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An investigation of the 
performance of the 10-mm nylon 
cyclone 
T H O M A S  PRESTON CARSEY,A STANLEY A. SHULMANB and CHARLES D. LORBERAUB 
ANational Oceanic and Atmospheric Administration, 4301 Rickenbacker Causeway, Miami, Florida 33149; BDivision of 
Physical Sciences and Engineering, National Institute for Occupational Safety and Health, Cincinnati, Ohio 45226 

Introduction 
Sampling and analytical methods for 
the determination of  respirable silica 
developed in our laboratory employ a 
sampling device consisting of a 10-mm 
nylon cyclone and 37-mm cassette 
loaded with PVC-type filter and oper- 
ated at 1.7 1pm.c') Recently, both the X- 
ray diffraction and infrared spectro- 
scopic methods for respirable silica 
were collaboratively tested.(L) In that 
test, both methods exhibited significant 
sampling errors, e.g., the sampling pre- 
cision of the X-ray diffraction method 
was 17% at loadings of 50-200 pg/sam- 
ple. The poor precision in the collab- 
orative test contrasted with the much 
better precision obtained in two studies 
of similar sampling devices undertaken 
in this laboratory.(3.4) 

In order to elucidate these inconsis- 
tencies, the respirable silica sampling 
device described above was subjected 
to a statistically rigorous determination 
of the sampling precision under con- 
t ro l led laboratory condi t ions.  Nine 
sampling devices were challenged with 
a homogeneous concentration of  a 
qu ar tz-co n tai n i n g aerosol wi th  i n an 
exposure chamber. An analysis of vari- 
ance of the gravimetric results was per- 
formed to obtain the sampler precision. 

In a subsequent study, five different 
leak locations were determined, and 
leaks in those positions were tested for 
their  effect o n  sampling precision, 
using a generation system as in the pre- 
cision evaluation. The results were sub- 
jected to a statistical analysis to deter- 
mine which leaks were significant. 

The sampling device recommended by the National Institute for Occupational 
Safety and Health for the determination of respirable silica is a 10-mm nylon 
cyclone and 37-mm cassette loaded with a PVC-type filter and operated at 1.7 Ipm. 
The device has been subjected to  a statistically rigorous determination of the 
sampling precision under controlled laboratory conditions using a silica-rich 
mine dust in a laboratory-built generation system. The statistical design used in 
the investigation eliminated contributions to the precision estimate fr0.m run and 
position effects. The precision of the device over the deposition range 826-1800 
yg/sample was found to be 2.18%. In a follow-up study of air leaks in the device, 
five possible locations of leaks were selected. A set of  sampling devices was 
made with air leaks of varying magnitude in the selected locations. The devices 
were tested using a vacuum leak testing apparatus. They were then placed in a 
generation system and challenged with a uniform concentration of aerosol side 
by side wi th  control (leakless) cyclones. The samples were analyzed grav- 
imetrically and the results subjected to  a statistical analysis to  determine which 
leaks had a significant effect on the sampling performance. The experiments 
indicated that the devices were remarkably rugged, with only the most excessive 
leaks affecting the amount of dust collected. Finally, a number of simple tests 
were developed so that significant air leaks could be detected. Carsey, T.P.; 
Shulman, S.A.; Lorberau, C.D.: An investigation of  the performance of  the 10-mm 
nylon cyclone. AppL lnc. Hyg. 2:47-52; 1987. 

Experimental 
Procedure for using Cyclones 
Several authors have recommended 
procedures for improving cyclone per- 
formance.(3,5-8) From these recommen- 
dations, a protocol was developed to 
ensure theoptimum precision of  opera- 
tion of the sampling unit. The protocol 
contained the following items: 

1. Cyclones were physically tight. In 
practice, components were ex- 
changed until a reasonably tight fit 
was obtained, especially in the fit- 
ting of the vortex finder. 

2. Air leaks were reduced by gluing 

the vortex finder to the body of the 
cyc lone w i t h  a water-so lub le 
cement (Elmer's Glue) and by 
application of  vacuum grease (Dow 
High Vacuum Silicon Lubricant) to 
each O-ring seal. Each cyclone was 
tested before and throughout the 
experiment for leaks using a leak- 
tester described below. Leaks did 
not develop during the course of 
the work. 

