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Th, 1csti11g look place in a section uf the mine, whkh wns completely isolated by 
bulkhead seals from l,ther parts or the mine nnd ventilated t1sing fresh air from the 
sur!hcc (see Figure I) . The isolakd zone was located at the upper level of the mine where 
ihcrc was no production llt the time t,fiesting. Freshly mined ore wn~ not avnilable, 
thc·rcforc all tht, n:hicks were lmided u1 the beginning l1ftl1c test period and remained 
loaded throughout the tests. In order lo distinguish the clfocts ofcnch of the 
aflcrtrcatment device,; on DPt-.·1 conccnmnions in the mine uir. the vehicles were operated 
individually in the isolated zone. All lhc vehicles were operated fin four hours, 
continually repcatiug an approximately 8-mint1le long duty cycle (described on Slide 4). 
This duty cycle was designed as a combination of im:rngc duly cycles observed for both 
lhe trucks and 1hc LI lD,;. Since the ambient surface temperature U\'cragcd -20 ° C during 
testing days, cyclic propane heaters in the intake structure were usc<.l lu warm the 
rentilai illn air. 

/\ TS! , Inc. Scanning }.lobility Particle Si2.cr (S1''1l'S) ,•:us used lo measure the si7.c 
<.listribulion 1md concentration oflhe ambient ·aerosols d1m11slrcam oft he test section 
(Figure I). The lt:vds of aerosol in the mine air ullowcd researchers IC\ use the SMPS 
wi1houl diluting the. :;;unplc. Instrument pnrnmctcrs wcr<' kepi constrn1t throughout .the 
study (s,;;c Slide 9). Size distribution samples were taken lhcc times per cycle: 1) during 
the luud cycle, 2) while driving be( ween end poinls, nnd 3) during !he dump cycle. The 
timing was based on mcasurc•d air velocities an<.l kno1\11 dislnnccs. 

Rrsults nnd discussion 

The observed ~izc dis1ributic,ns nfacru~ols in the. mine air prior lo the introduction of 
vehicles nrc shown in Figur() 2. The rclutivllly high concentrntions ofmmoparticlcs (D;o -
15 nm) in lhc air are allribulcd to the propane heaters. which were used exlcnsivcly 
during the testing to heat the intake air. Surprisingly, nanoparticles were detected in these 
high rnnccutrntfoos npproximately 1000 ll1 do,1nstrc.am of the healers. 

Figures 3 and 4 show the size distributions for Truck ti 3 am! LllJJ # 2 obtained nt 
different ·times during the tc ,;t perk1d over the load cyde. ·1he measurements showed tlml 
nf\cr an initial transient conditinn whkh am:cted the first Cllllplc of data St'IS (not shown 
in the ligurc.s), thc distrih111inns or the particles in the m:cumulation modes were relatively 
con~istcnt. The concentrations ufpanidcs in nucleation modes were 1lucluating within an 
order of magnitude {sec Figure 4t 

Fii;urcs 5 throngh IO ~how rcprescnlati,·e size distributions of particles observed for the 
test vehicles during difkrent pans of the duty cycle. The distributions wen: significantly 
ulli::cted by position of the vi.:hiclcs relative to the sampling point und vehicle/engine 
opernting conditions (sec Figures S through I 0). Size distributions of particles mcnsured 
whtn whi~lcs 1n:n: opi.:rntcd over <.lump cycle on the most downwind end of the section, 
i.t:. ck•:<cst ll> the- sampling point , were characterized \Vith the highest peak concentrations 
11ml lowest count ,rn::<liau diameters of nucleation mode. The decay ofnnnoparticlc 
concentrnlions with lime and distance was attributed lo particlo aging . This phenomenon 
nc.,Js toJ be l.~tter understood in order to more adequately assess exposure to DPM, 
particul.irly mmoparticlc cxpC1sure. 

Si:r.c Distribution of Diesel Pt1rticulate .Matter in 
llndergrountJ l\lctal l\tine 

