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This article examines he, spatial variability of dust con- 
centmtiom wirhin a coal miner's bremhing zone and  he 
impact of sampling location ar rhs cap h p .  nose, and lapel. 
Tests were ronducred il l  the Nntioml Insfisufe f i r  Sufep and 
H.ealrlt Pitrsburgh Research Laborarosy full-scale, confinww 
miner g a l l e ~  using three proroppe personal dust monirurs 
(PDM]. The dust marses defected hy t h ~  PDMs wsw used $n 
caIc~rlar~ rhe percentnge dryerence of d m  mass bchveen the 
cap lamp and the nose and bemeen the lapel orid the nase. 
Thc ca~culated prcenmge differences of rhe rrmsscs ranged 

from plus 12% 70 minus 25%. Breathing zone rests we& also 
conducted in four underground coal mines using ihe forso 
of a nlannequin to simrlare a miner: CoaI mine dusr was 
sampled with multi-cyclone sampling cam mosuved directly 
in fmnr of fhe mannequin near rhe cap lamp, nose, and lapel. 
These four coal mine r e s t s f o d  thar the spanal variabiiiiy of 
d w r  leveIs a d  imprecision of the curmnr personal sampler 
is a greater injuence rhan the sampler Iocution within ?he 
brearhing zone. However; a one-sample t-tes! of rhis dara did 
find ri~ar the o w m i i  mmn value of I ~ P  cup Iamp/mse mrio was 
nor sign+c~ntlj* rfiffcrenr rhan I (pvalus = 0.21). Howevel; 
~ v h n  upplied to rhe owmll mean value of the bpcho.rc ratio 
 hem was n significanr diference fmm 1 (p-value c .a001). 
This finding is imponanr because the lope1 has aLwgs been 
the sarnpl~ng location for coal m i n ~  dusr samples. Bur tlrese 
resulu suggest t h r  rhr cap location is sligkrlj more indicarive 
ofwhm is breathed through rhe nose area. 

BACKGROUND 

M onitoring of personal respjrabIe dust exposure is an 
important step in eIiminating many dust-related occu- 

pational illness and diseases. The Federal CoaI Mine Health 
and Safety Act of 1969, the predecessor for the Federal Mine 
Safety and Health Act of 1977, mandates that coal mine dust 
Ievels be monitored and controlled to below 2 mg/m3 lor a 
working shift. To date, this monitoring process has rdied on a 

coal mine dust personal sampler unit to coIlect a filter sample 
in  the mine environment. The filter is then sent to a laboratory 
for andysis and the esults returned to the miners days or 
weeks after the acma3 sample was taken. Current methods do 
not provide timely feedback to detect or correct excessively 
dusty conditions. In the Repost of the Secretary of  tabor'.^ 
Advisory Cornmitree on rhe Eliminatian of Pneumoconiosis 
Among Coal Mine Workers,(') several recommendatjons call 
for the dweIopment of continuous respirable dust monitors to 
help protect workers' health. 

To address these recommendations, the National Institute of 
OccupationaI Safety and Health (NIOSH) Pittsburgh Research 
Laboratory along with the Mine Safety and Health Adminis- 
tration (MSHA) issued a development contract ro Rupprecht & 
Patashnick Co.. Inc. (R&P. now the Thermo Fisher Scientific) 
to devdop a one-piece. person wearable, respirable dust 
monitor. This unir is referred to as the Tapered Element 
Oscillating MicrobaIance (TEOM) Series 3600 Personal Dust 
Monitor, or PDM. The PDM i s  essentially a miniaturized 
TEOM that is based on proven Lechnology of the TEOM Series 
I400a Ambient Particulate Monitor used worldwide by air 
monitoring organizations. 