3. The PVC-type filter was mounted 
with the matte face of the filter 
towards the inlet s o  that particles 
were deposited onto the matte sur- 
face. 
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TABLE I 
Summary of generation experiments 

Run Time Concentration load Precision 

1 Low 200 2.4 826 3.5 
2 Low 200 2.9 979 3.0 
3 Low 200 2.8 958 2.1 
4 Low 200 2.8 938 3.8 
5 High 300 3.1 1584 2.9 
6 High 300 3.5 1800 1.6 

No. Level (min) (mg/m3) (I*d (%I) 

7 High 300 3.4 1733 1.4 
8 High 300 2.1 1360 2.7 

4. Pump fluctuations were eliminated 
by pumping all sampler units 
through flow-limiting orifices from 
a centra l  mani fo ld .  Or i f ices 
designed to provide a flow of 1.7 
Ipm were made in this laboratory 
from nylon or aluminum stock. 
Actual flows were 1.78 * 0.03 Ipm 
and did not change substantially 
throughout the experiment. 

5. Cravimetric analysis on a six-place 
balance was employed to maximize 
the analytical precision. Load lev- 
els o n  the  f i l ters  were h igh  
(826-1800 pg/sample) to reduce the 
contr ibution of any analytical 
imprecision. 

14 4 I 

f 2 1  

04 
0 2 4 6 8 1 0 1 2  

AERODYNAMIC DIAMETER (pm) 

Figure 1-Particle size distribution of mine dust 
aerosol over the region 0.5 to 10 pm. 

Generation of aerosol 
Sampling took place i n  the Large 
Inorganic Sampling Assembly (LISA) 
aerosol generation system described 
elsewhere.@) It has been used in the 
development and evaluation of ana- 
lytical methods at our Iaboratory.('O) 
Generation runs were 2 to 5 hours long. 
Aerosol concentrations were 2.4-3.5 
mg/m3. The details of the eight genera- 
tion runs are given in Table l .  

Particle size distributions of the mine 
dust aerosol were obtained with a Cli- 
met Model 208A optical particle size 
detector, over the particle size range 
pertinent to  cyclone performance, 

using apparatus previously described 
elsewhere.@) Output from the Climet 
was directed into a multichannel ana- 
lyzer (Tracor-Northern Model TN7200) 
and into an Apple-lle microcomputer 
for data analysis and storage. The aero- 
sol contained a sufficient amount of 
non-respirable size to adequately chal- 
lenge the cyclone (Figure 1). 

Mineral dust 
An ore sample from a uranium-van- 
adium mine in Colorado was ground in 
a freezer-mill at liquid nitrogen tem- 
perature (77°K) for ten minutes and 
sieved to < 53 pm. The material con- 
tained approximately 90% m-quartz. 

Sampler units 
Nine sampler units were used, each 
consisting of a Dorr-01iver10-mm nylon 
cyclone in  an MSA holder assembly 
(MSA part 456243), a two-piece 37-mm 
monitor cassette (Millipore part no. 
M000-037-A0), and a 37-mm diameter, 
5-mm pore size PVC filter (MSA type 
FWSB). The nylon cyclones were chosen 
randomly from laboratory supplies. 

Leak tester 
A sampler leak testing device was built 

valve 
vacuum - ..: , .  I 

to test for air leaks. The device, shown in 
Figure 2, drew a -20  H,O (5 kPa) vac- 
uum on the cyclone, the inlet port of 
which has been sealed with a removable 
sealing putty. A manometer measured 
the vacuum. The cyclone was assumed 
to be free of leaks if less than 1" H,O 
(0.25 kPa) vacuum loss occurred in 30 
seconds. 

Gra vime tric analysis 
Filters were preweighed twice and post- 
weighed twice fo I lowi ng ove rn ig ht 
equil ibration in  a temperature and 
humidity controlled weighing room 
(24"C, 44% RH). Weighing was per- 
formed on a Cahn Model 25 balance 
reading to  1 pg .  Weighings were 
repeated until two weights within 5 pg 
were obtained; the average of the two 
was recorded. Two blank filters were 
included with each generation run to 
assure freedom from non-statistical 
errors in the gravirnetric analysis. Each 
mass was corrected for deviations in the 
air flow from 1.7 Ipm according to equa- 
tion l .  These deviations amounted to 
5%. 