Alcksnndnr Bugtuski, NICJSI I Pittsburgh Research Laborntory 

lntruduction 

Exposure of underground miners lo diesel particulate matter (Dl't\ 1) has recently rec-cil·cd 
con~idcrahl~ attention from ho1h researd1 and lcgislalion conummilic~ [I .2 ] . rJ1is is r.1.1{ 
surpriaing. ghTn that under~r(lttnd miner~. on a1·crngc, are expo,cd to subs tantially 
higher concentrations of DPM thnn workers in any Nhcr oceupatil•n. An addit ionnl 
t·onccrn is ihe. size distribution of diesel pnrticlc:;, whiL·h arc found to lx: in nano t.D~o < 50 
nm) mu! ullralinc (D;r, < I 00 nm) ranges. Considerable lo ~icologicnl Cl'idc.r.ce supports 
the idea that nano nnd ultrafine parlidcs hnvc a higher ti:1,icity when compured lo the 
same quantity oflarger pnr1iclc~ [3, 4, 5, 6] . Reducing mi.r1(T c.~pn,;u re requirl'S curtailing 
Dl'i'v1 emissions at their source. At their current stngc of dcvclopmcn!. diesel particulat e 
filters (Dl'F), have been found lo be a promising technology 17] which needs to be 
l'JJtimized uml proven for mini: applicnlions. The Diesel Emission~ h ·nhrntion l'rngrnm 
(DEEi'), a Nmth American industry-lnl'0r-govemmcnt r~scnrch c:OllS(lrtimn, cmrcnily 
sponsors se1-cral project~ designed to evaluate Dl'F for undrrgrhuncl mining upplkutions. 
The study presented in this paper w11s·part of n Dl '. EI' project on the !ong-term fidd 
evaluation of diesel pnrtic.ulatc filters nl Nnramln-Brunswkk /I.lining Divisiong mdal 
underground mine. The objcctil·e of the pwjct:t was In ascertain the. polential of llPF to 
curtail Dl.'1'·1 concentrotinns nnd c1·uluatc their suitability for under~muml mining 
applicntinns. The project was hascd on p~riodic mcasar~mtnls of tailpipe llP \ f nnd 
gnseous emission, and the ~o-callcd isol:itt:.d zone stud y wl1L•~e ohjcctil'l' was to 
investigate the cffri:ts ofatlcrtrcntnwnt ledmologics 011 lhe et>m'c11trn1ion rmd ~ize 
dislributi,m ofnemsols in mine uir. This ~unmmry and lhc nllndi~d pr1:scntation ~h<., w lhe 
results of the isolated zone study. 

l\tclhodolog_y 

four different DPF systems retrofitted tL, heavy-duty prodm:lion vchidcs, two trncks nnd 
two load-hmil -clump (LI JD\ machines (see Table 11 ho\'c been ~ubjcctcd 10 n long term 
trial. The: DPP svslcms on these vehicles arc based l>ll lhe three 111ns1 widcl v use<.l 1111.-r 
media (sec Table· 1). In addition, a {rut k nnd on LHD e(jnipped 1\ilh a standnrd c:-: haust 
system consisting ofa diesel oxidation catalytic converter (l)OCC) tu1<l silencer (sec 
Tnblc l) were inclmlcd in the slutly in tir<ler lo assess the ~nkiencics orthe stnndnrd 
exhaust $)'Stem rclatil'c It> the filters. The same type nfnwd,rn, elcdronicnlly conlrulled, 
turho-chargcd, hciwy-duly diesel engines pom:rcd nil frncks. The Lill) 1·d1icles were 
powered by an engine from the samo: series, but 11ith sorncv.hat smaller di~plucemenl and 
rated power (sec T,1ble 1). In this parti::ular mine, LTID nmrhincry wns mostly used for 
load inµ trucks and hauling pre: on tdatiwly sh,,rt distnncc·s. Trucks were cxclnsi,·e!y use1l 
for hauling ore oi1 longer. di~tnnces. 
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Size distributions of aerosols measured in ihe. mine. 11ir for dillcrcnt vehicks that were 
operated O\'Cr the load cyd c, driving. toward dump pl>int, and thl' dump cyd e arc 
sumnmrizcu in Figures 11, 12 nnd 13, r~spcctivcly. The size dislributi1Jns and 
concentrations of aernsols were found tu be strongly inllucnccd by the type of 
allcrlrcalmcnt technology tkploycd. ·1 he performance ot"Jilh:rs (Figure 14 am! 15) \•, ns 
cvaluu1ed un the basis uftoial pnnick 11uml-.-~r anJ rn lumC' ,onccnlrations per nni( 
volume of mine air, averaged over the total number of duty cycle, perfi,m1ed l:iy each ol 
the vehicles, The means nnd standard devintions fo r the-samples nrc includcJ in Figures 
14 and l5. Thil Iota! particle concentrations observed in the mine n.ir were found to be 
highest with the LI ID 113 . using SiC filt er. Those conc<'nlrntions were even higher ihan 
vihcn LI ID Iii, a similar vd1idc using 1hc standnnl cxhuust system, was tcsto:.<l . Other 
filters offore<l signilicont total particle 11111111:>t:r rcJnc1ion, in tbc mine air. ,\nalysis also 
revcakd that e5timated t"Om.:cntration r.:Juclions of particles by volume for filters 
inslalleJ on Truck #2 and LI ll) #3 belied cxpectatii.ins. Evidences of leaks in the cxhnu: 
system were found on all vehicles relrolil\cJ with iihcrs. It is hyp,,thcsized that particles 
from the leuks und oth.::r sources si~nificantly con\ribult:d to relatively high 
conc.::ntrntions oracrn, nls in the mine air. 
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Introduction 