The complete unit incorporates both the dust monitor and 
a miner's cap lamp. Coal dust is drawn into the PDM through 
a brass inlet attached to the cap lamp [which mounts to the 
bill of the hard hat) and through a section of conductive 
tubing that is connected ta the dust monitoring section of the 
PDM. The PDM then monitors respirabIe dust concentrations 
in near real-time with TEOM technology. Locating the PDM 
sampler inIet at the cap lamp raised questions about the loss of 
dust through the tubing and whether the cap lamp location is 
equally representative of a miners' respirable dust exposure in 
comparison with the traditional Eapel location. Previous work 
demonstrated that less than 2% of the respirable dust will be 
lost in the tube from the cap tamp to the PDM.~'' This work 
investigates the impact of inlet location. 

Industrial hygiene practice requires that personal exposure 
to atmospheric contaminants be measured in a worker's 
personal breathing zone. The breathing zone has been variously 
identified as close to a person's nose and mouth, within 30 crn 



(1  ftl of a person's nose and mouth, or simply representative 
of the pmon's exposure. MSHA currently defines acceptable 
sampling locations to be within 1 rn (36 in) of the rninerj3' It 
is possible thar the cap lamp location may be less indicative of 
exposure if dust generation occurs more in front of and below 
the worker's shouIdes. In fact, Guffey er. al.'4J suggest that 
when a gas emission source is at waist level, the Fapel samples 
are greater than those at the nose orear Imations. Alternatively, 
in mining. i t  is also possible that bumping the roof with the 
cap lamp or liberating dust at the roof d~lring roof supporting 
operations may cause more dust to be sampled at the cap lamp 
than at the lapel location. 

Cohen et al j5 '  studied inlet location on a mannequin in a 
laboratory dust room exposed to three test aerosols: a ndon 
aerosol (activity mean diameter of 0.15 pm), a magnetire 
aerosol (mass median a e r d  ynmic diameter [MMAD] = 1.6 
pm), and nn Arizona Road Dust aerosol (MMAD = 7.5 pm). 
Analysisof the average mean ratio of  concentration at the lapel 
compared with that at the nose for all threeaerosoIs was 0.98 !C 

0.01 and for the forehead the nose ratio was 1.01 f 0.D2.These 
findings showed thar for uniformly dispersed aerosols, the bias 
is essentially equivalent for any of these sampling locations. 

Cohen et further developed a field method to analyze 
for sampling location b i a  using three continuous reading, Three multi-cyclone sampling cans were mounted on the 
light-scattering aerosol monitors. Dust levels were recorded vertical shaft lamp, nose, of the mannequin. 

positions at the and lap1 in a Each mu]ti-cyc]one is up of a metal can 10.8 cm 
casting operation. Results were highly variable,and additional in diameter and F2., cm high with a lid haring a .9 cm 
data were the source of the vatiabi'it~. diameler hole in its center. Each cyclones an$ 
This high variability is consistent with Iarge spatial variability cassetres cod mine dust pers anal units 
of dust concentrations found in mining and summarized by (CMDPSU) (Figure 2). A CMDPSU is made up of a IO-mm 
Kissell and Sacks.16' 

The current study was conducted to better define the 
influenceof sample inlct location in the underground coal mine 
environment. 

METHODS 

T wo methods were used to examine dust concenmtions 
witbin the miner's breathing zane. The first methd 

used NIOSH's P R t  full-scale continuous miner gallery(7) 
and three prototype PDMs,@' which were mounted onto a 
modified backpack frame, and the inlets were then positioned 
at the miner's cap lamp, nose, and lapel. The test gallery 
was filled with cud  dust at typical mine levels, and airflows 
were generated to simulate a continuous miner section. The 
researcher carried the PDMs and continuously walked in the 
mine gallery where miners would typically work. 

The second method used taexamine the dust concentrations 
within the miner's breathing zone, involved collecting grari- 
metric dust samples at the cap lamp. nose. and IapeI in the 
working sections of four undermund coal mines. The head 
and torso af a full-scale mannequin was used in place of a 
cod] miner. R e  mannequin was mounted on a metal base that 
had a verticd shaft the, same height as the ~~f I0equ in  mounted 
directly in front of the mannequin (Figure I). 

