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The perfommance and accuracy of the coal mine dust personal smapler
vas evaluated. Mechanical properties of the ssapler, such as battery life and
pomp flow meter accuracy, were kept constant. Penetration curves were
obtained using monodisperse aerosols of several dimmeters for three sampling
flow rates ad three pulsation rates at each flow rate. The effects of
particle charge, saspler orientation, air velocity, and mass loading were
evaiuated using polydisperse coal dust. Results were compared to the
respirable mass dust criterion of the Los Alamos {LASL) Atomic Energy
Commission, the British Medical council respirable (BMRC) coal dast eriterion,
and the American Conference of Goverrmental Industrial Hygienists (ACGIH)
criterion. The respirable mass best represented the BMRC criteria when the
cyclone was operated at 1.4 liters per minute {1pm) and 0.3 pulaation
resulting in a 10 percent error over the range of interest. Respirable masa
best represented the LASL md ACCIH criteria whea the cyclone was operated at
1.71ps =:d O pulsation with, a 10 percent error over the range of interest.
The authors recommend that every cffort be made to reconcile the LASL and BMRC
criteria to achieve miformity.
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INTRODUCTION

The ohjective of this research contract war to evaluate the perforn-
ance and accuracy of the coal! mine dust personzl saspler and to determine
the quantitative effect of pump pulsating flow, particle charpe, mass load-
ing, and sampler orientation. Determination of those of fects provides
infornation as to the accuracy of sasples currently heing obtained and for

the improvevent of the samples for better health protection of the coal
H-‘I.nﬂl"i

For tha purposes of this study, the investigation singularly in-
volved the characteristics of the 10 e= cyclone portion of the sampler. It
wau agguned, for exarple, that the filter captured essentially 100 percent
of the partieles penetrating the cyclone urder all conditions of operation.
Mechanical parameters such as batcery life, accuracy of pump flow meters as
delivered, etc. were not {ncluded in the study but instesd were kept constant
or compensated by laboratory procedures.

The evaluation of tho cyclone included obtaining penctration curves
using monodisperse acrosols of several diamerers for three sampling flow
rates und three levels of pulsation at ecach rate. Polydisperse coal dust
vas used to evaluato the effects of particle charge, saspler orientation,
air velocity, and mass loading. Results vere compared to the respirable
coal dust criterion of nritish Medfcal Rescarch Council (WM®C) (1, 2, 3):
to the respirable mass dust eritorion of the Los Alazos Atomic Energy
Comminnion (LASL): and to the American Conference of Governmental Industrial
Hyglenists (ACGIN) similar criterionm,

The project was divided into two parts, the first part dealing with
the monodisperse studies and the second with the coal dust studies.

ps— F T |
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PART 1 - MOSODISPERSE STUDIES

INTRODUCTION, Cyclone penetration curves were cbrained using mono-
disperse ferric oxide spheres produced by a spinaing disc aerosol generator,

small nusbers of particles measured, {t {s satisfactory for ronodigperse
devonols. Size distriburion was deternmined by optical microscope. Spher-
icity of particles was checked by electron nicrography.

The cyclone penetration was deternined by using Iuln tracer in
the collofdal solution fro= which the aerosol van produced. The amounts
retained in the cyclene and the amounts penctrating the cyclone (collected
on the filter) ware Quantified. Use of the tracer technique permicted
short sampling times and multiple replication,

The experizental equipment and procedures vere calfbrated and the
experimental error evaluated in all areas which would have a significant
effcct on the results obtained.

EXPERIMENTAL

Dynasic Tent Chanher

The test chaaber used {s shown schesatically {n Figure 1. Aerosol
wvas introduced into the filtered air strean from a spinning disc Eenerator
{later, from a coal dust feeder). A Stairmand disc {nsured thorough mix-
ing of the aerosol, and a perforated plate upstreas of the test section
provided & uniform flow profile. The chanber afr velocity was centrolled
by adjustment of the blower speed and/or air-bleed slide valve. The uni-
formity of air flow velocity and aerosol concentration in the test ares
Vas evaluated. Afr velocities vere measured with an Alnor B500 therso-
Anenmoneter, A sixteen-point traverse of the test section area vas =ade
with the ancaometer probe held i{n a test stand. Individual readines wvore
within + 10 percent of the mean velocity of 50 f¢, per min. A 14" x 12"
area in the center of the test section vas measured to represent vhere
sazpling equipeent was to be locatad. A fifteen-point traverse of this
arca indicated that {ndividual velocity readings within + 2 percent of mecan
velocities of 300 fr. per =in.

Uniforsity of aerosol cnncfysrntiun was evaluated by Renerating
an iron oxide aerasel tagged with In with the spinning disc generator,
Sanples were taken with four meabrane filters placed horizontally across
the mampling area. After sampling for 10 ninutes at 2 liters per minute,
the activity on the filters vas counted with a gasma Spectrometer as re-
presenting the aerosol collected. The concentration measured on alil
filters was within + & percent of the mean. The particle size was approxi-

mately 4 um, Velocity in the chamber wvas 50 ft, per min.
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Figure 2 shows the arrangesent of sampling equipment at the test
section during a typfeal run. From left to right, the purpose of the
sazpled stresm was as follovs:

(1) B & L. Bausch and Lombh Model 40-1A 1ight scattering photo-
méter with digital readout, used as a control device E0 insure
unifornity of conditions during the run. For coal dust tests,
unifornity of particle size distribution was also monitored.

(2) ESP. A point=-te-plene electrostatic precipitator for collect-
ing particles on electroa micrograph grids. Micrographs were
inspected for visual sphericity of particles.

(3) Millikan. The modfficd Millikan frlling drop apparatus, used
to measure the termins! velocity of particles during the mono-
disperse portion of the project.

(4) Elutriator. &n clutriator furnished by the NHational Institute
of Occupational Safety and Health, a duplicate of the British
Mines Rescarch Establish=ent (BMRE) elutriator head, used for
collection of acrosol according to EMRC criteria.

(5) Filter, An open-face plastic, 37 = dlannt§§ fi{lter holder,
using 5unm pore size Gelman Vinyl Metricel filters.

{6) Cyclone asses=hly. Three 10 p= nylon cyclone and f{lter
assenblics, operated at different degrees of pulsation at the
sample flow rete.

The array of sampling equipment varied with different phases of
the investigation. The above description applies to the bulk of the rono-
disperse work.

Personal Sasnlers

fiine Safety Appliance Company personal pusps, Model G, vere used
with MSA 10 ma nylone cyclones and filter holder assemblies. The apparatus
is shown In Figure 3.

An attempt vac made to include Unico Micronaire pusps, but diffi-
culty was experienced with delivery and operation of the equipment, For
this rearon, use of the Unico equipment was dropped in order to avoid
delay of the project. The Unico sampler ia functionally f{dentical to the
MSA, the only important diffeorence in regard to this study being the fre-
quency and magnitude of the pulsatfons of flow,

MSA pusp pulsation, when operating on a saspler, had a {requency E
of 38 Hz and a magnitude of 2.5. Pulsation is defined as

Pulsation = (max flow) - (=in flow)
average flow

An oscilloscope trace of the MSA pulsation is shown in Figure 4.
The trace was obtained from the output of a fast response (1000 Hz) tempera~-
fure compensated anemometer (Thermo Systems Model 1051-1, 10548364,
13528) in the air linc dowmstream ef the saspler.
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Filtors

Tho filters used wvere Gelman No. 60714, 37 oa diameter, S micron
pore size Viovi-MetricelT! VM-1 membrane filters. For the monodisporse
work, particulate material cn the filter was measured by gama-ray spec-
trometer, In the eoal dust experipsnts, c¢sal duse on the fi{lter was
determined by tare and gross weighings on a Cahn Model RG electrobalance
operated in a “laminar flow™ clean rocn controlled st constant temperature
and himidity. The f{lters vere alloved to come to equilibrium for a mini=us
of one hour with the room atmosphere before weighing.

Aetouol Preduction = Monodisperse

Ferric oxide microspheres were produced using an Environmental
Resczrch Corporation Model 8330 apinning digc aerosol generator. An alce—
holic solution of ccllofdal dialized P ferric oxide wvas continuously fed
onto a one-inch diameter disc, spinning at 60,000 rpm, with a continvous
drive syringe pusp. The liquid spins of f the dise snd breaks up into
1iquid dreplets vhich subsequently evaporate, leaving nearly spherical
apgpregates of iren oxide. The size of the final particle depended upon
the initial concentration of ferric oxide used.