• Diesel Emission Evaluation Program (DEEP) 
Consortium 
• Industry, labor~ govemn1ent (Canada and USA) 

· • Evaluation of Diesel Particulate Trap Technology at : 
Noranda-Bruns1''ick Mining Division (BM&S) 
• Long tenn field evaluation of four different types of _ , .. 

diesel particulate filters (DPF) installed on the ·. · ··· ., 
production vehicles (two trucks and two" load-haul-:- .· 
dun1p (LHD) vehicles). · 

• Determine filtration ef:fidency and 
•Determine durability (underground hard rock mine) 

2 

Objectives · 

• · Assess efficiency of selected aftertreatment technologies 
for curtailing diesel particulate matter emissions from 
heavy-duty production vehicles/engines 

• Study effects of aftertreatment technologies on size .· 
distribution of aerosols in mine air 

Both objectives ,vere accomplished by direct 
measurements in workplace environment 



Methodology 

• Isolated zone testing at level 525 BM&S : 
• Operate single vehicle in the 400 meter test zone per day 

• All vehicle operated over custom designed duty cycle .,. , 

• 2-minute load cycle of 4 repetitions of two a 30-second _foll ·.: • 
throttle work cycle: 15 seconds torque converter stall wiJh . .. ,_. · 
hydraulics engaged; 15 seconds no load (high idle) ··· 
performed at the load point at upwind end ofthe zone ,, _: __ )\(,t~i 

• Normal vehicle driving from the load point to the . _ :- · <,,_::. :·::_:-
downwind dump point followed by three point turiiarotind ·: Tt}i 

•30-second dump cycle at high idle at the dump point ·:'. ·:;j\:;_-~::~~ 
•Normal vehicle driving back to the load point with a thre~?'fJ!J 

·naround ·.·· if!! 

Methodology 

• Continuous execution over a four hour-period, yielding 30 to 
34 repetitions. 

• Ventilation air was introduced from the surface through 
ventilation shaft located 100 meters upstream of the .zone . . 

4 

• Ventilation air was heated at the surface using cycling propane:-., 
burners. 

• Ventilation rate was set at about 14 m3/s (30000 cfm) 

• Air temperatures: 5 - 8 °C at inlet to the zone 

5 - 15 °C at sampling point ( downwind eml- -.>: · 
of the zone) :. 

5 
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Methodology 
Figure 1. Isolated Zone - Test Section 

Exhaust Air 
Sampling Station 

S!VlPS ... ......,;.. ........ ..;. .... _.._ ___ -
:::~: Sea.led 
.. ~: Bulkheads _,,..-; 
· a.-'! 

.·,··· 
. ... 

",:... :·.~ ·; ' 

' 

Ventilation--··"·: t 
.,.,._..,_ ...... 

!,';' . ~- •• ·~: Simulated 
Dump Cycle 

i,...,,~ .... ;. .... J,,-,_.. ., 

·,_ .. ; -

30 seconds HJ 

Dead End 
X-Cuts 

Methodology 

Load Cycle 

15 sec hydraulics-converter stall 
15 sec HI 

4 sets , 2 min total 

Tested Vehicles/Aftertreatment Devices 

. ·:·: . ·,,: 

• Four different types of diesel particulate filters (DPF) 
installed on the production vehicles (Table 1): 

• two trucks and 

• two load-haul-dump (LHD) vehicles 
. ' 

... :_ . • Two similar vehicles equipped with exhaust treatment 
.. system mandated by New Brunswick Ia,v including 

diesel oxidation catalytic converter (DOCC) and 
muffler (Table 1 ): 

• one truck 

• one LHD vehicle 

6 
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: -:;- ··. . ~ •, ,· . - '. 

lVletbO(lOlogy 
Table l. Vehicles/ Aftertreatment Devices 
Vehicle Engine Aftcrtrcatmcnt Fuel. Hours of opfration 

Rating TccJinology with after-treatment 

installed 

Truck l 375 .Hp :nocc and muffler Diesel 500 

cl. con tr. 

.Truck 2 375 Hp DPF, catalyzed silicon Diesel+ 184~ . . . 

cl. contr. carbide monolith Additive 
.. 

.- ... ~: :·-

Truck3 375Hp DPF, knitted fiber Diesel+ sz~i I 
cl. contr. c~1rtridgcs Additive .. ·.· , •.. :.· ... ,, ., ;,._;·.· ":: .. •.·-, 

' Ll{ D l 3251-Ip DOCC and muffler Diesel :300:~: 
cl. contr. ~ \_-·-:;t~~-~ t .. 

