stream. We have not
found any reports of isokinetic sampling for size distribution measurements
conducted in coal mines.
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(4) Methods of Sizing

Optical Microsco~ gives some version of the projected diameter ~p.

Conslderable worKwas spent on developing the accuracy of microscope
counting, especially by the British Pneumoconiosis Field Research (PFR).

The PFR studies did discover a major source of error in their counts due to
overlapping particles (Ashford et al., 1963). However,they concluded that
thi s error does not affect the Sizedi stribution studi es such as Fay and
Ashford (1960).

Electron Microscope also measures Dp• Although the electron microscope
does measure particles smaller than the optical microscope, the treatments
needed for slide preparation have been reported to deagglomerate the
complexes found in the large size ranges (White and De Nee, 1972). As
shown by electron microscope photos (Figure 11-1) copied from Kotrappa
(1972) (see also De Nee, 1971), agglomerates are an important
characteristic of coal mine dust. Thus, a sizing method which causes
deagglomeration will give size distributions biased towards smaller
diameters.

;'

Sedimentation Methods measure Stokes diameter Dst. For Andreasen
sedlmentatlon analysls, the coal dust has to be suspended in a liquid.
According to a self~criticism by Breuer (1967), "a great many aggregates
were present in mine dust which were broken up by wet sedimentation
analysis and were evaluated quite erroneously." The same criticism can be
applied to all the other sedimentation analyses reviewed here.

Coulter Counter measures equivalent volume diameter Dev •· As documented
in many places (e.g., Tomb and Corn, 1973), the liquid suspension used by
the :oulter counter also tends to deagglomerate coal dust particles.

Cascade Impactor directly measures aerodynamic diameter D. Accurate
results from a cascade impactor require that bounce-off of particles to
lower stages be prevented. In the one cascade impactor study done in coal
mines, Burkhardt, McCawley, and Wheeler (1983) carefully calibrated the
impactors in the laboratory to guard against bounce-off and other biases.
Because the cascade impactor measures aerodynamic diameter directly, this
study contains the best current data on the size distributions in U.S. coal
mi nes.
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'Figure II-I: Scanning electron micrograph of coal dust (D = 1.46 \.1m).

SOURCe:: Kotrappa (1972)
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(5) Size Distributions

The particle sizing results are reported either as the number of particles
in a size range (microscope counting), the particle mass (Andreasen
sedimentation and cascade impactor) or ~oth (Coulter counter). Therefore,
both number and mass distributions in particle diameter appear in the
1iterature.

Since respirable dust is now regulated according to its mass concentration,
the log-normal mass-weighted size distribution dM/dD (Eq. II-1) is the
function of interest. The parameters, Mass Median Diameter (MMO) and
Geometric Standard Deviation (GSD) , are-calculated directly from
measurements by the sedimentation, cascade impactor and Coulter counter
studies.

Burkhart, McCawley, and Wheeler (1983) report that the coal dust in many
locations has at least two modes. The "primary" mode is attributed to the
continoiJs mining machines, while the "secondari' mode is believed to arise
from re-suspended dust. In this case, the mass-weighted size distribution
can be considered to be a weighted average of two log-normal distributions:

(II-ll)

(II-12)

where f = the mass fraction of the first mode.

However, this bimodal distribution function contains five parameters, which
requires data for more particle size fractions than is usually available.

For the microscope counting studies, two alternatives were used to convert
number to mass distribution. Where the raw size distribution was reported
(either in a table or graph), the data were fitted to the log-normal number
dis t ri bu t ion:

Nil n
2(0 / NMD)}eN/ dO = -===-- exp - __---:-__

\f2; 0 1n GSD 2 1n2GSD

where N = the total number of particles in a given volume of air
NMD = the number median diameter.

According to the theory of the log-normal distribution (Allen, p. 95-97,
1974), "if the number distribution is log-normal, the surface and weight
distributions are also log-normal with the same standard deviation". The
mass median diameter can then be calculated by the Hatch-Choate equation:

1n MMD = 1n NMD + 3 " n2GSD
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(II-14)

Another approach was necessary for the PFR studies t in which microscope
size data were fit to the exponential distribution:

~~/dDp = a exp[a (1 - Dp)]

As noted in Table 11-1, these studies only report the a parameters.

(6) Parameter Estimation

The next step in this literature review is estimating the MMD and GSa
parameters for each of the coal mine dust sampl es reported in the va ri ous
studies. Depending on the method used in the original study, the MMn and
GSa are estimated by a t~ansformation of the exponential distribution
parameter a, by a probit plot analysis or by accepting the parameters
derived by the original authors.

(a) From the Exponential Distribution. The bulk of the mass
distribution data from British coal mines (Fay and Ashford, 1960) is
presented in the form of a parameter a in an exponential model of the data
(Equation Il-14). In Fay and Ashford (196:)), the values of a range from
0.41 - 0.81 (mean = 0.54) around 1ongwal 1 faces and from 0.37 - 1.12
(mean = 0.60) elsewhere undergound. The model reputedly fits coal dust
distribution data well in the range Dp ~ 1.0 ~m.

Converti ng the exponenti a1 di stributi on i Eq. II -14) from projected to
aerodynamic diameters, using Equation II-la, we have: -

dN/dD = 1.22 s exp[a (1 - 1.22 0)] (II-15)

(II-16a)

Both Eq. 11-14 and 11-15 are normalized so that:

JCD dO (d~/dllexp = 1
Dp=l. ~~m

In order to compare "the British data with other data considered in this
review, conversion from the exponential to the log-normal distribution is
necessary. This can be accomplished by selecting log-normal parameters
GSD(a) and MMD(s) for each value of a so as to best fit the exponential
distribution by the log-normal d.istribution.

The mathematical details are as follows: The log-normal number
distribution dN/dD given as in Eq. II-12 is 'renormalized so that:

JeI' dO (dN/dl)log-nonnal = 1
Dp=l.O~m

- 26 -
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(11-18)

The transformed parameters NMO(B) and GSO(B) are then calculated so as to
minimize the function 0(B;NHO,GSO) given by:

• = ~CX) dD w(D) [(dN/dD)log-normal _ (dN/dDlexp]2
Op=l.Opm

The weight function w(O) above is chosen so as to best accentuate the
aerodynamic diameters of interest:

w(O) = (11-19)

where 9ACGIH-represents the ACGIH respirable dust definition (defined
below).

This choice of weight function makes the above procedure equivalent to
producing an unweighted least squares fit of ACGIH-defined respirable mass
distribution function, as represented by the exponential model, to that
given by the log-normal model. BMRC and,ACGIH respirable dust definitions
are sufficiently close that an equivalent transformation is expected if the
BHRC curve were used in the definition of w(O).

As the integrand in Eq. 11-18 has no singularities and is close to zero at
Op = 1.0 pm and at Op = 10.0 pm. numerical evaluation of the integral
is simple. Trapezio~al integration with intervals equal to 0.01 pm gives
an error estimated at less than 0.1 percent. With 0 simply calculable,
NHO(B) and GSO(B) are found by minimizing 0 by Newton's method (AbramOWitz
and Segun. 1965, p. 18). HHO(B)is then calculated from NHO(B) using the
Hatch-Choate equation (eq. 11-13). The results are presented graphically
in figure 11-2.

Note that MHO(B.) and GSO(B) form a parametric representation of a
uni-dimensional curve in the two-dimensional dust distribution space,
(GSO. MHO). This means that if the fay and Ashford data had been fit
originally to a log-normal distribution. the resulting distribution
parameters (GOS', MHO() would in general differ from the (GSO, HMO)
transformed from B, and would not lie along that one-dimensional curve in
the distribution space. These different parameters (GSO' ,MMO') would
produce no problem in estimating the respirable dust fraction or bias as
long as the exponential fit to the fay and Ashford data is good within the
respirable particle diameter range. In this case. the shift to the
(GSO, MMO) point on the curve from the point (GSO', MM0 1

) is simply along a
path of constant respirable fraction.' In other words. full knowledge of
geometric standard deviation and mass median diameter is unnecessary for
estimating respirable fraction or bias. -

(b) from Probit Plots. The preferred method for estimating the HMO and
GSO is presently the well-known probit plot analysis (e.g., Allen, 1974).
In this method. the size distribution data is first plotted on log-probit
paper (figure 11-3). for each particle fraction, the diameter is plotted
on the logarithmic axis, and the cumulative frequency is plotted on the
probit axis.
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Figure II-2~ Log-normal distribution parameters, mass median diameter
(Mi'D) and geometric standard deviation (35:)), as functions of
the exponential distribution ?arameter 6.
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These probit plots were reproduced in some studies, as noted in Table
II-l. In other cases, we had to make probit plots from the reported sizing
data. Where the sizing data were only reported as a histogram or other
graph, the frequencies and diameters had to be measured from the graph in
the 1iterature, a process very susceptibl e to error.

The next step is to fit a straight line to the data plotted on the
log-probit paper. Log-normally distributed diameters will lie along a
straight line, as illustrated by the plot from Baier and Diakun(1963) in
rigure 11-3.

fhe most difficult step in this procedure is interpreting non-linear probit
plots, like those shown in Figure 11-3. Random deviations from linearity
may be due to random experimental errors, and may effectively cancel out
each other by judicious fitting of the straijht line. Systematic
deviations from linearity however can be caused by measurement bias or by
multi-modal dust distributions (Irani and Callas, 1963).

For example, a sampler which cuts off either large or small particles will
generate probit plots with a non-linear tail, which goes asymptotically
towards the 1nD axis. Such behaviour can be seen in the probit plot from
White and De Nee (1972) in Figure 11-3. As long as the cut-off does not
affect the center of the plot, this behaviour can be corrected by
neglecting the tail and fitting a straight line to the bulk of the data.

~ven greater irregularities were sometimes encounter2d in the probit plots,
as illustrated by the data from Cartwright and Skidmore (1961) in Figure
11-3. Tilis magnitude of irregularity is found only in the older studies,
and is interpreted as syst2matic errors in the antiquated measurement
techniques. .

By hypothesizing a physical cause for the irregUlarities, a plausible
strai3ht line could be fit to most of the probit plots. Then, the
50-percent point on the line (;)50) is the median diameter, either the ~~r~D
for mass-weighted frequencies or the NHJ for number weighting. If
necessary, the median diameters were then converted to aerodynamic diameter
using Eq. 11-8, 9, o~ 1J.

fhe geometric standard deviation is then given by one of the following
relationships:

Gsa = D84/D50

= J50/D16

=YD84/D16

where 084 = 84-th percentile diameter
016 = 15-th percentile diameter

(11-17)

Finally, ~~MD and MMD were derived from one another with the Hatch-Choate
equation (II-13). The results of this probit analysis are all reported in
Tabl e 11-3.
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Table 11-3: Sum~ary of Coal Mine Just Jistributions

TABLE 11-3: Summary of Coal Mine Dust Size Distribution

Study

1. Tomb et
al. (19E"J)

Sample

17 locations

Log-Normal Distribution Parameters
Nr.tO (~m) f'1r~o (~m) Gso

See Table I1-5

Comments

Deagglomeration
probable

2.Burkhardt Primary mode 1.2 - 1.6*
et a1.
~RJ) Secondary mode 0.4 - 2.4

15 - 20

5 - 10

2.5

2 - 2.5

r~edian values
estimated for
118 samples.

3. Vi tek Longwall face 4.1*
(1977)

4.White and
DeNee
(1972)

5.Dodgson
et al
IT97T)

6.Leiteritz,
Bauer and
Bruckmann
(1971)

7.Landwehr
and
Bruckmann
(1969)

8.Breuer
(1967)

"Skip bunker"

Sewell Seam
Lower
Kittanning
Seam

"Power
loading"

"Hand
filling"

Coal

Di rt

TYlo Ruhr
mines

1) Longwa 11
plough

2) Long\~a 11
shearer

3) Longwall
shearer

4), Longwa 11
shearer

6) Longwa 11
shearer

7) "Pneum.
picks"

8) Longwall
shearer

9) "Pneum.
picks"

1.3

0.29**

0.41

6=0.35-0.75

6=0.47-1.12

1.7

0.66

0.0781

1.3 x 10- 5

0.911

0.92

1. 22

0.54

0.42

1. 22

0.67

0.76

8.0**

16.4

5.41

6.5

5.5-18.8

3.4-11.8

13.0**

3.9

2.2**

2.8

10.2**

7.6

11. 3

10.1

11.1

12.4

10.4

17.2

1.6

2.5

2.7

2.6

2.1-2.3

1.9-2.2

2.1

1.8

2.9

7.5

2.5

2.3

2.4

2.7

2.8

2.4

2.6

2.8

Outlier

Out1 ier

Deagglomeration
reported

Deagglomeration
noted. Results
not log-normal.

Deagglomeration
and other
inaccurancies
reported.

=~=======================================================================================

Footnotes are at the end of the table.
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Table 1I-3--continued

Log~Normal Distribution Parameters
NMO(~m) MMo(~m) GSD

0.23-1.22* 3.3-18.1** 2.6

0.29-0.85 0.5-1.4 1.6

0.74 * 11. 4** 2.6

.087** 4100* 5.6

.072 15.2 3.8

.029 1.2 3.1

Study Sample

9.Leiteritz Antbraci te
et a1
IT907) Gas coal

10.Poieluiv Oi fferent
.ot al wett i n9
(f967) + agents

11. R09an, Coal faces
Rae and
\01 a1tOil (1957)

12.Baier and Anthracite
Diakun
(1963, 1964) Bituminous

13.8re'uer
(1961 )

14.Cartwr ight Anthracite
and Bituminous
Skidmore Blasting
(1961)+

1.2 x 10-6 *

0.020

5.51

6=0.42-1. 03

120**

11.3

13.4**

4.0-14.7

11. 9

4.3

1.7

1.9-2.3

Comments

Not log-normal,
inconsi stent
with Ref. 6

Not log-normal

GSO from average
of samples; NMO is
range of all samples.

Very irregular

15.Fay and
;,.s,~ ford
(1960)

Longwall
faces

El sewhere
underground

9=0.41-0.81

6:0.37-1.12

4.6-15.3

3.4-13,5

2.0-2.3

1. 9- 23

=========================================================================================

,'lotes: Underlined parameters denote linear probit plot, i.e. monolilodal log-normal
beha'ilour.

:* Derived by Hatch-Choate equation (Eq. [1-13)
Aerodynamic diameter derived using Eqs. 11-9 to II-ii,

• Data obtained from ~~il1eke et al. (1971).
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(c) From the L1terature. The prob1t analys1s techn1ques descr1bed above are
now used w1th some var1at10ns by most 1nvest1gators. Therefore, the two most
recent coal m1ne dust stud1es (Tomb, Treaft1s, and Gero, 1983; Burkhart,
McCawley and Wheeler, 1983) est1mated MMD and GSD values by methods comparable
to those descr1bed above. Desp1te m1nor d1fferences 1n the techn1ques for
hand11ng non-11near prob1t plots. we have therefore used the1r reported MMD
and GSD parameters from these two stud1es w1thout extens1ve re-ana1ys1s of the
s1z1ngdata.

Tomb. Treaft1s. and Gero (TTG) measured s1ze d1str1but10ns on total dust
samples wh1ch were suspended 1n an aqueous solut10n and run through a Coulter
counter. S1nce the Coulter counter measures the equ1va1ent volume d1ameter
(Dev ). we convert the mass med1an values for Dev reporte~ by TTG to mass
med1an aerodynam1c d1ameters. us1ng Eq. 11-9. The average and the extremes
for the result1ng (GSD. MMD) pa1rs are reported 1n Table 11-4.

In the most recent study. Burkhart. McCawley and Wheeler (1983) measured the
d1str1but1ons of aerodynam1c d1ameters d1rect1y w1th a s1x-stage cascade
1mpactor. However. the s1ze d1str1but10n parameters calculated from a prob1t
analys1s cover a very w1de range: MMD = 1.61 - 29.00 ~m and GSD = 1.18 ­
12.73. Moreover, the mean MMD of 11 .46 ~m 1s much larger than those reported
by TTG.

Burkhart. McCawley and Wheeler (BMW) have exp1a1ned the1r results 1n two
ways. F1rst, the cascade 1mpactor works by very d1fferent pr1nc1p1es than the
Coulter counter used by TTG. To compare the two methods. BMW arranged for
cascade 1mpactor. Coulter counter and electron m1croscope ana1ys1s of samples
taken s1de-by-s1de 1n a laboratory dust chamber.

The resu1t1ng MMD (all converted to aerodynam1c d1ameter) are 4.2 ~m for the
Coulter counter, 7.2 ~m for the cascade 1mpactor and 14.8 ~m for the electron
m1croscope. From these results, the coal dust d1ameters measured by Coulter
counter 1s systemat1ca11y lower than cascade 1mpactor results. as expected.
However. the electron m1croscope result also does not agree w1th the other two
methods. and the explanat10n of th1s outcome 1s not clear.

Assum1ng that the cascade 1mpactor measures aerodynam1c d1ameter more
accurately. the extremely w1de range of the s1ze parameters reported by BMW
st111 needs exp1anat10n. By p10tt1ng frequency d1str1but10ns from the mean
dust mass on the 1mpactor stages (F1gure 11-4), BMW show that the dust at many
samp11ng 10cat10ns 1n a coal m1ne 1s actually b1modal. S1nce b1modal
d1str1but10ns do not have 11near prob1t plots (Iran1 and Callas. 1963). the
MMD and GSD values der1ved by assum1ng a mono-moda1d1str1but10n may be
ser10usly affected.

Moreover. the f1ve parameters 1n a b1modal d1str1but10n funct10n (Eq. 11-11)
cannot be accurately est1mated from a s1x-stage 1mpactor sample.
From the data they have presenfly collected. BMW offer a qua11tat1ve
descr1pt10n of the coal m1ne dust s1ze d1str1but10ns:
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Table 1I-4. Size Distribution Parameters from Coulter C1unter Analysis
of MSHA's Total Just Samples (Mean and Extreme Values Only)

SOJRCE: Tomb, Treaftis and Gero (1983)

Sampler
Location

Continuous
Miner

Longwa11
Face

Dump
Point

t~i ne Ml4D ( Ilm) :;SO

Holton Taggart 2.88 2.19
Cedar Grove 4.13 1.95
Loveridge* 10.08 2.92
average 5.05 2.43

Seth1 ehem No. 33 5.38 2.55
Gary No. 50 0.14 2.23
Moss No. 4 7.30 2.28
3ethelhem ~o. 33 5.43 2.63
average 6.48 2.37

3eth1 ehem ;~o. 78 3.J1 1. 87
Ha nnan 7.70 3.01
Ha rl an seam* 3.07 2.81
average 4.92 2.45

* Note: Size distributions reported in private
communication (Treaftis, 1981).
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[igure 11-4: Frequency );stributions for the Means of Cascade Impactor
Samples from Areas in Underground Coal Minas. The frequency
on the y-axis is expressed as the mean mass on an impactor
stage (6~) divided by the total dust mass (T) and weighted by
the inverse of the dia:Tleter range for that stage (6 10'g )).

SQU~C~: 3ur~hart, ~cCawley and Wheeler (1983)
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"The primary source of the larger-size mode dust comes from
the operation"of the continuous miner. It should oe noted that
only the continuous miner shows no bi-modality. [See Figure 11-4.] The
single mode can be overlayed on all other size distributions
and shows little difference .....

"Another poi nt of interest is the source of the small er-s i ze
mode noted in areas away from the face. This 'secondary' dust
is likely to be the result of the action of people and machinery
resuspending settled dust ••.•

"In certain areas of the mine, this 'secondary' source contributes
as much to the mass as does the 'primary.' That is, the two modes
appear to have nearly equal areas under them."

-- Burkhart, McCawley and Wheeler (1983)

Although the parameters for the bimodal distribution cannot be determined
accurately for each cascade impactor sample, BMW estimate that the primary
mode has MMD = 15-20 ~m and GSD = 2.5, while the secondary mode has
MMD = 5-10 ~m and GSD = 2-2.5.

Further tests are now underway to characterize the bimodal distribution more
thoroughly. At the present time, however, the BMW study is the best effort to
determine the size distribition in coal mines using cascade impactors.

(7) The Consensus ~egion. In order to put limits on the accuracy of CMDPSU
samples, we need to put limits on the dust size distributions expected in U.S.
coal mines. In order to establish these limits, we have plotted all the
sizing measurements in~luded in this review onto the (GSD, MMJ) plane
(Fig ure II - 5) •

Since these measurements were taken with many different methods whose biases
are generally unknown, establishing limits must rely primarily on subjective
judgments of the reliability of the different studies. Based on our review of
the literature, the most thorough and credible dust distribution studies have
been done by the British Pulmonary Field Research (Reference 5: Dodgson et
al., 1971; Ref. 11: Rogan, Rae and \~alton, 1967; and ,~ef. 15: ray and Ashford,
Tg6Q) , by the J.S. Mine Safety and Health Administration (Ref. 1: Tomb,
Treaftis and Gero, 1983) and NIJSH's Jivision of :1es;>irable Disease Studies
(Ref. 2: Burkhart, McCawley and Wheeler, 1983). Although there are
differences among the methods used in these studies, as discussed above, their
results do show a rough consensus which can be seen in Figure 11-5.

Also included in this consensus region are size distributions measured by
other studies (as numbered in Table 11-3 and Figure 11-5):

3. Vitek (1977)
4. White and DeNee (1972)
8. 3reuer (1967)

12. Baier and Diakum (1964)
13. 3reue r (1961)
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The studies whose results lie outside this consensus region generally have
detectable flaws, such as the highly non-linear probit plots noted in Table
II -3.

Thus, the limits on the dust size distributions in U.S. coal mines will be
taken to be the boundaries of the consensus region, shown in Figure II-S. The
measured size distributions on the margins of this region are listed in Table
II -5.

DI SCUSSION

These results must be treated with caution because every study in this review
has deficiencies from the viewpoint of estimating CMDPSU bias. The main
shortcomings are:

*

*

*

*

*

*

density is assumed to be 1.3 g/cm3, but can vary from this value by
10 percent 0 rmore.

particle deagg10meration in Coulter counter, sedimentation and electron
microscope analysis. The effects of deagg10meration on the log-normal
parameters have never been established quantitatively. This process
will certainly bias the MMD towards smaller values and may affect the
GSD as well.

sampling locations where miners do not work or mining operations not
currently found in U.S. mines.

sampling and/or analytical errors, which appear as outlier values of the
MMD and/or GSD parameters or as non-linear probit plots.

the necessity to transfonn the PFR data from the experimental
distribution, with the attendant error possibilities.

graphs alone were often used to present dust size measurements, so the
conversion to log-normal parameters required the measurement of
co-ordinates from the graphs reproduced in the literature, an
error-prone process.

*

*

the errors frvlD fitting the log-normal distribution to cases \vhere other
distrib~tions (e.g. bimodal curves) may have been appropriate.

where the bimodal distribution was detected by Burkhart, McCawley and
Wheeler (1983), they only had six-stage impactor data available, so the
five parameters for this distribution could not be determined accurately.

The overall error from all these sources is ·impossib1e to estimate, but can
clearly be large. The dynamic shape factor K alone has an error of estimate
of 23 percent. In light of the potential for errors, the agreement between
these varied studies is remarkable.
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Table II-5 Extreme Coal Mine Dust Si~e Distributions ~sed in Bias
Calculation

Source Sample Site r~MD (~m) GSD

1. Tomb, Treafti s Dump point, Bethlehem No. 78 3.0 1.9
and Sera (1983) Continuous miner, Holton Taggart 2.9 2.2

Dump point, Harlan seam 3.1 2.8
Continuous miner section, Loveri dge !CL1 2.9
Jump point, Hannan 7.7 3.0

8. Breuer (1967) "Pneumatic pick" 17.2 2.8

15. Fay and Max imum, away from face 18.6 2.3
As hf ord (1960) Mean, longwall face 8.0 2.15

- 39 -



From this error analysis, we conclude that further size distribution studies
are needed for estimating CMDPSU bias. Until such results are available, we
have taken a conservative approach to setting limits on the range of size
distributions which can be expected in coal mine dust. Although 3MW have
shown that the Coulter counter, the cascade impactor, and the electron
microscope produce widely disparate size parameters from the same dust, we
have included results from these three methods in the "consensus region" in

I Figure 11-5. When more accurate size distribution measurements have been
taken, we may therefore expect a smal.ler range of (GSJ,MMD) points.

The wide variation in (GSD, MMJ) values in Figure 11-5 provides a major
motivation .behind sampler characterization at ;SO = 1 (a monodisperse aerosol)
as proposed in this report. Monodisperse sampler characteristics can be used
to compute predicted sampler bias over a wide range of size distributions.
Although there is no proof that the dust size distribution affects CMOPSU
precision (as distinguished from the bias), we also require that the precision
test be done with a coal dust with a size distribution representative of those
found in the mines.
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C. PRECISIa:~ jv[ASUR~ME1n

The random errors in :MDPSJ sampling can be measured by taking replicate
samples in the same dust environment. The total coefficient of variation
:Vt (or relative standard deviation) from replicate samples of this kind is
the measure of sampling precision used in NIJSH's statistical protocol for
va1idatin3 other industrial hygiene analytical methods (Busch and Taylor,
1981) •

For purposes of certifying CMDPSUs, we recommend that CVt be measured in the
laboratory, using procedures as close as practical to those required for
routine sampling in coal mines. Although field studies of cyclone sampling
usually show poorer precision than laboratory studies (BO'r'lman, Jart1ey,
Breuer, and Shulman, 1982), accurate determination of CVt in the field I"/ou1d
be prohibitively difficult for routine CMDPSU certification. Therefore,
laboratory precision tests are recommended for CMD?SU certification, just as
they are used for the validation of NIOSH's other sampling and analytical
methods (Gunderson and Anderson, 1980).