The collofdal iron solution was made by diluting fros= 0.5 to 2.0
=l of (-Fey04 Aquasol (obtained from Dismond Shamrock Corporation) to 25
wl vith 90 pereant ethyl alcochol. The diluted solution was made up fresh
for each nxprfgnnnt because it proved to be unstable after standing several
hours. The 1131n trocer was cbtained frem a senled, self-contatned 113}3
penerator (New Enpland Nuclear Model NRP-016) as the decay product of 1¢n.,
The indium vas eluted by drawing 0,.05N HC]l over the rmetal surface and into
@ snall vacuum vial. The elution volume was approximately 5 ml, contain-
inpg enouph “ct}“E;' for tvo experiments lasting approximately four hours.
Teo =1 of the ‘11n solution was mixed with 25 ml of the dilute sol prior
to use in the asrpasl pencrator.

Optical Sizing

The serodynamic diameter was determined Ly the modified Millikan
apparatus as described, but the aumber of particles so eeasured was too
erall to provide a peanure of the dispersion of particle size, Optiecal
tizing vas used for dispersion estimates. Sarples were taken for the dura-
tion of each run at 2 lpm on 5 um pore size pembrane filter mounted in an
open-face plastic holder, The filter was mounted dry for sizing by miero-
ocope at 430x magnification using a Porton reticle. At least 100 particles
vere mensured on each slide. Sizes were classified in groups of sizes
estimated to the nearest 1/2 Perton circle size. The data vas plotted on
log probability paper and @, determined as the ratio of the (cumulative)
BL.17 size to the 502 mize. Resulting values of'?‘ ranged from 1.04 %o
1.13 and averaped 1.08.

For the penetration curves (Figs. 5, 6, 7) the observed aerodynasic
diamater vas plotted as the abscissa, O, assumed equal to 1.00. It i=s
possible to convert the count distribution to mass distribution by the
Hatch-Choate equation (4) and then to apply the computations made by Lynch
{12) to estimate the error in penetration curve data caused by the assusp-

il




tion of ¢ = 1.00. On this basls, the error that vould be caused by use
of acrcsol withGy = 1.1 wvan ostimated as follows:

X Error in Penetration
Count Medlan Daretor Relaclive tn-ﬂr = 1,00

-5.7

0.0

=0,24

-0.8

-giﬂ

Thus the errer i{n penetration curve data fros this cause is neglipitle
for all but the 6 aum size, and at that size is less than the variatiliev of
the raw data. This estimate also concurs with that of Moss and Ettinper
{15) vho selected an aerodynanic dimsoter of 3.8 ym as a wize at vhich the
cyclone was insensitive to ~p.

A o

AerndIEnn{: S!:ing

Asrodyna=ic particle dimmster vas rensured using a photographic
version of a Millikan falling particle apparstus. In this apporatus, a
particle is ad=itted by gravity inte a szall hole in the top of a quiet
Tone. A chopped laser bean {s directed horizontally across the quiet zone,
vith a lov power microscope eyeploce and film holder mounted so0 as to
collect forward-scattered 1ight fro= a particle falling through the laser
bean. The apparatus has been deseribed in detafl (5). The light source
used here was a 3.5 millivare He-Ne multieode continucus vave laser, chopped
at 10 Kz or 4 Hz; the lfpht duration was about 10-percent-on/90-percent-off
for each cvcle. Equally-spaced dots on the fils resulted from a particle
falling at constant speed. The imapge on the fil= vas projected onto a
screen and the distance betveen the dots eeasured by dividers and rule,
The falling speed was calculated frem the time-distance relationship of the
file image dots. The apparatus was calibrated by placing a eicroscope stage
micrometer in the quiet zone of the apparatus, letting the laser light shine
continuously on the micrometer and exposing the film. The microseter image
projected onto the sacreen served as a calibration scale, Magnifications
for these measurcnments was 145x. Typically zero to six tracks were observed
for each expariment, Experiments vhere no tracks were observed were not
included in the data. The small nusber of tracks renders this sethod
applicable only for monodisperse seroacls.

Aerodynaric dismeters vere calculated using the Stokes relationship

a1 (1)

where ¥ ia the particle settling veloctity
E 18 the acceleration of the particle due to gravity
A is the viscosity of air

da is the aerodynamic particle dismeter, equal to V¥ d where L
is the particle denaity and d is the diameter of the sphere.

Electron Hicrgﬂrgzh:

During several experiments, particles were collected on clectron
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nmicroscope grids for sizing. The particles vere collected on the grid
using a point-to-plane electrostatic precipitztor {dentical te the desipn
of Morrow and Mercer (6). The prids vere shadowad with chromium aftcr
collection. The electron micrograph magnification was calibrated using a
54864 lincs-per-inch carbon replica ruling. The particle diamcters vere
measured on the micropreph and cxanined for sphericity. Particle donsity
can be ealctlated from Equation 1 when both the aerodynamic and prnjn:tsd
particle diameters are known; the density so obtaincd was 2.4 p= per om™,
Lippman (7) reported 2.56 and Seltzer (3) reported 1.20. The density data
does not enter further iato the results of this work but wvas conducted to
deternine relarive uniformity of methods of producing monodisperse merosol.

MEASUREMENT OF CYCLCNE PENETRATION

Preceding the actual rusn, the dynamic test chasber vas adjusted for
the desired velocity: sampling apparatus set uvp {(typically as in Figure 2)
and flow rates adjusted; and svringe loaded with colleidsal iren oxzide secl.
The feed to the spinning disc penerator was started and sdjusted to romove
gattelitos, then the sasplers started prosptly and as simitancously as
possible., The runs lasted typically from 20 to 40 minutes.

At the conclusion of the run, the cyclones were promptly recoved
fro= the chamber. Cyclones vere individually placed in separate tubes con-
taining 25 ml 0.05% HCl and placed in an ultrasonic bath for fifteen minutes.
Vhile the cyclones were being cleaned, the filters were placed in a 5.0 en
dlaceter plastic Petri dishes. The dishes vere counted on the crystal of
a pamma ray spectrometer tuned to count solely the 293 Kev energy peak
resulting {rom the photons emitted during the 1331n decay. Background
counts vere determined by counting & blank f4lter in a Petri dish for 100
seconds. After subtracting the background, the counts were calceiated back
to a time zero reference {mmila the time of the indius elution) using an
exponential decay law for the 137In having a half-1ife (ty;3) of 103.8
minuten, C.f.

wvhere § is the nusber of sasple counts corrected for background at time t
S, is the equivalent count at t = 0 ’
t ia the clapsed time from zero time
11{1 {a the indium-113 half-1ife
n is t/t3/2 = nusber of half-lives.

After the cyclones were cleaned, a 1 ml aliquot of the cyclone
vash solution was placed on a 37 == filter paper im a 5 cm diameter Petri
dish. Thus, both the penetration sample (dry filter) and cyclone retention
sample nliquot were counted at the same geometry.

Penetration was computed as

Penetration = dry filter count
dry filter count + (25 x aliguot count)

all counts being corrected for background and cosputed to time zero.

-6~




Adequacy of cleaning the cyclone bodics was checked by counting
them., Counts on the same order as background (10 to 15 counta per 100
seconds) vere obtained. At large cyclone penetration values (90X) the
signal to background (S/B) ratio for the cyclone wvash vas about 2, and the
corresponding S/B ratio for the filter was 1000. For penetraticns less
than 10 percent, S/8 was approximately 200 for both.