Corrected Mass (pg) = 

Uncorrected Mass ( ~ g )  -1.7 Ipm 
Measured air flow (Iprn) (1) 

Leak effects experiments 
Following the determination of the sam- 
pling precision, a study of the effects of 
air leaks on cyclone performance was 
initiated. Four prominent leak locations 
were noted (Figure 3): 1) between the 
vortex finder and the cyclone body, 2) in 
the lower adapter O-ring, 3) in the upper 
adapter O-ring, and 4) in the cassette-to- 
frame seal. A fifth location, the lower 
body (dust trap) O-ring, was not consid- 
ered, as the air from such a leak would 
be forced through a constrained, cir- 

H 
cyclone 

u 
manometer 

Figure 2-leak testing apparatus for use with 10-mm nylon cyclone sampling devices. 
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cuitous path resulting in minimal air 
flow. 

N i n e  sampl ing  devices randomly  
chosen from laboratory supplies were 
used. Five cyclones were assigned as 
c o n t r o l s  a n d  f o u r  as leaky  ( tes t )  
cyc lones ,  o n t o  w h i c h  leaks w e r e  
imposed. All cyclones were complete 
and in physically sound condition. In 
particular, the lower vortex finders were 
clean and smooth, as were the walls of 
the cyclone in which the vortex finders 
were  seated. For t h e  f i ve  c o n t r o l  
cyclones, the vortex finders were glued 
to  the  cyclone w i th  a water-soluble 
cement (Elmer’s Glue). Tygon‘” tubing 
and O-rings were replaced i f  worn. 

Each sampl ing  device was tested 
before and throughout the experiment 
for air tightness leaks using the leak 
tester descr ibed above. The con t ro l  
devices lost less than I” H,O (0.25kPa) 
vacuum in 30 seconds. The  leaky  
cyclones had leaks in specific locations 
which lost avacuum of 20’H,O (5 kPa) in 
two  seconds o r  less. Un in ten t i ona l  
leaks were no t  observed dur ing  the 
course of the work. 

A group of four cyclones with specific 
leaks and five control  cyclones were 
randomly placed in  the LISA generation 
system and challenged with an aerosol 
similar t o  that used in the  precision 
studies described above. The samples 
were analyzed gravimetrically. 

Statistical design 
For the precision studies, an experi- 
mental design was sought which wou ld  
separate t h e  chamber  ef fects f r o m  
sampler effects. A m o n g  the  designs 
considered were the Lattice Square(”) 
and the Youden Square(IL1 design. The 
Lattice Square design was chosen for 
several reasons. 

FRAME 4- 

Figure 3-The 10-mm nylon cyclone showing 
the locations of air leaks examined in this work. 

--UPPER ADAPTER O-RING 
+LOWER ADAPTER 0 RING ADAPTER 4 

UPPER SECTION-VORTEX FINDER 

METAL CLIP 

M-LOWER CYCLONE SECTION 

Figure &Sampling unit positions inside the LISA generation system. 

In the Lattice Square design, the inte- 
rior o f  the  chamber i s  approximated by 
a 3 x 3 grid of rows and columns (Figure 
4). After an in i t ia l  run, the  samplers 
were moved in a precise way to a dif- 
fe ren t  a r rangement  f o r  second run 
determined by  the Lattice Square statis- 
tics. As a result, the position effects and 
sampler effects were independent (not 
confounded). Also, [Position] x [Level] 
interactions were separable and could 
be estimated and removed i f  significant. 
However, this design was intended for 
the situation when interactions can b e  
removed by transformation o f  the data. 

Another feature o f  the  design was 
that any concentration inhomogeneity 
in the chamber would be distributed 
over rows and columns. The data have 
been  used t o  deve lop  a stat ist ical 
descr ipt ion o f  t he  chamber per fo r -  
mance.(’-’) Lastly, each set of experi- 
ments (pair o f  runs) was statistically 
complete in itself and was easy to repeat 
if needed. 