A number of investigators have reported the results from replicate laboratory
samples with the 10 mm nylon cyclone. These studies are reviewed in de?th by
Bowman, Bartley, Breuer, and Shulman (1982), and their conclusions 3,re
summarized in Table 11-6.

These precision tests were done under a variety of conditions: pumps in some,
critical orifices in others; CMJPSUs in some, custom sampling heads in
others. In light of these differences, the wide range in CVt estimates
(4 to 14 percent) is not surprising.

From reviewing this literature, the main causes of this variability in
precision measurements appears to be uneven distribution of dust within the
test chambers, and different sampling equipment used by the different
investigators. As an example of chamber effects, the uureau of Mines (1972)
reported cyclone CV~ = 3.0 percent from tests done in their st~ndard dust
chamber, but CV t = ~.4 percent with Lippmann's multi-cyclone holder. As an
example of equipment effects, Caplan, Doemeny and Sorenson (1977) noted high
variability in their replicate samples, due to faulty alignment of the vortex
finder on some of the ;~SA units. Consequently, MSA now provides a clip \'Iith
thei r Ci'~DPSU to assure correct a1 i gnment. Ci~DPSUs made before and after thi s
modification could, therefore, perform differently in ?recision tests. In
light of this review, we have, therefore, sought to design a precision test
''Ihich would measure the CVt for the equipment submitted for certification,
independent from the testing apparatus.

Another objective of the experimental design has been to maintain a reasonable
balance between the confidence limits on CV t and the cost of the precision
test. To measure CY t within narrow confidence limits, a large number of
test runs and/or samplers is needed. ~owever, the size of the experimental
design is constrained by its costs in labor and/or sampling equipment.
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Tabl e II -6. Precision estimates for the 1) mm cyclone from replicate
laboratory samples

SJURCE: 30w:nan, 3artl ey, 3re.uer and ShlJ1:nan (1983)

Study Degrees of Pooled CV t ' Samplers
freedom (percent)

MSHA data 29 4.3 Bendix samplers
(1981b) wi DuPont pumps

Gray and Tillery 154 7.1-4.6 Custom samplers
(1979) wlcritical orifices

Harris, DeSieghardt
and Riva (1976)

MSA units 38 14.5 Complete
CMDPSUs

Bendix units 39 11.8

Almich and Carson (1974) 66 4.8 custom Samplers
w/criti ca1 orifices

Bureau of ~1ines data (1972) 58 8.0 ,- r~SA uni ts in dust
chamber

Jacobson (1971 )
r~SA units 8 6.4 Test of pulse

dampeners

Bendix units 7 11. 1
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A th'rd goal for the exper'mental des'gn 's to measure both the d'fferences
between 'nd'v'dual sampl'ng un'ts ('nter-sampler var'ance) and run-to-run
d'fferences w'th the same sampler ('ntra-sampler var'ance). Unl'ke most
gas and vapor samplers, aerosol samplers may show s'gn'f'cant var'ab'l'ty
from un't to un't, as L'ppmann and Chan (1974) found w'th sta'nless steel
cyclones. Therefore, the exper'mental des'gn should be capable of
measur'ng th's 'nter-sampler var'ance separate from the 'ntra-sampler
var'ance. Th's goal can be ach'eved by a des'gn, wh'ch has two or more
runs w'th the same samplers at a g'ven concentrat'on.

Moreover, the est'mate of CVt should comb'ne these 'nter-sampler and
'ntra-sampler var'ance components w1th equal we'ght. Th's we'ght'ng
assumes that the random error 'n a s'ngle sample taken rout'nely 'n a m'ne
cons'sts of the random 'ntra-sampler error on that occas'on, plus the error
character'st'c of the CMDPSU chosen at random from the relat'vely large
stock ava'lable. Such we'ght'ng 's assured 'n the CVt by the analys's of
var'ance d'scussed below.

F'nally, the exper'mental des'gn w'll be gU'ded by the protocol for NIOSHls
val'dat'on of sampl'ng and analyt1cal methods (Busch and Taylor, 1981).
S'nce th's protocol has been w'dely appl'ed to test'ng 'ndustr'al hyg'ene
sampl'ng methods, we would prefer to reta'n elements of th's exper'mental
deslgn as long as they are appropr'ate to CMDPSU test'ng. S'nce NIOSH's
valldat'on tests were developed pr'mar'ly for gas and vapor samplers, thlS
protocol does not conslder e'ther chamber effects or 'nter-sampler
var'ance. For these reasons, the CMDPSU prec's10ntest must depart
s1gn'f'cantly from the NI0SH protocol.

EXPERIMENTAL DESIGN

The major goals for an exper'mental deslgn for measurlng CMDPSU prec's'on,
therefore, are:

*

*

*

*

t'ght conf'dence l'm'ts on CVt, wh'le keep'ng down the costs of
the test;

measur'ng CVt 'ndependent of the propert'es of the dust chamber;

'nclus'on of both 'nter-sampler and 'ntra-sampler var,at,on w1th
equal we'ght 'n the coeff1c'ent of var'at'on;

CVt should have an 'nterpretat10n compatlble w'th NIOSH's
protocol for val'dat'on of sampl'ng and analyt'cal methods.

In the or'g'nal NIOSH va11dat10n tests, the exper'mental des'gn had SlX
samples taken at target concentrat'ons equal to 0.5, one and two t'mes the
appl'cable health standard. All var'ab'l'ty w'th'n the run was ass'gned to
the 1mprecls10n of the sampl'ng and analyt'cal method. Therefore, CVt
was est'mated by poo11ng the coeff1c1ents of var'at10n from each run, as
long as the values from the three runs were homogeneous. In th's case,
CVt 's est'mated w1th 15 degrees of freedom (Busch and Taylor, 1981).
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To adapt the design of the validation protocol to CMOPSU testing, modifi­
cations are necessary. To avoid confounding inter-sampler variations and
position effects, the simple block design of the validation protocol must
be expanded into a factorial design nested within the target concen­
tration. In this expanded design, we have decided to keep the degrees of
freedom at approximately 15, so that the width of the confidence limits on
the CVt estimate will be unchanged.

To achieve 15 degrees of freedom at a reasonable cost, we recommend that
the number of test concentrations be reduced to two levels from the three
levels used in the NIOSH protocol. To assure that the test covers a range
around the health standard, we recommend that the target dust concen­
trations for the precision measurement be the extremes of the range covered
by the NIOSH protocol, i.e., twice and one-half the standard. Since the
coal mine dust standard is 2.0 mg/m3 (assuming less than 5 percent
silica), 1.0 and 4.0 mg/m3 are the target concentrations of respirable
dust. In keeping with federal regulations (30 CfR 70 and 71), the
respirable dust concentrations taken with the cyclone samplers will be
converted to the equivalent taken with the MRE horizontal elutriator.

finally, the experimental design is constrained by the test chamber's
characteristics. The original work on this project was done on two
chambers built for NIOSH by Los Alamos Scientific Laboratory (fairchild
et ~., 1973). The larger chamber holds 8 cyclones, but showed consider­
able differences in the dust concentrations at the different sampling posi­
tions. The smaller chamber showed less inhomogeneity, but holds only four
samplers, reducing the confidence limits on a CVt derived from a single
run. More recently, Rubow and Marple (1983) have designed a large instru­
ment evaluation chamber which eliminates position effects by mounting as
many as six samplers on a rotating table.

for testing CMOPSUs, we anticipate that the government and CMOPSU manufac­
turers may also use a variety of dust chambers with different capacities
and different levels of dust homogeneity. To deal with this variety, we
therefore recommend several experimental designs which meet the above
criteria. The first set of designs (Table 11-7) are for chambers with
homogeneous dust concentrations at all sampler positions, i.e., no position
effect in the analysis of variance. This design can be executed effi­
ciently in chambers holding either four or five CMOPSUs. In both cases,
the samplers are labeled (A, B, C .... ), and retain their identity
throughout the test. The sampler labeling, together with the nested design
(i.e., at least two runs for each target concentration), enables the inde­
pendent determination of inter- and intra-sampler variance.

For chambers with consistently different dust concentrations at the various
sampler positions, an additional level of nesting. is needed in the experi­
mental design to eliminate this position effect from the CVt estimate.
Table 11-8 shows such a design for a chamber with capacity to hold four
CMOPSUs. As in Table 11-7, the sequence of runs would be randomized in the
actual measurement, in order to minimize the bias from any changes
developing during the course of the test.
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Table 11-7. Experimental Designs for Chambers with Homogeneous Concentration at all Sampler
Po si ti ons. (Fo r the actual measurement, the order of the target c oncentrati ons woul d be
randomized.)

Target Concentration Ru n Samplers
(mg!c u.m. )

Chambe r Capac i ty = 4 CMDPSUs

1.0 1 A B C D
2 A B C 0
3 A B C D

4.0 1 E F G H
2 E F G H
3 E F G H

Totals: 6 runs
8 CMDPSUs

24 cassettes

Chamber Capacity = 5 CMDPSUs

1.0 1 A B C D E
2 A B C 0 E

4.0 1 ... G H I Jr

2 F
,..

H I J\J

Tota 1s 4 runs
10 Ct\10PSUs
20 cassette s
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Table II-8. ~xperimental design for the precision measurement, assuming
that the sampling positions in the chamb~r may have different
dust concentration. (In the actual measure:nent, the sequence
of experiments and target concentrations ar2 randomiz2d.)

Target Concentration Experiment Run Pas i tion
(mg/cu .m. ) 2 3 4

1.0 1 A B C D
2 A B C D

I I 1 E F G :~

2 E F G H

4.0 I 1 I J K L
2 I J K L

I I 1 M N a p
2 1·1 t,J a p

Totals: 8 runs
16 cr~DPSUs

32 cassettes
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ANALYSIS OF VARIANCE
Derived by Kenneth A. Busch (1981, 1982)

The analysis of variance (.~NOVA) extracts the precision estimate from the
extraneous sources of variation, such as the different target concen­
trations and different chamber positions. The first step in the A,~OVA is
to take the natural log transform of all the concentrations measured during
the experimental design chosen from Tables 11-7 or II-8. The Ai~OVA method
a ssumes that the vari anc e in the response vari abl es is homogeneous over all
the runs in the experimental design, and the log transform helps meet this
assumption. Therefore, the response variable in the AN(J/A is:

LNC = In[ C(mg/cu.m.) ] (II-18)

For the experimental designs without a position effect (Table 11-7), the,
following quantitites are then assumed to contribute additively to the
vari at ionsin LNC :

* RUNm(1)

* Sn(l)

* Ek(lmn)

The deviation caused by the l-thtarget concentration,
where 1 = 1, 2. T~iS is a

2
fixed effect with a mean

square e(T) = (Tl) + (T2) •
The deviation for the m-th run (m = 1, 2 .•• M) in the
l-th

2
target concentration; a random effect with vari ance

(aR) •
The inter-sampler deviation"for the n-th CMD?SU
(n = 1,2 ••• N) in the l-th target concentration; a
random effect with variance (as)2, caused by
differences in the cyclone's collection efficiencies.
The intra-sampler deviation for the k-th sample taken
w.ith the n-th Cr~D?SU for the m-th run in the l-th target
concentration; a random effect with variance (aE)2.

Therefore, the basi: model for the AN OVA is:

UJCklmn = ~ + Tl + ~UNm(1) + Sn(l) + Ek(lmn) (II-19)

where ~ is the true Qver-a 11 mean. In tlli s model, the i nteracti on terms
like RUN*S are all assumed to be zero. This assumption is logical because
variations in the samplers should have no effect on the dust concentration
produced by the chamber for the different runs.

Following ANOVA theory (for example, Snedecor and Cochran, 1967), the
variances predicted by this model can be related to the expected mean
square terms (EMS) resulting from theANOVA (Table II-9). Table 11-9 shows
that inter- and intra-sampler variances are isolated in two EMS terms:

=

EMS( Sin T)

EMS( Er ror)

= M (as) 2 + (a E ) 2

(a
E
)2
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However, ne1ther EMS comb1nes (dS)2 and (d£)2 w1th equal we1ght1ng,
as 1s des1red of a prec1s1on est1mate represent1ng what happens rout1nely
1n coal m1nes. The general method for obta1n1ng the des1red prec1s1on
est1mate 1s to take a 11near comb1nat1on of two EMS terms such that:

(dt)2 = A EMSa + B EMSb

= (dS)2 + (dc )2

( 1I-2l)

where the coeff1c1ents A and B are chosen to make the 1dent1ty correct.
For the EMS terms 1n Eq. (11-20), the appropr1ate 11near comb1nat10n 1s:

= M-1 EMS(S 1n T) + M~l (M - 1) EMS(Error) (1I-22)

By us1ng Satterthwa1te ' s ~pprox1mat10n (see Searle, 1971, p.142), (dt)2
can be treated stat1st1cally as 1f 1t were a slngle EMS term 1n the ANOVA
w1th approx1mate degrees of freedom f. g1ven by:

[~ EMSa + B EMSb]2
(1I-23)

where fa and fb are the degrees of freedom for the correspond1ng EMS.

f. 1s a var1able depend1ng on the actual values of the mean squares
result1ng from a measurement. However, the max1mum andm1n1mum values for
f. can be determ1ned from Eq. 11-23. For the ANOVA 1n Table 11-9, f.
ranges from 2(N-1) to 2M(N-l). In the two exper1mental des1gns recommended
1n Table 11-7, the max1mum degrees of fredom (d.o.f.) 1n the prec1s10n
est1mate 1s 18 for the four-sampler chamber and 16 for the f1ve-sampler
chamber -- about the same as the 15 d.o.f. 1n NIOSH's va11dat1on protocol
(Busch and Taylor, 1981). Note that the d.o.f. 1n (dt)2 1s less than
the total generated by the des1gn. The extra degrees have been used to
compensate for the effects of the target concentrat1ons and the runs.

The f1nal step 1n the stat1st1cal analys1s for these des1gns 1s to trans­
form Eq. (11-22), wh1ch g1ves a var1ance for the natural log of the concen­
trat1ons, back to an est1mate of CVt for the or1g1nal concentrat10ns.
Accord1ng to a theorem by Hald (1952, p. 247), a var1able x wh1ch 1s
normally d1str1buted w1th constant coeff1c1ent of var1at10n CVx w111

. approx1mately obey the relat1onsh1p:

Therefore,
( n-24)

(1I-25)

A second theorem (Hald, 1952, pp. 164, 175) says that x can be regarded as
normally d1str1buted as long as CV x 1s small (1/3 or less), 1rrespect1ve
of whether x ls truly normal or lognormal. Therefore, Eq. (11-25) 1s a
va l1d est1mate for CVt whether the underly1 ng concentraf1on d1 str1 but 1on
ls actually lognormal or normal w1th a constant coeff1c1ent of var1at10n.
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Table II-9
Analysis of Variance for the Precision Measurement in Dust Chambers

Without a Position Effect (Table 11-7)

Response Variable: LNC = In[ C(mg/m3) ]

M= Number of runs per target concentration
= 3 or 2

N = Number of samplers per run
= 4 or 5

Source of Variation Degrees of Freedom Expected Mean Squares

T = Target Concentration

RUN in T

S (= Samplers) in T

Residual Error

Total

2(M-l)

2(N-l)

2(M-l)(N-l)

2MN-l

MN8(T) + N(OR)2 + M(os)2 + (0£)2

N( oR )2 + (0£ ) 2

M(oS)2 + (0£)2

(0£ )2
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The calculation of CVt can now be outlined. Based on the theoretical
ANaVA in Table 11-9, the AtJOVA calculation can be performed with readily
available computer programs like $AS (SAS Institute, 1979). This
computa"tion is described in more detail in Section lILA. and Appendix 8.
From the ANOVA calculation comes mean square values (MS), which are
estimates of the expected mean squares for each soure e of vari ati on.
Substituting these I"S values into Eqs. (II-22) and (II-25) gives the
estimated coefficient of variation (distinguished by a hat):

A
(CVt)2 = M-1 t4S(S in T) + ivl- 1 (M-1) MS(Error) (11-25)

The ;\NJVA for the experimental design with position effects (Table 11-8) is
similar, but much more complex. In addition to the sources of variation
defined above, LNC in this design also has variability from:

* EXPj(l) deviation from the j-th experiment (j = 1,2) in l-th taYjet
concentration; a random effect with variance (O'E)2.

* POS n a fixed effect at each position n = 1,2,3,4 with mean square:
e(POS) = ([ POSn) / 3.

n
The overall model is assumed to be:

(11-27)

This model neglects all the possible interaction terms, particularly POS*T,
but also POS*~XP and ?'JS*RUN. These assumptions should be checked empi­
rically because the position effects could possibly be a function of the
overall dust concentration. This question is examined in the next section.

The ANOVA for this model is outlined in Table II-l'J. From these results,
the inter- and intra-sampler variations are isolated in the EMS terms for
POS*T, POS*EXP in T and the residua~ error. To estimate the precision, the
terms with the EMS of 2(O's)2 + (O'~:l are first pooled:

EMS(pool) =. [3 EMS(PJS*T) + 6 EMS(i'OS*EXP in T)] / 9 (11-28)

The d.o.f. for EMS(pool) are the sum of its component d.o.f., or 3 + 5 = 9.

In order to obtain equal weighting between inter- and intra-sampler errors,
EMS(pool) is next combined with EMS(Error) in a linear combination
sati sfyi ng Eq. I 1-21. Af ter reversi ng the natural-log transform
(Eq. 1I-2~, the final precision estimate is:

1\
(CVt )2 = [MS(pool) + MS(Error)] / 2 (11-29)

= IvlS(i'Q S*T) / 6 + MS(PO S*EXP in T) / 3 + MS( Error) / 2

The degrees of freedom f* for the precision estimate is calculated from
t:q. (II-23), and ranges between 9 and 21.
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Table II-lJ. Analysis of Variance for the Precision i·leasurement ·,~ith

Position ~ffects (Table 11-3)

Response Variable: LNC = ln [C(mg/m3)]

Source of Variation Degrees of Freedom Expected Mean Squares

T = Target Concentration 1 16g(T) + 8(oE)2 + 4(oR)2 +

2(oS)2 + (oE)2

EXP in T 2 S(oE)2 + 4(oR)2 + (oS)2 +

(0 ) 2E

RUN in EXP 4 4(oR)2 + (0 )2E

POS 3 Sg(POS) + 2(oS)2 + (oE)2
(con founded \'ii th S)

-

POS x T 3 2(oS)2 + (oE)2

POS x EXP in T 6 2(oS)2 + (0 )2E

Residual Error 12 (0 E) 2

Total 31
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Whichever design is used to measure the preclslon, error bounds for 6)t
may be derived by noting that itis distributed approximately as if it were
equal to a vari ance (Eq. 11-25). !3y an elementary theorem of stati stics
(Snedecore and Cochran, p. 75, 1967), confidence 1imits on a variance
estimate are given '-Jy the chi-squared distribution X2. \t the 95 percent

.confidence 1imit, the two-s ided bound is therefore:

C~t ~ f/ (X2)O.D25 ~ CVt ~ C'Vt ~ f / (X2)O.375 (II-3D)
1\

where f is the-degrees of freedom in the CVt estimate and in the
chi-squared function. For example, the confidence limits for f = 15 are:

1\.. 1\
0.739 CVt ~ CVt ~ 1.547 CVt (11-31)

CONTROL OF ERRJ~S

In measuring the precision, the errors which need to be controlled are
those coming from the test apparatus and procedures, as opposed to those in
the intrinsic operation of the CMDPSU. The principle SOIJrces of errors
whi ch have been i dentifi ed in thi s study are random wei gili ng errors and the
run-position interactions, which have been assumed to be zero in the
AI~OVA. In this section, the theory behind the control and estimation of
these errors will be described.

Position 2:ffect ':rrors. In the statistical analysis of the precision
measurement, the most serious errors arise from violations of the
assumptions about position effects. In the first ANOVA (Table II-9)~

position effects are assumed to be negligible. In the second ANOVA
(Ta bl e I I-lJ ), posi ti on effec ts are taken into account, but only by
neglecting interactions between pas and the chamber operation variables
(T, EXP and RUN). If these assumptions are not valid in practice, then the
estimate of CVt will be artificially large.

There are many empirical methods to test for position effects, using some
method of measurement other than a CMDPSU. For exampl e, we used a
light-scattering dust monitor, as discussed in Part IV.,a.. However, any
other dust measurement will have its own random errors, making the results
difficul t to interpret.

Therefore, the most elegant test for position effects is to simply use the
experimental design for position effects (Tabl e 11-8). In the ANJVA
(Table 11-10), the position effects are contained only in Et4S(P')S).
Therefore, the significance of the position effects can be detennined by
using the ANOVA results in anF-test (Snedecor and Cochran, 1967, p. 265):

F = MS (?3 S) / MS (PO S*E XPin T) (11-32)

If the probability of this F ratio with 3 and 6 d.o.f. is less'than 0.05,
then position effects are significant. Thus, the experimental design in
Table 11-7 cannot be used.
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In the chambers witn demonstrated position effects, we have found that the
magnitude of position effects may be a function of the mean dust concen­
tration duri ng the run. Thus, there may exi st significant run- position
interactions (POS*T, POS*EXP and POS*;W\~), .which are variables depending on
both the chamber position and the chamber operation duri i19 a run.

The most convenient manner to check for run-position interactions is to
plot the residuals from the AI~OVA (Figure II-6). In this example, the
ANOVA residuals corrected for position effects are plotted against
position. The residuals for position 1 range between to.~09, while the
residuals for position 2 range between -k0.018. Although not conclusive
proof of run-position interaction, thi s 100 percent difference in the
residuals between positions led to changes in the chamber's air flows, and
a subsequent lowering of the CVt estimate. Similar residual plots
should be made with regard to the other major variables, especially the
target concentration, and a qualitative check made for interactions.

To test for such interactions quantitatively, the interaction terms can be
written into the ArJOV,~ model (Eq. II-27). The POS*T interaction is treated
as a fixed effect with mean square term e{TP). POS*~XP and POS*iWN
interactions are treated as random effects with variances (aPE)2 and
(aPR)2 respectively. Then, the EivlS terms in Table 11-10 are modified:

EMS(POS*T) = 4 e(PT) + 2(aPE)2 + 2(as)2 + (a g )2

EivlS(~JS*2':XP in f) = 2(aPE)2 + 2(as)2 + (a g )2

EMS(Error) = (a g )2 + (aPR)2

(II-33a)

(II -33b)

(11-33:)

The existence of the PQS*T interaction can now be tested by the F-ratio:

F = MS(PJs*r) / MS(PJS*EX? in T) (II -34)

If the probability of the F-value with 3 and 6 d.o.f. is less than O.~5,

then e(PT) cannot be neglected, and the pooling step (Eq. 11-28) is
invalid. In this ca.se, a precision estimate can still be obtained from:

/\
(CVt )2 = [MS(?OS*C:XP in T) + r~S(Error)] / 2 (11-35)

wi th f* rang i ng from 6 to 18.
A

The CVt estimate in Eq. II-35 would still contain the interaction teYi1lS
(aPE)2 and (aPR)2, if they exist. The easiest test for these
interactions is resi-dual plots, such as Fi gure 11-6. Si nce these
interaction terms a..-e di fficul t to detec t and cannot be ~l imi nated from the
precision estimate without a much more extensive experimental design, every
effort should be made to eliminate position effects from the dust chamber.'
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figure II-&. A Qualitative check for run-postion interaction by plotting
ANOVA residuals (RESIO) vs. sampler position (POS).
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Weighing Errors. Errors in weighing the filters likewise inflate the r. Vt
estimate. Control of these errors has been accomplished by a consi stent­
Quality Control program. The QC data also allows the weighing errors to be
estimated, following a formalism developed by Parobeck, Tomb, Ku and
Ca meron (1981) •

The routine filter weighings in the precision test procedure (Section
III.A.) are always accompanied by weighing a standard weight and a blank,
and by replicate weighings with a second operator. Both the blank and the
standard weight go through 4 weighings during one run of the pre~ision test:

Initial

Measurement MIl

Quality Control MI2

Fi nal

MF2

( I 1-36)

The initial and final weighings may occur on different days, so that the
variation in blank weights contain both inter-day and intra-day variation.

From Parobeck ~!l. (1981), the model for such random errors is:
1\
MiJ = Mtrue + 0i + Eij

where 5 i = inter-day error for day i

Eij = intra-day error for weighing j.

The inter-day errors have a constant variance varls) = (00)2; the
intra-day errors have var(E) = (oE)2.

In routine' dust sampling, the dust mass Ms is estimated from the
difference between the final and initial filter weights:

A /\ A
Ms = MF - MI

= Ms + of - O~ + EF1 - Ell (11-37)

The variance of sums is 3iven by a well-known theorem (e.g. Snedecor and
Cochran, p. 19J, 1967):

(11-38)

Assuming that the inter-day and intra-day errors are uncorrelated,
Eq. II-37 and II-38 give:

1\
var(M s) = (OM)2 = 2 [(00 )2 + {oE)2]" (II-39)
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This variance in the dust weight can be estimated from the quantities in
the control charts described in Section III.A. From the replicate
\'Ieighings on a single day, the difference d is calculated: ,

A /\
d = Mi 2 - t~ i1 = £ i 2 - £ i1 ( I 1-40 )

Alternatively, we can use the range R = /d/. For 2 samples, the range is
related to the standard deviation:

(11-41)

(11-44)

with only one degree. of freedom.

Therefore, S£ is an estimator for o£. To improve the confidence limits
in this estimate, the S£j from all replicate weighting j = 1,2 •... ~ are
pooled:

(Spool)2 = N-1 ~ (SEj)2 (II-42)
I

Spool is our best estimate of the intra-day variation.