Development of Cveclone Fenetration Curves

Curves of cyclone penetration versus acrodynanlec particle diaseter
were generated from the data obtained by the methods previously described.
Each pair of points for the cyclones operating under the different flow
condftions vas used in a general linecar least-squares curve-fitting
Subroutine, ORTHONZ2, availablae froa the University of Minnesota, Corputer
Center Library. The polynomial which produced the best fit in the least-
squares sense (by examination of the standard error of estimate and standard
error in the cobiflcients) wvas used to represent the data shoun in Figures
5, 6, and 7. Table 1 gives the equations representing thoe curves. Tor
esch curve, &5 to 50 palr of datz points wvere available, in excess of the
pinisun number rocommended for the siza of the polynomial obtained, The
techniques used to generate the aerosol could net reliably produce serosols
smaller thar 2 um or larger than 6 pm, This was not a serious problem be-
cause at 2 un the penctration fs nearly 100 percent and at 6 um is close to
zero and would be zero at 7 uno in all cases except one (1.4 lpa and 0.0
pulsation) where zero is reached at 10 u=,

The curves obtained from the initial least squares fit were
manually extrapolated to 100 percent penetration at 1 um and 0.0 percent
at 10 pm so that the entire range of intarest could be used to determine
the cyclone penctration curva E'(D) for cach specific cundition. The com
pleted curves were broken into three sections OKIK), 2¢D<5, and & D<I0 um
and least mquares fits performed on points read from the smoothed curves.
In the range of 2 to 6 pm, the smoothed curve data analysis duplicated
the original data curve with less than 1 percent deviation. The error bars
represent 95 percent confidence bounds caleculated from the standard error
in the coefficients of the initial least squares best fit of the data.
Table 2 presents the equations for the smoothed pemetration curves and the
ranges of the equations as applied.

utation of Respirable Mass Sasnled

The cyclone penotration becomes the measured respirable =ass when
the sampler is used to sa=ple a dust cloud. The ractio of measured respir-
able wass to respirable masas criteriz of both BMRC and LASL=-AEC has been
calculated for each of the nine penetration curves for assumed log-normal
dust dispersions covering the range of 1 to 10 um mass median and geometric
standard deviations from 1.1 to 4.1.

The respirable mass can formally be defined for spherical particles

- S
® = JEOD) POD) ST d1a D 2

vhere F(D) i{s the nusher density function per cubic meter of air for a
log-nor=ally distributed aecrcsol having a goometric mean diameter Dg and
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peonctric standard deviationo'y defined by

i PO) = 1 __ex =(In D -1n Dp)?
‘ a -“ 1ﬂ|}‘= in ﬂ-g

3
and tﬁ%n—-} in the mase of a partfcle of disseter D and density (.

E(D) can take severai forms, depending uwpon the definition of the
| pulponary deposition curve. According to the reapirablie mass criterion
] eatablished for coal mines by BMRC (2) the respirable mass fraction is

-

E(D) = BMRC(D) = 1~ (7.08/D)2 /- ;°-
for 0<DS7.08 and EMRC(D) = O fer all D27.08, In the cese of the Los Alazmos
definition of respirable mass fractien (12)

E(D) = AzC(D)
AEC(D) = 1 for 0.0<D52.0

AEC(D} = 6,103034 - 5,987785D 4
2,770594D% - 0.68847510) +
0.09342388D% - 0.006515530% +
0.0001825093p6

for 2.0<N<8.0

AEC(D) = 0.1136477 + 0.035939%D
: 0,0112359502 & 2.590?059895D3 -
0.00000684 794 3D
' for 8.0<D£10.0

AEC(D) = 0.0 for al) D>10.0

In order to obtain a sample corresponding to one of the two respir-
able mass criteria, the cyclone should have a penetration characteristic
curve identical to one of the two E(D) functions described. The equations
representing the smoothed penetration curves were used to compute the ratio
of the mass that would be measured as "respirable”, called “respirable mass
sampled” to the respirable mass as defined by either the BMRC or LASL-AEC
criterfa. The equation is

K = £P(D) E'(D) DI d in D {3
D) RMRCLD nD

where E'(D) is the equation describing the cyclone penetration under the
conditions of test.

The integrations were carrfed out to 10 u=, not to infialty, be-
cause the integrand falls to zero before 10 um. Fquation 3 was evaluated
nuserically using the trapezoidal rule. Simpson's Rule was also used and
gave results equal to the trapezoidal method. The nusber of intervals
‘ for the numerical quadrature varied between 20 and 1000 per micrometer.

§ Converpence was established after a five-fold increase in the number of
L - intervals gave the same vesult to Ffour significant figures.

—————
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RESULTS AND DISCUSSION

Tables Bl through B40 (Sce Appendix B) show Equation 3 calculated
for the BMAC and the LASL ecriteria using count pedian diassters {OM) and
mass modian diazeters (MMD). MMD is related to CMD through the equation

In 00 = In OO + 3 Inloyg

The extensive tabulation resvlts from the fact that the ratio K in
Equation 3 is a function of the peomatric ncan dizmeter and peometric atandard
deviation (Dg, ¢3) of the dust c¢loud being sawpled. Obviously K would be
unity 1f E'(D) equals E(D).

Figures C1 to C18 (Appendix C) are contour bands of 0.1 intervals
of K for respective cyclone conditions compared to the tvo respirable mass
criteria.

Corparison to BMRC Criteria

Figures Cl to C9 portray the ratio K, as defined above, that vould
be obtained on different dust dispersionm. Figure B, (also C2) representing
cyclone operation at 1.4 lpm and 0.3 pulsation, vields 0.9<Kci.l (1- 10
poercent crrer) over approximately 90 percent of the range of interest. In
the opinion of the authore, the region of greater error is, in practical
terms, of cven less significance than portrayed because dust clouds of that
characteristic would be unusual and seldem encountered.

Figure 9 {alsc C3), 1.4 1lpes and zero sulsation, shows a similar
pattern, with 1.0<K¢1,2, or + 23 percent error cospared to the BMRC criterion.
If for practical reasons the specification of rero pulsation is {mportant,

a correction factor K' of 1.1 could be assumed in computing equivalency of
results, vielding a + 10 percent error in corputed equivalent BMRC.

£ - cyclone penatration = g
BMRC criterion y

or the equivalent correction factor:
cyclone penetration x 0.91 = MEC eriterion.

Thus a practical resolution would ba to sasple with the 10 ==
cyclone at 1.4 lpm and zaro pulsation; correct the respirable mass as
scasured by a multiplier of 0.91; with results varying from BMRC eriteria
by 4+ 10 percent over the entire reglon of practical interest.

All other operating conditions (Figures 21, C4 through C9) show
markedly greater deviations from a K value of 1, spread over much greater
portions of the regions of interest. Other workers (5, 8) have recormended
1.4 Ipm for the cyclone vhen compared to the BMRC. Seltzer, et al., in
referepce 5 does not explicitly call for 1.4 lps, but his data indicate
n smaller orror vhen using 1.4 lpm.

Comparison to LASL~AEC Criteria

Figures C10 - C18 show the K values for the LASL eriterion that
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would be obtained on different dust dispersions. Fipures Clx (1.7 ip=, 0.3
pulsation) and C15 (1.7 lpm, 0.0 pulsation) are approximately corparable

in providing & K value betwveen 0.9 and 1.1 over the broadest range. Sampl-
ing at 1.7 Ipm and zero pulsation (Figure 10, also C15) has the advantage
that the degree and frequency of pulsation need not be specified. For aleost
all sftuations to be encountered in practice, the 10 mn cyclone wiil vield
respirable mass data vithin + 10 percent of LASL criterlon vhen operated
at 1.7 lpm and zero pulsaticn.

Other laboratories (5, 9, 10j have recommended 1.7 lps for cospari-

son to the LASL criterion. The AIHA (3) recommends 1.7 lps for comparison
to the ACGIH criterion, which is almost identical to the LASL.

Options to Achieve K = 1.0

Obviously, for a respirable mass sampler to yield direct results
comparabie to a respirable pass criterion, the performance of the sampler
must match the criterion, If the penetration of the first stage docs not
match the criterion, computational correction of the mensured reapirable
rass theoretically reguires a knowledge of the pass median diarcter and
peometric standard deviation of the dust cloud being sampled. This re-
quirement largely negates the logistic value of the respirasble mass nampler
as compared to older methods, If a "practical™ solution is sought bv de-
pending upon the ranges of diasmeter and dispersion usually found {n occupa—
tional exposures and applying a corvection factor, the cyclone can bs in
error by a factor as high as 2. (See envelopes previously described.)

This potential error is uncomfortably high. Furthermore, there will be
pany situations where the "usual" ranges do not prevail and the orror can
be very hipgh. The sa=me considerations pertain to conversion of data from
EMRC to LASL criteria and vice versa. The conversion cannot ba made,
theoretically, without knovledge of the size and dispersion of the dust
cloud.

Two options present themselves:

a. Continued research may develop a sampler vhose pene-
tration matches the defined penetration. The 10 e
eyelone, for exasple at 1.4 lpm aad 0.3 pulsation,
is fairly close to the BMRC eriterfon. Continued
experizentation would no deubt find a cosbination of
flow rate and pulsation that duplicated the criter-
ion closely. In any such inveatigation, the fre-
quency of the pulsation would need to be considered
as a parameter {it was constant at 38 Hz i{n this
study) .