The experimental data were reduced 
using an analysis of variance (ANOVA) 
routine wh ich  permit ted ready deter- 
mination o f  Run, Position, and Sampler 
effects. The ANOVA analysis was per- 
formed using the  general linear model 
(GLM)  p rocedure  on t h e  Statist ical 
Analysis System (SAS) series o f  statis- 
tical programs.(l4) The dependent vari- 
able was the deposited mass (M) on 
each of the 68 samples (72 minus 4 out- 
liers), corrected for variation in f low rate 
(equation 1). Samples were considered 
outl iers i f  evidence fo r  breakthrough 
was observed (material found on the 
back-up pad) or i f  the analytical results 
failed Grubb’s test (at the 1% level). The 
SAS m o d e l  assumed t h e  f o l l o w i n g  
sources o f  variability: 

Run[i] 

Poslil 

Deviation due to the ith 
run (i = 1 to8). 

Deviation due to the jth 
position in the chamber 
(j = 1 to 9), fixed by the 
geometry of the cham- 
ber. The lattice square 
model assumed a per- 
fect 3 x 3 square; how- 
ever, the circular geome- 
t r y  o f  t h e  chamber  
required approximating 
this square somewhat. 
The pos i t i ons  w e r e  
d e n o t e d  by  Roman 
numerals I-IX in Figure 3.  

Deviation due to the kth 
cyclone sampler (k = 1 
to 9). This was the inter- 
sampler or between- 
sampler effect and had a 
variance of (a#. 

Intra[i,j, k] The i n t r a - s a m p l e r  
(within-sampler) vari- 
ance for the kth sampler 
(k=1t09)inthejthposi- 
tion of the ith run. The 
variance was and 
was considered inde- 
pendent of position, 
run, and samples. 

The  ANOVA m o d e l  reso lved  each 
datum into the  following: 

Sampler[k] 

M[i,j,k] = p + Run[i] + Pos[j] 

where p was the overall mean. 

+ Sampler[k] + Intra[i,j,k] (2) 

Results 
Nine cyclones (denoted A through H) 
were prepared and placed in the  LISA 
chamber positions. Four sets of experi- 
ments were performed at two different 
load levels. Each set contained two runs 
wi th  d i f f e r e n t  a r r a n g e m e n t s  of 
cyclones. Position changes for subse- 
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quent sets were found by interchanges 
between row and column and permuta- 
tions (within rows and columns) of the 
Lattice Square design arrangements.(ll) 
Two samples were considered outliers 
because of leakage of material around 
the filter onto the backup pad, and two 
other  samples had residuals which 
failed theGrubb'stest (1% level). Both of 
the latter samples were from the same 
run of the generation system. One of 
these was about 200 mg/m3, whereas all 
eight other samples from the run were 
between 700 and 1000 mg/m3. No  statis- 
tical test is needed to question such a 
value. The four th  measurement was 
determined to  be an outlier when i ts  
residual was found to be an excess of 3.8 
times the estimated residual standard 
deviat ion- including b o t h  compo-  
nents for within and between sampler 
variability. It i s  this result which fails the 
Grubbs test at t he l% significance level. 
When this fourth measurement i s  not 
excluded, the total relative standard 
deviation i s  about 3.2%, about 1% 
higher than the estimate derived below. 

Following the gravimetric analysis of 
the filters, the ANOVA analysis was per- 
formed. That analysis determined the 
mean deposition of 1272.240 and other 
values shown below. Interactive terms 
were taken to be negligible, on the basis 
of a nonsignificant result (5% signifi- 
cance level) from the additivity test due 
to Tukey.(l5) Of particular concern was 
any poss ib le  i n te rac t i on  be tween  
sampler measurement and run or posi- 
tion. Also, residual plots supported the 

assumption of homogeneous variance 
of (0,)2. A normal probability plot of the 
res iduals  d i d  n o t  c o n t r a d i c t  t h e  
assumption of normality. 

The variances predicted by the model 
and the degrees of freedom (DOF) were 
obtained from thevalue of theexpected 
mean square (EMS) term produced by 
the ANOVA calculation. 

The total (overall) precision of  the 
cyclone sampler unit, (gT)2 ,  should 
reflect both intra-sampler and inter- 
sampler variance. It has been defined 
here as the linear combination of these 
two variances, viz, equation 3 ( desig- 
nates an estimate). 

(UT)* = (I?# + ( Q L  (3) 
From the E M S  terms, ( 6 € ) 2  = 631.909. 