The inter-day variation can be estimated from the r2peated'blank weights,
obtained at the final and initial sessions. This is expressed as a
difference between the two means:

1\ 1\ 1\ 1\
6 = (MF1 + MF2) / 2 - (MIl + MI2) / 2 (11-43)

= 5F - 51 + (£F1 + £F2) / 2 - (£11 + £12) I 2

Taking the variance over all blank filters gives:

(S6)2 = 2(0~)2 + (0£)2

(again using r:q. 11-38).

Usinj Satterthwaite's approximation again, the total variance for the
weighing errors (Eq.- 11-39) can be estimated by:

(oM)2 = (Sp001)2 + (S6)2 = (SM)2 (11-45)

Thi s expression.i s the recommended method for estimati ng the weighi ng
errors. An example of this estimate is 3iven in Section IV A.

To establish a Quality Control system based on these quantities, control
limits have to be calculated for the quantities Rand 6. Following
Parobeck et al. (1981), the control limits on ~ at the 99.5 percent
confidencelevel are given by:

UCL~ = 3.97 SDool,

Likewise, the three-sigma control limits on 6 are *3 $6'
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Finally, we note that additional Quality Control measures should be
developed for the system of certifying CMDPSUs. In particular, a set of
contra 1 CMDPSUs shoul d be run through the set of certifi cation tests
periodically, and the results recorded on a control chart. Thi s QC measure
would be the most direct method for controlling the overall quality of the
system.

PRa>AGATION OF ERRORS

The weighing errors have an important effect of the certification tests
because they are the creation of the testing lab, rather than the CMDPSUs
being tested. To assess this effect, the contribution of the weighing
errors to CVt can b~ determined quantitatively by a prop~gation of
errors. As in the Statistical Protocol for the NIOs-i validation tests,
CVt can be decomposed into independent analytical errors CVA and
sampling errors CVS:

(11-47)

CVA in respirable dust sampling is due entirely to the weighing, and is
the creation of the certification lab during the precision measurement.
CVS is due to both the CMDPSU and the sampling procedure. In the
preci si on test, CVs is the quanti ty of interest, and eVA shoul d be
relatiyely small.

To estimate eVA, consi der the fonnul a for the cal cul ati on of the
respirable dust concentration:

C= k Ms / Qo T (11-48)

(11-49)

where k is the calibration constant for respirable dust, Qo is the pump
flow rate specified for the CMDPSU and T is the sampling tlme. Followlng
MSHA procedures, k and Qo are assumed, rather than measured, in the
precision test. (Any errors due to k and Qo constitute a bias in the
present sampling system, and are beyond the scope of this discussion.)
However, Ms and T ar~ measured during the precision test and are thus
susceptible to random error with standard deviations aM and aT.

For a function of several variables w = f(x, y •.• ), the basic theorem for
the propagation of ~rrors from x, y ••• to a measurement of w is derived by
Ku (1966):

var(W) -= [af/ax]2 (sx)2 + [af/ay]2 (Sy)2 +

2 [af/ax] [af/ay] (sxy)2 + •••

where the quantities in brackets are evaluated at the means x,y .
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In apply1ng th1st-heorem to Eq. 11-49, we first observe that the covar1ance
SHT was assumed to be zero because Hs and T are ~easured

1ndependently. Then, we get:

var(C) I C2. = (sH I Hs )2 + (sT I T)2 (n-50)

At th\s po\nt, the term var(C) I f2 can be \dent1f\ed as the analyt1cal
error (CVA)2. further, the sampl\ng t1me T can be measured to w\th1n
1-2 seconds over a per\od of at least 6 hours, g1v\ng a relat\ve standard
dev\at1on for the t\me measurement on the order of 0.01 percent, wh\ch can
be safely \gnored. Thus, the f\nal est\mate for the analyt1cal error is:

(11-51)

where SH is estimated from Eq. 11-45 above.

At th1s po\nt, Eq. II-51 w\ll be used to demonstrate why the manufacturer's
prewe\ghts, truncated to 0.1 mg, are not adequate for the prec1s\on test.
Parobeck et ~. (1981) report that sH = 0.0807 mg 1n the rout\ne
operat\on of HSHA's sampling program with filters we\ghed to 0.1 mg. The
analytical error from using the manufacturer's weights in the prec\s\on
test would be at best:

Target
Concentration

1.0 mg/m3

4.0

Samp11ng
Time

8 hours
8

0.696 mg
2.783

CVA
(percent)

11.6
2.9

At the low concentration, CVt would therefore be dom\nated by the
we1gh1ng error, rather than by CMDPSU performance. for this reason, we
have weighed the f\lters to 0.001 mg in these trials, and cons1derat1on
should be given to weighing filters to at least 0.01 mg for routine
cert1f\cat1on tests.
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Q. CALIBRATED SAMPLINS ~(FICI~N:Y

The proposed certification accuracy test described in detail below gives a
measure of the sampling unit ' s efficiency in sampling particles of a given
size. This information is conveniently represented as a calibrated sampling
efficiency 9SC») in tenns of particle aerodynamic diameter O. This
function is defined as follows.

The sampled respiranle mass concentration Cs is calculated from the mass
MS sampled by the filter by:

(I I-52)

In this equation, MSHA has set the sampling time TO equal to 8 hours (a
full shift); the target flow rate 00 and calibration constant k are to be
s~ecified by the CMDPSU manufacturer. As discussed above, MSHA neglects any
random errors in the flow rate and sampling time in routine calculation of
Ss from mine operators I samples. Present practice involving cyclone
sampling calls for k=I.38 and 00 = 2.0 Llmin for estimating BMRC
respirable dust concentration CBMRC.

The quantity CBM~C is given by

CaMRC = (Qorol-lja:)(dM/dJl GBMRCID) (II-53)

o
where dM/dD is the total mass_per diameter range entering the sampler during
To, and 98M~C(D) is the BMRC respirable dust weighting function defined
as

9 = 1 - (D/7.1 ~m)2

The ACGIH respirable dust criterion is defined pointwise as:

(I I-54)

2.JO

j. 90

2.50

5.75

3.50

J . 50

5.oa
0.25

w.o
O.OJ.

(II-55)

Least-squares fit to these five points gives the polynomial,

J.9, [)~2 ~m

9ACGIH = 1.6442 - J.4189 D + 0.01776 02
+ a.003333 03 - 0.0:)02564 D4, 2 ~m~D~lO ~m

0.0, D ;>-1).0 ~m,.
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(Another respirable dust weighting, 9LASL-AEC is identical to 9ACGIH
aside from D~2.0 11m, \'Ihere 9LASL-AEC = 1.00 (Caplan, et.!!.., 1973).)

The bias test is intended to provide an estimate of the ratio MS(u)/M(J)
of the mass MS()) reaching the filter to the total mass M(D) entering the
sampling unit for particles of diameter::l. ::lefining the calibrated sampling
efficiency eS(J) as

the sampled respira~l~ mass concentration Cs is given by

Cs = 'QoT0) -1 I:' dr~1 dJ )es( D) .

o
in exact analogy with Equation II-53.

The quantity es(J) is useful because it allows direct comparison to
9SMRC(D). As 9S(O) and 9BMRC(O) will generally' differ for most
diameters, there is a bias 6 (non-zero except for isolated dust
distributions) between the sampled Cs and true C~ respirable mass
concentrati ons:

6 = (CS-CR)/CR

= 1:(dMI dil) Ces' D)-eR( D) 11I~' dMldD )eR( Dl.

o 0

- 60 -

(11-57)

( I I-58)

(I I-59)



(II -60)

(II-SQa)

c. CYCLJNE PARAMETER ESrlMATIO~

As mentioned above, certification laboratory experience with the 10 mm
cyclone will be necessary for assessing the uncertainty in the laboratory's
bias test for both cyclone as well as more general sampling units.
Therefore, the present section is devoted exclusively to analysis of the
cyclone. To this end, a mathematical model of the cyclone collection
efficiency is described. In terms of the model parameters, expressions for
the collected mass and uncertainty in various quantities of interest are
then given for arbitrary log-normally distributed dust.

At the present time there is no quantitative physical model which adequately
describes cyclone collection efficiency n defined as n = (1-9S(D)).
(Throughout this section, expressions such as n or 9S represent the
physical, rather than "calibrated," collection or penetration efficiency.)
However, several empirical models have appeared in literature. In Blachmann
and Lippmann (1974) the collection efficiency is represented by the
hyperoolic tangent of a second degree polynomial in the aerodynamic
diameter. An alternative model, introduced by Held and Cooper (1979), is
adopted here for the bulk of the calculation, whereas the hyperbolic tangent
model is used only to a limited degree, namely for indic3ting that derived
results are model independent. At aerodynamic diameter D, the quantity n is
represented by the error function (erf):

,(D) = 1~' ('cD' )-1(2,)-1/2exp [-O.5 (1 nO '-.c)2/(oc)2]

o
= 0.5 + 0.5 erf[(lnD-~c)/((2)1/2 crc )].

The parameters ~c and cre characterize the cyclone. The quantity ~c
Jives the cut-oft diameter Dcut where 9S(D) is half-maximum by:

Dcut = exp(~c)·

Similarly, cr c is related to the sharpness of the cut since

Dan/aD = (crc)-1(27T )-1/2 (D = Dcut).

The total mass Mentering the cyclone is composed of botn mass Me
collected by the cyclone and the mass MS sampled by the filter:

M= Me + MS.

(II-51)

(II-52)

(II -63)

Using the above expression for n and the log-normal distribution for dr'1/dD
at ~ and cr, the collected mass Me is given by:
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He ~JOOdJ (dM/dJ)" (0) (1[-64a)

o +00 . [crz'+(IJ--J.J.c)/{2]/ac
= Hf dz'(.)-1/2exp(-z'2)1dz(.)-1/2exp (-z2). (1l-64b)

. -00 _00
This integral may be evaluated by using the fact that tha integrand is
invariant under rotations of the (Z,ZI )-coordinate system. Thus, since the
line Z = [cr~I+(~-~c)f2~-1/2]/crc lies at a distance of
(~-~c)/[2(cr +(crc) )] / from the origin, there is a suitable
rotation which brings the integral into the form

. (fJ.-J.lc)/[2 «(J2 +£t2)] ~2
14C/M =1 dz(.)-1/2exp(-z21 (11-65al

-00
= 0.5 + J.5 erf[(~-~c)/(2(cr2+(crc)2))1/2]. (II-65b)

~quation 11-63 therefore gives the sampled mass in the form,
00

MS =1dJ (dM/ dO last d) I

MS/M = 0~5 -J(~Z~~~l~~!:P~~:;U;)] ~
o

= 0.5 - 8.5 erf[(~-~c)/(2(cr2+(crc)2))1/2].

(II-G6a)

( II-56b)

(II -66c)

It must be emphasized at this point that the present use of log-normal size
distributions is partly for mathematical convenience. The corresponding
bias estimates are not, in fact, limited to the sampling of only
log-normally distributed dust. Since any dust distribution can be
approximated by a linear superposition of log-normal distributions, the bias
also can be written as a function of the biases for log-normal
distributions. For the bimodal distribution (Eq. 11-11) found in coal
mines, the percentage bias for t~e composite distribution can be shown to be
bounded by the biases for the two individual distributions.

Uncertainties in various quantities of interest ca~ now be estimated. For
this purpose, the empirical model described above for the cyclone collection
efficiency is assumed. The model, together with an hypothesis as to error
distribution, leads to variance estimates for model parameters. The
variance estimates, in turn, appear in expressions for such quantiti~s as
the variance of Dcut and the confidence limits on the bias between
respirable and sampled mass for log-normally distributed aerosols.

As outlined above, the cyclone model parameters are estimated by linear
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regression on transformed collection efficiency data. ~xplicitly, ~quation

- II-50 may be expressed in the form

Y = erf- 1(211-1) .

= (lnD-~c)/[(2)1/20c]. (11-67)

After transforming measurements of 11 into Y using Equation II-57, linear I'
regression in terms of lnD can be carried out. The result is an estimate Y
for erf-1 (211-1) in the form

(11-68)

where b is given by the usual regression formula,

b = L (lnDi-lnD)(Yi-Y) / r (lnO i-;-;;'[n 2• (11-69)
; .

In Equation 11-69, the summatiori index i runs over the data points. As in
Draper and Smith (1968) bars represent data averages and "hats" signify
parameter estimates. Comparison of Equations 11-67 and 11-68 gives
estimates for ~c and 0c in the form

1\
°c =

1\
~c =

(2)-1/2/b

1nO - Y/b.

( II-70a)

(II-70b)

As mentioned above, in order to calculate parameter estimate variances, an
assumption must be made as to the dominant error distribution. As in Draper
and Smith (1968), the exact Y is ass~~ed to obey

Vi = (l + 61nOi + e:i, (11-71)

where the (error free) parameters (l and 6 are estimated as above, and e:i
is a normally distributed random variable with mean zero and (unknown)
variance (oV)2. Note that the effect of errors in Di are neglected
here. Analysis along the lines of Snedecor and Cochrane, 1967, indicates
that the bias in coefficient estimates due to such errors is less than
1 percent if the standard error in Di is less than 5 percent, given the
range of measured diameters. Jiithin this assumption it is possible to show
(Draper and Smith, 1968) that V and bare uncorrelated and that their
variances are given by:-var(Y) = (oy)2/ n

va r( b) = (0 Y)2/ r (1 nO i - 1nO )2,
i

where n is the number of degrees of freedQm (data points).
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Furthermore, (ay)2 can be estimated by (sy)2 given by:

(sy)2 = (n-2)-1 L (Yi-~i)2. (11-73)
i

Note that (ay)2 represents the variance in the transformed data points,
rather than the variance (an)2 in the collection efficiency itself. As
(ay)Z is given approximately in terms of (an)2 by

(ay)2 = (aerf-1(2n-1)/an)2(an)2, (11-74)

an explicit expression for on is available in the form,

on = (~)-1/2oyexp[-(erf-l(2n-1))2]. (II-75)

Equation 11-75 implies that on is largest when erf- 1 vanishes; i.e., at
the cut size (n = 1/2). Thus, Equation 11-75 expresses the intuitive idea
that errors in collection (or transmission) efficiency measurement will be
largest at particle sizes corresponding to the steepest slope in the
transmission curve. Experimental fluctuations in such quantities as
sampling flow rate or particle size measurement yield errors of this type.

Since Y and bare uncorrelated, it is a simple matter to estimate ....
var(~c) and var(~c), given the estimates of Equations 11-72 for var(Y)
and var(b).

var(~c) - (a~c/ab)2var(b)

= 2(~c)4var(b).

var(~c) = (a~c/ab)2var(b) + (a~c/ay)2var{Y)

=2(~c)2[(;;~-~c)2var(b) + var(f)].

( I1-76a)

( II-7 6b)

(II-77a)

( I 1-7 7b)

Furthermore, as Dcut may be estimated by
/\ 1\
Jcut = exp( ~c) , (11-78)

the estimated variance in Jcut is given by
/\ 1\ -/\'

var(0cut) = 2(Dcut ac)2[(lnD-~c)2var(b) + var(y)]. (11-79)

fhe confidence limits for the estimated sampled mass MS can now be
determined.

" /\- '- 1\var(Ms) = (aMslay)2var(y) + (aMS/ab)2var(b). (II-80)

The derivatives appearing in Equation 11-80 are estimable from
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Equation 11-66c by
1\ 1\ 1\ A-
aMs/aY = (a,\1Slafld (3flC/aY)

" /\"" "1\ 1\aMSlab = (ar4 SlaflC) (aflclab) + (aMS/3crc)(3crc/ab).

( II -31a)

(I1-81b)

The result is that

a~s/a~ = -M~[~(cr2+(crc)2)]-1/2exP[-0.5 (fl-~c)2/(cr2+(crc)2)] (11-82a)
1\ "-,..-,, 1\

31\1 Sla b = (aM S/a f )[ fl c-1nD +(cr c)2(fl- fl C) I ( cr 2+ (cr c) 2) ] • ( I 1-82b )

Finally, using the estimated variance (sy)2 for (cry)2 from
Equation 11-74, it is possible to specify confidence limits using a value of
t. The lOu (l-cd percent (two-sided) confidence limits for r-1S are given by

~s ± t(n-2,1-a/2)var1/2(~s)sY/cry. (11-83)

This derivation is concluded with an illustrative calculation using the
above formalism. For this purpose the monodisperse aerosol dat~ of Caplan,
et a1. (1973) for Q = 1.7 L/min (no fluctuation) are used. The calibration
coefficient is taken to equal unity for use with the ACGIH definition of
respirable dust. For calculation of the bias, a dust distribution with
MMD = 8.0 flm and GSJ = 2.5 is used. In Table 11-11 are listed the cyclone
collection efficiency data, regression results, and confidence limit
calculation.

The results given in Table 11-11 are limited to a single dust distribution.
Computation for other distributions is easily accomplished using Equations
11-8J, 11-82 and 11-33. The result is shown in Figure 11-7 where the AC~IH

bias uncertainty (95 percent confidence level) is plotted for a variety of
dust distributions.

Several observations can be made concerning these results. An important
point which should be brought out concerns the applicability of the
hypot!:lesi s of normal error di stri bU~ion. C:xami nation of the r~si dual s
(y - ~ for the CuS ~ata presented 1n Table 11-11 shows no ObV10US trends
over the diameter range covered. Thus, there exists some evidence
supporting the above hypothesis, although further studies may be required.

Note, on the other hand, that the magnitUde of the residual at the largest
particle size considered (D = 6.0 flm) is quite large. Whether this
indicates significant skewness in the collection efficiency or si~p1y

experimental errori s not known. A skewed effect could conceivably
accompany significant particle re-entrainment. Again, f~rther

experimentation would help settle this question. .

A second point to be mentioned concerns the number n of monodisperse aerosol
data points. As t(n-2, 0.975) decreases only slowly for n larger than 8, '
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Figure 11-7. Bias uncertainty in estimating ACGIH respirable dust concentration
by cyclone sampling at 1.7 Llmin.
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many more degrees of freedom beyond the 8 in data of Caplan, et al. (1973)
would be required to significantly sharpen the confidenca limits-on the
bias. On the other hand t(n-2, 0.975) rapidly increases with decreasing n.
For example, were n chosen to equal 3, wheret(n-2, Q.975) = 12.7,
excessively broad confidence limits would result. Thus, evidently 8 degrees
of freedom in collection efficiency measurements are satisfactory for the
estimation of sampler bias. On this basis the certification accuracy test
has been designed so as to include 8 measurements of the calibrated
collection efficiency at diameters evenly spaced between 2.25 ~m and
7.50 ~m. These specific limits were selected in order to help ensure
coverage of diameters over which the sampling unit's collection efficiency
is expected to exhibit large variation.
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TA8L':: II-11

Sample Analysis of Cyclone Data at Q = 1.7 L/min

D (~m) 1n D

2.50 0.915

3.00 1.10

3.5·} 1.25

4.0Q 1.39

4.50 1. 50

5.00 1.51

5.50 1. 70

6.00 1. 79

1n J = 1.407

Regression Kesults:

Y = 0.025

b = 2.95

1\ J.240crc =

1\ 1.40 ->l c =

Y = erf-1(2n-l)
/\

2n - 1 Y

-J.96 -1.45 -1.427

-0.80 -0.91 -0.889

-0.44 -0.41 -0.434

-0.02 -0.02 -0.040

0.34 0.31 0.307

0.68 0.70 0.617

'0.84 0.99 0.899

0.84 0.99 1.160

(sy) 2 = 0.0076

var(Y) = (cry)2/8

va r( b) = (cry)2/0.643

t (6,0.975) = 2.45

For Just Distribution, MMD = 8.0 >1m and GSa = 2.5
1\
MS = 0.237 M M1 = 0.20 9 ~1

1\ -aMS/aY = -0.11 M
1\

aMs/ab = -4.0.103 M

95 percent Confidence Limits on MS: (0.237 ± 0.0084) M

Bias Upper Limit: 17 percent

- 68 -



F. BIAS COMPUTATIONS FOR GENERAL SAMPLING UNIT

As the analys~s of the prev~ous sect~on ~s l~m~ted to the cyclone,
cons~derable mod~f~cat~on of the calculat~onal methods ~s necessary for
evaluat~ng a more general sampl~ng un~t. Th~s ~s s~mply because the above
collect~on eff1c1ency model w111 generally be 1nappl~cable.

In order to calculate the sampled resp~rable mass MS for log-normally
d~str~buted dust, the ~ntegral of Equat10n 11-66 1s evaluated numer~cally by
1nterpolat1ng between the 8 measured values of the cal~brated collect~on

eff~c~ency 9s(O) us~ng a cub1c spl~ne. At d1ameters less than or equal to
the smallest exper1mental value (nom1nally, 2.25 ~m), eS(O) 1s constra1ned
to be constant and cont1nuous and ~s set equal to zero for d1ameters greater
than or equal to 10~m. The der1vat~ve deS/dO 1s set equal to zero at the
smallest exper1mental d1ameter and at 0 = 10.0 ~m. Trapezo~dal ~ntegrat10n

w1th 1ntervals equal to 0.01 ~m 1s used to est1mate the 1ntegral and g~ves a
computat10nal error of less than 0.1 percent.

The 95 percent conf1dence level values for the b1as (Eq. 11-83) are computed
w1th var(mS) der1ved from the relat~onsh~p:

var(MS) = (aMS/aTRANS)2var(Ocut). (11-84)
o

where TRANS ~s an ~ncremental d~stance by wh~ch the collect~on eff~c~ency

curve 1s translated along the O-ax~s. The quant1ty (aMS/aTRANS) ~s

est~mated numer1cally from the change 1n the computed value of MS upon
translat~on of the ~nterpolated collect~on eff~c~ency curve by 0.1 ~m. An
est1mate for var(Ocut) ~s taken from the collect~on eff~c~ency

measurements for cyclones.

In test~ng th~s calculat~onal procedure (and the computer programs g~ven ~n

the Append~x). cyclone data of Caplan, et ~. (1973) were used. The
quant~ty var(MS) as calculated by Equat~on 11-84 above was found to d~ffer

from the result g~ven ~n the prev10us sect~on on cyclone parameter
est~mat10n by approx~mately 5 percent.
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G. CRITICAL STANDARD DEVIATION IN TERMS Of THE BIAS

A v'tal part of the CMOPSU cert'f'cat'on scheme l'es 'n demanding adherence
to the present NIOSH accuracy cr'ter'on (Gunderson and Anderson (1980» for
the sampnng of hazardous substances. requ'r'ng that a sampnng/analyt'cal
procedure ma'nta'n less than 25 percent error at the 95 percent confidence
level. Th's cr'ter'on places limits on acceptable values of the bias 6 and
relat've standard deviation CVt. As CVt is defined in thi~ document
slightly differently from the above reference, the calculation of limlting
CVt is carried out in full here.

It is assumed that the dust sampling procedure gives measurements of the
concentration Cs distributed with standard deviation a about a mean value
CS' The bias 6 with respect to the true respirable concentration CR is
defined as above by

Furthermore, the relative standard deviation CVt is defined as

CVt = d/Cs·

(II-85)

( II-86)

(Compare with (Gunderson and Anderson, 1980) where CR replaces CS')
Then for any given value of the bias the cr'terion of accuracy A (=0.25 'n
the case of the NIOSH protocol) at the 95 percent confidence level fixes the
lim'ting value dtarget (or CVtarget) as a solution of

dx (2~)-1/2(atarget)-lexp[-0.5 (x-Cs)2/(atarget)2]

( II-87)
which can be expressed in terms of the error function as

0.95 = 0.5 erf[(A-6)(2)-1/2(CVtarget)-1/(1+6)]

+ 0.5 erf[(A+6)(2)-1/2(CVtarget)-1/(1+6)]. ( II-88a)

This equation can be solved iterat1vely using Newton's method as in the
computer program given in the Appendix .. For 6 near ±A, however, convergence
is poor. In th's situation, an approximate solution is avanable in the
form,

. CVtarget = (A-abs(6»/[21/2 (1+6)erf- l (0.90»). (II-88b)

Unl ike Gunderson
the sign of 6

. single-taned,

and Anderson (1980), solutions CVtarget are dependent on
(i.e., CVtarget(6) ~ CVtarget(-6». furthermore, the

t-distributions are used to estimate 95 percent
- 70 -



confidence limits on the bias. Values for CVtarget are then calculated by
sUbstituting both bias edges (limits) for A in ~quation II-S8a. The
critical bias edge is then defined as that ed;e which gives the smaller
CVtarget. This value for CVtarget is then compared with the upper
(single-sided) 95 percent confidence level value CVupper.

The quantity CVupper is determined within the approximation (Hald, 1952)
that the standard deviation aCV of the coefficient of variation CVt
estimated using f degrees of freedom is given approximately by

acv - CVt(2f)-1/2.

Tnen. CVupper is ;iven in te~s of the sample meanC:V by

CVupper =~[1 + f-~/2erf-l(O.9J)].

(II-89)

(11-90)

For a pictorial impression of the numerous variables defined above, see
Figure 11-8.
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CRITICAL STANDARD DEVIATION CALCULATED FROM THE BIAS
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H. CALIBR~TION IMPROVEMENT

As values for the estimated bias are determined for the candidate sampler
over a variety of test dust distributions, calculation of an improved value
for the calibration constant at the fixed flow rate under consideration is
possible. Because of the manner of selecting the critical bias edge as
described in the previous paragraphs, CVtarget is not an analytic function
of the calibration constant. Thus, ~ewtonls method is not immediately
applicable.