It 1s possible that a redesipn of the cyclone would
alse result in matching of the criterion at sore
reasonable flow rate and zero pulsatien. In this re-
prard, the penetration curve represented by the LASL
criterion is typical and representative of cyclone
performance; the BMRC criterfon ham a curvature the
reverse of that considered typical for cyclones.

b. The physiological data leading to the criteria ex-
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hibit a trependous scatter, as would be expected,
vhich vas smoothed by cosputer modeling of the
airvay passagos of the husan being (11). It ia
further probsble that the physiclogical data was
infivenced or bipsed by the saspling devices thenm
avallable, viz., the 10 wa cyclone or the BMRE
elutriotor. While review of the physiological
data and resulting commdttee decisiona {s not with-
in the scope of the present investipgation, it does
snecn appropriate to at least pose the question:
"Can the criterion be sodified to match the (now
botter understood) characteristics of the saspler?”.
Tf 8o, the sampling portion of the environmental
investigations would then be on a firm, vniform
footing, and a lot of pussibly reaningless cowpu-
tational corrcctions could be elinminated.

No sarpling technique will ever be perfect. 1f the technique reasonably
represents the physioclogical facts, however, tlne environmental data so
gathered will be adequate for enforcement, eval.:atien, and epidemiological
data.

Every c¢ffort should be made to reconcile the BMRC criteria and
the LASL eriteria. The historical reasons for adoption of the EMAC criter-
{on for coal mine dust arc understundadle. However, the LASL criferion
is being (has bezen, to a degree) adopted for all other pneumoconiosis-
producing dustas.

The LASL criterion has all the practical advantages on its side,
as compared to the BMRC, becouse the 10 mm cyclone (LASL) has so many
lopintic advantages over the BHRC., As a matter of fact, the BMRE instru~-
pont which conforss to the BMRC criterion cannot be used, due to its gite,
weight, and orientation requirements, as a personal sa=pler. The errors
inherent in evaluation of dust exposure by general arca sampling instead
of personal saspling ave far more significant, in the opinion of the
suthors, than the difference between BMAC and LASL-AEC criteria. Among
other things, the shape of the BMRAC curve is basically incompatible with
the characteristics of ideal cyclone separators.

On the other hand, it scems reasonable to suppose that the phyal-
ology of coal miner's lungs s not significantly different than that of
other vorkers in dusty trades. Theorotically, if one criterion is "right",
the other must nocessarily be "wrong"™. If, on the other hand, both are
“reasonably right", then there would seom to be mo technical reason wvhy
one or the other should not be abandoned.

On the assusption that the LASL criterion is "reasomably vight",
and in spite of the adainistrative difficulties involved, a once-and=for=-all
correction should be applied for conversion of EMRC-based epidemiology to
the LASL basis. This could be done, for exsaple, by adfustment of the
coal dust TLV and no doubt by several other mechanisms. In spite of the
administrative difficultien, such a change would be beneficial in the long
run {f technically sound.

HEe
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CORCLUSIONS AND RECOMENDATIONE

For application to coal uine dust (BRC criterion

of respirable masu), the best operating mode of the

10 = cyclone would be 1.4 1lpa at 0.3 pulsacion,
yvielding a + 10 percent error [rom the BEMRC criterion
over practically the entire range of intereat, with-
out correction factor.

If for practical reasons zero pulsation is preferred,
comparable resultas yielding + 10 percent error from
BMRC can be achieved by sampiing at 1.4 1pn, zaero
pulsation, and sultiplving the weasured respirable
mass by a factor of 0.71.

A1l other operating modes tested falled to yield re-
sults that would permit the application of a single
correction factor over the ranges of size and dis=-
persion of interest.

For spplication to other ppoumoconlosis-producing
dust (LASL-AEC and ACGIN criteria) the best operat-
ing mode of the 10 == cyclone is 1.7 lpm, zero
pulsation. This will yield measured respirable
rass within + 10 percent of the eriteria, without
correction factor, for almoat all situations to be
encountered i{n practice.

It 15 incocapable that for a sampler to measure the
rYeapirable wass as defined, fts firet-stape penctra-
tion must match the defined characteristic. If {t
dota not, cosputational corvection of results re-
quires an independent knowledpe of the particle size
and dispersion of the cloud being sampled. This
requirenent largely negates the loglstic valve of the
personal saspler.

Convernion of data from BMRC to LASL-AEC eriteria,
wnd vice versa, is subject to the same consideration
an l-tﬂ 3- nbﬁﬂ-

Two options present themselven:

8. Further exporimentation with flow rate and
pulsaticn could lead to a closer match to
the criteria. Cycione redesign could lead
to a better match of the LASL eriteria.

The shape of the BMRC curve {s incospatible
with cyclone penstration curves in general
{see discussion).

b. The physniological data should be reviewed
to determine vhether 1t would be technically
accoptable to modify the criteria to match
the (nov better understood) characteristics
of the sampler {sce dimcussion).
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6. The MMRC and LASL criteria should be reconclied,
and one abandoned, so an to achieve a unifomm
criterin. There vould seem to be no physiological

1A basis for tvo criteria. The epidemiolopical basis

could probably be modified and reconciled. The

| LASL criterlon would appear to have more practi-

i ‘ cal advantages than EMRC (see discussion),
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PART 11 - POLYDISPERSE STUDIES USING COAL DUST
IRTRODUCTION

The necond part of the investigation involved the evaluation of
the personal sampler using polvdispersze coal dust to determine the elfocts
of asbient alr velocity, dust concentration, masw loading, electrostatic
charge on the particle, and saspler orfemtatica.

EXPLRIMINTAL

Genaral:

The dynamic test chasber was used in a manner sinilar to that des-
eribed in Part 1. The spinning disc aerosol peacrator vas replaced with
a coal dust feeder, all cyclones ocperated at 2 lpm using pulsation smoothers
in the air line between the purp 23d the sarpling head., For all coal dust
experiments, a tesperature of PO F and a relative humidity of 60 percent
was maintained, Coal dust collected on the filters was weighed on an clectro-
balance having nicrogran sensitivity. T

J

The 2 Ipn sampling flov wvan pelectel becapse this wvas the current
operating roquirement definmed {n the Federal Pagister (13). Suction was
obtained fro= Mines Safety Applisnce personal puops, Bendix Unico personal
puzps, and a Gast 1 ¢fm carbon vane pusp. For the porsonal puzps, Cassella
pulsation sroothers were used to virtually eliminate airflov pulsation.
The airflow retting was calibrated using a wvet test meter with the pulsa-
tion smoother and pampling head in position during ul!‘.bn{iun procedure.

Conl Duat

111inoin Ho. 6 coal, pulverized and sired by the Donaldson Company,
Minneapolis, Minnesota, vas used in all experivents., The Coulter Counter
Model B median dipmetor measurement for the coal dust was 4.0 + 0.4 um; the
geometric standard deviation was 2.6 + 0.2, 'his size distribution speci-
fication vas selected from a literature survey (14) as being the most
representative of the reported values. A larpe variation vas apparent in
the literature data, including a wide variety of coal mining situations as
well as a varfety of particle sizing technique. The specification vas
somevhat arbitrary, in the midrange of reporter values. 1t is obvious that
the aature of the coal and rock, the wining pethods and machinery, and
ventilatfon alrflows will influence the mize dintribution of the coal dust
in any given mine even If sizing technigques used were uwniform. The specifi-
cation wan proculgated vith the intent to provide & basis for this and
future work which provided a test dust {a) reasonably representative of
dust i{n coal mines, (b) practical to produce on a 100-pound sample basis,
{c) reproducible, (d) with size distribution specification related to
quality control of ground product, avoiding the intricacies of dispersion
in air and rescarch leval aerodynanic sizing techniques. The Coulter Counter
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vortible to equivalent spherieal dianoter. For particles the shape of
coal dust, the mass distribution ne obtained vas anticipated to be a falr |
representation of data obtalned by scrodynaxic sizing, and proved to be so. :

data, representing the diplaced volune of individual particles, is con- -‘

This valve is also in close apreecent with the value calculated,
for a different reason, by Moss and Ettinper (13). They reported that the
penctration of a saspler operating on the ACCIH criteria curve is independent

of the geosetric standard deviation {f the acredyna=ic mass median diaseter
in 4.8 um,

Coal Dust Feedeor

The coal dust wee dispersed into the dynanic test charber using
the Hinnesota Xo. 3 Dust Feeder (16).