With a DOF of 44, the 95% confidence 
limits were found to be 

433.084 5 (uJL 5 1007.391 

The inter-sampler variance, (eS)2, was 
obtained from the E M S  terms: 

(6.,)2 = [MS(Sampler) - MS(Error)]/6.613 (4) 
= A.MS(Sampler) + B - M S  (Error) 

with A = (W6.613) and B = ~ (116.613) 
= 133.781 

A standard approximation was used to 
determine the DOF for (eS)2.(l6) This 
approximation i s  intended for balanced 
data. The data studied here were almost 
balanced; consequently, the approx- 
imat ion was considered adequate. 
Using that equation, DOF(Samp) = 
2.64. Using a formula from Searle,(l6J 
the range at 95% confidence was then 
calculated. 

TABLE II 
Summarv of leak exDeriments 

40.596 5 (tr# <- 2354.55 

where DOF = 2.64. The range calcula- 
tion may be unreliable, however, as the 
c o n d i t i o n  o f  s ign i f icance,  (Pr < 
0.025),('7J was not met; here Pr > F = 

0.0304. 
Using equation 3, the total variance 

could then be obtained: 

(g)Z = 631.909 + 133.781 
= 765.690 

and DOF for (eT)2 was computed to be 
44.72.(16) From the overall mean of 
1272.240, the overall relative standard 
deviat ion ( s K )  o f  the  10-mm nylon 
cyclone was: 

SK 1 (J765.69O)A272.240 
= 0.0218, or 2.18% 

The estimated variance of S, was found 
to be the following:(l8) 

i/ariance(SK) = (P,)> [I + 2 ($#]/(2 DOF) 
= 5.294 X lo-" (5) 

giving an estimated band for sR at 95% 
confidence of: 

0.0172 5 ( s K )  i 0.0263 (6) 

Equations 5 and 6 assume normality of 
SKI which is approximately true for large 
enough degrees of freedom (here DOF 
> 40), and small sK.(18) 

Leak testing 
The statistical test employed computed 
the probability that the mean deposi- 
tion of the leaky samples was signifi- 
cantly different from the mean of the 
controls (at a 95% confidence limit). The 
details o f  the generation runs are 
described below and summarized in 

No. of Approxi- Average Average 
control mate deposi- deposi- 

No. of concen- control % RSD leaky of Percent Prob- 
Run Leak leaky tration sampler of sampler leaky differ- ability 
No. Type samplesa (mg/m3) 019) control (wg) sampler ence (Pr>t)b 

samples/ aerosol tion of tion of n/n RSD 

~ - l c  unglued 711 1.96 1043 6.0 998 14.31 
- - - 2 unglued 711 0.57 308 2.7 407 

3 seam 315 0.50 234 3.0 223 3.8 4.7 0.1342 
4 seam 413 4.91 3410 1.9 3388 1 .o 0.7 0.6252 
5 1.adapter 412 5.72 3134 1 .o 4177 ~ 33.3 0.0001 

7 1.adapter 514 4.54 2544 1.2 2673 1.6 5.1 0.001 2 

9 u.adapter 414 6.84 3833 0.1 3973 1.9 3.65 0.0099 

6 1.adapter 3/3 4.93 2767 2.7 2814 2.4 1.7 0.4537 

8 u.adapter 5/4 7.24 4165 1.8 4246 2.8 1.94 0.2480 

10 1.adapter 415 6.05 3441 2.5 3817 6.5 10.93 0.0242 
11 holder 413 6.31 3628 0.14 3623 0.9 3.6 0.9428 

aMost runs lost samples due to cassette seal leakage or other problems The number of remalnlng control and leaky samples IS shown here 

bA significant difference (at the 95% confidence level) between the leaky and the control samples is indicated by a P r A  value of 0.05 or lower. 
=The sampling devices for Run 1 were not charge neutralized. Significant deposits of dust attributed to electrostatics, were observed inside each cassette. 
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Table II. In many of the runs, some sam- 
ples had to  be discarded as outliers, 
usually because of leaking of air around 
the filter and consequent deposition of 
material on the back-up pad. The num- 
bers of control and leaky samples used 
in the statistical calculations are given in 
Table II. 