Instead, systematic search for an improved calibration constant is carried
out as follows. Juring the initial compliance calculation, the two test
dust distributions giving extreme values (maximum and minimum) of the -bias
edge are determined. The bias for each is then shifted by oa by changing
the calibration constant by a factor F:

(11-91)

Critical edges are determined for both dust distributions over a set of
trial values F. The value Foptimal is then found for which the smallest
CVtarget for the two distributions is maximum over the trial values of F.
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ITI. EXPERIMENTAL PROCEDURES

The procedures In th1s sectlon are recommended for the routlne accuracy
testlng of CHDPSUs for the purposes of certlflcatlon. These recommended test
procedures have been developed after the trlals of the accuracy tests reported
In ~ectlon IV were analyzed and revlewed by NIOSH's Testlng and Certlflcatlon
Branch. The dlfferences In procedure and the reasons for t~e changes wl1l be
d1scussed In Sectlon IV.

These procedures assume that the Federal coal mlne dust samp11ng regulatlons
wlll have been modHled as recommended 1n Sectlon V. WHhout the
modlf1catlons 1n the samp11ng regulat10ns, the accuracy test procedures
recommended here could st1ll be used, but would result 1n the presently
certlf1ed CMDPSUs exceedlng the t25 perient accuracy llmlts set by NIOSH for
the valldatlon of other samp"ng and analytlc methods.

A. PRECISION TEST

The purpose of th1s test ls to measure CMOPSU prec1s10n, us1ng procedures
approxlmat1ng those prescrlbed for use 1n coal mlnes. At thls t1me, the coal
mlne dust sampllng procedures 1n Federal regulations (30 CFR 70 and 71) are
followed as closely as would be poss1ble 1n a laboratory rout1nely test1ng
CMOPSUs for certlflcatlon. In testlng novel samplers, the manufacturers
lnstructlons would be followed in sampler operatlon.

The dust chamber and the exper1mental procedures are deslgned for personal
samplers only. Area or machlne mounted samplers would need a larger chamber
and posslbly a d1fferent exper1mental design.

APPARATUS:

1. Sampler Callbrat10n System

a. Coal dust chamber. In the present study, the chamber (ri gures II 1-1
thru 111-3) was adapted from the Standard System of Falrchl1d.
Tll1ery and Ettlnger (1977). Thls chamber had slgnlf1cant posltlon
effects. The des1gn of Rubow and Marple (1983), on the other hand,
does not haves1gnlflcant concentrat10n d1fferences due to the
effects of sampler posltlon.

b. TSI Fluld1zed Bed Aerosol Generator (Hodel 3400). To glve a broader
range of aerosol slzes. the cylcone should be removed from the
elutriator.

c. Charge neutrallzer.

d. Source of clean, dry a1r.

e. Coal dust whose MMO and GSO l1e w1thin the shaded area 1n rlgure
11-5. For preparat10n of the dust, see the comments by Fairchl1d.
T111ery and Ettlnger (J977).
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figure II1-1: Just Chamber'for the Precision Test
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Figure III-2: Precision test chamber, showing (top to bottom) the. hygrometer,
strip chart recorder for the RAM) sampling pumps, dust chamber,
~espirable Aerosol Monitor, air flow contr~ls, and fluidized bed
aeroso 1 generato r.
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Figure 111-3: Coal dust chamber with lid lifted to show MSA samplers in
positi on for test; n3. .

, lsi
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2. Monitoring Instruments

a. A dust photometer, such as the GCA's ~espirab1e Aerosol Monitor (R\M)
or the Sibata P-5.

b. Strip-chart. recorder for monitor output.

c. Electric hygrometer.

d.. Pressure gauge for chamber.

e. Stop clock.

3. Weighing Equipment

a. Sal ance wi th read-out to 1 microgram.

b. Balance room with constant humidity (50 percent ± 5 percent) and
temperature (±20C). Alternatively, the balance can be enclosed in
a glove box attached to a saturated solution of calcium nitrate for
humidity control (see Figure III-4).

c.Thermometer and hygrometer for monitoring water vapor concentration
in balance room air .

.- d. Tweezers grounded to ~a1anc e.

e. Polonium Static neutralizer (~uc1ear Products Co. Model 2 USDa).
Replace after 9 months of age.

f. Reference weights (National Bureau of Standards Class M).

4. Coal Mine Dust Personal Sampling Units (quantities depend on the
experimental desi~n, as discussed be10\'J).

a. Complete sampler units (pump, sampling head, and connectors), as
provi ded by" the manufacturer. ,.\11 components of the CMJ?SJ are
labeled A,3,C, etc. (see Figure III-5), so they can be kept together
duri ng the test.

b. Sealed filter cassettes whose filter capsules have been pre-weighed
to 0.01 mg (if available). At least a dozen extra cassettes should
be available for preliminary testing and repeats of flawed runs.
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Figure 111-5: MSA sampler head (disassembled). All parts (pump included) ar~
labeled so that the unit can be kept intact througout the
experimental design.



PROCEDURE:

1. Experimental design

Designs for the precision measurement are discussed fully in Section /
II C. The desi gn to be used depends on the properties of the dust
chamber, particularly its sampler capacity and the homogeneity of dust
concentrations at the sampler positions. The three experimental designs
recommended in Section II C have the following requirements:

Design Samp' er position No. of No. of No. of Degrees of
Capaci ty Ef fects Runs CMDPSUs Cassettes Freedom

Table 11-7 4. No 6 8 24 6 - 18
(top)

Table 11-7 5 No 4 10 20 8 - 16
(bottom)

Table 11-8 4 Ye s 8 16 32 9 - 21

For all the designs, the actual order of the runs should be randomized in
order to prevent the development of biases during the course of the test. For
this purpose, the order for the runs in Tables 11-7 and II-8 can taken from a
table of random numbers. As an example, randomization of the design in Table
11-8 would give the following:

RANDOMIZED EXPERIMENTAL DESIGN

Order of Ta rget Sampl er Positions Run label s
runs Co nc.

(mg.!cu.m.) 1 2 3 4 EXP RUN

i 4.0 I J K L I 1

i i 1.0 A B C D I 1

iii 1.0 E F G H I I 2

iv 4.0 I J :< L I 2

v 4.0 M N 0 P I I 2

vi 1.0 E F G H II 1

vii 4.0 M N 0 P II 1

vi i i 1.0 A B C D I 2

Note: All targets are MRE-equivalent respirable dust concentrations.

- 81 -



2. ~u n Procedu re

a. Weigh filter capsules and blanks (Part 3). If manufacturer has
weighed filter capsules to 0.01 mg, the initial weighing is replaced
by the manufacturer's weight.

b. Quality control weighings (Part~).

c. Insert filters into capsules and seal. ~ssemble sampler heads and
check for leaks (Part 6).

d. Prepare chamber and monitors for run (Sections 5 and 7).

e. Start dust generator. \fter the dust concentration stabilizes in the
target range t turn on samplers and start clock.

f. Monitor dust concentration during run, adjusting dust generator and
diluter to keep concentration in target range.

g.. Adjust the pumps according to manufacturer's directions to maintain
2.0 Llmin flow rate. If the pump flow rate varies more than
%5 percent in consistency tests (conducted previously) t then the
pumps may also be adjusted one-half hour after the start and before
the end of the run. Record pump flow rate at half-hour intervals
throughout the run.

h. Run samplers for 7 hours. (This sampling time is a compromise
between the 8-hour samples required of cr~opsus in regulatory
applications and the administrative constraints in running the
testing laboratory.) • At the and of runt turn off clock and pumps
in same order as used in Part 2.d.

i. Weigh filters (?art 3) and do QC weighing (Part 4).

j. Collect results on data sheets for statistical analysis (Parts 8 and
9).

3. Weighing Procedure. GenerallYt the weighinj procedures described by
Jacobson and Parobeck (1971) are recommended. In a few cases,
modifications are suggested where they appear to improve weighing accuracy.

a. Filter Conditioning

Place the filters in a container with the same atmosphere as the
balance, but shielded from dust and disturbances. Let the filters

. equilibrate with the balance chamber air for at least one hour before
wei ghi ng.
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b. Balance Callbration We belleve in callbrating the microbalance,
rather than adjusting it mechanlcally for changes in sensitlvity.
This procedure was devised~or Sartorius Model 2405 Microbalance.
Balances whlch welgh to 0.01 mg would not appear to need calibration
for every batch of fl1ters, as recommended here.

1. Record humldlty, temperature and pressure in balance room. If
humidity ln particular has exceeded the range from
45-55 percent, it must be controlled before proceeding.

2. Release balance and set scale to zero. If the zero knob is
insufficient, bring the zero wlthln range by adjustlng the
balance's front feet. Acheive the flna1 zero with the
adjustment knob. If internal adjustments are needed to reach
zero, get help from a professlonal.

3. Check balance sensitlvity agalnst a 10 mg reference weight which
has been kept in a weighlng jar for this purpose.

a. place 10 mg reference welght on pan.

b. dla1 up the 10 mg counter-welght on the balance (reading of
0.01 grams) and release. Record scale reading (SO) on
data sheet.

c. set counter-welghts to 0.00 gr. and release. Record scale
reading (Sl)'

d. calculate the ca1ibratlon factor c:

c = 10.000 ug / (Sl-SO) (111-1)

4. The masses for the filters are then callbrated according to the
model:

M= true mass of object being weighed
= Mcw + c S

where Mcw = nomlnal mass of counter-weights
(covers 1 g to 10 mg range on the
mlcroba1ance)

S = Scale reading (1 mg - 1 ug range)

c. Order of Welghlng

1. Balance ca1ibratlon

2. 200 mg NBS Class Mstandard weight
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3. 3lank filter capsule (treated exactly the same as the sample
filters for the entire test)

4. Sample filters

5. Quality control procedure (see Part 4 below)

d. Weighing Filters

1. Adjust zero before each weighing

2. Eliminate static on filter

a. For M5A capsules'with aluminum shields, place filter in
pan, using tweezers grounded to the Dalance with a wire and
all i gato r c1ips.

b. Bendix cassettes - hold filter in front of the static
neutralizer before placing on balance pan.

3. Weigh filter to 1 ug (or 1J ug if the filters are preweighed to
that level by the manufacturer).

4. Use tweezers to put filter back in cassette.

e. ~ecords (5ee Weighing Data Sheets in Appendix 0)

1. Before each weighing session, record the temperature, and
relative humidity.

2•. From the calibration, record the
(defined in part b.3.b. and c.).
about the oalance (e.j. the need
zero) .

scale readings 51 and So
Also note anythlng unusual

to adjust balance feet to reach

3. For each ca~sule, record the filter ID number,. the
manufacturer's weight and the uncorrected test weight.

4. Quality Control Procedures

a. Have a different operator do the QC weiahts. To mlnlmlze the
likihood of a humidity change, do the QC weighinas immediately after
the test wei ght.

b. Calibrate the balance (See 3.b.)

c. Weigh the standard weight and the blank filter.
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d. Record all the QC weighings on the Weighing Data Sheet and record the
results of the QC calculations on the Quality C0ntrol charts (Tables
111-1 to 111-31. Following the theory in Section II C, the QC
calculations are performed as follows:

.1) i3alance Calibration. As described in Part 3.b., the balance
calibration gives the scale readings both with the balance's
counter-weight (SO) and without (Sl). For the QC
calculation, take the difference Sl - SQ (whose reciprocal
is proportional to the balance calibratlon factor c). Qn the
control chart (Fi gure I II-I), the range and the average of this
difference is recorded for both the initial weighing session and
the QC session. Al though control 1imits have not been
determined for the calibration weights, this data is useful in
determining the need for balance maintenance.

1) Standard weight. In a single weighing session, the 200 mg
standard weight is weighed first by the analyst (Xl) and then
by the QC operator (X2). These masses are first corrected (if
thi s appl ies to the balance used) and then averaged:

(III-3)

2)

The average weight is then graphed on the control chart (Figure
111-2). Exceeding the control limits for the standard weight
usually implies problems with the weighing procedures, the
balance or the calibration.

Repli~ate wei~hts. The corrected weights for both the 200 mg
standard welg t and the blank filter are used to calculate the
range R between initial and QC results:

R = Xl - X2 (111-4)

These ranges are entered in the control chart (Figure III -1),
and co~pared against the control limits (Eq. 11-46). If R
exceeds the control limits, the entire set of filters are
re-wei ghed by the QC operator.

Unless the humidity had changed between the initial and OC
weighings, an R out-of-control indicates deviations in weighing
procedures and/or balance behavior. When this occurs, both
operators should observe each other to standardize their
technique.
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Table III-I: Quality Control Chart For 10 mg reference wei~ht used to
calibrate the microbalance.
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Table 111-2: Quality Control Ci1art for ~e~licate ',~eights. Sample calculation
shown in the first two columns.
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Table III-3: Quality Control Chart for ~epeated \~eights. Sample calculation
shown in first column.
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3) Repeated Weighings. Weighings on different days give a measure
of day-to-day varlations in balance performance. This effect can
be estimated from the repeated weighings of the standard weight
and of the blank filter (provided that both initial and final
weighings are done by the certification laboratory).

To control for thi s effect, the difference of weights from
successive sessions are charted on the control chart for
repeated weighings (Figure 111-3). ~ecord the average weight
(X) for the 200 mg standard in a single session. Then calculate
the difference with the average weight from the previous session:

(III-S)

Plot this difference against the control limits ±3s~. The
average weights for the blank filter can also be charted in this
way if the certification lab takes the filter preweights.

An out-of-control situation in the repeated weights usually
indicates a significant change in the humidity of the balance
room. Where the filter capsules are weighed initially and
sealed into the cassettes by the certification laboratory, this
control chart for the blank filter also indicates weight ~ain

(or loss) due to the filter handling processes. When ~ is out
of control, the entire run in tha precision axperiment must be
repea ted.

f. Additional QC Measures. The calculations in this test were done
twice by different people as a QC measure. Jther QC measures would
be desirable, such as control charts for the difference between
manufacturer's and certification weights on blank filters, for the
average pump flow rates, and for t~e over-all.pre~ision (CVt) of
some standard set of CMOPSUs. D?S~ could asslst ln developlng these
systems if des ired. For further suggesti ons, see "Qual i ty i\S surance
Handbook for Air Pollution r~easurement Systems" (EPA; 1976,1977).

5. Preparation of JOust Chamber

a. Assure that the air supply to the dust generator is clean and dry.

b. Check level of coal dust in the generator and fill i.f needed.

c. Turn on air supplies and the dust ]enerator.
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d. Keeping all the settings on the fluidized bed generator constant,
adjust chamber dilution air so that the dust monitor shows
concentrati ons corre spondi ng to the ta rget for resp i rabl e dust. Note
that all the target concentrations are expressed as their equivalent
to the MRE horizontal elutriator. (See calculation method in Part
8. d. below.)

The GCA RAM set up to sample from a probe (i.e. without a cyclone
pre-selector) did not give readings corresponding directly to the
respirable dust concentration. In the trial measurements, we found
the following monitor values corresponded to the MRE-equivalent
tar3et concentrations:

Respirable Just Target

1 mg/cu.m.( MRE equivalent)
4 mg/cu.m.

~AM Read-out

1- 2 mg I cu. m•
7-8 mg/cu.m.

e. Take out ports of chamber and install samplers. (See Part 6 below).
Adjust ~MJPSU position so that all inlets are symmetrical around the
circumference. (See Fig. III-6).

f. When dust concentration stabilizes, sampling can begin. In the
smaller chambers, the dust concentration may have to be adjusted to
meet the target after samplers are turned on,.

6. Preparati on of CMDPSU IS

a. Calibrate the sampling pumps to 2.0 L/min. For the flow rate
callibration, either use a bubble meter (MSHA Informational ~eport

No. 1121), or a flow meter which has been calibrated against the
bubble meter. -

b.

c.

Charge the sampl i ng pumps.

Clean cyclones with soap and water. Use alcohol to clear out
stubborn caal dust, but wash with clean water. Let dry thorou1hly.

d. Use filter cassettes preweighed by the manufacturer to J.J1 mg.
Mark the CJssettes with the sampler ID (A,B,C ... ), taken from the
experimental design. Then, attach the cassette to the corresponding
sampler head.

e. Check the assembled sampling head for leaks, using the apparatus in
Figure III-7. With the pinch clamp open, run the sampling pump until
the pressure reading on the manometer reaches 4 inches of water.
Then, close the pinch clamp and time how long the pressure holds at
this level. A satisfactory seal on the sampler should hold the
four-inch vacuum for at least one minute.
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f. Before the coal dust is started to run through the chamber (see
Part 5) , install the samp1 ers in the chamber according to the
experimental design.

g. Hook up the pumps to the sampler heads.

h. Zero clock and start timing first. THEN START SAMPLING.

i. Immediately, adjust the pump rotameters so that the ball touches the
top of the calibration mark. If necessary, repeat the adjustment
one-half hour into the run and one-half hour before the run is
finished.

j. Before all adjustments, record the rotameter setting. Do this also
at 1/2 hr. intervals throughout the run.

k. At end of run, stop clock and record time. STOP SAMPLERS IN SAME
ORDER AS THE START.

1. After run, remove units and disassemble. Check each CMDPSU for signs
of leakage or other unusual behaviour (e.g. the leakage of dust at
the junction between the Bendix sampling head and the cassette).
Plug cassettes and take to the balance room for weighing (Part 3).

m. Check the cal ibration of at 1east one pump after each run. If tile
flow rate is outside the range of 1.9-2.1 Llmin, check the
calibration of all pumps.

7. Dus t Moni tor

Monitoring the dust levels is an important check for malfunctions in the
dust generator, the most cormnon source of errors inmost dust chambers.
If necessary, the monitor readings may also be a guide for adjusting the
dilution settings to maintain the dust concentration near the target. The
other chamber monitors, like the hygrometer, provide environmental data,
which could prove useful in documenting and diagnosing sampler failures.

a. Charge the battery on portable monitors, 1ike the RAM.

b. Calibrate the zero and span on the monitor, acc:)rding to the
manufacturer's directions.

c.Adjust the sampling rates from the chamber into the monitors. By
performing an air flow balance (see Section IV A), make sure that the
monitors are not drawing excessive air from the chamber flows.

d. Turn on the strip chart recorder attached to the dust monitor.
Record temperature, humidity and all chamber parameters on the chart
at the start of the run.
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e. If the cha;nber needs it, use thg monitor readin]s to adjust the dust
generator to achieve the target concentration. Mark these
adjustments on the strip chart.

f. Record any major changes in chamber and environmental parameters on
the strip chart. After the run, file the strip chart with the data
sheets.

g. _ Cl ean the dust moni tor and the sampl i ng probe after every run.

8. Calculations (These calculations are conveniently done on a programmable
pocket c alcul ator. )

a. For weighings with a mit;robalance, calculate a calibration factor
(Eq. III-I), and the corrected weight (Eq. III-2) for the initial
weight (Mi) and the final weight (Mf). Enter results on Weighing
Data Sheet and Fi nal Data Sheet (Appendix D). .

b. On the Pump Flow Rate data sheet, calculate the following statistics:

*mean flow rate "Q" (Llmi n)

*per cent deviation oQ = [0" I 2.0 L/min - 1.0] X 100 percent

*standard deviation sQ

*coefficient of variation CVQ = sQ I "Q"

c. Enter the sampl i ng time T for each ru n.

d. Calculate the 14RE equivalent dust concentrations:

C(mglc u.m.}
k x [Mf(mg) - Mi (mg)] x 1000 Lie u.m.

=
T(mi n). X 2.0 Lim i n

(I II-5)

where k is the calibration factor for respirable dust.
Currently, MSHA I S val ue for k is 1.38.

9. Statistical Analysis

The theory for the statistical analysis is developed in
Section II C. The actual calculation is performed easily on a
computer statistics package such as SAS (SAS Institute, 1979).
(The AN OVA computation is also feasible on a desk calculator.
See a statistician or a text, such as Snedecor and Cochran,
1967.) The SAS program is listed in Appendix B. The steps in
this computer analysis are as follows.
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A. Ente r Da t a •

Enter the concentrations from the Final Data Sheet into a computer
DATA file, along with the labels for the treatment variables, such as
T a nd RUN. See the exampl e in Fi gure I II-4.

B. Program the analysis of variance.

For the experimental design chosen, locate the appropriate analysis
of variance model (Tables 11-9 or II-lO). Then, program that AN OVA
with the computer statistical package availible. SAS commands for
the analysis of variance are listed in Appendix B.

c. Ca 1cu1ate CVt

When the analysis of variance is done by SAS; the output
(Tables III-5 and III-6) gives both the mean squares needed to
calculate CVt and the results of significance tests for the
different sources of vari ance. Locate tile parameters necessary for
the precision calculation, as shown in Tables 111-5 and 111-6.

In the SAS output, the mean square (MS) for the residual error is
given di rectly, but the mean square tenns for other sources of
variation must be derived from the appropriate sums of squares (SS).
As shown in Tables 1II-5 and III-6, the SS is just the degrees of
freedom (Of) times the MS. Since the fo~ulas for calculating CVt
(Eqs. II-26, II-29 and II-35) are all derived in terms of the MS,
these CVt formulas can be modified to use directly the SS values in
the SAS output, as shown below:

i. Design without position effects.
1\
CVt = ~ SS(S in T) / 2M(N-1) + (M-1) r4S(Error) / M (I II-7a)

(I II-7b)~[SS(POS*T) + SS(P~S*EXP inT)] / 18+ MS(Error) / 2

where M =. number of runs per target concentration = 3 or 2
N = number of samplers per run = 4 or 5

1 1. De si gn wi th posi ti on effects. In the MJOVA 0 utput for posi ti on
effects (T~ble III-~, the significance of the T*POS interaction is
shown by an F-test lEq. 11-34). A small value for this probability
(no more than 0.05) shows that this interaction is significant, and
requires that the second formula (below) be used in calculating CVt:

a. Negligible T*POS interaction. (PR > 0.05)

b. Significant T*POS interaction. (PR < O.OS)
1\
CVt = ~ SS (POS*EXP in T) / 12 + MS( Error) / 2 (III -7c)
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Table III-4. Example of a data file (fictitious numbers) for the
analysis of variance of the experimental design with
position effects.
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Table 111-5. SAS output from the analysis of varianc~ for the experimental
design without position effects. Important tenns for the
precision calculation are underlined, and their identity is
given below.

GENERAL LINEAR MODELS PROCEDURE

CLASS LEVEL INFORM\TION

CLASS

T
S
RUN

DEPENDENT VARIABLE: LNC

SOUOCE

MODEL
ERROR
CORRECTED TOTAL

LEVELS

2
10
2

OF

11
8

19

VALUES

1 4
ABC D E F G H I J
1 2

SUM OF SQUARES

9.81118359
0.01944442
9.8lJ62oo2

MEAN SQUARE

0.89192578
0.00243055*

i'40DEL F = 366.96 ?R > F = 0.0001

R- SQUARE C.V. ROOT M5C: LNC MEAN
:) .99802 2 5.6327 J. 04930 064 a.87526112

SOURCE DF TYPE I SS F VALUE PR > F

T 1 9.33284069 3839.80 ').0001
RUN(T) 2 0.45916141 94.46 a .0001
S( T) 8 0.01918149** 0.99 o.5074

IDENTITY OF IMPO Rf ANT TERMS:
* MS( Erro r)
** SS(S in T) = 8 MS(S in T)
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Table 111-6. SAS output from the analys~s of var1ance for the exper~mental

des1gn w~th pos1t1on effects. Important terms for the prec~s~on

calculat~on are underl~ned. and the1r ~dent~ty 1s g~ven below.

GENERAL LINEAR MODELS PROCEDURE
CLASS LEVEL INfORMATION

CLASS

T
EXP
POS
RUN

LEVELS

2
2
4
2

VALUES

1 4
1 2
1 234
1 2

NUMBER Of OBSERVATIONS IN DATA SET = 32
DEPENDENT VARIABLE: LNC

PR "> f = 0.0001

SOURCE Of

MODEL 19
ERROR 12
CORRECTED TOTAL 31

MODEL f = 164.34

R-SQUARE C.V.
0.996171 11 .0099

SOURCE Of

T 1
EXP(T) 2
RUN( EXP T) 4
POS 3
POS*T 3
EXP*POS(T) 6

SUM Of SQUARES

18.24203773
0.07010831

18.31214604

STD DEV
0.07643533

TYPE II I SS

16.27134234
0.41996235
1.15868942
0.16953609
o.16804582 **
0.05446172+

f VALUE

2785.06
35.94
49.58
9.67

9.59
1. 55

MEAN SQUARE

0.96010725
0.00584236*

LNC MEAN
0.69424275

PR "'> f

0.0001
0.0001
0.0001
0.0016

0.0016
0.2427

TESTS Of HYPOTHESES USING THE TYPE III MS fOR EXP*POS(T) AS AN ERROR TERM

SOURCE

POS
T*POS

Of

3
3

TYPE I II SS

0.16953609
0.16804582

f VALUE

6.23
6.17

PR "> f

0.0284++
0.0290++

IDENTITY Of IMPORTANT TERMS:
* MS(Error)
** SS(POS*T) = 3 MS(POS*T)
+ SS(EXP*POS ~n T) = 6 MS(EXP*POS ~n T)
++ Probab~J~ty of error ~n the f-tests for s1gn~f1cance
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D. Add1t1onal gUdl1ty controls

The addit10nal tests 1ncluded in the SAS program prov1de checks on
the chamber performance and the statistical assumptions used in the
analys1~. These checks are:

1. S1gn1ficance test for POS. In the ANOVA output w1th the
posit1on effects (Table 111·6), the s1gnificance of the POS term
1s shown by an F-test (Eq. 11-32). A large value for this
probab1l1ty (no less than 0.100) is an 1nd1cation that the
exper1mental des1gn w1thout position effects may be used.

i1. Duncan's Hult1ple Range Test by Pos1t1on. This test, shown in
Table 111-7, 1nd1cates the posit1ons where s1gnif1cant f1xed
d1fferences in the mean concentration occur. In the example
shown here. pos1t1ons 2 and 3 have s1gn1ficantly higher
concentrdtions than positions 1 and 4. Although th1s factor is
removed by the ANOVA. its ex1stence raises the poss1b1lty of
run-position 1nteract1ons, wh1ch are assumed to be zero.
Therefore. Duncan1s test may help diagnose the causes of
1nhomogeneous concentrat1ons w1thin the dust chamber.