Coal dust 1s placed 4n a vercical cylinder attached to a
lonp screw inside a pressure chasber. The screw projects
through & pressvre seal and {s driven by a variable speed
potor. JIesediately above tha surface of the coal dustc

and at the base of a stationary tube in a blade and slit
arrangerent. As the dust cyvlinder tume and povens -upward,
dust is scraped into the tube through the slit. The air
pressuré ir the chasbeér propels the dust up the tube and
through an orifice into an i{mpactor vhere sonic velocitles
serve to break up agmlometates. The dust-laden alr then
flows through another orifice into a short plece of pipe
centered behind the Stairmand Disc of the dynamic test
chasber.

Uniformity of the Coal Dust Delivery

A Bausch and Losh Model 40-1A optical parcticle counter provided
both particle count and size analyeis for each experiment. The variation
in total count during a run was typically + 15 percent, approaching + 25
percent at lov dust concentrations or low chasher velocities.

For all 200 experiments, the pedian diameter (uncalibrated B & L

digeriminator settings) varied + 16 percent, The geometric standard devie-
tion vas 1.81 + 0.13 {+ 7 perceat).

Filters and Tilter Weighling

It wvas deternined early in tle work that obtaininp accurate and
reproducible wvoipghings on the order of 200 microprams of coal dust on a
filter vould require carefully controlled conditions and standardization
of technique. The detailed procedure developed Ia described in Appendix A.
A veighing error of 4 0.1 was achieved.

Gelman Instrument Cocpany, Metricel YM-1 mesbrane filters having
5 um pore sizc vere used in all experirents. MSA polyvinyl chloride mer—
brane filters supplicd with the MSA saspling kita were not used because
they had an inicial high electrical charge, at tirmes great enough to
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physically 1if{tv the balance pans. The Celman filter did not sppear to
have an fnitial charge. At the completion of mome runs, the loaded filters
behaved as though they were charped. Exposure to 500 microcurie <10pg
source removed this charge. The same fonlzation source wvas capable of re-
moving static charge from the MSA filters. TFor uniforaity, and because
filter behavior was not a subjcct of investigation, the Celman ff{ltern

were used throughout,

The welghing was done in a horirontal alrflow clean room under
tontrolled temperature snd humidity conditions. The filters were stored
in the veighing roon for a minimum one-hour perliod prior to weiphing to
aliow equilibration with the terperature and hunidity of the surroundings.
Before welghing, the filter was passed in froat of the poloniun source,
and the ionization source was passed over both pans prior to cloaing the
balance case door.

DATA AKD RESULTS

EFFECT OF AIR VELOCITY, DUST CONCENTRATION, AND TOTAL MASS

Four personal sasplers, three with standard 10 r= nylon cyclones
and one with an aluminum cyclone, vere mounted at the sa=pling sration.
The aluninum cyclone vas a dirnsional duplicate made by forming a wax
casting (core) of the nylon evelone and measuring by conventional techniques
the pertinent dicensions. A reamer was rade to these disensions for machin-
ing the aluminmu= stock. In addition, the elutrfator snd the intske tube
to the B & L counter were sounted at the sase location, with inlets facing
into the air flow.

Tests were conducted at respirable dust concentrations of approxi-
mately 0.5 to 6 mp/n” and at test chasber air velocities of 50, 100 and
300 ft. per min, The ratfo of cvclore rass penetration to elutriator mass
penetration was compared. The resulting dota is presented in Figures 11
to 13 as cyclone penotration versus elutriator peaetration for each velocity.
The slope, intercept, and correlation coofficient of the loast squares
best fit straight Iine {s shown in Table 3.

Dust Concentration

The small variance of the slope coefficient and the high correlation
coefficient indicate that the relationship is quite linecar, and therefore
there is no difference in the effect of afr velocity, dust concentration,
or total mass load between the cyclone and *he BMRE. This is not, unfor-
tunately, conclusive proof that there is no effect in an absolute sense.
However, it 1s unlikely that the effect of these variahloes would be so
fdentical on the two different devices if an absolute effect did, in fact,
exint.

The nlight deviation from zero-zero intercept, plus the fact that
the error in the Intercept coefficient is larger than the walue, leads to
the f{nterpretation that the presence of the intercept value is rerely a
result of the least squares curve fit procedure. The theoretical intercept
ia obviounly rzero-zero, and no tests were run at very low concentrations
approaching zero.
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Alr Velocity s

The slopes of these lines at different alr veloclities are nearly
equal. The standard deviatioan in the slope coefficients makes {t impossible
to statistically evaluate the effect of embient air velocity om cyclone
performance. In any event, the range of the slopes is seall enough to
make such nn effect insignificant. The average of the ratioa for the three
velocities is 0.72 + 0.02 (+ 3 percent). This compares well with the 0.70
value interpolated from the moncdiaperse results shown in Tables B3 and
B6, using the aerodynacic mass modian diameter (5.1) and prosetric ntandard
deviation (2.09) of the coal dust obtained from the Lundgren Ispactor re=
sults (sce Table 4).

Total Mazs Load ing

The sasplers wvere not run for eight hours at hoavy loads of 35 to
6 ng(ni roepirabla dust to determine effects of mass loading becauvss errors
at levelr o far over applicable standards would have little praititul
gignificance. The cyclones were operated im the range of 2 pg/n” for four
to saix hours to obtain the data for Figures 11 to 1). 1If significant
errors duc to mass loading had occurred, the scatter in the data vould be
expected to be greater, the correlation coefficient poorer, and standard
deviation in the siope larger. The data indicates no significant error
due to total mass loading in the range of applicable standards.

Nelon Varsua Aluminunm Cyelone

The alvminum cyclone was avallable for this phase of the work as
ft had been prepared for investigation of electrostatic charge. The slope
of the aluninun cvclone penetration versus BEMRE is essentially the sare as
for the nylon cyclone at 50 and 100 ft. per min. ambient alr velocity, and
significantly different at 300 fpm. {(Table 3). The available data offers
no explanation for this observation. The samplers and test chanber vere
mmﬂdn

SAMPLER ORIFNTATION AXD POSITION

For orlientation investigations, the teat charber vaz operated at
50 and 300 ft. per min. Respirable dust concentrations were maintalned
between 0.1 - 2 mg/n~. Six samplers were used, all mounted vertically,
with two each facing into the air Ilow, two sway from the air flow, and
tvo at right angles to the air flow, cperating at 2 lpm pulsation free
saspling rate. Space limitation inside the test chamber prevented the
use of the horizontal eclutriator. The data was analyzed relative to the
cyclone facing into the air stream. Table 5 represents the results of 18
experiments. Orientation in regard to asbient air flow had no significant
effect on measurcment of respirable mass. In view of the fact that cyclone
inlet velocity (at 2 lpm flow) is 1770 fr. per min., far above any reason-
able asbient air velocity, this result is not surprising.

Samplera operating in a horizontal position were compared at cham-

ber air velocities of 100 fp=. Only one asbient air velocity was sclected
because at this point in the investigation it was vell established that
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cyclone penetration was independent of alr welocity. The sampler {nlets
faced at three orientations to the direction of air flow; upstrean, down-
stream, and perpendicular. As before, there did not appear to be any
difference in orientation. Uafortunately, a direct corparison of horizonts!
to vertical position at the same wvelocity and orientation was not made.

The forcep exerted on the particle by the centrifugal action of the cyclone
are several orders of magnitude larger than the foree of pgravity, leading
to the premise that there should be 1ittle or no difference in penetration
for a eyclone operating horizontally or vertically.

THE EFFECTS OF AEROSOL CHARCE ON CYCLONE PENETRATION

Particle charpe may influence cyclone penetration because the nylon
dielectric can accumulate larpe azounts of charge and thereby alter the
noreal orbits of the particles within the cyclones. Such an effect wvas
studied by Lippmann & Kydonfus (17), who report that transsission through
the cyclone is reduced for highly-charged particles,

Two mothods were used to study these effects: chanping the particle
charge for a serles of penetration tests, and comparing the difference in
penetrations between cyclenes fabricated from diclectrics and conductors.