It should be noted that although 
there are relatively few samples (one to 
seven) in each group, the relative stan- 
dard deviations for leaky sample groups 
and for control sample groups are quite 
low-in only two instances in excess of 
4%. The power of the two sample t-tests 
with three samples in each group i s  
such that a t-test done at significance 
level of 5% has about a 90% chance of 
identifying as significant a 16% di f -  
ference between the means of the two 
groups-if the pooled relative standard 
deviation i s  about 4%. Thus, in general, 
for the comparisons described below 
(based on the figures given in Table Il), 
differences in excess of 16% should be 
detected with high probability. Where 
the pooled relative standard deviation 
of the two groups being compared i s  
less than 4%, smaller differences will be 
detected with high probability. 

Runs land2-A noticeable amount of 
dust was observed on the inside of 
every cassette in Run 1. This was 
attributed to electrostatics, as no 
precautions had been taken to neu- 
tralize charges on the samplers.(lY) 
The resulting precision values were 
quite poor. In Run 2 and subse- 
quent runs, the charges on each 
filter, cassette, and cyclone were 
neutralized with L")Po charge neu- 
tralizer strips (Nuclear Products 
Co.) and checked with a non-con- 
tacting electrostatic voltmeter (Trek 
model 300). 

Run 3: Leaky Vortex Finderseam. Leak 
was not significant (Pr= 0.1342). 

Run 4: Leaky Vortex Finder Seam. Leak 
was not significant (Pr = 0.6252). 

Run 5: N o  Lower Adapter O-ring. Leak 
was significant (Pr = 0.0001). 

Run  6: Leaky Lower Adapter O-ring. 
Lower adapter O-rings modif ied 
unti l they just failed to hold the 
weight of cyclone with metal clip. 
Leak was n o t  significant (Pr = 

04537). Statistical significance of  
the run was compromised by the 
loss of three samples due to leaks 
around the filters. 

Run 7: leaky lower  Adapter O-ring. 

Repeat of Run 6. Significant (Pr = 

0.0012). 
Run 8: Leaky Upper Adapter O-ring. 

Upper adapter O-rings modif ied 
until they failed to hold the weight 
of a cassette plus another adapter, 
but did hold the weight of the cas- 
sette alone. Not significant (Pr = 

0.2480). 
Run 9: Very Leaky Upper Adapter o- 

ring. Upper adapter O-rings modi- 
fied until they would not hold the 
weight of a cassette. Significant (Pr 
= 0.0099). 

Run 10: Very Leaky Lower Adapter o- 
ring. Lower adapter O-rings modi- 
fied unti l they did not hold the 
weight of the adapter (when inver- 
ted) even momentarily. Significant 
(Pr = 0.0242). All four test filters 
had central depositions on the fil- 
ter. These four were the only sam- 
p l e s  i n  t h e  e n t i r e  ser ies o f  
experiments which had central 
depositions. Add it i o n  a I I y, these 
four had significantly higher depo- 
sition than the others. 

Run 11: Leaky Frame O-ring. Frame o- 
r i ng  mod i f i ed  u n t i l  t h e  f rame 
would hold the weight of a cassette 
alone, but would fail to hold the 
weight of a cassette and adapter. 
N o t  s igni f icant (Pr = 0.9428). 
However, it i s  noted that a leak in 
this location would have a possible 
deleterious effect on the sampling 
Pump. 

Discussion 
The impetus of this study was the col- 
laborative test of the silica methods 
discussed above,(2) in which an unac- 
ceptably poor sampling precision (sR) of 
17% was obtained. In addition to that 
study, the precision of the particulate 
sampl ing us ing  t h e  10-mm ny lon  

cyclone has been reported by other 
authors. These results, from reference 5 
and elsewhere, are summarized in Table 
Ill. Considerablevariation existed in the 
sa m p I i n g d ev i c es , s a m p I i n g strategy, 
and sampled environment s o  that a 
numerical comparison of those results 
is unwarranted. However, the reported 
precision values were not as good as 
those reported here. The two excep- 
tions (Table Ill) are a study of the Coal 
M i n e  Personal Dust  Sampler U n i t  
(CMDPSU)(3) and a study of the penetra- 
tion of the 10-mm nylon cyclone.(4) The 
former study obtained an intra-sampler 
error of 1.37% and an inter-sampler 
error of 1.62%. The latter obtained an 
intra-sampler error of 1.15% and an 
inter-sampler error of 0.19%. This study 
obtained an intra-sampler error of  
1.98% and an inter-sampler error of  
0.91%. Although differences exist as to 
the partitioning of the inter- and intra- 
sampler errors, there is agreement that 
the overall precision of the unit i s  about 
2%. A limitation of these comparisons 
was the lack of replicates necessary to 
accurately determine small variances. 