11i. POS*T Interact1on. In the AN OVA w1th posit1on effects, the best
formula for CVt (Eq. 111-1b) assumes that the POS*T
1nteraction is negl1gible. Another way to detect this
interaction besides the F-test is to plot the ANOVA's residuals
(i.e. observed value minus the value pred1cted by the ANOVA
model). The res1duals are presumably random samples from a
normal d1stribution w1th mean 0 and var1ance (0£)2. The
example plot (Figure 111-8) shows clearly that residuals are
d1str1buted randomly for T=l mg/m3 but the range for
T=l mg/m3 exhibits a dependency on postion. Therefore.
Eq. ITI-7c should be used in the prec1sion calculation, and more
efforts should be made to reduce pos1t1on effects in the chamber.

1v. POS*EXP Interact1on. The POS*EXP interaction 1s assumed to be
neglig1ble in the ANOVA w1th position effects. Again, plots of
the resi~uals g1ve a qual1tative check on this assumpt1on. The
example 1n F1gure 111-9 shows that EXP=2 has clear posit1on
effects -- large d1fferences in posit1on 1 down to little
d1fference in position 4 -- wh1le EXP=l has relatively
consistent residuals at all pos1tions. This interaction is
unavoidably 1ncluded 1n the CVt est1mate. and should be
eliminated by alterations in the chamber.
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Table 111-7. SAS· output for Duncan's Multiple Range Test, applied to the mean
concentration by position. This exam~le shows a significant
difference from the concentrations at positions 1 and 4 to those
at positions 2 and 3.

GENE~\L LINEAR M~OELS PROCEDURE

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: .LNC
NOTE: THIS TEST CO~TROLS ERROR RATES AT DIFFERENT L~VEL5

DEPENDING ON THE NUMBER OF MEANS BETWEEN EACH PAIR
BC::ING COM?A~ED. ITS OPERATING CHARACTERISTICS SO~IEWHAT

RESEMBLE FISHER'S UNPROTECTED LSD TEST.
AL?HA=O.OS DF=12 MSE=.OJS0424
r-EANS WITH THE SAME LETTER ARE NOT sr;iHFICANTLY DIFFC::RENT.

DUNCA.'IJ GROUP ING MEAN N POS

A 0.77062 8 3
A
A 0.76283 8 2

B 0.63028 8 1
B
B 0.61323 8 4
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Figure I II -8 . SAS plot of ANOVA residuals (fictious data) to show POS*T
interaction.
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Fig ure I II - 9• SAS residual plot (fictitious data), showing POS*EXP
interaction at f:l mg/cu.m.
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Certification testing requires measurement of the collection efficiency of the
complete sampling unit (i.e., including the sampling unit's pump) operated
according to the manufacturer's specifications. As mentioned in Section II,
the measurements are to be taken at aerodynamic diameters equal to 2.25, 3.JJ,
3.75, 4.50, 5.25, 6.JO, G.75 and 7.50 micrometers. This section describes the
experiment for affe~ting these measurements.

Jetailed descriptions of the labortory equipment as well as the procedures to
be followed are given below. However, a brief outline of the methods to be
used is as follows. The apparatus used to test these samplers uses a chamber
in which the sampling head assembly is suspended. ?lastic sampling unit
tubing is replaced by a similar tube which incorporates a feed-through through
the chamber wall so that the pump can be attached outside the chamber. A
standard test aerosol of potassium hydrogen phthalate (X~P) doped with uranine
(sodium fluorescein) is then generated in dry air, deionized, and passed
through the chamber. The test aerosol generator is a Berglund-Liu vibrating
orifice aerosol generator which produces a monodisperse aerosol of a size
detennined by the frequency of the orifice, the flow rate of the liquid feed,
and the concentration of the solid in the volatile liquid. The amount of
aerosol collected on the sampler surfaces and on the filter is determined by
dissolution of the K~~/uranine in a disodium phosphate buffer (7.05 giL in
water) and fluorometric measurement of the uranine. Several points at the
above particle sizes are taken to determine the penetration curve of the
sampl ing unit.

APPAj{ATUS

A diagram of the entire apparatus is given in rlgure III-lJ. A more detailed
description of the various parts of the setup is given below, broken down into
the various subsections as follows: test aerosol generator, including air
supply, liquid feed and flowmeter, frequency generator and counter, and
deionizer; test chamber; continuous particle size monitor; and analytical
equipment inclUding additional quality control checks.

Test Aerosol Generator. A 3erglund-Liu vibrating orifice aerosol generator
(Thenno Systems Inc. model ~A) '",ith a 20-f,lm orifice is used to generate tIle
monodisgerse aerosol. The generated aerosol is charge neutralized with a
10 mCi 5~r deionizer (TSI model 3054)~ From the original calibration data,
the deionizer source is estimated to have dropped to about 7 ~Ci.

An Exact model 126 function generator is used to supply a 7.2 V rms sine wave
si gna 1 'of appropri ate frequency to the Bergl und-L,i u. The frequency used fall s
in the lO to 90 kHz region, such that a single particle size is observed. The
frequency is monitored with a digital counter (Eldorado model 1420).

The KrlP/uranine stock solution (14.992 giL KrlP, 0.299 gIL uranine in
50 percent H2J/5J percent isopropanol) is diluted with 5J percent
dZO/5J percent isopropanol to an appropriate concentration for the desired
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particle size. The diluted solution is held in a glass 50 ml syringe body
with a custom made adapter in place of the plunger. fhe adapter is connected
via tUbing to a cylinder of nitrogen gas with a two-stage regulator to
maintain a steady pressure of about 20 psi. A toggle valve on aT-connector
is put in the nitrogen line to allow the pressure to be released in the
syringe body when fluid needs to be added. The pressure is monitored with a
Dynisco model OR 482 pressure monitor. The liquid feed in the syringe passes
through a filter and then through a flowmeter. The flowmeter consists of a 1
ml syringe connected to a T-fitting in the line so that a bubble can be
injected in the flowing liquid and then a serological 0.200 ml pipette body
(graduated every 0.D10 mll. The bubble often causes the ilerglund-Liu to stop
generating, so the flow is usually taken only at the end of the run.

Test Chamber. The plate covering the top of the test chamber is made of
1.27 cm thick Plexiglass with a 6.35 cm. long, 3.18 cm. ID Plexiglass tU1e
cemented into the center. This plate is attached to the outlet of the
deionizer by a 0.57 m. length of 3.18 cm. ID flexible hose. The chamber is
constructed from a large ?lexiglass tube of 13.7 cm IJ, J.4 cm wall thickness
and 138 cm long. The tube is mounted vertically with the aerosol inlet in the
center of the top. A 9 em. diameter Stairmand disc is held by three 1.2 em.
wide tabs bolted to the wall at 28 cm from the top and a perforated disc flow
straightener at 42 em from the top; the flow straighener has 1.16 em. diameter
holes in a 0.12 em. thick plate the same diameter as the inside of the chamber
and held by four tabs bolted to the wall. fhe three sampler heads are
suspended from a wire support at 104 em from the top so that the sampling
inlets are located 112 em from the top. The wire support hangs from three
2.5 cm. 1J-32 machine screws through the chamber wall. A removable cap at the
bottom allows the excess air flow to exit through a flexible hose to a
1aboratory flood. At 42 cm from the bottom a 1/4" tube inserted through the
wall leads to t~e Climet optical particle counter. The feedthroughs .
connecting the sampling heads to their pumps are located 5 em from the bottom
of the chamber. The samplers hang vertically in the chamber.

Continuous Particle Size Monitor. A Climet model 208 optical particle counter
sampling at 7.0 liters per minute (0.25 cfm) is used to monitor the particle
size distribution i~ the chamber, although any optical p3rticle counter of
similar type (such as ~oyco) would work as well. The Climet output is
connected to a Tracor ~orthern TN-1710-8K multichannel analyzer with a
fN-1710-2 5 r~Hz ~DC input. This allows the particle size distribution to be
continuously monitored to check for proper Berglund-Liu operation. A
fN-1710-7 .\utoprogram i~odule permits repetitive sampling and display of the
distriJution without requiring operation Jy laboratory personnel.

Analytical ~quipment. Fil ters to be analyzed are immersed in the buffer
solution in a 50 ml beaker which is placed in an ultrasonic bath (15J W) for 1
minute. Sampler surfaces are washed down with the buffer solution into 30 ml
beakers; a plastic wash bottle was used for the buffer solution.
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The fluorescent intensity of the solutions is measured with a Turner Model 110
fluorometer or Varian Fluorichrom fluorometer (model 430020-02) using a
Keithley model 192 digital volt~eter (or equivalent) to read out the signal.
Solutions are drawn into the fluorometer cell with a 10 ml syringe attached to
the outlet tubing via flexible tUbing for use with the Varian fluorometer.
The excitation filter is a 430 nm interference filter and a Corning 5-58 colJr
glass filter. The emission filter is a Corning 3-72 and two layers of "s traw"
acetate filters. Response of the fluorometer is about 70 V per gil of uranine
using high lamp intensity and high photomultiplier voltage. The Turner
fluorometer requires a 47B primary filter and 2A-12 secondary filter.

Checks on sphericity and uniformity of the aerosol can be accomplished by
impacting the particulate on a microscope cover slip with a Marple impactor of
appropriate orifice size and a 2 Lpm personal sampling pump J~SA model G).
This sample, taken at the end of the run, can then be observed microscopically.

PROCEDURE

Three sampling head assemblies are connected by clips, bolts, or some other
technique to the wire support (see Figure 111-11), which is supported on three
bolts which penetrate the chamber wall. Connections are made from the
sampling heads to the wall feedthroughs with 1/4" ID flexible plastic tubing.
A connection with the same type of tubing is made from the exterior of the
feedthrough to the ~ersonal sampling pump such that the total length of tubing
including the feedthrough is about the same as the normal tUbing length and
type used in actual sampling. The feedthroughs are Jaco nylon 1/4" tUbin]
connectors screwed from the outsi de into dri 11 ed and tapped 1101 es in the
chamber walls. The connector is drilled so an approximately 10 cm piece of
1/4" :J:J hard plastic tubing can pass through and be held in place by one
compression nut on the outside of the chamber. The tUbing connections are
made leak tight at the feedthrough by a wire tie, by Teflon tape, by flaring
the tUbing ends, or some other technique which will not constrict the tubing.

The liquid feed system is flushed with distilled water (to remove any
cyrstalline KHP in the syringe filter), with 5J percent isopropanOl/water, and
finally with the diluted stock solution to be used. The system is flushed by
adding the appropriate liquid to the syringe body by a small funnel through
the tubing connector used to hook up the nitrogen tank. The syringe body is
then pressurized and the liquid allowed to flush through the system and out
the relief valve on the outlet of the Berglund~Liu.

The syringe body is then filled with 30 to 50 ml of the diluted stock solution
and pressurized. The relief valve on the 3erglund-Liu is closed. Care must
be used to avoid bubble's in the liquid feed line because they will cause the
Berglund-Liu to quit generating. During the flushing procedure and this
loading,and pressurizing procedure, the orifice should be in place but without
the dispersion air cap. At this point, the fluid will b~gin to flow through
the orifice as pressure builds up; the fl ui d must be periodically removed wi th
a towel as it builds up. When the pressure exceeds about 15 psi, a stream
will form from the orifice following removal of the standing liquid. An
operating pressure of about 20 psi was found to work well.
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Figure III-ll. ,)etails of the Sampling Compartment for the Collecti)n
Efficiency Measurement.
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A clogged or partially clogged orifice, the usual cause of failure to
function, can often be remedied by trying to force distilled, filtered water
back through the orifice with a plastic wash bottle. It is usually necessary
to release pressure and remove the orifice holder to do this.

With the function generator on, the stream is checked for a single particle
size by blowing the dispersion air across the stream with the small tube
supplied by TSI. A single stream, bent at an angle from the original strea~

should be observed by forward scattering of a more or less collimated light
beam aimed at the stream. Adjust the frequency until this is the case (60 to
85 kHz is recommended). At the end of the run the pumps are shut off and the
liquid flow into th~ Berg1und-Liu is checked and recorded by injecting a small
bubble of air which fills the diameter of the flowmeter :and is at least as
long as the diameter) into the flowing stream. The bubble is timed ..·lith a
stop watch for 0.200 m1.

The aerodynami c di ameter D of the part icl es generated by the Berg 1und- Li u is
given by:

o = p1/2 (6 Q C I 3.14 f p)1/3 (111-8)

where p is the density of the particle (1.636 for KHP), Q is the measured
liquid flow rate in 1iterslsec, C is the nonvolatile concentration in giL
(15.29 giL for the stock solution times ml of stock divided· by total final
volume), and f is the frequency in hertz.

The sampling heads are removed from the chamber and the filters and s~np1ers

are removed from the holders. Care must be used to maintain sample identity
by proper labelling in the following process.

The filter is removed from the cassette and separated from its aluminum foil
or plastic capsule. The filter is. placed in a 50 m1 beaker and the interior
of the aluminum foil or plastic capsule is rinsed off into the beaker using a
few m1 of the disodium phosphate buffer (approx. 7.05 giL). The filter is
thoroughly wetted by the solution using a glass rod or disposable pipette.
The beaker is placed in an ultrasonic bath for 1 minute, and then is decanted
into a 25 m1 volumetric flask. Because the filter is almost the same diameter
as the beaker,some liquid is usually trapped under it; this may be removed by
tilting the beaker upright and decanting again. The beaker and filter are
rinsed thoroughly into the flask with three more portions of buffer,
thoroughly wetting the filter and decanting as before. The flask is then
brought up to the line with buffer. A blank filter should also be run,
especially if air was drawn through all three sampling heads rather than
leaving one of them as a blank.

In a seri es of test runs, two acti ve sampl i ng heads and one b1 ank were used; a
total dust filter with an inlet diameter of 0.5 cm. rather than the cyc10ne ' s
J.2 cm. square inl~t was also taken using the third feedthrough left unused by
the blank. 30th the cyclones and the filters of the blanks were always very
near zero (within the typical variation of the fluorometer), and the average
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of the sum of the sampler fluorescence signal (cyclone plus filter) to the
total dust filter fluorescence signal was 1.06 t 0.08. On this basis, it is
recommended that three active sampling heads be used with an external blank
filter if prior checks of the operator and chamber show the blanks to be
insignificant. A total filter sample may be run if desired, but these results
suggest that there is no significant effect due to the inlet geometry of the
cyclone, a conclusion reached in more extensive studies in the literature
(Breslin and Stein, 1975; Pickett and Sansone, 1973). If leakage through the
filter is suspected, this should be checked thoroughly in a separate series of
experiments using for comparison a filter of known high efficiency; inclusion
of an additional filter in the sampling line may alter the pulsation effects
of the pump/sampler system under test.

The sampler is now dismantled to facilitate extraction of ~6llected uranine.
Each sampler section with active collecting surfaces is rinsed twice with
small amounts of buffer from a plastic wash bottle with a fine jet. All the
rinsings are collected in a 30 ml beaker. The contents of the beaker are
transferred to a 25 ml volumetric flask and the beaker rinsed into the flask
with buffer. The flask is then brought up to the mark with buffer. A blank
may a1so be run.

The flasks are thoroughly mixed and the fluoresence is measured by drawing a
volume of about 1 to 2 ml through the fluorometer and then taking and
recording a reading. Two readings on each flask may be useful for avoiding
errors due to reading or bubbles in the fluorometer cell. The zero of the
fluorometer should be set with the buffer solution drawn into the cell.

The penetration, or transmission, of the sampling head with the pump used is
given by the fluorescence signal of the filter divided by the total .
fluorescence signal (sum of filter and cyclone values) with appropriate blank

. corrections. These values should be determined at eight evenly spaced points
over the range of 2.25 to 7.50 micrometers aerodynamic diameter. Under
conditions of insignificant inlet effects and no filter leakage (as discussed
above) this penetration measurement is equivalent to the collection efficiency.

RECOMME NDEiJ IMPROVEM;: NTS

Th~ port for attachment of the Climet optical particle counter should be at
the bottom of the chamber, perhaps in the removable end plate. The Climet's
inta~e flow rate is quite high and this may perturb the flow past the
samplers, although there was no evidence of this in the data taken. The
Cl imet does not need to sample continuously, and could be placed in
calibration mode, where no sample is drawn, for periods between. checks of the
particle distribution.

A larger diameter cylinder for the chamber would permit more samplers to be
tested at one time, if desired. In particular a chamber of about 20 cm.
diameter~would allow a neater arrangement of three Bendix units in the chamber.
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C. SAMPLING UNIT ACCEPTANCE CRITERIA

The experimental procedure detailed in Sections III-A and III-B above provide
data characterizing both random and systematic errors of the candidate
sampling unit. These data are required for calculation along the .lines of
Section II for reaching a decision as to certification.

Explicitly, the precision experiment (Section III-A) yields replicate dust
concentrations which are the input necessary for the computation of the
program of Appendix B. The result of the calculation is a pooled relative
standard deviation CVt. For a sample computer run, see Section IV-A.

The bias experiment (Section III-B) provides 3 sets of monodisperse .data at
(nominal) aerodynamic diameters equal to 2.25, 3.00, 3.75, 4.5J, 5.25, 6.0~,

6.75, and 7.50 microMeters. For the specific case of the 10 mm cyclone, each
set of uncalibrated data gives ~ value for varlDcut) by using the program of
Appendix A. Of the three numbers so obtained, the intermediate value is to be
used as input to the certification decision calculation for both cyclone and
general sampling unit certification. In order to represent the certification
laboratory's accuracy reasonably, it is recommended that the cyclone
experimentation giving the estimate of var(Dcut) be conducted within a year .
of the candidate sampling unit ~ertification testing. The eight particle size
bias results are combined as described in .Section II-F.

The certification decision is carried out using the program of Appendix C.
Requi red input is CVt, var( Dcut) , a-iid anyone of the three sets of
monodisperse data. (If one of the three sets appears to indicate malfunction
of the corresponding sampling unit, these data would not be used in the
calculation.) Upon input of these numbers, computation of sampler compliance
is carried out at the test dust distributions indicated in Section 11-8. Each
dust distribution fJr which 25 percent accuracy at the 95 percent confidence
limit is not attained is indicated. After this computation, an attempt may be
made to improve the calibration constant (see Section II-G). Subsequently,
calculations at the test dust distributions are again carried out, now using
recalibrated data. The candidate samplinj unit is to be considered not
certified (at the relevant calibration constant) if the unit is out of
compliance at any on"e of the test dust distributions. .
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IV. SAMPLE RESULTS AND DISCUSSION

A complete run-through of the precision and bias test was performed on MSA
Model G Sampling Units. The precision test was also tried on the Bendix
CMDPSUs. but encountered difficulties. The results are presented here as
an example of the accuracy test methods. showing how these methods can be
adapted to routine CMDPSU testing.

A. PRECISION TEST

The method recommended for the precis10n test (Sect10n III.A.) evolved over
several attempts to ach1eve the CVt values reported for the 10 mm cyclone
1n the l1terature (Table 11-6). The f1rst attempt at the prec1s10n test
had a CVt averag1ng twenty percent. In subsequent measurements. the
follow1ng 1mprovements were adopted:

*

*

*

*

*

*

*

*

replace the Wr1ght Dust Feeder w1th a flu1d1zed bed aerosol generator;

replace the large Standard Coal Aerosol Test System (8 sampler
capac1ty) w1th the smaller Standard Instrument Ca11brat10n System (4
sampler capac1ty); .

1nstall a 200 mCi t1tan1um tr1tide charge neutra11zer;

1ncrease the d1lut10n air 1nto the dust chamber to assure that no
sampler was deplet1ng the dust concentrat10n around the 1nlet;

control the hum1dity 1n the balance environment with a glove box 1n
equillbr1um w1th a saturated calc1um nitrate solut10n (F1gure 111-4);

replace the ca11brat10n procedures us1ng the m1crobalance's mechan1sm
w1th mathemat1cal ca11bration aga1nst a standard we1ght;

develop a qua11ty control system for the we1gh1ng procedure. us1ng
rep11cate we1gh1ngs of the f1lter blanks;

develop methods for re-sea11ng the CMDPSU's f1lter cassettes w1thout
creat1ng leaks or art1fic1al we1ght ga1ns;

* develop a nested experimental des1gn to account for both pos1t1on
effects and 1nter-sampler variabil1ty.

W1th these 1mprovements. the f1nal prec1s10n measurement on the MSA model
of the CMDPSU gave a CVt est1mate of 2.1 percent. whlch 1s the lowest
value reported to date.

Review of these results w1th1n NIOSH led to further changes 1n the
prec1sion test method. The exper1mental des1gns recommended 1n Sections
II.C. and III.A. have been completely revised from the des1gn used in the
trial runs. In add1t10n. the procedures for re-sealing the filter
cassettes were found to be a potent1al source of large errors. and have
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been dropped in favor of using the cassettes sealed by the manufacturer.
Since this new procedure means that the manufacturer's pre-weight must be
used in the precision test, we recommend that manufacturers pre-weigh the
filter capsules to the full 0.01 mg sensitivity of their balances, rather
than truncating the weights to 0.1 mg as they currently do.

The recommended experimental procedures in S~ction II.A. have yet to be
tested in full. The results reported here are from the final trial
precision test performed on the MSA model of the CMDPSUs, as well as the
difficulties encountered with precision testing the Bendix model. This
test consisted of six runs in the four-sampler chamber, using a total of 12
CMDPSUs. The target concentration was 1.0 mg/m3 throughout this test .

. APPARATUS

The dust chamber used in the final precision measurement is t~e modified
version of the four-sampler chamber made by Fairchild, Tillery and
Ettinger (1977), shown in Figures 111-1, -2, -3, and -6. As shown 1n
Figure 111-6, the dust chamber holds four CMDPSUs in a symmetric array
about the dust inlet.

The primary modification to the original chamber was replacing the Wright
dust feeder with the TSI Fluidized Bed Aerosol Generator (Model 4300). The
fluid1zed bed generator was found to be more reliable 1n operation, and
could reproduce the dU5t concentation better. The cyclone pre-selector on
the dust generator was removed to broaden the dust sizes to which the
samplers were exposed during the precision test. Another addition to the
original chamber was the GCA Respirable Aerosol Mon1tor (RAM) for following
the dust concentration during a run. .

EXPERIMENTAL DESIGN

The experimental des1gn used in th1s trial run of the prec1s1on measurement
is given 1n Table IV-l. This design 1s sim11ar to the one recommended for
dust chambers with pos1t1on effects (Table III-B). The d1fferences are
that the entire des1gn" is executed at a s1ngle target concentration, but
w1th three experiments for the given target. In the trial measurement
reported here, the target concentration was 1 mg/m3. As with the other
des1gns recommended in Section II.C., the order of runs 1s random1zed to
prevent biases from developing in the course of the measurement.

WEIGHING ACCURACY

The accuracy 1n the f11ter weights was monitored and controlled by the
procedures outlined in Section III.A. The most recent QC charts are
duplicated 1n Figure IV-l and Figure IV-2.

-
In these charts, the primary difference from the procedures in Section III
1s the use of a "long-term blank" filter. Unlike the blanks prepared for
each run, the long-term blank was not sealed a cassette, but was stored
permanently in the glove box. The long-term blank, especially for the MSA
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Tabl e I V-1. Experimental uesign for the Trial Precision Test. Samplers
are labeled A through L.

Runs in Po si ti ons Order
Experiment Experiment 1 2 3 4 of Run s

1 1 A B C 0 I
2 A B C D III

2 1 E F G H I I
2 E F G H VI

3 1 I J K L IV
2 I J K L V
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rigure IV-2. Control Chart for ~epeated Weighings of the MSA Filter
Capsules. ,)ut-of-control situations are circled.
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filters, was not a satisfactory control on the consistency of the balance
calibration, because the constant handling of the filter occasionally
caused sizable gains or losses. In Figure 1V-1 for example, long-term
blank 2686 dropped 0.D53 mg in weight between days 12/5 3nd 1/23.

Therefore, the QC procedures in Section 111..1\.4 recommend a 200 mg NBS
standard weight. In addition to greater stability under handling, an
:mS-cal ibrated wei ght will make the v/ei ghi ng accuracy traceabl e to the 1~!3S

primary standards. Traceability will be especially important when
manufacturer's preweights are used in the precision test.

The main application of these control charts at the time of the pr!cision
tests was to control the within-day reproducibility·of the weighings, as
measured by the range K between the initial and audit weights on a single
day. On the one occasion (day 1/28 in ~igure IV-3) when the range exceeded
the upper control limit, tIle Ca{:-J03)2 solution in the humidity control
system was found to be depleted, so the entire run was repeated.

The over-all accuracy of the filter weights can be computed from the QC
data, as derived in Section II.C. The results for the MSA filter weights
are given in Table IV-2, and have been sub-divided into the periods before
and after the mathematical calibration of the balance was instituted. ~rom

these statistics can be estimated SM, the standard deviation in the dust
weight MS. Using [q. 11-45, the weighing precision with mathematical
cal i brati on for the ;~SA fi 1ters is:

(IV-1)

The second use for the statistics in Table IV-2 is to check for biases in
the weighing procedures. Bias"due to changes in the operators and/or the
balance would show ~p in the difference between the replicate weighings
(d). Bias due to the filter treatment shows up in the difference in the
repeated weighin3s (~). Using a two-tailed t-test, both means d and 6
during the mechanical calibration period are significantly different from
zero at the 95 percent confidence level, indicating biases. With the
mathematical calibration, both means are negligible at the 90 percent
confidence level. Thus, both forms of weighing bias were reduced by the
mathematical calibration procedures recommended in Section I1I.A.4.