The dust penerator, because of the merhod of dust dispersion, pro-
duces particles with hiph initial electrical charge. The charge can be
rexoved from tho ﬁ\ttlclrn by passing the=m through a region of {onized alr
in vnich particle charge is neutralized by either olectron or molecular fon
attachmant. Alr was fonized uagnn any one or all qulg; folloving radio-
active sources: 35 mizrocurie “’Kr, 20 »¢ and 40 rc ~“i%0. Clean atr vas
passed through the poloniun devices and mixed with the coal dust while the
dusty air vas passed through the chasher contalninp the krypton capsule.

When all three units were in use, a 70 percent reduction in total charge
wvas obtalned,

Averape particie charge was calculated from particle mohility vaing
a particle sobility unit designed by the Particle Technmology Research Group
at the University of Minncsota. The robility tube analyzer (Fipure 14)
connisted of tvo electrically isolated coaxfal cylinders to which an elec=
tric potential wvas applied. The inside cylinder had an outside diamerer
of 2,54 erm, the outside cylinder had an inside diaceter of 3.6 cm, and an
active length of 17.7 ca. The electric field strength betveen the cylinders
during these experiments was 940 volts/cm. The dusty air vas pulled through
the region between the cylinders at a rate of 43 lpm, and collected on a
mesbhrane filter at the end of the cylindera. The air flow vas laminar.

Under these condftions, the particle charge can be calculated from the
equation

3.12 x 107 & by (1-P)
Qe E

vhere Dp = particle diareter in
E = electric field strength in volts per centircter
< = average velocity of the particles (air) between
the cylinders in centimeters per second
q = nusber of electron units of charge on the particle
P = pencotration

The mobility tube penetration was calculated from the mass of coal
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dust collected on the cylinders and the filcer. The cylinders were velghed
on an Alnsvorth Tvpe 108 laboratery balance, the filter vas veighed on the
Calin electrobalance. The mean error in weighing was estirmated as 12 percent
and rarely exceoded 17 percent.

The data is presented as the ratlo of cyclone penctratien to
elutriator penctration versus average number of unit charpes (q) per particle.
The particle diameter veod to calculate the mean charge woas 5.0 um. Figure
15 shows a plot of the penetration ratios versus charge for both the nvion
and setal cyclone, and Tabls 6 the results of a least squares analyvsis of
the data, The near zero alope~for both eveclones iIndicates that charge
posoibiv has a simflar cffect on both cvelones, further {f an effect of
charge iw prosent, it also effects the setal elutriator in the same vay {t
effocts the cyclones, Fecause the scparating forces exerted on the particle
are so differeat for the two samplers, 1t would seem unlikely that charpge
effecte vould cancel In the penetration ratic. The correlation coefficient
for both sete of data in close to zero, which efther Indicates the straight
line is not un approprizte model or that charge and penetration have no
correlaticon. Judging from the scatter in the pointa in Figure 15 and the
foct that there does not appear to be zny best curve that would represent
the points, the latter Interpretation secems most reasonable. Therefore,
bocause the intercept is close to the K value of 0.72 found for uncharged
-particles (Table J), and the slope and correlation coefficient are near zero,
it 1s concluded that particle charge of the magnitude tested has no effect
on the cyclone penetration.

This result contradicts the results of Kydonlus cited (17), who
found a sipgnificant difference in penetration between highly charged and
nearly neutral particles with cyclones sampling at rates of & lpa or less
in a sulticyclone sampler. A propgresa report by Lippmann (18) also indi-
cates charge can have an effect, but it appears that betveen 1.75 and 2.5
Ipn the effect {8 not gignificant except for dis=eters less than 2 ym.

Lipprann's curves in his Figure 14 {n the propress report vere accidentally
mislabeled (19).

COAL DUST STZE DISTRIEUTIOR

The acrodynamic size distribution of the coal dust was determined
for corparison with the Coulter Counter procuresent specification and more
importantly to perm=it comparison of the K value (ratio of cyclone penetra-

tion to BMIE or LASL criteria, Part I) for the coal dust as cospared to
monodisperse npheres.,

=

. i,
The B & L optical counter was not calibrated for coal dust and wvas
usad only az a quality control monitor to insure consistency of size dis-
tribution and concentration during experimental runs. Aerodynamic size
distribution of the coal dust at the sampling station was determined
directly by use of a Lundgren Ispactor (20). This impactor offers two
significant advantages over many others. The rotating drun targeta greatly
reduce the bulld-up and blow-off problems experienced with scacionary
impactor targets. Sccondly, substrates of varying materials and low tare

veiphts say be mounted on the druss, irproving the accuracy of weight
determinations.

g

The impactor was operated at a saspling rate of 3.0 c¢fm. From the
manufacturer's calibration curve, a J ¢fa sampling rate would glve stage
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cut points corresponding to particles having aerodynamic diameters of 18,
5.2, 1.8 and 0,52 pum, Prewelghed pylar films coated with petroleum jelly
vere used as the collection surfece. The films were weighed on the electro-
balance vaing & similar procedure as for the saspler filters. The mylar
films were too large to place on the balance pans, making it necessary to
fold them. Once the files vere folded (Jelly surface to jelly surface) and
velghed, they were unfolded and mounted on the drums. The process of uafold-
ing the filn created lusps on the surface of the jelly which could either

be blowvn off or scraped off apainat the stage entrance slit. To eliminate
the lusps, the dru=s were placed under an infrared lamp and the petroleun
jelly allowed to melt and flow over the fila, Carcful handling prevented
the losa of any materisl. The final filter, because of its size and the
fact it could not be folded, wvas velphed on the Ainsworth balance. The
experivents lasted 45 minutes cach, corresponding to one rotation of the
drum and six sets of six point scans on the optical particle counter dis-
eriminator. The results are showm in Figure 16,

To confirm these results, coal dust samples from slx locations on
the dynasic test chazber exhaust filter were submitted to Donaldson Company
for Coulter Counter mnalysis. The resulls of the Coulter Counter analysis
on the final exhaust filter along with the Coulter Counter analyais of the
gtarting coal deat and the Lundgren lmpactor results are shown in Table &,

SOURCES OF EXPERIMENTAL ERROR AND ERROR ANALYS1S

Errtor Analvals

The error {a the respirable mass i{s the sum of the error contribut-
ing to the peasurerent. Assuming the errors are independent and normally
distributed, then the maxizmum variation in EM can be calculated.

The mass of coal dust collected {s the difference in filter mass
before and after each experiment, approximately M}l.'lip;. The readabilicy
of the balance 1s 2 ug. The volume of air sarpled is the product of air
flow and sampling time. The sampling flowmeters had been previously cali-
brated to better then + 2 percent at 2 lpm and an adjustment error of 2
percent wvas assumed.

Let My = initial filter mass - mp
final {i{lter macs - =g
pirflow = lpm

smspling time - min
respirable pass - mg/m

- ¥§I_'Hﬁs};rt
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let dR = AR then
Z JoaF] | aty, 1
ok = [aMy + AN, +aM (=5 + 0] 7
Some typical values in these experiments are

He = 5.400 mg
H{ = 5,000 ng
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LN, = OM, = 0.006 wp {Appendix A)
F = 2.0 1pm = 0,002 peters” per minute
AF = 0,08 lp»
t = 120 wmin.
DL = 5;55 ﬂina

then

R = 1.67 ng/n’ and :
&R = 0,117 or + 0.06 mg/m {+ 3.4%) {one atandard deviation)

This is contrasted by the lesa strict offfelal requiromants for
¢oal mine dust sampling (21). Assums an night-hm:s garoling time, ot a
constant respirable mass concentration of 2.0 ng/n” {collected on the
cyclone filter). AM can be as large as 2 mg, Oly as large as + 0.05 ng and
AT as large as 0.1 lps. The time ter=At/t should be negligible. Then

LR = 0.208 or + 0,104 (+ 5.4%) (official requiresent)

The percentage error would cbviously increase at lover valuen of R
or shorter sampling times. Based on the official requiresents, a 120-min.
sample wvould have an error of + 15%. The erver in these exporiments is

| thus saailer than curreatly permitted in actual field sazpling situations.
Obviously the rougher field situation would be expected to increase the
total error.