Three 10mm cyclones 
with filter wssettees 



nylon cyclone with a preweighed filter cassette connected to 
an MSA Elf Escort pump with a section of 0.Wcm flexible 
tubing. Toe ffexibIe tubing passes through three holes in the 
bottom d the multi-cyclone sampler connecting the cyclones 
to MSA Elf Escon pumps. The MSA Elf Escort pumps were 
calibrated with a $Xilibrator (Sensidyne Tnc., Clearwater, Ra.) 
primary standard flow meter to 3.0 2~ I % Urnin. DUSI samples 
were colfectd on preweighed 37 mm diameter MSA filter 
cassettes, which are s i m i h  lo the cassettes used for the federal 
dust sampling program. 

A single gavimeaic personal sampler is not a precise 
sampling device when it is necessary m sample small dif- 
ferences between multiple samplers. To ensure tbar multiple 
samplers measure the same dust environment requires the 
canister approach to minimize the spatial variability bezween 
sampling inlets. The purpose of this work was to examine the 
spatial variability of dust concenuations within the miner's 
breathing zone. The actual resp~rable dust concenmtion in the 
mine air is not of primary importance here. What is essential is 
ihar the hree cyclones in each canister are sampling the same 
dust concentration. Each sampling canister acts as a miniature 
aerosol chamber. 

Placing three cyclones in the canister signiRcantly reduced 
spatial sampling variability between the cyclones. REthough 
the location and size of the canisters may have influenced 
the dust concenmtions, the primary concern was the relalive 
concentrations at each canister inlet. 

TEST PROCEDURE 

Full-Scale Gallery 
The full-scale surface test gallery simulates a continuous 

miner working section with the face 12.2 m deep, 55 m wide, 
and roughly 2.0 rn high. The gallery contains a fuII-scale 
mockup of acontinuous mining machine with a 0.9 m diameter 
cutting drum rotating at SO rpm. The machine was positioned 
at the face. Exhaust cunain (set back 9.1 rn from the face) 
ventilation was created in the laboratory by drawing air via a 
gallery fan through a curtain positionedon the Iefr side of the 
test gallery. The machine used a water spray system consisting 
of 24 hollow cone sprays positioned above, below, and along 
the sides of the cutting hed .  

CoaI dust was inucduced into the gallery at the miner's 
cutting head via acornpressed nirleductor system. Theeductors 
mixed the coal dust with the compressed air to deliver the dust 
to the cutring head. One eductor discharged along the left front 
side of the cutting drum, while the other discharged along the 
right from of the drum. The rotating cutting drum mixed the 
dust with the ventilation airflow. 

Two series of six tests each were run in the mine gallery. 
The three PDMs were programed ta run throughout each 
test series and store dust mass and roncenQation sampling data 
everyminute.Each test m 30min. Between the tests, air filters 
were inserted into the PDM sampling inlets for at lea51 5 min. 
Wilh the filters on the inlets, the PDMs recmded zero increase 

in dust mass that, in addition to thc timc, gave a mmker to the 
file that separated each set of stored PDM test data. 

Between each test, the W M  inlet locations were switched 
so tllat each of tZle three PDMs sampled at the three sampling 
locations. This was done w minimize any effect caused by 
difference in response between the PDMs. Two series of 6 
tests were conducled for a total of 12 tests. This mean1 that 
each PDM sampled at each sampling location for four of the 
tests. Afier each test series, the PDM files were downloaded 
into an Excel 2003 workbook for analysis. 