Finally, these results can be used to calculate control limits for future
weighing of MSA filters with JPS~IS microbalance. Using Equations 11-46,
the upper control limit on the range R of replicate weighinos is 30.5 ~g.

The control l~mits on the difference ~ in repeated weights are +3).9 ~g ..
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Table IV-2. Accuracy Statistics for the weighing of ~SA Filter Capsules.
~eight parameters are given in micrograms, and are defined in
Section II C

Mecham ca I r~a thematl ca I
Sa 1ance Balance

Calibration Calibration Total

Replicate n 15 44 59
Weight
Statistics d +5.8 ~g +1.5 ~g +2.4 ~g

R 9.7 ~g 3.8 ~g 9.0 ~g

Spool 8.2 ~g 7.5 >19 7.7 flg

Repeated n 8 22 30
Weight -Statistics tJ. 10 .1 ;.19 -2.5 ~g -4.6 ~g

StJ. 10. 2 ~9 1).3 >19 tL 7 ~g
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DUST CHAMBER CHARACTERIZATION

For the precision measurement, the important properties to monitor in the
dust chamber are the.~tr flows and the dust concentration over time and
over sampling posH10ns. Less 1mportant to the outcome are the dust s1ze
distribution and chamber velocHles. Since these latter quantH1es
potent'ally affect CMOPSU b'as, they are reported for completeness, but
the1r measurement's not recolll11ended for routine certH'ca~10n test'ng.

A typ'cal a'r flow balance 1s g'ven 1n Table IV-3. The 'nput a1r flows are
measured w'th rotameters and checked w'th a bubble meter. The chamber had
been tested for leaks, and completely sealed except for the single exhaust
port. The 'mportant th1ng about the a1r flow balance 1s that the a1r
'nputs are substant1ally larger than the outflows, assur1ng that no sampler
1s depleting the dust around the 'nlet. Th1s rule was not always
followed. In the early tr'al runs of the prec1s1on test, a negative net
a1 r flow was allowed to develop, and the result1ng CVt was somet1mes as
large as 20 percent. Therefore. the net a1r balance 1s an 'mportant
quantity to monitor in m1n1m1z1ng the chamber's effects on the sampler
prec1s1on measurement.

The Resp1rable Aerosol Monitor (RAM) was used to mon1tor the dust
concentration dur1ng a run. S1nce the RAM's read-out d1d not equal e1ther
total dust or resp1rable dust concentrat1on, we treat the RAM output as a
relat1ve 1nd1cat1on of dust concentrat1on.

A str1p chart record1ng for a 5 hour run 1s shown 1nF1gure IV-3, w1th
adjustments of the flu'd1zed bed aerosol generator marked on the chart.
Over short per'ods (- 1/2 hour). the dust concentrat1on var1ed by only
-10 percent, but longer-term dr1ft 'n the dust concentrat10n requ'red
adjustments, wh1ch were hard to make prec1sely. Therefore. the dust
concentrat10n could not be controlled exactly 1n th1s test. We recommend
adjust1ng the concentrat10n as seldom as possible. keep1ng the RAM read1ng
w1th1n 2 mg/m3 of the target concentrat1on.

Desp1te these var1at1oRs, the flu1d1zed bed generator gave a more stable
dust concentrat1on and's more re11able than the Wr1ght Dust Feeder and
other generators we have tr1ed.

The RAM was also used to test the dust concentrat'ons at the sampler 1nlets
by use of a 10-1nch-long probe made of copper tUb1ng. Sample results from
such a test g've the follow1ng concentrat1ons (averaged over 1/2 hour
sampl'ng per1ods):

PosH1on

3
2
3
4
2

Mean Concentrat1on

6.3 mg/m3
6.5
6.5
7.1
7.0
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Table IV-3. Air Flows in the Just Chamber. Typical values for a run whose
average CMD?SU concentrati 0 n is 6.28 mg/m3

SOURCE FLOW RATE (L/~in.)

Rotameter Bubblemeter

Fluidized Bed
Aerosol Generator

Dilution Air
Total In

4 CMDPSUs
RAM
HY::Jrometer

Total Jut

Net Air for Exhaust

AIR IN

20 .0

AIR OUT
4 x 2.0 = 8.0

2.2
3.0
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21.5
27.4
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Figure IV-3. Just Concentration over Time during a Run. Strip chart
recording ~ade by the Respirable Aerosol ~onitor (~~M).
Average cyclone measurement was 6.20 mg/m3 (MRE equivalent).
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The variation due to drift in the concentration monitored by the RAM makes
such a test difficult to interpret. We have found that the fluctuations
less than 1 mg/m3 between positions (as shown here) lead to little
position effect in the over-all precision experiment, while ranges over
2 mg/m3 should be avoided.

The air velocity in the dust chamber is primarily a functton of the amount
of input air. When enough dilution air is added to assure a positive net
influx, the velocity in the chamber fluctuates between 0-30 ft/min. This
range of velocities is too low to have significant inlet effects.

The dust size distribution was determined both by counting on a filter with
a Scanning Electron Microscope and by the new Aerodynamic Particle Sizer
(Baron, 1983). For the SEM count, a sample was taken on a Nucleopore
filter in an open-faced cassette. The dust particles on the filt.er were
sized and counted with NIOSH's SEM-image analysis system operating at
400X. The conversion from projected diameter to aerodynamic diameter used
only the density of coal, but assumed a shape factor of one (see
Eq. 11-10). The APS was used to sample dust directly from the Fluidized
Bed Aerosol Generator's vertical elutriator. The probit plots of the
number size distributions are shown in Figure IV-4. The mass median
diameters are determined by the Hatch-Choate equation (Eq. 11-13).

In Figure IV-4, not only do the median diameters disagree, but the
geometric standard deviations are different as well. This discrepancy
might indicate some bias due to the different sampling methods. Because
the SEM samples were taken directly from the chamber with less chance of
sampling bias, we hold this method to be more dependable. The SEM dust
size parameters:

=
MMO '=
GSO

6.34 lim
2.16

lie within the range of coal mine dust distributions shown in Figure 11-5.

CMOPSU PERFORMANCE

The precision tests were all done with old MSA and Bendix CMOPSUs obtained
from various branches of NIOSH and MSHA. The pumps were repaired (when
necessary) and calibrated by OPSE's Maintenance and Calibration
Laboratory. On the sampling heads, all a-rings were inspected and replaced
where necessary. On the MSA units, the sampling heads (see Figure 111-5)
had plastic collars; rather than metal ones.

The only adaptation required in the CMOPSUs was re-assembling and sealing
the filter cassette after the filter capsule had been pre-weighed on the
microbalance. This step was deemed necessary in order to improve weighing
precision over the 0.1 mg sensitivity provided by the manufacturers
pre-weight.

- 121 -



--'.

o
-to

M"
:::T
(I)

oo
DJ

0..

c...o
t::
VI
M"

-to•o
3

M"
::r
ro
OJ
--'
t::

N
(I)

0..

. co
(I)

0..

-I)

1--"
,lCl
t:

•
~

(I)

• I .......
<:
•.p-

o

:;pz
(I) t::
.3
00-
VI (I)
o •

u
(i") --'.

ct>VI
~M"

ro ""'S.~--'.

DJU
M"t:
OM". --'.
0 0

~

VI

5 10 20 30 405060 70 80 90 95 98 99 99.8 99.9 99.99

CUMULATIVE NUMBER FREQUENCY

0.1 0.2 0.5 I 2

~

~

~

o·

SCANNING ELECTRON MICROSCOPE (~l

NMD; 1.07IJm
GSD=2.16
MMD; 6.341Jm

AERODYNAMIC PARTICLE SIZER

CONCENTRATION = 2.4 mg/m
'

(el
= 6.5 m9/m'(Ol

N M D ; I. 7S IJm I. 7S =0
GSO;I,67 50

MMD = 3.921Jm

0.1 • ," I • I I I I • I I I I I I I I I I I I I
0.01

10
9
8
7
6

.5

4

3

E 2
::l.-

a::
w

.......
r-

I
N

W

N
~ .9
« .8
0 .7

.6
0
w .5
a::
::::l .4
U')

<t
w .3
~

. 2



The method of re-sea11ng the cassettes had to meet two cond1t1ons. The
sea11ng method could not affect the capsulels we1ght, nor could 1t allow
a1r or dust leaks not1ceably greater than found 1n cassettes sealed by the
manufacturer. The we1ght stab111ty was tested by compar1ng the we1ght
changes of f11ters wh1ch had been sealed 1n the cassettes w1th the we1ght
of control f11ters stored 1n the balance's glove box. Add1t10nal checks
were prov1ded dur1ng the prec1s10n measurements by Qua11ty Control charts
for the blank f11ters wh1ch had been sealed 1n cassettes (Sect. III.A.4).
The leaks 1n the cassettes were tested by the method descr1bed 1n
Sect10n III.A.6.e.

On the bas1s of these tests, the HSA cassettes were sealed w1th a
cloth-backed label tape. The shr1nkable cellulose bands, often used to
seal fl1ter cassettes, caused an lncrease 1n the we1ght of HSA's
alumlnum-sh1elded fl1ter capsules.

The Bend1x cassettes, after much trlal and error, were sealed w1th a
comblnat1on of S11ast1c cement and the cellulose shr1nkable bands (see
f1gure IV-S). Thls comb1natlon held _14 U of H20 negat1ve pressure 1n the
leak test, wh11e other sea11ng systems were not leak-tlght. Thls
comb1natlon d1d not affect the we1ght stab111ty of the Bend1x fl1ters,
except for one blank f11ter whlch galned 0.03 mg after belng sealed 1n the
cassette. Thls anomalous welght galn may have been due to the transfer of
some S11astlc glue to the fl1ter capsule durlng cassette assembly.

The f1nal problem w1th the Bend1x fl1ters was attach1ng the capsule to the
cassette. Bend1x's prev10us capsule deslgn allowed leaks around the hole
where the cassette n1b ls lnserted (flgure IV-6). Due to thls fault,
Bendlx redes1gned the capsules.

Another problem wlth the Bendlx sampllng head 1s dust accumulatlon at the
junctlon between sampler head and cassette (flgure IV-7) 1n half of the
samples. Due to the other problems wlth the Bend1x precls10n tests,we
cannot say whether th1s occas1onal dust loss affects CVt s1gnlflcantly.
However, the problem bears watch1ng, and could be e11mlnated by a better
flt between the sampler head, O-rlng and cassette.

To m1nlm1ze leaks occurrlng at th1s junct10n, we also ordered unassembled
cassettes and capsules d1rectly from Bend1x, rather than dlsassemble the
pre-we1ghed cassettes usually sold by Bend1x. Desplte these precautlons,
attach1ng the capsule to the cassette was stl11 d1fflcult 1n the Bend1x
deslgn, and there 1s no guarantee that the cassettes assembled for the
cert1flcat1on test are as leak-tight as those assembled by the manufacturer.

Conslderlng all the problems w1th assemb11ng and sea11ng the Bend1x
cassettes, rout1ne certlflcat10n testlng should be done w1th cassettes
assembled and sealed by the manufacturer. The manufacturer should also
welgh the f11ter capsules to at least 0.01 mg In order to make the
prec1s1on test meanlngfu1 at the 1.0 mg/m3 concentratlon,.
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Figure IV-5. Seal devised for the 3endix filter cassette. Under the
cellulose shrinkable band shown here is a seal of Silastic
cement.

- 124-



rigure IV-5. 3endix filter capsule, showing the hole through which the
cassette1s nib (in background) is inserted. In 1981, leaks
were discovered at the junction between the hole and the nib,
and Bendix has redesigned their capsules.
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rigure IV-7. Bendix filter cassattes after a test run, showing dust
accumulation in the wells of the second and third cassettes
(from left) where the sampler head is joined. This
accumulation was found in half of the samples taken.
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Look1ng at the pump performance, the MSA Model G pump worked very well.
Over 48 samples, the pump flow rates, as measured by the rotameters dur1ng
the run, averaged 1.99 L/m1n, w1th an 1nter-pump coeff1c1ent of var1at10n
equal to 1.11 percent. The pooled 'ntra-run CV 'n the flow rates was
1.57 percent. , No MSA pump, wh'ch had been successfully repa1red and
ca11brated, fa11ed dur1ng a 5 hour run. In the cert1f1cat10n test1ng, such
stat1st1cs may be used to demonstrate comp11ance w1th pump re11ab11,ty
cr1ter1a, such as 30 CFR 74.3(a)(13).

The Bend'x M1crona'r pumps, on the other hand, were unre11able and
d1ff1cult to adjust accurately. Dur'ng one test des1gn w1th 24 samples,
M1crona1re pumps fa11ed to hold the1r charge for a f1ve-hour run, and had
to be replaced. These pumps had been used prev10usly 1n the f1eld, but had
been repa1red before the prec1s'on test run, just as the MSA pumps were
treated. The fa11ures 1n the M1crona1r pumps could perhaps have been
el'm1nated 1f new batter1es or pumps were used.

How to treat the dust concentrat10ns from these defect1ve pumps would be a
ser10us quest10n 1f they had fa11ed dur1ng actual cert1f1cat10n test1ng.
In NIOSH's present accuracy test (McCawley and Roder, 1975), th1s quest10n
has not come up because the CMDPSUs are powered by an external voltage
source. The re11ab111ty of the pumps and the1r batter1es 1s tested
1ndependently (McCawley and Roder, 1976).

We strongly oppose the use of an external power supply 'n the prec1s10n
test. S1nce the pump batter1es obv10usly affect the measurement of the
dust concentrat10n through the a1r flow rate, the batter1es ' performance 1s
obv10usly part of the CMDPSU's overall prec1s10n. Therefore, we recommend
that the CMDPSUs 1n the prec1s10n test be powered by the manufacturer's
batter1es, charged and ma1nta1ned accord1ng to the1r tnstruct10ns.

If the pumps st11l fa11 dur1ng the prec1s10n test, we recommend that the
run be repeated once after the fa11ed pump 1s repa1red accord1ng to the
manufacturer's 1nstruct10ns. Our rat10nale 1s that pump fa11ure 1s eas11y
detected dur1ng f1eld samples, and the rout1ne pract1ce 1s to take another
sample the next day. In calculat1ng CVt, the results of the second run
should be used. However, the pump fa11ure should be prom1nently noted 1n
the pub11c report on the cert1f1cat10n dec1s10n for the 1nformat1on of
CMDPSU manufacturers and purchasers.

PRECISION DATA AND STATISTICAL ANALYSIS

The data from the f1nal prec1s1on measurement for the MSA Model G samp11ng
un1ts are shown 1n Table IV-4. These measurements were made w1th all the
1mprovements 1n the test method d1scussed above. A gross CV est1mate can
be calculated from th1s data by poo11ng the CV for the 1nd1v1dual runs.
The result1ng CV 1s 2.27 percent. Th1s value conta1ns pos1t10n effects,
and therefore 1s an upper bound on the true CVt.
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Tabl e IV-4. Precision Test Data for MSA Model G. CMDPSU experimental
design was run at a target concentration of 1 mg/c u.m.

Run in Order Concentrati 0 n(mg/c u. m. ) Samp 1i ng Run
C:x peri ment experiment of run Po s. 1 2 3 4 Ti me( min) CV- -

1 1 I 1.265 1.269 1.261 1.330 437.30 .0254
2 III 0.725 0.737 0.724 0.741 477.38 .0116

2 1 I I 0.754 0.804 0.794 0.794 476.65 .0286
2 VI 1.201 1.297 1.258 1.200 400 .00 .0334

3 1 IV 1.229 1.196 1.237 1.212 474.13 • 0150
2 V 1.272 1.307 1. 2 74 1.284 482. 02 .0125

gros s CV .0227
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A more sophisticated precision estimate may be obtained by an analysis of
variance similar to those developed in Section II.C. The AtWVA model for
this experimental design is given in Table IV-s. The tenns are defined in
Section I I.C. The ANOVA results for the data in Table IV-4 are displayed
in Tabl e IV-6.

To calculate CVt, we take a linear combination of the mean squares
containing only the standard deviations for the inter-sampler variability
as and the intra-sampler variability aE• By examination of Table IV-s,
the precision estimate is given by:

1\
(CVt )2 :: [r~S(E~P*POS) + MS(Error)J / 2 ( IV-2)

The mean squares are calculated by dividing the sums of squares from
Tabl e IV-6 by the correspondi ng d. o. f. The resulti ng estimate for CVt is
0.0212. kcording to Satterthwaite's approximation (Eq. 1I-23), the
degrees of freedom in this estimate are given by:

[MS(EXP*POS) + MS( Error) J2

MS(EXP*PQS)2/ 6 + MS(Error)Z / 9
(I V-3)

1\
Thus, CVt is estimated with approximate degrees of freedom f* = 9.17,
which is truncated to 9 for the signifigance test. Using Eq. 1I-31, the
confidence 1imitson the true CVt are

0.0147 < CVt < 0.039- - (IV-4)

The inter-sampler variance may also be estimated from the ANOVA model in
Tabl e IV-4. The difference between estimated mean squares gives:

(as)2:: [MS(EXP*POS) - MS(Error)J / 2 (IV-5)

So, the coefficient of variation due to inter-sampler variability is:

CVin-ter:: as:: 0.0162 (IV -6)

Thus, the inter-sampler error for the M~ units is very small, especially
compared to the precision found in the field (Bowman, Bartley, Breuer, and
Shulman, 1983).

Further examination of the ANOVA results in Table IV-4 demostrate:

1) Significant position effects. The F-test for the PaS tenn in the A~OVA

. gives PR >F = 0 .0353, a .sma 11 error f or assumi ng the ex i stene e of
position effects (confounded with other tenns). The Duncan's Multiple
Range Test by position (Table IV-7) reinforces this conclusion, and
shows that position 1 has the significantly lower mean dust
concentrations.
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Table IV-5. Analysis of Variance Formalism for the Experimental Design in
Table IV-I. The response variable.is LNC = 1n [C(mg/m3)].

SOURCE: Busch (1981)

Degrees
Source of Variation of Expected Mean Squares

Freedom

EXP = experiments 2 8(oE)2 + 4(oR)2 + 2(oS)2 + (oE)2
(confounded with
S = samp1ers)

POS = positi ons 3 6 e(POS) + 2(oS)2 + (oE)2
(confounded wi th
S = samplers)

EXP*POS 6 2(oS)2 + (oE)2
i nteracti on

RUN(EXP) = 3 4(oR)2 + (oE)2
Runs in experiments

Residual error, 9 (oE)2
RUN*?OS(EXP)
confounded with
RUi~*S (::: XP)

Total 23
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Table IV-4. Analysis of variance for the final preclslon run, showing 1) the
sum of squares for the residual ERROR term, 2) the sum of squares
for the EXP*POS term, and 3) the F-test demonstrating
significant inter-sampler variation.

GENERAL LINEAR MODELS PROCEDURE
CLASS LEVEL INFORMATI0N

CLASS

EXP
POS
RUN

LEVELS

3
4
2

VALUES

123
1 234
1 2

NUMBER OF OBSERVATIONS IN DATA SET = 24

GENERAL LINEAR MOJELS PROCEDUR~

DEPENDENT VARIABLE: LOGC

SOURCE DF SUM OF SQUA~ES [~:.: AN SQ UARE

MODEL 14 1.40001367 :) .10000098
ERROR 9 0.001669221 8.00018547
CORRC:CTED TOr AL 23 1.40168289

MODEL F = 539.18 PR > F = 0.0001

R-SOUA~E C.V. sro JEV LOGC MEAN
J.998809 21.9356 (L 01361870 0.06208503

SOURCE DF TYPE I SS F VALUE P;~ > F

EXP 2 0.31724206 855.24 0.0001
POS 3 0.00333498 5.99 o.:l158
EXP*POS 6 0.004263382 3.83 0.03533
EXP( RUN) 3 1. 07517324 1932.35 0.0001
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Table IV-7. Position effects in the final precision test. Position 1
has mean concentrations significantly lower than positions
2 and 4.

GENERAL LINEAR MODELS PROCE~URE

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE LOGC

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLV DIFFERENT.

ALPHA LEVEL=.05 DF =9 MS:l.9E-04

GROUP ING MEAN N POS

A 0.073977 6 4
A
A 0.070279 6 2
A

B A 0.060571 6 3
B
B 0.043512 6 1
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2) The residuals lack homo eneity. The plot of the residuals versus LNC
Figure IV-8 shows that concentrations were buncged into two groups,

0.7-0.8 mglm in runs I I and I II and 1.2-1.3 mg/m in the other
runs. Unfortunately, the residuals at the large concentrations show
greater variability than those at the lower concentrations. This may
indicate inhomogeneity in the variances, which would violate one of the
ANOVA's postulates. This possibility is discussed more below.

DISCUS SION

First, an analysis of errors is done for the precision meas~rement to
determine the factors which contribute to the 2.12 percent CV t • The
weighing e~rors (CVA) in the precision measurement can be estimated from
Eq. II -51 :

eVA = sr~ / MS

= .0129 / .776 = 0.0173

(IV-7)

where sM is taken from Eq. IV-1 and MS is calculated from the average
of the 24 dust samples in the latest precision test. Combining this
weighing error and the inter-sampler variation CVinter estimated in
Eq. IV-6 gives:

~(CVinter)2 + (CVA)2 = 0.0237 (IV-B)
1\

which comp1 ete1y accounts for the CVt = 0.0212.
1\

The final potential component in CVt is errors in the analysis of
variaoce. The variance inhomogeneity discov~ed in Figure IV-7 would
indicate some error in the ANOVA. However, CVt cannot be smaller than
the independently detennined analytical error, CVA = 1.7 percent, wtJ...ich
allows only 0.5 percent error on the down-side. An upper bound on C'I t is
set by the gross CV derived by pooling the run CVs (Table IV-5). The
difference between the gross CV and the estimated CVt allows only a
0.15 percent error i.n the AN OVA on the up-si de. Therefore, any errors in
the ANOVA could not make the precision estimate much different.

1\
The analysis of errors therefore supports the CV t estimate of
2.12 percent with an upper confidence limit of 3.9 percent. Compared tp
the other prec i si on measurements in the 1i terature (Tab1 e 11-6) , thi s C'It
value is by far the lowest value reported for 10 mm cyc1~ne samplers.

In comparison to other fonns of industrial hygiene sampling (Gunderson and
Anderson, 1980), such precision is excellent. With strict quality
controls, the random errors with the MSA sampling units in laboratory tests
can be as small as the weighing errors allow.
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Figure IV-B. ANOVA residuals (RESID) vs. the log of the concentrations.
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We attribute tMs lmprovement in the cyclone precision estimate to our efforts
in controlling. the chamber effects and reducing the weighing errors. In
comparison to the NIOSH's present accuracy test for CMDPSUs (McCawley and
Roder. 1915), the precision test developed here has several advantages.
First, the experimental design allows the measurement of CMOPSU precision free
from run effects and position effects. The analysis of variance estimates
CVt with well-established confidence limits, and includes regular checks on
the stat1stical assumptions. The establishment of qual1ty control measures
assures the weighing accuracy. Finally, the fluidized bed aerosol generator
1s a more reliable replacement for the Wright Oust"Feeder currently used.

On the other hand, several gaps st11l ex1st in the experimental verif1cation
of the precision test. A satisfactory precision measurement on the Bend1x
CMDPSU has not been completed. The most recent attempt at a precision
measurement with Bendix CMDPSUs gave CVt = 11.3 percent at 4.0 mg/m3 . As
discussed above, some of the Bendix M1crona1r pumps failed at t1mes during
th1s test. Also, we had difficulty in sealing the filter capsule to the
cassette. To avoid th1s problem, the filters for the certif1cation test
should be pre-weighed to 0.01 mg and sealed 1nto the cassettes by the
manufacturer. Finally, the statist1cal analysis showed that run-posit10n
1nteractions existed dur1ng the measurement with the Bendix CMOPSUs, due to a
negative net air flow 1n the chamber. Therefore, the precision of the Bendix
sampler was not determined independent of the run-position interaction. To
truely assess the Bendix CMDPSUs, another measurement should be done on new
samplers, using the improved procedures recommended in Sect10n rrLA.

With the MSA sampling units, the precision has only been measured at the
target concentration of 1 mg/m3. Of course, the analytical precision
(Eq. IV-1) would be smaller at the 4 mg/m3 target used in the full
experimental designs (Tables IJ-1 and II-a). Although the smaller analytical
precision at 4 mg/m3 would' suggest that CVt would be smaller as well, this
must still be proven experimentally.