Cyclone Assssbly

The vortex {inder of the cyclone fits into the top of the cyclone
body and rests on an {amternal shoulder, beld in place by compression
exerted by the bracket, or mounting jig, vhich holds the cyclone-filter
casgette assembly together. There is, of course, some cloarance betwaen
the outside diarcter of the vortex finder and the inside diareter of the
cyclone body. If the compression forces are not in reasonably good axial
alignment, the vortex finder is tipped out of a=ial aligneent and does
not rest squarely on the shoulder inside the body. This can opea up the
cyclone inlet, or open up A radial crack between the vortex finder and
shoulder, depending upon the orientation of the misaligneent.

in these experiments, this defect was noted early in the coal dust
work vhen high variability between replicate tests was observed. Visual
{nspection revesled an abnor=al depositiom pattern of coal dust inside the
body. The suspect experimental results were discarded and the work re-
peated, with a return to the technigue used for monodisperse vork, vhereln
the cyclone joint was covered with putty. It was alse cbaerved that
sufficiently careful assesbly would prevent the axial misalignment.

The amount of error introduced by this mechanical fault was not
investigated but was obviously large. Such misaligonment could easily
] oceur in field assembly, or even after assembly wvhile the sampler was in
use. A mechanical {not acrodynamic) redesign of the vortex finder-body
connection is the obvious correction required for standardized, mass-
] produced cyclones,
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SUMMAKY OF COAL DUST RESULTS

There is no nipnificant difference in punetration characteristics of
the 10 &= eyelone and the HMIE elutriator due to

(n) ambient air velocity ranging from 50 to_300 ft., per min.

(b) dust loading ranging from 0.5 to 6 mp/u’ tguptuhh}

{c) mass loading resulting from runs at 2 mg/m’ (respirable)
dust concentrations for six hours.

The aluminus cyclone showved unexslainad differences as corpared to the
nylon cyclone for asbient air velocity of 300 fr. per min., but not
for 50 to 100 ft., per min,

There is no signtficant diffarence in penetration characteristics due
to orientation (inlet facing toward, avay from, or perpendicular to
air flou) or positions vertical and horizontal. Upside down poasition
wvas not investipated.

The effect of merosol chargo on cyclone penetration vas to increase
the variability of the results, but no significant trend was found.

The coal dust size distribution used reasoaably represents typical
coal mine dust, can be economically and reproducibly procured in 100-
1b. lots, and reasonable conaistency of mize distribution was estab-
lished Iin the experisents.

Error analyais of coal dust filter weighings shows a veighing error
under laboratory conditions of + 0.1 percoent.

The ratio (K) of respirable mass determined by cyclome to that required
to match the BMIC criteria was determined from coal dust experirvents
and verifies the results predicted by monodisperse experiments.

An error analyeis of the experimental dats rvesults in a total expected
error of approximately + 5 percent.

Foor design of the vortex finder-cyclone body connection was noted,
vherein axial misalipgnmont could occur resulting in change of dimension
of the cvelone inlet and/or opening of a radial crack in the cyclone
body #s assesbled. Either situation results in large sampling errors.
Mochenical (not aervodynamic) redesign of the comnection iz recomsended,
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5.
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GENERAL & Y AND CONCLUSIONS

Respirable mass, ns deter=ined by the 10 m= cyclone narpler, best
represents the EMUC criterion 4f tha saspler {s operated at 1.4 lp=
and 0.3 pulsation, resulting in + 10 percent error from the criterion
over the range of intersst.

If puleation-free mazpling is vore practical of achievesent, the
eyclona best ches the BMRC criterion at 1.4 lpm and zero pulsation,
reaulting in + percent error. By application of a correction factor

Respirable mass (cyclone) x 0.91 = reaspirsble mass (BMRC)
and the error would then be + 102,

Respirable mass, as determined by the 10 m= cyclone saeplor, best
represents the LASL criterion when opersted at 1.7 lpm and zero pulsa-
tion, with an error of + 10 percent over the range of intorest.

For coal mine dust sarpling, uvsing the 10 mm cyclone at 2 lpms pulsation
free, the approoriate conversion factor for respirsble mans so deter-
mined to the BMRC eriterion is 1.4, rather then the 1.6 specified by
current regulations. The conversion should be

Respirable mass (cyclone 2 1pm) x 1.4 = Respirable mass (BEMRC)

There in no apparent reason other than historical for the current use
of both EMRC and LASL criteris. (See RESULTS AXD DISCUSSION, PART 1.)
Every effort should be =ade to reconcile and merpe the two criteria.
The LASL criteria has the advantage of basically repreacnting the same
mathematical functica as the sasmpler (cyclone), and that the cyclone
itself 1s a lopiitically useful personal sampler. If this wore
accomplished, respirable mass could be messured directly, without
conversion factor, with + 10 percent error over any reasonsbly ex-
pected range of size distribution to be encountered in field sarmpling.

Under normal saepling conditions of airborne dust, the cyclone sacpler
can adequately determine respirable mass regardiess of particle charge,
sampler orientation and positfon (except possibly upside down, which
vas not investigated), dust concentration, and ambient air veloeity.
The ratio of dust collected on the cyclone after-filter to the dust
collected on the elutristor fflter is consiatent with the results cal-
culated from penetration curves obtasined fros ponodisperse 2ercsol
investigations.

Results of this study are compared to those of other investigators in
Table 7.

A design defect in the mechanical connection between vortex finder and

cyclone body wvhich could cause large sampling errors wvas noted.
Mechanical (not serodynamic) redesign of this comnection i3 recommended.
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Tabld 1

Equationn for Experivental Cyclone Penotration E'(D)

Flow
lpm  Pulsation Renge of D {um)
2.0 o RIS E'(D) = -2.59 + 3.59D - 1.120° + 0.102p3
0.3 2.2 - 5.2 E'(D) = -2.44 + 3,46D - 1.1002 + 0.100D°
0.8 2.2 = 5.2 E'(D) = -3.21 + 5.76D - 2,760 + 0.5:6p3 - 0.033)0%
1.7 0 2,0/~ 5.8 E'(D) = -0.671 4 1.72D - 0.5330% + 0.0445p°
0.3 2.0~ 5.5 E'(D) = -0.633 + 1.72D = 0,545D% + 0.0463D°
1.3 2.0 - 5.5 E'(D) = -1.06 + 3,030 - 1,48D° + 0.2650° - 0.0162p
1.4 0 2.0 - 6,0 E'(D) = 4,64 - 5,570 + 3.2102 - 0,847p7 + 0.1080%
-0,005D3
0.3 2.0 - 6.0 E'(D) = -0.0878 + 1.030 - 0.2950% + 0,0217p3

1.3 2.0 - 6.0 E'(D) = 2.76 - 2,530 + 1.700? - 0.668D7 4 0.118p%
=0,0142D° + 0,0005770°¢

=35-
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Table 2

EQUATIONS FOR SNOOTHED PENETRATION CURVES

Vlow Pulantien Rnnfu untion
1.4 1pm 0.0 0-2.5 TEd = 1,001 + 0,01336D - u.ogsmu’
~0,01388D° + 0.004936D
2.5 - 4.5 PEY = 4,644 - 5.572D + 3. zuul
0. E.Hlnz + 0.1082p%
-n.unsuami
4.5 - 9.5 PEX = 5,002 - zsmm + 0.3721p%
-0.03168D7 + 0.001054D%
29.% PEN = 0
1.4 ipm 0.3 0= 2.5 PEN = 1.001 + 0,01336D - 0. gesmﬂnz
-0.01368D°% + 0.004935
I S W PEX = -0,08780 + 1.029D - 0.2948D2
+ 0.02165p3
4.5 -9 PEN = 4.561 - 1.360D + u.xann?‘
-0.007975D° + 0,00006975D
29 PFERN = O
1.4 'pn 1oy 0~ 2.5 PFN = 0.9968 - 0.01055D
+0.018500% + 0.01355D°
- 0,01347D%
2.5 = 4.8 PEN = 2,758 - 2.531D
+ 1.59902 - 0.66760°
+ 0.13840% - 0.01424n%
+ 0.0005775p®
its - ?-.'l ?Eﬂ' - !-“ i!;zn
+0.22110% - 0.01624D7
+ 0.0004453p%
>7.5 PEN = O
1.7 lpm 0.0 0 - 2.5 PEN = 0,9999 - 0.0004971D

+ 0,0008159D% + 0.0006232D°
- 0.0005970p%

-27=




1.7 lpm

1.7 ipm

1.7 lpm

2.0 1pa

Table 2 (cont.)