In both series of the gallery tests, PDM #3 gave a high 
response to the dust mass even though ia inlet location was 
changed for each test. To improve the inter-sampfe precision of 
h e  PDM to detect smaller differences, data were normalized 
with a correction factor. The c o m ~ i o n  was applied to the 
PDM #3 data to match the response of the other two PDMs. 
Theoretically, by rotating each PDM equally to each sample 
location, the ratio between any pair of PDMs shouId be I. This 
was not m e  for ?DM #3 and, consequently, aeorrection factor 
was derived. This comt ion  i s  the ratio of the PDM #5 slope 
to the average of the slopes of PDMs #1 and #2. For Series 
One tests the ratio was 0.881: and for Series Two tests the 
ratio was 0.781. The responses of PDM #3 were multipIied 
by these ratios for their respective test series. The corrected 
response curves of PDM #3 and the responses of PDMs #1 
and #2 were then used to find the d u s ~  masses that each PDM 
recorded for each zest in both series. This was done for each 
test by simply taking the totd mass reading at the be~inning of 
a test and subtracting i t  from the total mass reading at the end 
of the same test. The resuIting dust masses for each PDM at 
each location for every test are listed in  Table I. This data was 
then used ta calculate the differences in collected dust masses 
between the cap Iarnp and the nose and also between the lapel 
and nose. 

Four Coal Mines 
The mannequidmulti-cyclone sampling system was used 

to collect samples in two longwall sections on the downwind 
side of the machine called the tailgate return, on the back right 
side of a continuous miningmachine, and on thefront of  a twin 
boom roof bolting machine. 
The MOSH researchers together with mine personnel 

determined the actual placement of the sampling system to 
protect the equipment and to give a representative indication 
of a miner" llocatien. After Ule mmnequin/mdti-cyclone 
sampling system was secured to the mining equipment, h e  
sampling pumps were turned on and the sampling lime noted. 
T h e  test time re colIect an adequate dust sample waq estimated 
by the researchers based on previous experience or, in some 
cases, use of a light scattering dust monitor to obtain sufhcient 
mass of dust for analysis. At the end of' the test, the time 
was noted and the sampling pumps turned off. The 37-mm 
filters with the collected dust masses werc removed from their 
cyclones and stored. If time allowed, a new set of 37-mm fiItefi 
wm ~nstalled along with clean 10-mm cyclones, and another 
test conducted. 



TABLE 1. PDM Responses for Each GaHery Test 

Cap Nose Lapel Ratio Ratin 
Test # (mg) (mg) (mg) Cag/Nose Lapernose 

TesL Series One 
0.469 6.441 0.916 
0.404 0.392 0.816 
0.263 0.274 0.754 
0.431 0.421 0.802 
0.423 0.457 0.789 
0.383 0.429 0.772 

avg 0.808 
std 0.057 
rsd 0.071 

Test Series Two 
0.386 0.406 0.933 
0.318 0.355 1.031 
0.421 0.398 0.926 
0.293 0.301 1.089 
0.314 0.293 0.462 
0.197 0.189 1.029 

nvg 0.995 
std 0.063 
rsd 0.065 

The 37-mm filters were pre- and postweighed (along with 
three control filters] in the NIOSH PRL filter weighing morn. 
The pre- and post filter weigh&, along with the sampling 
times. sampling pump Bow rates, and control filter weights 
were inpur into an Excel 2003 workbook that cnlculared 
the average cnncentrarion. standard deviation. and relative 
stwdard deviation of the triplicate dust samples in the multi- 
cyclone sampling cans. The averdge concentrations froin each 
multi-cyclone sampling can was then used to calculate rhe 
concentration differences and ratios between the cap i m p  and 
the nose and aJso between the lapel and nose. 

RESULTS AND DlSCClSSlON 

Full-Scare Gallery 
In the NIQSH PRL test gallery, two series OF six tesrv each 

were run, Differences between the two series incl~lde the use of 
different researchers wearing the apparatus and, in the second 
series, a longer length of time elapse between the inidal d u s ~  
penention and the test s6a1-1 time. 

The respirable masses in miIFigrams detected by each PDM 
at the cap, nose, ;md lapel are listed in Table 2. The table also 
lists the mass mios between the Cap and nose and between the 
Iapl and nose. The averas  standard deviuion and the relative 
standard deviation IRSD) are Listed ar the  bottom of each test 
series. 