In addition, the new experimental designs in Tables 11-1 and II-a have not
been tried out. In particular, we recommend that the experimental designs for
chambers without pos1tion effects be validated promptly. Our experience with
the statistical corrections for posit1on effects shows that run-position
interactions can easily creep into the results, leading to an inflated
estimate of CVt. Now that a chamber design without significant position
differences is availible (Rubow and Marple, 1983), the designs in Table 11-1
seem the most promising for the precision measurement.
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B. CJLLECTIJN EFFICIENCY

Three ~SA coal mine dust personal sampling units (CMOPSU) were tested by the
technique given in Section III-B. The sampling units under test consisted of
(lj a 10 mm nylon cyclone to separate"raspirable dust fram total dust, (2) a
filter cassette to collect the respirable dust, (3) a metal bracket to clamp
together the cyclone and the filter cassette and to attach the sampling head
assembly (cyclone, cassette, and bracket) in the breathing zone of the worker,
(~) a 36" flexible plastic 1/411 10 tube with clips to connect the sampling
head assembly to the pump, and (5) a personal sampling pump, MSA Model G, to
pull air through the sampling head assembly and tubing at the required rate
(currently 2.0 liter~ per minute for coal dust sampling). The samplers were
labled A, B, and C. All the pumps were previously calibrated to 2.J L/~in

+5 percent. The data obtai ned are given in Tabl e IV-B. .\1 so shown are val ues
for the calibrated collection efficiency, using k=1.38 as presently
recommended by MSHA. The data are plotted in Figure IV-g. The 50 percent
penetration point is seen to be about 3.2 micrometers aerodynamic diameter.
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Table IV-8. CMDPSU Penetration Measurements

Run Aerodynamic Calibrated
No. Diameter Cyclone Penetration Penetration (k=1.38)

9 1.88 A 0.950 1. 31
B 0.952 1.31
C 0.957- 1. 31

3 2.46 A 0.930 1.28
B 0.919 1.27

2 3.23 A 0.520 0.718
B 0.496 0.689

7 3.49 A 0.507 0.700
B 0.409 0.564
C 0.456 0.629

1 3.95 A 0.218 0.301
B 0.217 0.299

6 4.85 A 0.055 0.0759
B 0.048 0.0662
C 0.041 0.0566

4 5.48 A 0.037 0.0511
B 0.033 0.0455
C 0.042 0.0580

5 5.92 A 0.037 0.0511
B 0.035 0.0483
C 0.036 0.0497

8 9.01 A 0.0071 0.0098
B 0.0056 0.0077
C 0.0059 0.0081
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C. ACCUPACY COMPUTATION

In this section, use of the TSO (interactive) computer programs for the
calculation of accuracy and the certification decision are demonstrated. To
this aim, the experimental data obtained during the sample runs described in
Sections IV. A. and B. are e~p1oyed. As shown below these data are stored in
a data set, which is called here "Q20.DATA," and which oust be allocated, as
indicated, to FT04F001. As a record of the calculation results is probably
desired, another data set, designated here as "our. DATA," is created and
similarly allocated to FT07F001. Otherwise, the output is routed directly to
the terminal. For the sake of clarity in the sample computer session
presented, quantities which must be typed by the computer operator are
underscored so as to be distinguished from statements printed by the
computer. After logon, the computer prints:

READY
?
?ALLOCATE F(FT04F001) DA(Q20.DATA) NEW SPACE(lO) TRACKS

READY
?
?CALL CYCLONE

THIS PROGRAHS COHFUTES CYCLONE PARAMETERS GIVEN
N MONODISPERSE DATA PAIRS:
(DIAMETER (MICROMETERS), (FRACTIONAL) EFFICIENCY)

N =
?
?8

D = SMfPLING EFFICIENCY =
?
n.88 0.95

D = SANPLING EFFICIENCY =
?
?2.46 0.93
D = SAMPLING EFFICIENCY
?
?3.23 0.52
D = SAHPLING EFFICIENCY =
?
?3.49 0.507
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D = SAMPLING EFFICIENCY =
?
?3.95 0.218
D = SN1PLING EFFICIENCY =
?
?4.85 0.055
D = SAHPLING EFFICIENCY =
?
?5.48 0.037
D = SAHPLING EFFICIENCY =
?
?5.92 0.037

NONODISPERSE CYCLONE DATA

N = 8

DIAMETER =
DIAMETER =
DIAMETER =
DIAMETER =
DIAI1ETER =
DIAMETER =
DIAI1ETER =
DIAMETER =

0.188000E+01 PENETRATION =
0.246000E+01 PENETRATION =
0.323000E+01 PENETRATION =
0.349000E+01 PENETRATION =
0.395000E+01 PENETRATION =
O.485000E+01 PENETRATION =
0.548000E+01 PENETRATION =
0.592000E+01 PENETP~TION =

O. 95 OOOOE+OO
0.930000E+OO
0.520000E+OO
0.507000E+OO
0.218000E+00 .
0.5500000-01
0.370000E-01
0.370000E-01

CYCLONE PARAHETER ESTIMATES

DCUT = 0.331281E+01 SIGHA (CYCLllm) = O.290939E+OO
95 PERCENT CONFIDENCE INTERVAL FOR DCUT IS +/- 0.248547E+OO
VARIANCE (DCUT) = 0.103169E-01

IF CALIBRATED CYCLONE DATA AND RESULTS ARE TO
BE STORED IN A DATA SET (ALLOCATED TO F(FT04F001))
ENTER 1; OTHERWISE 0
?
71

CALIBRATION CONSTANT =
?
71.38
CV FROM PRECISION EXPERI~1ENT =
?
?0.0212
NUMBER OF DEGREES OF FREEDOM =
?
?9.17
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READY

1LIST Q20.DATA

O.131100E+01
O.128340E+Ol
O.717600E+00
0.699660E+00
O.300840E+OO

. G. 75900CE-01
O.510600E-01
0.510600E-Ol

DSNAME='$MLW.Q20.DATA'
0.103169E-01
0.212000E-01
0.91700CE+Ol
8

O.188000E+01
0.246000E+01
O.323COOE+01
o.349000E+01
O.3950COE+01
O.485000E+01
0.548000E+01
0.5920000+01

END OF DATA

READY

1ALLOCATE F(FT07F001) DA(OUT.DATA) NEW SPACE(lO)~

READY

1 CALL COMPLY

OUTPUT DEVICE = (6=TEID1INAL AND 7=DAIA SET)
?
17

FOR CALIBRATION BALANCING, ENTER 1;.

PROCEDURE PERMITS NO PRIOR NEGA.TIVE CRITICAL CV;

OTHERWISE tENTER 0:

1

10

READY

1
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?LIST OUT. DATA

DSNAME= 1 $MLt"r. OUT. DATA 1

THIS PROGRM1 DETE~1INES SAMPLER CO}~LIANCE AT A

VARIETY OF TEST DUST DISTRIBUTIONS GIVEN ESTD1ATED

VALUES FOR VARIANCE (DCUT) , RELATIVE STANDARD

DEVIATION (CV) AND MONOD ISPERS E (CALIBRATED)

COLLECTION EFFICIENCY DATA, WHICH MUST BE ::::~; A DATA

SET ALLOCATED TO F(FT04F001)

ESTllfATED VARIANCE (DCUT) = O.103169E-0l

ESTli1ATED RELATIVE STANDARD DEVIATION = O. 212000E-01

NUMBER OF DEGREES OF FP£EDOM (PRECISION) = O.917000E+01
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MONODISPERSE DATA:

DW1ETER = 0.188000E+01 SAMPLING EFFICIENCY = 0.131100£+01

DIAMETER = 0.246000E+01 S~~LING EFFICIENCY = 0.128340E+01

DIAMETER = 0.323000E+01 SAHPLING EFFICIENCY = 0.717600E+00

DIM1ETER = 0.349000E+01 SAt~LING EFFICIENCY = 0.699660E+00

DIAMETER = 0.395000E+01 SAHPLING EFFICIENCY = O.300840E+00

DIAHETER = 0.485000E+01 S~LING EFFICIENCY = 0.759000E-01

DIAMETER = 0.548000E+01 SAMPLING EFFICIENCY = 0.510600E-01

DIAMETER = o.592000E+01 SAMPLING EFFICIENCY = 0.510600E-01

COMPLIANCE COMPUTATION RESULTS:

AT MMD = 0.300000E+01 AND GSD = 0.190000E+01

BIAS = 0.885491£-01 BIAS UNCERTAINTY

CRITICAL BIAS EDGE = 0.152122E+00

CRITICAL CV = 0.373153E-01

0.635728E-ffi.

AT MMD = 0.290000E+01 AND GSD = 0.220000E+01

BIAS = 0.121012E+00 BIAS UNCERTAINTY = 0.536509£-01

CRITICAL BIAS EDGE = 0.174663E+00

CRITICAL CV = 0.281705E-01
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AT MHD = 0.310000E+01 AND GSD = 0.280000E+01

BIAS = 0.136792E+00 BIAS UNCERTAINTY = 0.460635E-01

CRITICAL BIAS EDGE = 0.182856E+00

CRITICAL CV = 0.249331E-01

AT MND = 0.101000E+02 AND GSD = 0.290000E+01

BIAS = -0.877596E-01 BIAS UNCERTAINTY = -0.701015E-01

CRITICAL BIAS EDGE = -0. 157861E+00

CRITICAL CV = 0.480572E-01

AT HMD = 0.770000E+01 AND ~SD = 0.300000E+01

BIAS = -0. 191251E-01 BIAS UNCERTAINTY -0. 639135E-01

CRITICAL BIAS EDGE = -0. 83038ffi-01

CRITICAL CV = 0.797410E-01

AT MMD = 0.1720000+02 MID GSD = 0.280000E+01

BIAS = -0.214224E+00 BIAS UNCERTAINTY = -0. 776879E-01

CRITICAL BIAS EDGE = -0.291912E+00

,CRITICAL CV = -0. 722481E+OO

SAMPLER OUT OF COMPLIANCE AT THIS DUST DISTRIBUTION

AT HMD = 0.186000E+02 AND GSD = 0.230000E+01

BIAS = -0.383896E+00 BIAS UNCERTAINTY = -0.819190E-01

CRITICAL BIAS EDGE = -0. 465815E+00

CRITICAL CV = -0.722481E+00

SAHPLER OUT OF COt-'f.PLIANCE AT THIS DUST DISTRIBUTION
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AT MMD = 0.800000E+Ol AND GSD = 0.215000E+Ol

BIAS = -0.222541E+OO BIAS UNCERTAINTY = -0. 820400E-Ol

CRITICAL BIAS EDGE = -0.304581E+OO

CRITICAL CV = -0.722481E+OO

SAl1PLER OUT OF COMPLIANCE AT THIS DUST DISTRIBUTION

THE FRACTION OF TEST DUST DISTRIBUTIONS

AT WHICH SAMPLER IS OUT OF COMPLIANCE = O.375000E+OO

EXTREHE 95% CONFIDENCE BIAS EDGES ARE AS FOLLOloJ'S:

AT miD = O.186000E+02 AND GSD = O.230000E+01

BIAS EDGE IS AT -O.465815E+OO

AT MMD = O.310000E+01 AND GSD = O.280000E+Ol

BIAS EDGE IS AT O.182856E+OO
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D. ACCURACY RESULTS AND DISCUSSION

The preced1ng sect10n conta1ns results of an example calculat10n of sampler
accuracy between the exper1mental results w1th the 10 mm cyclone as
presently used and the BMRC def1n1t1on of resp1rable dust. Table IV-9
shows the extreme range of expected b1as taken from the computer output.
L1sted are the extreme 11m1ts on the b1ases calculated over all the size
d1str1but10ns cons1dered 1n th1s study. The 11m1ts are at the 95 percent
conf1dence level account1ng for exper1mental error 1n the penetrat10n and
prec1s1on measurements.

For the cyclone w1th 0=2.0 L/min and k:l.38, the systematic error relative
to the BMRC def1n1t1on ranges between -49 and 19 percent over the full
range of coal mine dust distribut10ns considered. The systematic ~rrors

alone do not meet the 25 percent accuracy criterion (95 percent confidence
level), even 1f random samp11ng errors were·zero.

Also s.hown in Table IV-9 are the results of an attempted improvement in the
ca11brat1on constant as descr1bed above 1n Section II-H. The calibration
constant is sh1fted from k = 1.38 to k = 1.70. Although the bias becomes
somewhat more evenly balanced between pos1tive and negat1ve values,
1mprovementi$ m~n1mal. Th1s 1s partly due to increased uncertainty 1n the
bias. .

Table. IV-9 also shows the accuracy estimated for the 10mm cyclone operated
at 0 = 1.2 L/m1n and k = 0.91 in order to optimize the fit of the
penetration curve with the 6MRC def1nition (Bartley and Breuer, 1982). In
this case, the extreme ul'as limits range between -7.3 and 8.1 percent. If
random sampling errors (as yet unmeasured) are comparable to the values
reported 1n Section IVA for cyclones operated at 0 = 2.0 L/m1n, then the
accuracy calculat10n ind1cates that the cyclone operated at the lower' Flow
rate would meet the NIOSH accuracy criter1a.
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Table 1V-9.
Extreme 95 Percent Confidence Limits on Cyclone Bias

(relative to the BMRC definition)

Extreme Positive Bias Extreme Negative Bias
Cyclone Bias MHO . GSO Bias MHO GSO
Parameters (percent) (1Jm) (percent) (1Jm)

Q = 2.0 L/min +19 3.1 2.8 -47 18.6 2.3
k = 1.38

Q = 2.0 L/min +47 3.1 2.8 -37 18.6 2.3
k = 1. 70

Q = 1.2 L/min +8 18.6 2.3 -7 3.1 2.8
k = 0.91
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V. CONCLUSIONS AND RECOMMENDATIONS

Tests for the precIsIon and collection efficiency of gravimetric Coal Kine
Dust Personal Sampling Units have been developed. From these test results,
limits to CKDPSU accuracy can be estimated for single samples taken in a coal
mine. The accuracy criterion suggested here for CMDPSU certification is' ..
identical to that currently used by NIOSH for the validation of industrial
hygiene sampling and analytical methods--±25 percent at the 95 percent
confidence level.

The precision test proposed here! consists of replicate CKDPSU samples taken in
a coal dust 'chamber. New experimental design and statistical analysis have
been developed in order to estimate the coefficient of variation due to the
sampling unit, while minimizing ~he contribution from random errors caused by
the dust chamber and the other experimental procedures. Quality control
measures have also been developed for the fi~ter weighing. The precision test
has been run successfully with KSA's Kodel G CKDPSU. However, experience with
the Bendix CKDPSU suggests that a more realistic precision test would be done
with filter cassettes pre-weighed, assembled, and sealed by the manufacturers.

One difficulty with this alternative is that the manufacturers currently
report the filter preweight to only 0.1 mg. At the respirable dust
concentrations around 1 mg/m3 in the precision test, the random error in
this preweight can alone be larger than the NIOSH accuracy criteria,
disregarding the other sources of error. In order to solve this problem,
filters vsed in the precision test could be preweighed to 0.01 mg by the
CKDPSu manufacturers.

The bias estimates are made by combining measurements of dust size
distributions conducted in various coal mines with certification laboratory
determinations of the CKDPSU's collection efficiency. For an example, the KSA
sampler units as presently operated at flow rate Q = 2.0 L/min and calibration
coefficient k = 1.38 is compared to the BKRC respirable dust definition. From
the analysis of the collection efficiency measurements, the 10 mm cyclone
sampling units have a mean bias as great as -47 percent (in the worst-case
situations over the"test size distributions).

Although the cyclone's bias at the 2.0 L/min flow rate alone exceeds the
±25 percent accuracy criterion, Bartley and Breuer (1982) have shown that the
10mm cyclone can meet the BMRC or ACGIH definitions within the NIOSH accuracy
limits by using a reduced flow rate and an optimized calibration factor. To
match the BKRC definition, the optimum cyclone flow rate is estimated to equal
1.2 L/min. and the calibration factor is 0.91.

Bartley and. Breuer (1982) have performed the bias test with the optimum BKRC
operating parameters. Using these results, the bias magnitude in sampling
coal mine dust with respect to BKRC ~espirable dust can be held to within
approximately 8 percent at the 95 percent confidence level. The precision
testing for the optimized cyclone sampling method is now in progress, and will
be published shortly. Thus, the optimum operating parameters is one means for
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the 10mm cyclone to match the BMRC or ACGIH def1nit10ns w1thin the NIOSH
accuracy 1im1ts. (Under a certification program based on performance
criteria, the responsibility for determining the best flow rate and
cal1bration factor would ult1matelY,belong to the CMDPSU manufacturer.)

Another purpose f~r rev1s1ng CMDPSU cert1ficat10n is to -develop a system for
the performa~ce cert1f1cat10n of new types of mine dust samp11ng equ\pment,U
as HSHA has stated (DOL, 1980). Of part1cu1ar lnterest has been the
certificatlon of a new generat10n of self-regu1at1ng, quleter pumps such as
the Du Pont P-2500 or P-4000. Under the present regulations, these pumps
cannot be approved for use ln CHDPSU·s because 1) they have deslgn features
such as an \nter10r sw1tch and the absence of a rotameter which violate the
regulations and 11) the1r manufacturers do not make the other components of
the CMDPSU. and therefore cannot offer the ent1re unlt for cert1fication, as
required by the regulatlons.

The question of a cert1fication procedure for the pump module 1tself,
1ndependent of the samp11ng head module. was the subject of research descr1bed
by Bartley, Breuer, Baron and Bowman (1984). The orig1nal 1ntent of that
.proJect was to:

(i) determine how to revise the fluctuation-related parts of the- present
certif1cat1on program,

(i1) 'consider opt1onal modular samp11ng unlt certification, and

(Ii'ii) advance knowledge of cyclone operating characteristics for use 'r:
sampler design.

On the bas's of this investigation, it is proposed simply that most of the
design and performance requ1rements for the pump (30 CFR 74.3(a)) be
eliminated. This suggest10n is direct, guaranteed to cut DSR's operat1ng
costs and does not require collaborative testing between DPSE and DSR for its
implementation.
!,

The present pump pulsation regulations control 14 separate categor1es of pump
design and performance: Some requirements such as the sw1tch location
(74.3(a)(5» and the flow rate indicator (74.3(a)(11» definitely e11minate
existing pumps such as the P-2500 from consideration for CMOPSUs. Other
design requirements such as the d1mensions (74.3(a)(1», weight (74.3(a)(2»,
exhaust location (74.3(a)(4», belt clips (74.3(a)(9». and flow rate range
(74.3(a)(12» overconstrain the pump design. and their purposes (although
usually desirable from NIOSH's point of v1ew) can also be performed by a more
open market for samplers. Even an essent1al performance criterion such as
durat10n of operat1on (74.3(a)(14» could be acheived (although wHh some
trial and error) by the experience of CMOPSU users constrained to take valld
(Le., 8 hour) samples under Federal regulat10ns.
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It 1s recommended that the only propert1es of CMDPSU pumps to be regulated
must clearly perta1n to health and safety. for example, the pumps must be
perm1ss1ble 1n an explos1ve env1ronment. Pump perm1ss1b1l1ty 1s now cert1f1ed
by MSHA, and th1s must cont1nue. '

Problemmat1c are the pump pulsat10n cr1ter1a, wh1ch read as follows:

a(1) The 1rregular1ty 1n flow rate due to pulsat10n shall have a
fundamental frequency of not less than 20 Hz.

(11) On and after july 1, 1974 the quant1ty of resp1rable dust
collectedw1th a sampler un1t shall be w1th1n 5 percent of that
collected wtth a samp11ng head assembly operated w1th
nonpulsat1ng flow."-

30 CfR Part 74.3(a)(8)

These regulat10ns or1g1nated 1n part from research reported by Caplan, Doemeny
and Sorenson (1973) and by lamon1ca and Treaft1s (1972). Bot~ groups of
researchers descr1be a s1gn1f1cant sh1ft 1n cyclone penetrat10n
character1st1cs due to pump fluctuat'ons. As a result, pu1sat10n dampeners
have become standard equ'pment on present sampl'ng un1ts.

The above test procedures are unnecessary on several counts. There 1s no
known justH1cat10n for constra1n1ng the fundamental pulsat10n frequency to
exceed 20 Hz. In fact. Bartley, Breuer, Baron and Bowman (1984) g1ve ev1dence
for a s1gn1f1cant 1ncrease 1n cyclone penetrat'on sh1ft w1th pulsat'on
frequenc.y 1ncrease beyond 20 HZ". furthermore, a broad resonance near 80 Hz 1s
descr1bed wh1ch 1s due to the exc'tab1l1ty of the a1r column 'n the Tygon
tub1ng between pump and sampltng head. The effect of th's resonance 1s to
1ncrease the pulsat10n amp11tude at the cyclone as the frequency 1ncreases
through 20 Hz. There thus seems to be l1ttle reason for 1mpos\ng a m1n1mum
pump pulsat10n frequency. More generally. s1nce 1t 1s a comb1nat10n of
pulsat10n frequenc1es. amp11tudes. mean flow and overall. ca11brat10n constant
wh1ch determ1nes accuracy of the dust concentrat10n est1mates. no l'm1tat'on
on pulsat10n frequency alone seems 1ust1f1ed.

The 1ntent beh1nd the 5 percent test 1n 30 CfR Part 74.3(a)(8)--namely, to
control the b1as 1n dust concentrat'on est\mates--1sessent1al to a dust
control program w1th rat10nal bas1s. Adequate. s1mp1er. and by far more
general control of both b1as and random samp11ng errors due to pulsat10n 1s
afforded by the rev1sed cert1f1cat10n procedure deta1led \n the present
document. Therefore, 1t 'S recommended that the pump pu1sat10n cr1ter1a 1n 30
CfR Part 74.3(a)(8) be e11m1nated 1n favor of the un1f1ed b1as test descr1bed
1n th1s report.
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These recommendations would not permit modular certification. Pumps and
sampling heads .would still have to be certified as a unit. The testing of
specific cyclone sampler pumps and heads separately goes against the grain of
generalizing sampler certification to permit sampler heads beyond the 10 mm
nylon cyclone. No present knowledge is available for spec\fically controlling
the fluctuation-induced bias of, for example, the Cassella cyclone or personal
cascade impactor. More specific to the 10 mm cyclone, it is very likely that
a pump with large, though constant (i.e., reproducible) pulsation could, by
proper selection of the mean flow through a specific sampling head, provide
adequate sampling according to whatever definition is desired.

furthermore, present knowledge of pulsation effects is limited to the MSA
unit. As shown -in Bartley, Breuer, Baron and Bowman (1984), the effect of
pump pulsation on collection characteristics involves a complex interaction
between pump, air line and the particular pre-selector, filter and filter
holder of use. Therefore, no empirical basis exists for generalizing
pulsation testing beyond the MSA unit.

Moreover, pump manufacturers such as Du Pont could certainly arrange for their
pumps to be part of one or more units through contractual arrangements with
the manufacturers of sampling heads. Although a modular sampling process
could conceivably be developed, we feel that its primary benefit--interchange
of sampling heads and pumps--doesnot offset its disadvantages, both
philosophical and practical.

finally, it is noted that a program of optional certification of pumps for use
with specific cyclone sampli~g heads (at present, the MSA unit head) under
conditions of low fluctuation could feasibly be designed. However, the
complexity and expense of such a program hardly seem justifiable. Moreover,
such a certification option would overly focus respirable dust sampling
techniques into cyclone-based systems. Modular certification need be
considered only as a decision to restrict sampling instrumentation to specific
type.

For the above reasons, governmental regulation of sampling pump pulsation
appears unnecessary, and the elimination of the present pulsation criteria
(74.3(a)(8» at the implementation of the revised certification criteria is
strongly suggested. Establishment of optional modular certification is,
likewise, not to be recommended. Proposed is the certification testing of
only complete sampling units.

Still to be investigated is the certification of light-scattering dust
monitors. These newly developed instruments have many desirable properties
for monitoring hazardous aerosols, but their accuracy raise several difficult
questions. The bias test developed for gravimetric samplers would need major
modification for light-scattering instruments since their bias depends on the
aerosol's density and optical properties, as well as the size distribution.
However, the precision test recommended here and the statistical criteria-for
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mak1ng the accuracy determ1nat1on could st1ll be app11ed to the new dust
mon1tors. The accuracy of l1ght scatter1ng dev1ces 1s now be1ng stud1ed by
NIOSH, MSHA and the Bureau of M1nes, and the results of th1s research should
prov1de a bas1s for comprehens1ve cert1f1cat1on cr1ter1a.

The present state of the art 1s adequate for rev1s1ng the cert1f1cat1on
regulat10ns for grav1metr1c dust samplers (currently Volume 30, Code of
Federal Regulat1ons, Part 74). We do recommend add1t1onal va11dat1on for
these accuracy test procedures 1n other laborator1es before these tests are
1ncorporated 1nto cert1f1cat1on regulat1ons.

As has been w1de1y recogn1zed (e.g. Youden and Ste1ner, 1975), 1nter­
laboratory var1at1ons 1n test results can be cons1derable. Th1s source of
var1at1on should be allowed for 1n the accuracy cr1ter1a, espec1a1ly 1f the
new CMOPSU cert1f1cat1on regulat10ns w1ll g1ve the manufacturer a role 1n the
performance test1ng." As recogn1zed by EPA (Hauser and Shearer, 1975) and by
the NIOSH consultants (Br1ef et al., 1980). such deregulat10n of 1nstrument
cert1f1cat1on can be a more effect1ve system of qua11ty assurance. S1nce the
test results from the government and 1ndustry laborator1es w1l1 certa1n1y
d1sagree by some amount. th1s 1nter-laboratory var1ab1l1ty should be
1ncorporated 1nto the uncerta1nty.of the accuracy determ1nat1on used for
CMOPSU cert1f1cat1on.

The last step 1n reform1ng the CMOPSU cert1f1cat1on program w11l be draft1ng
and adopt1ng new regulat1ons. In the cert1f1cat1on regulat1ons, the test
methods should preferrab1e not be f1rmly spec1f1ed. S1nce new aerosol
techn1ques are constantly be1ng developed. the test methods should be
descr1bed 1n a government report wh1ch can be updated as the technology
changes. The cert1f1cat1on regulat10ns would 1ncorporate the test procedures
by reference to the report.

Performance cr1ter1a regulat10ns for CMOPSU cert1f1cat1on could 1ncrease the
effect1veness of coal m1ne dust samp11ng both sc1ent1f1cally and
adm1n1strat1vely. New procedures recommended here could 1ncrease the
sampler1s accuracy. and the use of performance cr1ter1a should encourage the
development of 1mproved equ1pment. Th1s comb1nat1on should mak~ the coal dust
samp11ng program eas1er to run. wh1le 1ncreas1ng conf1dence 1n the results.
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APPENDIX A

Computer program CYCLONE for calculation of cyclone parameters (including the
translational uncertainty in the collection efficiency) from experimental
data. The program also creates a data set for use by the program COMPLY
(Appendix C).