Pulnation Ranpe o o
- 0.533202 + 0.04458n7
+ 0.90190¢ - 0.07364p3
+ 0,002236p%
aﬁ-j fﬂi - n
+ 0.00117502 + 0,00001061D7
- 0.0007530p%
2.5 - 4.5 PEN = = 1,086 + 2.248D
- 0.7660p2 + 0.08530p3
- 0.0024620%
4.5 - 6.3 PEN = 10.30 - 5.206D
+ 1.0100° - 0.08461D3
+ 0,002631p%
261:3 !'f!'l - D
1.3 0= 2.3 PEN = 0,.9976 - 0,004462D
+ 0.01514D% + 0.006588p
- 0.01115p%
!-5 - ‘-15 rm - -lluﬁn J;nz:n
=1.483D tu.:ﬁssnl
-0.01623D
+ 0.15970% - 0.01296p3
+ 0.0003908D%
EG-J PEH - D
+ 0.0033260° + 0.004437D2
- 0.002662p"
2.5 = 4.5 PEN = -2,.587 + 3.%93D
-1-. ‘: +‘ ﬁ-lﬂzmj
-28-



Table 2 (cont.)

Flow Pulsation Banpe I‘:gtmtlun
2.0 1pm 0.0 b5 - 6.8 PIR = 4,341 - 2,1%D
+0.397902 - 0.03254n3
+0.00098450%
26,8 MM =0

+0.00415507 0.00426707
={} -:m:u?m*

e PEN = =2.437 + 3.477D
~1.09922 4 0,1005p7

£.5 = 6.3 PE¥ = 4.3873 «_2.281D
40,44020% - 0,0373503
+0.001176p%

26.3 PEN = 0
2.0 ipm 1.3 0-2.% PEN = 1,003 + 0,0015130
-0.010710% -~ 0.01060D?
~0.001555n%

- M Jread L PEX = =3.211 + 5.761D
-2.7SED ﬁl 0.5155p°7
~0.03368

6.5 - 5.8 PEN = 1.251 - 0.6554D
+ 0,126907 - 0,01078p7
+ 0.0003333p%

.‘.5.3 ?H L ﬂ
-29-
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Table 3

EFFECT OF AMBIENT AIR VELOCITY
ON CYCLONE VS. BMAE PENETRATION

CORFFICIENTS IN EQUATION: CYC = A+ B (BMRE)

e Y N TR

Approach Velocity Slope Intercept Correlation

FPM B A Coefficient Cvelone Cons't

50 0.70 + .02 0,06 + .07 0.98 Nylon
0.76 + .04 0,03 % 0.1 0.95 Metal

100 0.73+ .03 0.05+ .08 0.98 Nylen
0.72 # .02 0.04 + .05 0.99 Hetal

300 0.74 + .04 -0.18 + 0.2 0.92 Rylon
0.60 + .04 0.02 +0.1 0.94 Metal



Material

Test Dusat
Specification

Test Dust {Bulk)

Asrosol Testhed

Deposit on
‘After Fllter

Inble &

TEST COAL DUST PROPERTIESR

Aerodynianic Mass

Nedian Diz=ater Equivalent Spharical
Microns Diamster, Microns
(Lundgren Immactor) (Coultar Counter)
Uncorrectaed Corrected
for Density
——— 4.0 + 0.4 £.38 4 0.44
== 3.8 4.16
5;1 pr——— —
——— 5.2 5.7

=1

Geom. S5td,
Doviation

2.6 + 0.2
2.38
2.09
2.52




Table 5

EFYECT OF CYCLOWY ORIENTATION

Penetratfon Ratio, Stated Position to Same Fosition Facing Upstrean

Sa=ple Rate 2 LM

Approach Velocity

Fr'M Position Facing
Perpendicular Dounstreas
50 Vertical 1.03 + .07 1.04 + .07
300 Verticel 0.99 + .12 1.09 + .10
100 Horizontal 0.99 + .12 0.98 + .15
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Table 6

Least Squares Analysis of Charge Effects

Nusber of Poines
Intercept
Slope

Correlation Coefficient

Cyclone
Rylon Mstal
60 55
0.67 0.71
0.035 0.023
G.16 0.10

i ....1.-_..---—5-‘
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Figure 3. Respirable Mass Saspler
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APPRIDIX A
Filter Welghing Procedure

A Cahn Model RC electrobalance with a Sargent Model SR strip chart
recorder was used for all filter weighings. Class M voipghts were used to
calibrate the balance scale. The balance and amplifiar were on a J00-pound
warble table to reduce the effects of vibrations. The oaly other equipzent
ont the marble table were small items such as veipghing forceps, weights, and
static eliminator. The recorder was on a separate table. A wvork bench for
making vp the filter cassets vas also provided.

A velghing procedure that would mininize varliations in either room
or local environzent was desired. It was subjectively observed that the
presence or movement of visitors in the wveipghing room scomed to affect the
smoothness of the welighing in spite of the uniform horizontal flow of con-
ditioned alr (analyst and visitors alike were alvavs downwind of the electro-
balance). Whether this was due to mechanical vibration transmitted through
the clean room floor, minor perturbations of air pressure, or other factors
vas not determined. As a matter of practical solution, all other personnel
vere excluded from the room during weighing; and movenents of the analvst
vere routinized both as to gross body position and rovement as well as 2o
manipulation of the balance.

The weighing procedure vas as follows:

1. Turn balance and recorder on. (The balance and recorder was
left on for the duration of the coal dust work.)

2. Flace the stirrups for 37 e= digmeter filters on balance loops
A and C. The stirrup on loop A is for sarples and loop C for
wveights (the conventional arrangerent).

3. Sct balance recorder range to zero and zero the recorder.
The recorder zero was set at center scale to monitor both

positive and negative deflections, using the recorder as null
device.

4. Place a 13 sg (approximately the weight of a filter) wire on
Pan A and a mesbrane filter on Pan €. The exact mass of the
vire is not important as long as all initial and final weipgh-
ings are made vith the same wire,

5. Set the Mass Dial Range to 10 mg full scale, the Mass Readout
to 5.000 mg, Recorder Range to 0.1, and Filter to 1.

6. Bring the recorder pen to the center line zero by adjusting
the set 0/10 knob. If zero is not achieved with the Set 0/10
knob, add or remove piecces of menbrane filter on Pan C until
zero can be achieved.

7. Calibrate the Mass Readout by setting the dial to 10.000 mg and
add a 5 mg Class M weight to Pan A, (Note: This is 5.000 mg

Sl il I L
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added to the initial setting of 5.000 ®2.) PBring the recorder
pen to zero by adjusting the Set 10 knob on the balance. If
fero cannot be obtained, pleces of merhrane fileter may have
to be sdded or removed to briug both Ser knobs into range,

8. Repeat nteps 6 and ? wntil no further adjustwont of the Set
knobs {s roquired.

9. Remove the wire fron Pan A,
0. Place [ilter to be velghed oa Pan A.

11. Turn the Mass D{al to the point that brings the recorder pen
back to the rero point. The 1 ss in excess of the vire (s
read from the Mass Dial in mliliprams.

12. After every two [ilter welighines, replace the 13 ng tare vire,
set the Mass Dial knch to 3,007, and cheek the balance zero,
(Usage has shown {nsignificent zoro drift, and the 5 ng cali-
bration rarely changped durinp » weighing nession.)

The sare procedure {e used in tis final filter welghings, the di{ffer-
ence in the final and inicis} velghings ‘»ing the rass of coal dust collected.
The veighing procedure vas evaluated by repeated weiphing of a scehrane
Fllter. The mesbrine filter was veipghe: as described and the filter recoved
from the pan. The same filter wvas apalr placed on Pan A and weighed. The
filter van passcd {n froat of the fonfr:tion source to remove static charge
each time, After every tvo weighinga, the 13 mg vire vas placed on Pan A
and the zero checked. At the same timo, the 5.000 mg calibration was also
checked. This process was repeated sovez tires for a total of fourteen
veighings. The mcen of all veighings wvas 5.996 =g + 0.010 rg (one standard
deviation). A lonp-time stability check vas also performed. The sare mom-
brane fiiter was retained; and during ¢  course of welghing other mechrane
filters, the test filter was veighed. ~otal of cighteen separate veighings
over a fourteen-day perfod resulted ini wian tare of 6.00) + 0.006 rp
(+ 0.11). This precision ix ten times" - ‘er than allowed the manufacturer
of the preweighed cassettes and five t¢ L. better than alloved at the
Respirable Mine Dust Samsle Frocessing  aratory (21).
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APPENDIX B

Compilation of K Values
Tables F-1 to B=40
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