We subjected [he RSDs to the methodology developed 
by Kissell and ~ a c k s . ' ~ '  They examined dust concentration 
ratios developed by dividing dust concenrntions taken at fixed 

locatitions by duvr concentrations taken on mining machine op- 
erators. They were tooking for a p s i b l e  correlation between 
 he two sampling locations. T h i s  was similar to our objective. 
They used NIOSH's accuracy criterion, which requires "that 
a method will give a result that is within f 25% of the me 
concentration with a probability of 0.95 for an individual 
obser~ation."'"~.~'' 

Ideally, if there is nodifference in the nose or lapel sampling 
locations, all of  the ratios in Table I have a numerical value 
OF one. Applying NOSITS criteria, the ratios must be within 
1.25 and 0.75. For the measurements to fall within the range 
Y5% of the time, the measurements must fall within 1.96s 
where s i s  the srandard deviation. When the mean value of 
the rurios is I and the standard deviation is 0.25, the maximum 
RSD is 0.21 7. All of the RSDs in Table I are less rhan 0.217. 
which means that both the cap and lapel sampling locations 
meet NIOSH's sampling method criteria. Therefore, either the 
cap or lapel are valid sampling locations with respect to [he 
nose area. 

Four Coal Mines 
The mannequin dust sampling system was used to collect 

297 dust samples from four coal mines. Twelve of the 297 
samples were rejected teaving285 dust sampIesfor analysis. Of 
the 12 samples that were rejected. the breakdown i s  as follows: 
The tubing was pulled off the sampling pump of two samples, 
the sampler pump battery was dead for three of the samples, a 
pre-weigh error was recorded on one of he  samples, and six 
of the sanrples were deemed outliers by Gmbb's test!9' which 
is a statistical procedure for detecting outlying observations. 

The valid dust samples were used to produce 33 breathing 
zune test comparisons. The mean gmvimeaic dust concen- 
imrions at each location and summary statistics by mine and 
overall are shown in Table 11. In all cases of in-mine testing, 
the mean lapel concentration was towest. The highest mean 
concentration vaned between the nose and cap lamp location. 
rncluded in this table ate the upper and lower 95% confidence 
limits of the mean concentrations and ratios. A histogram in 
Figure 3 shows the mean concentrations along with stand& 
emrbaw. Forthe overafI ratiodatasetwith 33 sarnptes. thecap 
limp Iocation was about I .1% higher than the nose location, 
zlnd the lapel location was about 5% less than [he nose. 

A paired t-test was used to determine whether a difference 
existed between the caplnose and lapellnose ratios. One of the 
assumptions of this rest is  that the difference d u e s  (capjnose 
minus lapel/nose) we normally distributed. The entire data 
set of 33 observations was evaluated for normality with the 
Shapiro-Wilk test. This test did not reject the null hypothesis 
that the distribution was normally distributed (pvaIue = 
0.1 120); thus, the parametric t-test for related samples was 
used. Because rnultiple t-tests were employed, the level that 
was used to determine statistical significance was adjusted 
from -05 to .Ol using a Bonferroni "05 divided 
by the number of cornpatisons}. This  correction w x  applied 
to con~ml the probability of finding a significant difference 
when one does not really exist (ripe I error). The results 



TABLE !I. Summaw Statistics of Four Coal Mine Studles 

Variable 
95ToQ 

Mean Std Emr For Mean 

Bolter 
(n=9) 

Longwall (B) 
(n=9) 

Overall 
n=33 

Longwall (A) Cap LampA 
(n=8) Nose" 