000010
000020
000030
000040
000050
000060
000070
000080
000090
000100
000110
000120
000130
000140 20
000150
000160 30
000170
000180 50
000190
000200
000210 40
000220
000230
000240
000250
000260
000270
000280 10
000290
000300 C
000310
000320
000330
000340
000350 100
000360
000370 500
000380
000390 700
000400
000410
000420 510
000430

DOUBLE PRECISION BD,YD,xD ~BARD ,YBARD ,S1 ,S2 ,S3 ,MUC
DlMENSION D(15) ,Y(15) ,PEN(15) ~(15) ,YO(15) ,T(15)
T (1) =12.706
T(2)=4.303
T(3)=3.182
T (4) =2.776
T(5)=2.571
T(6)=2.447
T(7)=2.365
T(8)=2.306
T(9)=2.262
WRITE (6 ,500)
WRITE (6 ,20)
FORMAT (' THIS PROGRAMS COMPUTES CYCLONE PARAMETERS GIVEN')
WRITE (6,30)
FORMAT (' N MONODISPERSE DATA PAIRS: ')
WRITE (6,50)
FORMAT (' (DIAMETER (MICROMETERS), (FRACT IONAL) EFF IC IENCY) ')
WRITE (6,500)
WRITE (6 ,40)
FORMAT (' N = ')
READ (5,*) N
XBARD =0 •000
YBARD=O. ODD
WRITE (6,500)
DO 100 I=l,N
WRITE (6,10)
FORMAT (' D = SAMPL ING EFF IC IENC Y = ')
READ (5,*) D(1) ,PEN (1)
WRITE (6,500)
YO (I)=ERF I( 1. -2. *PEN( I))
XD (I) =ALOG( D( I) )
XBARD=XBARD+XD ( I)
YBARD=YBARD+YD(I)
CONTINUE
WR ITE . (6 ,500)
FORMAT (' ')
WR ITE (6,7 00)
FORMA.T (' MONOD ISPERSE CYCLONE DATA')
WRITE (6,500)
WRITE (6,510) N
FORMAT (' N = ' ,14)
WRITE (6,500)
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000440
000450
000460
000470
000480
000490
000500
000510
000520
000530
000540
000550
000560
000570
000580
000590
000600
000610
000620
000630
000640
000650
000660
000670
000680
000690
000700
000710
000720
000730
000740
000750
000750
000770
000780
000790
000800
000810
000820
000830
000840
000850
000860
000870
000880
000890
000900
000910
000920

DO 80a I=l,N
WR lTE (6,900) D(I) ,FEN( I)

900 FORMAT (' DIAMETER = ',E14.6,' PENETRATION = ',E14.6)
800 CONT rnuE

WRITE (6,500)
XBARD=XBARD/(N*l.)
YBARD=YBARD/(N*1.)
SD1=0.ODO
SD2=0.000
DO 300 I=1,N
SD1=SD1+(XD ( I)-XBARD)* (YD ( I)-YBARD)
SD2=SD2+(XD(I)-XBARD)**2

300 CONTmuE
BD=SD1/SD2
SD3=0.ODO
DO 400 I=l,N
SD3=SD3+(YBARD+BD*(XD(I)-XBARD)-YD(I))**2

400 CONT INUE
VARY=SD3/«N-2)*1.)
MUC=XBARD-YBARD/BD
SMUC =MUC* LEO
DCUT=EXP( SMUC)
SIGC=1./(BD*SQRT(2.))
VARB=VARY/SD2
VARYB=VARY/(N*l.)
VARDC=2. *DCUT**2* SIGC**2* «XBARD-MUC)**2*VARB+VARYB)
CONF=T(N-2)* SQRT (VARDC)
WRITE (6 ,410)

410 FORMAT (' CYCLONE PARAMETER ESTlMATES')
WRITE (6,500)
WRITE (6,420) DCUT ,SIGC

420 FORMAT (' DCUT= ',E14.6,' SIC11A (CYCLONE) = ',E14.6)
WRITE (6,440) CONF

440 FORMAT (' 95 PERCENT CONFIDENCE INTERVAL FOR DCDT IS +/-' ,E14.6)
WRITE (6,430) VARDC

430 FORMAT (' VARIANCE (DCUT) = ',E14.6)
WRITE "(6,500)
WRITE (6 ,439)

439 FORMAT (' IF CAL IBRATED CYCLONE DATA AND RESULTS ARE TO')
WRITE (6,441)

441 FORMAT (' BE STORED IN A DATA SET (ALLOCATED TO F (FT04F001)) ')
WRITE (6,442)

442 FORMAT (' ENTER 1; OTHERWISE 0')
READ (5,*) JANS
IF (JANS) 443,443,444

444 CONT INUE
WRITE (6,500)
WRITE (6,445)

445 FORMAT (' CAL IBRATION CONSTANT = ')
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000930 READ (5,*) CAL
000940 WRITE (4,446) VARDC
000950 446 FORMAT (' , ,E14.6)
000960 WRITE (6,554)
000970 554 FORMAT (' CV FROM PREC IS ION EXPERlMENT ' )
000980 READ (5,*) cv
000990 WRITE (4 ,447) CV
001000 447 FORMAT (' , ,E14. 6)
001010 WRITE (6,555)
001020 555 FORMAT ( , NUMBER OF DEGREES OF FREEDOM = ' )
001030 READ (5,*) DF
001040 WRITE (4 ,448) DF
001050 448 FORMAT (' ',E14.6)
001060 WRITE (4 ,551) N
001070 551 FORMAT (' , ,14)

001080 DO 552 JJ=l,N
001090 CPEN=CAL*PEN (J J)
001100 WRITE (4,553) D(JJ) ,CPEN
001110 553 FORMAT (' , ,2E14. 6)
001120 552 CONTrnuE
001130 443 CONTlliUE
001140 STOP
001150 END
001160 FUNCTION ERF I(X)
001170 N=10000
001180 P 1=3.14159265
001190 YO=X
001200 DO 200 l=l,N
001210 YO=YO+2. / SQRT (P I) * (X-ERF( YO) )*EXP( -1. *YO**2)
001220 200 CONTlliUE
001230 ERF I=YO
001240 RETURN
001250 END
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APPENDIX B

00 MPUTER PROGRAMS FOR ANAL YZ1NG FREC 1SION TEST

These programs are structured to be run as a batch job on the Parklawn
Computer Center system (IBM 370). The actual computer commands are in capital
letters. Variable quantities to be fille4 in by the individual user are in
lower case letters.

1. Program for analyzing the results of the experimental design without
position effects (Table 11-7).

000010 Ilrun id JOB (agency.project.).identfier.CLASS=priority
000020 I*PASS password
000030 I I EXEC SAS .OPTIONS='LS=7 2' .REGION=30OK
000040 I IFTl1FO 01 DO SYSOUT=T •HOLD ==YES
000050 I IFTl2FO 01 DD SYSOUT=T, HOLD ==YES
000060 lIooAL DD DSN =data set name.DATA,D1SP=SHR
000070 0 ATA;
000080 1NF1LE COAL;
000090 INPUT T RUN S S CONC;
000100 LNC=LOG(OONC);
000110 PR OC PR1 NT;
OOOUO FROC GLM;
00013 a CLAS SES T S RUN;
000140 MODEL LNC=T RUN(T) S(T);
000160 OUTPUT OUT=NEW RESIDUAL=RESID;
000170 PROG PLOT;
000180 PLOT RES1D*LNC;
000190 1*
000200 II
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2. Program for analyzing the results of the experimental design with position
effects (Table 11-8).

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00152
00154
00160
00170
00180
00190
00200
00210
00220
00230
00240

Ilrun id JOB (agency,project,),identifier,CLASS=priority
I*PASS password
II EXEC SAS,OPTIONS='LS=72' ,REGION=300K
IIFTI1FOOI DO SYSOUT=T,HOLD=YES
IIFT12F001 DO SYSOUT=T,HOLD=YES
IICOAL DO DSN=data set name.DATA.DISP=SHR
DATA;

INFILE COAL;
INPUT T EXP RUN p~s CONC;
LNC=LOG(CONC);

PROC PRINT;
PROC GLK;

CLASSES T EXP POS RUN;
KODEL LNC=T EXP(T) RUN(EXP T) POS POS*T POS*EXP(T);
KEANS POS/DUNCAN;
TEST H=POS E=POS*EXP(T);
TEST H=POS*T E=POS*EXP(T);
OUTPUT OUT=NEW RESIDUAL=RESID;

PROC PLOTi
PLOT RESID*LNC;
PLOT RESID*POS=Ti

PROC PLOTi
BY T;
PLOT RESID*POS=EXPi

/*
II

- 157 -



APPENDIX C

Computer program COMPLY giving acceptance/no~-acceptancedecisions from
measured CV, measured calibrated collection efficiency, the translational
uncertainty in the collection efficiency and test coal dust distributions.
Input must be in a data set as created by CYCLONE. Program also searches for
improved calibration constant.

I

/

000010
000020
000030
000040
000050
000060
000070
000080
000090
000100
000110
000120
000130
000140
000150
000160
000170
000180
000190
000200
000210
000220
000230
000240
000250
000260
000270
000280
000290
000300
000310
000320
000330
000340
000350
000360
000370
000380
000390
000400
000410
000420
000430

REAL MMD
DIMENSION DI(30),FI(30),T(30),RMMD(50),RGSD(50),DS(15),FS(15)
WRITE (6,614)

614 FORMAT(' OUTPUT DEVICE = (6=TERMINAL AND 7=DATA SET)')
READ (5,*) JOUT
WRITE (JOUT,500)
NDUST=8
WRITE (JOUT, 1)

1 FORMAT (' THIS PROGRAM DETERMINES SAMPLER COMPLIANCE AT A')
WRITE (JOUT,2)

2 FORMAT (' VARIETY OF TEST DUST DISTRIBUTIONS GIVEN ESTIMATED')
WRITE (JOUT,3)

3 FO&~T(' VALUES FOR VARIfu~GE (DCUT), RELATIVE STANDARD')
WRITE (JOUT,4)

4 FORMAT (' DEVIATION (CV) AND MONODISPERSE (CALIBRATED)')
WRITE (JOUT,5)

5 FORMAT (' COLLECTION EFFICIENCY DATA, WHICH MUST BE IN A DATA')
WRITE (JOUT, 6)

6 FORMAT (' SET ALLOCATED TO F(FT04F001)')
WRITE (JOUT,500)
NS=9
DS( 2)=1. 5
FS( 2)=1. 00
DS(3)=2.25
FS(3)=.87
DS(4)=3.5
FS(4)=.69
DS(5)=4.2
FS(5)=.62
DS(6)=5.6
FS(6)=.41
DS(7)=5.7
FS(7)=.33
DS(8)=6.4
FS(8)=.19
DS(9)=7.8
FS(9)=.03
DS(10)=9.0
FS(10)=.04
DS( l)=DS( 2)-.01
FS(1)=FS(2)
DS(11)=10.0
FS(ll)=O.O
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000440
000450
000460
000470
000480
000490
000500
000510
000520
000530
000540
000550'
000560
000570
000580
000590
000600
000610
000620
000630
000640
000650
000660
000670
000680
000690
000700
000710
000720
000730
000740 C
000750 10
000760
000770
000780
000790 C
000800 40
000810
000820
000830 C
000840 15
000850
000860
000870
000880
000890
000900 100
000910 101
000920
000930

DS(12)=10.01
FS(12)=0.0
T( 1)=6. 314
T(2)=2.920
T(3)=2.353
T(4)=2.132
T(5)=2.015
T(6)=1.943
T(7)=l. 895
T(8)=1.860
T(9)=1.833
T(10)=1. 812
T( 11)=1. 796
RMMD(l)=3.0
RGSD( 1)=1. 9
RMMD(2)=2.9
RGSD(2)=2.2
RMMD(3)=3.1
RGSD(3)=2.8
RMMD(4)=10.1
RGSD( 4)=2.9
RMMD(5)=7.7
RGSD ( 5)=3 . 0
RMMD(6)=17.2
RGSD(6)=2.8
RMMD(7)=18.6
RGSD(7)=2.3
RMMD(8)=8.0
RGSD(8)=2.15
WRITE (JOUT,500)
WRITE (JOUT,10)
FORMAT (' VARIANCE (DCUT) = ')
READ (4,*) VARDC
WRITE (JOUT,500)
WRITE (JOUT,500)
WRITE (JOUT,40)
FORMAT (' ESTIMATED (FRACTIONAL) CV = ')
READ (4,*) CV
WRITE (JOUT,500)
WRITE (JOUT,15)
FORMAT (' NUMBER OF DEGREES OF FREEDDr1 (PRECISION) = ')
READ (4,*) DF
WRITE (JOUT,500)
READ (4,*) N
DO 100 I=l,N
READ (4,*) DI(I+1),FI(I+1)
CONTINUE
CONTINUE
CVL=-10.
IOUT=O
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000940
000950
000960
000970
000980
000990
001000
001010
001020
001030
001040
001050
001060
001070
001080
001090
001100
001110
001120
001130
001140
001150
001160
001170
001180
001190
001200
001210
001220
001230
001240
001250
001260
001270
001280
001290
001300
001310
001320
001330
001340
001350
001360
001370
001380
001390
001400
001410
001420
001430
001440

ZMAX=-100.
ZMIN=+100.
WRITE (JOUT,500)
WRITE (JOUT,41) VARDC

41 FORMAT (' ESTIMATED VARIANCE (DCUT) = ',E14.6)
WRITE (JOUT,500)
WRITE (JOUT,4Z) CV

42 FORMAT (' ESTIMATED RELATIVE STANDARD DEVIATION = ',E14.6)
WRITE (JOUT,SOO)
WRITE (JOUT,ZS) DF

Z5 FORMAT (' NUMBER OF DEGREES OF FREEDOM (PRECISION) = ',E14.6)
WRITE (JOUT,SOO)
WRITE (JOUT, 43)

43 FORMAT (' MONODISPERSE DATA:')
WRITE (JOUT,500)
DO 44 J=l,N
WRITE (JOUT,45) DI(J+1),FI(J+1)

45 FORMAT (' DIAMETER = ',E14.6, I SAMPLING EFFICIENCY = ',E14.6)
44 CONTINUE

WRITE (JOUT,500)
WRITE (JOUT,46)

46 FORMAT (' COMPLIANCE COMPUTATION RESULTS:')
WRITE (JOUT,500)
DI(l)=DI(2)-.01
FI(1)=FI(2)

. DI(N+Z)=10. 0
FI(N+Z)=O.O
DI(N+3)=10.01
FI(N+3)=0.0
DO ZOO I=l,NDUST
MND=RMMD(I)
GSD=RGSD(I)
W=BIAS(MMD,GSD,DI,FI,N,O.O,DS,FS,NS)
DELD=O.lEO
DW=BIAS(MMD,GSD,DI,FI,N,O.O,DS,FS,NS)
DW=DW-BIAS(MMD,GSD,DI,FI,N,DELD,DS,FS,NS)
VARB=(DW/DELD)**Z*VARDC

500 FORMAT (' ')
DBIAS=T(N-2)*SQRT(VARB)
CVC=CVCRIT(W+DBIAS)/(1.+1.64S/SQRT(2.*DF»
CVCM=CVCRIT(W-DBIAS)/(1.+1.64S/SQRT(Z.*DF»
IF (CVCM-CVC) 50,55,60

50 DBIAS=-DBIAS
CVC=CVCM
GOTO 60

55 DBIAS=ABS(DBIAS)*W/ABS(W)
60 CONTINUE

Z=W+DBIAS
IF (Z-ZMAX) 320,320,310

310 WA=W
DBA=DBIAS
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001450
001460
001470
001480
001490
001500
001510
001520
001530
001540
001550
001560
001570
001580
001590
001600
001610
001620
001630
001640
001650
001660
001670
001680
001690
001700
001710
001720
001730
001740
001750
001760
001770'
001780
001790
001800
001810
001820
001830
001840
001850
001860
001870
001880
001890
001900
001910
001920
001930
001940
001950

ZMAX=Z
ZMMDA=MUD
ZGSDA=GSD

320 IF (Z-ZMIN) 330,340,340
330 WI=W

DBI=DBIAS
ZMIN=Z
ZMMDI=MMD
ZGSDI=GSD

340 CONTINUE
WRITE (JOUT,500)
WRITE (JOUT,70) RMMD(I),RGSD(I)

70 FORMAT (' AT MMD = ',E14.6,' AND GSD = ',E14.6)
WRITE (JOUT,80) W,DBIAS

80 FORMAT (' BIAS = ',E14.6,' BIAS UNCERTAINTY = ',E14.6)
WRITE (JOUT,85) Z

85 FORMAT (' CRITICAL BIAS EDGE = ',E14.6)
WRITE (JOUT,90) CVC

90 FORMAT (' CRITICAL CV = ',E14.6)
IF (CVC-CV) 110,200,200

110 WRITE (JOUT,120)
IOUT=IOUT+1

120 FORMAT (' SAMPLER OUT OF COMPLIANCE AT THIS DUST DISTRIBUTION')
WRITE (JOUT,500)

200 CONTINUE
FRACT=(1.0*IOUT)/(1.0*NDUST)
WRITE (JOUT,500)
WRITE (JOUT,500)
WRITE (JOUT,201)

201 FOID1AT (' THE FRACTION OF TEST DUST DISTRIBUTIONS')
WRITE (JOUT,202) FRACT

202 FORMAT (' AT WHICH SAMPLER IS OUT OF COMPLIANCE = ',E14.6)
WRITE (JOUT,500)
WRITE (JOUT,204)

204 FORMAT (' EXTREME 95% CONFIDENCE BIAS EDGES ARE AS FOLLOWS:')
WRITE (JOUT,205) ZMMDI,ZGSDI

205 FORMAT (' AT MMD = ',E14.6,' AND GSD = ',E14.6)
ZI=WI-ABS(DBI)
WRITE (JOUT,206) ZI

206 FORMAT (' BIAS EDGE IS AT ',E14.6)
WRITE (JOUT,205) ZMMDA,ZGSDA
ZA=WA+ABS(DBA)
WRITE (JOUT,206) ZA
WRITE (6,500)
WRITE (6,410)

410 FORMAT (' FOR CALIBRATION BALANCING, ENTER I;')
WRITE (6,411)

411 FORMAT(' PROCEDURE PERMITS NO PRIOR NEGATIVE CRITICAL CV;')
WRITE (6,415)

415 FORMAT (' OTHERWISE, ENTER 0:')
READ (5, *) NANS
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001960
001970
001980
001990
002000
002010
002020
002030
002040
002050
002060
002070
002080
002090
002100
002110
002120
002130
002140
002150
002160
002170
002180
002190
002200
002210
002220
002230
0022,40
002250
002260
002270
002280
002290
002300
002310
002320
002330
002340
002350
002360
002370
002380
002390
002400
002410
002420
002430
002440

IF (NANS) 600,600,420
420 CONTINUE

DO 425 JJ=1,1001
CAL=(JJ-501)*.001EO
DELBA=CAL*(l.+WA)
DELBI=CAL*(l.+WI)
CVA=CVCRIT(WA+DELBA+DBA)
CVAM=CVCRIT(WA+DELBA-DBA)
CVA=AMINl(CVA,CVAM)
CVI=CVCRIT(WI+DELBI+DBI)
CVIM=CVCRIT(WI+DELBI-DBI)
CVI=AMINl(CVI,CVIM)
CVMIN=AMIN1(CVA,CVI)
IF (CVMIN-CVL) 425,425,530

530 CVL=CVMIN
CALMAX=CAL

425 CONTINUE
CALADJ=l.+CALMAX
WRITE (JOUT,430)

430 FORMAT (' BALANCED CALIBRATION IS OBTAINED THROUGH')
WRITE (JOUT,435) CALADJ

435 FORMAT (' RECALIBRATION BY A FACTOR OF ',E14.6)
WRITE (JOUT,500)
WRITE (JOUT,440)

440 FORMAT (' THE FOLLOWING PERTAINS TO ')
WRITE (JOUT,445)

445 FORMAT (' RECALIBRATED MONODISPERSE DATA:')
WRITE (JOUT,500)
NP=N+3
DO 450 JJ=l,NP
FI(JJ)=CALADJ*FI(JJ)

450 CONTINUE
GO TO 101

600 CONTINUE
STOP
END
FUNCTION ACGIH(DA)
IF (DA-2.0EO) 50,50,10

10 Z=175.1068-53.4905*DA+6.0339*DA**2-. 2924*DA**3+. 004884*DA**4
ACGIH=Z*.OlEO
IF (DA-10.EO) 60,60,40

40 ACGIH=O.OEO
GO TO 60

50 ACGIH=.9
60 CONTINUE

RETURN
END
FUNCTION BIAS(MMD,GSD,DI,FI,N,TRANS,DS,FS,NS)
DIMENSION DI(15),FI(15),DS(15),FS(15)
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002450
002460
002470
002480
002490
002500
002510
002520
002530
002540
002550 C
002560
002570
002580
002590
002600
002610 100
002620
002630
002640
002650
002660
002670
002680
002690
002700 40
002710
002720 60
002730
002740
002750
002760
002770
002780 401
002790
002800 402
002810
002820
002830
002840 408
002850 404
002860
002870
002880 403
002890 405
002900
002910 122
002920 123
002930

REAL MU,MP,MMD
PI=3.14159
MU=ALOG(MMD)
SIG=ALOG(GSO)
TOT=O.EO
TOT1=0.OEO
00=.01
00 100 1=1,1000
0=00*1
MP=EXP(-.5*(AL9G(O)-MU)**2/SIG**2)/0/SIG/(2*PI)**.5
FOLLOWING IS 'BMRC(O), , 'ACGIH(O), , OR 'SPLlNE(O,OS,FS,NS)'
Z=BMRC(O)
DP=O-TRANS
Zl=SPLINE(OP,OI,FI,N)
TOT=TOT+Z*MP
TOT1=TOT1+Z1*MP
CONTINUE
TOT=TOT*OO
TOT1=TOT1*DO
BIAS=(TOT1-TOT)/TOT
RETURN
END
FUNCTION BMRC(OA)
BMRC=1-(OA/7.1)**2
IF (OA-7.1EO) 60,60,40
13MRC=O.OEO
GO TO 60
CONTINUE
RETURN
END
FUNCTION SPLINE(OO,OI,FI,N)
OIMENSION OI(15),FI(15),O(4),F(4)
IF (00-01(2)) 401,401,402
SPLlNE=FI( 2)
GO TO 500
CONTINUE
NN=N+2
00 405 J=3,NN
IF (OO-OI(J)) 408,408,405
IF (OO-OI(J-1)) 405,404,404
00 403 JJ=1,4
D(JJ)=OI(JJ+J-3)
F(JJ)=F1(JJ+J-3)
CONTINUE
CONTINUE
SPLlNE=O.OO
IF (OD-OI(N+2)) 123,300,300
CONTINUE
00 300 1=1,4
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002940
002950
002960
002970
002980
002990
003000
003010
003020
003030
003040
003050
003060
003070
003080
003090
003100
003110
003120
003130
003140
003150
003160
003170
003180
003190
003200
003210
003220
003230
003240
003250
003260

G=F(I)
DO 200 J=1,4
IF(J-I) 150,200,150

150 CONTINUE
G=G*(DD-D(J))
G=G/(D(I)-D(J))

200 CONTINUE
299 SPLINE=SPLINE+G
300 CONTINUE
500 CONTINUE

RETURN
END
FUNCTION CVCRIT(BIAS)
ACC=0.25
IF (ABS(BIAS).LT.ACC) GOTO 5
CVCRIT=-l. 00
RETURN

5. CONTINUE
X=O.O
DO 100 J=1,20
ARG1=X*(ACC-BIAS)
IF (ARG1**2.GT.50.) E1=0.0
IF (ARG1**2.LE.50.) E1=EXP(-ARG1**2)
ARG 2= X* (ACC+BIAS)
IF (ARG2**2.GT.50.) E2=0.0
IF (ARG2**2.LE.50.) E2=EXP(-ARG2**2)
F=-.95+.5*( ERF(ARG1) + ERF(ARG2) )
FP=(ACC-BIAS)*El + (ACC+BIAS)*E2
X=X-F/FP

100 CONTINUE
CVCRIT=1./(X*SQRT(2.)*(1.+BIAS))
RETURN
END
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APPENDIX D

DATA SHEETS FOR PRECrSIDN EXPERlMENT
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O1DPSU:

Targ et Con:

Run No.:

Date:

CMDPSU Precision Test - Pump Flow Rates

Operat or:

Target Flow Rate

Target Run Time:

Chamber Humidity:

* = time at which rotameter is adjusted back to target

Chamber
Position 1 2 3 / 4

Pump ID

Rotameter
Target Reading

Reading Times:

Initial*

112 hr*

1 hr

Mean flow' rat e (L/min)
Deviation from target(%)
Std.Dev. (l/min)
C.V. ( %)
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CMDPSU Precision Test - Final Data

CMDPSU:

Target Concentration:

Dat e:

Analysts:

Target , Sampler Initial Final Dust Time Cone.
EXP , RUN Weight (mg) Weight (mg) Wt (mg) (min) (mg/c u.m.)

/

10=========1::========1::============= ============== --------- ========= ===========---------
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CMDPSU:

Target Cone:

Run Number:

CMDPSU Precision Test - Weighing Data

Dat e:

Weighing Done By:

QC Done By:

Filter
In

Chamber
Position

Sampler
In

Mfg.
Wt. (mg)

Initial
Weight (mg)

Final
Weight (mg)

200 mg standard weight

Blank filter

1

2

3

4

5
~====== ==========-========,========= ================ ==============

Quality Control

Standard weight
Blank filt er

================== ================== ================ ==============

Humidity
Temperature
Atm. pressure
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