The leak experiments demonstrated 
that only major leaks in the adaptor col- 
lar had a statistically significant impact 
on the mass of material collected by the 
sampling device, assuming that the 
device was complete and structurally 
sound. The presence of leaks could best 
be determined with thevacuum appara- 
tus (Figure 2). In lieu of that, simple 
gravity tests were devised so  that ade- 
quate tightness of the sampling unit 
could be assured in the field without 
any test equipment. These tests were 
thatl) the sampling unit becomplete; 2) 
the lower adapter O-ring can hold onto a 
cyclone including the metal clip (i.e., 
the cyclone i s  gr ipped suff ic ient ly 
tightly bytheo-ring in the adaptorthat it 

TABLE 111 
Evaluation of precision of the 10-mm nylon cyclone: laboratory tests 

Author 
Degrees of 

freed o m Pooled %sa Comments Reference' 
~ 

Jacobsen (1971) 8 6.4 Bendix 20 
Jacobson (1971) 7 11.1 M SA 20 
BOM data (!972) 58 8.0 M SA 21 
Almich &Carson (1974) 66 4.8 custom-made 22 
Hairis e ta /  (1976) 37 8.0 M SA 23 
Harris e t  a/(1976) 37 11.8 Bendix 23 
Gray and Tillery (1979) 154 7.1-4.6 custom-made 24 
MSHA data (1981) 29 4.3 Bendix 25 
Bowman e t a /  (1982) 18 2.3 M SA 3 
Baron (1983) 15 1.16 M SA 4 
This report 45 2.18 M SA 

"Results for references 20-25 a re  given a s  summarized in reference 5 
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will not fall when held up against gravity 
by only t h e  adaptor); 3) t h e  upper  
adapter O-ring can similarly hold a cas- 
sette; and 4) the frame O-ring can hold a 
cassette. No precautions are necessary 
for the vortex-finder. W i th  a sampling 
unit passing those tests, any remaining 
leaks should not have an impor tan t  
impact on the  respirable dust obtained. 

Additionally, it was found that a cen- 
t ra l  depos i t ion  on t h e  f i l ter  did not 
occur except with a significant leak, e.g., 
a central deposit ion was indicative of a 
fatally leaky sampling device. Lastly, the 
precision of sampling was considerably 
improved by the  el iminat ion of elec- 
trostatic charges on all parts of the sam- 
pling devices. 

Sources of error in the  use of the 10- 
mm nylon c y c l o n e  i n c l u d e  i n t r a -  
cyclone variance, i n te  r-cycl o n e  va ri- 
ance,  pump p e r f o r m a n c e ,  c o n -  
cent ra t ion  inhomogeneity,  and  elec- 
trostatic effects. This paper has evalu- 
ated the  first two sources and has deter- 
mined avariance of around 2% RSD. The 
other sources of variance were inten- 
t ional ly reduced to negligible size o r  
e l im ina ted  by exper imenta l  design. 
Thus, sampling precision i s  not l imited 
by  inherent high variability in the  per- 
formance of the 10-mm nylon cyclone. 
For common f ield use of the cyclone, 
stratagems for reduction of the  other 
sources of error must b e  fol lowed (e.g., 
references 6,19,22,26). To that end, the 
effect of air leaks has been qualitatively 
evaluated in this work  and a regimen for 
reduction of those errors developed. 

Recommendation 
These results indicate that the 10-mm 
nylon cyclone sampling unit i s  capable 
o f  adequate precision for routine size- 
selective sampling. In addition, w e  have 
demonstrated the  ruggedness of the 
unit with respect to minor air leaks. 
Thus, to insure precision similar to that 
repor ted  herein, it i s  recommended 
that the operator make a determination 
of sampler completeness and integrity 
and also check for audible leaks while 
the unit is being pumped. The gravity 
tests described in the paper should be 
employed if a higher level of leak testing 
is needed in the field. 
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