LapelA 
Cap lmp,%se 
Lapernose 
Ratio Diff 

Continuous miner Cap LampA 
{n=7) NoseA 

LapelA 
Cap LampiNose 
LapellNose 
Rario Diff 

' Cap tampA 

LapelA 
Cap LampENow 
LapcVNose 
Ratio Diff 
Cap LampA 
NoseA 
LapelA 
Cap Larnp/Nose 
Laptl/Nose 
Ratio Diff 
GP b p A  
NoseA 
tapel" 
Cap LampMost 
LapeVNose 
Ratio Diff 

of the paired t-tests are presented in Table III. The longwall dustconcentrationsmeasured at thelapel location. Tbis finding 
(B) had a mean difference value 1.088) h a t  was significantly was supported by a one-sample t-test &ar was compared with 
different from zero. the overall mean ratios to 1 (see overall values at the bottom 

The cap lamp h a t i o n  will measure dust conceneations of Table ll). This test showed that the overall mean value of 
that are closer to whz the nose position measures rhan the the cap lamplnose ratio (1.01 11 was not significantly differenr 

TABLE 111. Results of Hypothesis Tests of Sampling Locations (tests conducted at four coal mines) 

Hypothesis: Mean Diffewnce of Ratios = (I 

Mean Difference t-Value 95% CI 
Mine Count (Caflose-Lapelllriose) (Paired l-test) For Mean p-Value 

Longwall (A) 8 0.042 2.17 [-O.W, 0.08761 0.07 
Continuous miner T 0.038 1.53 [-0.022,0.0972] 0.18 
Bolter 9 0.07 1 2.34 [0.0011,0.1414] 0.047 
Longwall (B) 9 0.088 7.17 [0.0599.0.1168] <.Om1 
TotaI 53 0.062 5.39 [0.03 83,0.08491 c.00ol 

hlo~e: Tesrs conduclcd at four coal mires. 



9.0 

I 

Longwall (A) contlnu~us miner boikr longwall [B] 

FIGURE 3. Hlstopm of mean d u e  dust wncentrations wlth standard m r  ban for fourwal mine iests 
w 

than I (p-value = 0.2 1). Howwei, for overall mean value of 
the IapeYnose ratio (0.950), there was a significant difference 
from I (p-value c.000 1 j. Tnus, in this study, the lapel sampled 
less dust than the nose position. 

IndividuaI mine secuon results (Table II) showed that 
the roof b i t e r  and loogwdl (B) sections had higher dust 
concentrations at the cap lamp locarion compared with the 
lapel hation. The other two sections showed a somewhat 
smaller difference, but when all of the data were examined 
together (see Overall values in Table II), the cap lamp sampling 
location was about 2.5% higher than the nose sample location, 
and the Iapel sample was about 5.6% low compared with the 
nose location. These differences are in the range of individual 
sampler precision of 5.1% determined by IKogu~'~~) Because 
individuaI sampler precision and the differences measured in 
these mine studies are within rhe same range, historic dust 
exposure data taken m the lapel should be comparable to dust 
exposure dam sampled at the cap Famp location, 

CONCLUSIONS 

T he gallery testing of dust mass loadings at the cap lamp. 
nose, and lapel indicated that little diflerence in irdet 

rocations could be determined beyond the spaQai variability 
of the gallery. The calculated percentage differences of the 
masses differed at each location. but the percentage difference 
was less than plus or minus 25%. In field m p i i n g  situations. 
the spatial varjability of dust hvels and imprec~sion of the 

current personal sampler in taking an individual measurement 
is, in general, a greater influence rhan the change in breathing 
zone sampIer loca~on from Iapel to cap lamp. The four coal 
mine studies and the manneguin/multi-cyclone system indicate 
that sampling at the cap lamp is aslightly better indicator of the 
dust concentration at the nose lwel than at the Iapel. A sample 
inlet adjacent to the cap lamp is within the accepted definitions 
of the breathing zone. The gallery dam did not clearly indicate 
adifference between positions. The mine datashows that there 
is no difference between the nose and cap lamp location. but 
that there is a difference ktween the cap I m p  location and 
the lapel. The effect is small and within the precision of the 
CMPDSU. 
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