LHD2 325Hp DPF, catalyzed ceramic Diesel 2129:'1 
c1. contr. monolith -~·=· ~_:/ ~~:· ~ 

:-' ....... 
' .. 

' LHD3 3251:lp DPF, catalyzed silicon Diesel l~.2.~ ' 
carbide monolith clcc. .:-.:r ": ·!r 

cJ. contr. ,;;,.,y 

regenerated 
,,._:)· ... 

Methodology -- Sampling 

• Ambient sampling downstream of the test section using Scanning 
Mobility Particle Sizer (Sl\tfi>S, TS1 Inc.). No dilution was 
required. 

• SMPS 1VIodel 3936 (EC Model 3081, CPC Model 3025) 
• steady-state mode (60 + 15 second scan) 

• particles with electrical mobility diameters in range between 
10 and 392 nm 

' • Sampling sequence* 
• vehicle performing load cycle at load point (LC) ···)/\:~{ . 
• vehicle driving toward dump point and sampling station (DR) ·-:: - ~~w~ 

, . ,-~-

• vehicle performing dump cycle at dump point (DC) 

• Continual sampling was conducted for about four hours 

* Delay times were estimated on basis of measured air velocity . . :_.;,-

9 
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Methodology 
Filtration efficiency 

• The concentrations were corn pe,nsatcd for day-to-day fluctuatioris 
in ventilation rates . 

· : ,· . • Performance of the aftertreatment devices is judged on a basis of 
averaged number concentrations measured for instrument range 
(10 - 392 nm) and averaged volume concentrations calculated 
using assumpt_ions about spherical shape of the particles. 

.,, .• H ~...:~. ~ 
• .... ·.f, ... ". 

' .. ~ . 
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Figure 2. Size distribution of aerosols in air prior 
to introduction of the vehicles in the test zone 
Propane burners (Tsur = - 20 °C, Tzone = 5 °C) 
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Figure 3. Truck 3 equipped with knitted fiber 
DPF, Vehicle performing load cycle (LC) 
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Figure 4. LHD 2 equipped with catalyzed ceramic 
monolith DPF, 

Vehicle performing load cycle (LC) 

C: 
Q 

5.0DE+06 · ,-----------­
::.P. 
.i:.2, 

; 

1 ~ ~ 
4.00E+06 / "- ~. 

... 
~') ' :..::. t~ 
; 

08:29:54 AM 

08:51:58 AM 

Cl : 
.2 2.DOE+06 i .· ·· 1 09:52:45 AM 
"C 

z 
"C 

! 
~ /!. 

10:28:54 AM 

;.~ l 
·:11r~'*i--·. : 

O.OOE+OO . ·----- -----·-·······-- -~~--- --- , 

1.00E+06 '.· 

10 mo 1000 

Particle diameter, [nm] 

13 



,' 
:. # . 

Figure 5. Truck 1 equipped "'·ith DOCC, 
Particle aging, Number 
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Figure 6. Truck 2 equipped with SiC DPF, 
Particle aging, Number 
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Figure 7. Truck 3 eq nipped with knitted fiber 
DPF, Particle aging, Number 
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Figure 8. LHD 1 equipped with DOCC 
Particle aging, Number 
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Figure 9. LHD 2 equipped with cat. ceramic 

monolith DPF, Particle aging, Number 
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Figure 10. LHD 3 equipped with SiC monolith 
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Figure 11. All Vehicles, Dump Cycle (DC), 
Particle Number 
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Figure 12. All Vehicles, Load Cycle (LC), 
Particle Number 
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Figure 14. Effects of filters on total number of 
particles in mine air 

Vehicle Mean STD 

Dump cycle 

Truck 1 5.15E+06 1.59E+06 

Truck2 1.09E+06 1.72E+05 

Truck 3 2.84E+06 6.70E+05 

LHD 1 8.70E+06 1.21E+06 

LHD2 1.76E+06 4.96E+05 

LHD3 1.09E+07 1.54E+06 

Load Cycle 

Truck 1 5.05E+06 9.23E+05 

Truck 2 1.17E+06 1.01E+06 

Truck 3 2.23E+06 4.20E+05 

LHD 1 5.03E+06 9.37E+05 

LHD2 1.31E+06 2.93E+05 

LHD 3 5.52E+06 1.95E+06 

Appr. Sampling Point 

Truck 1 3.49E-r06 8.59E+05 

Truck 2 8.63E+05 5.50E+05 

Truck 3 1.40E+06 1.36E+05 

Truck 1 Truck 2 Truck 3 LHD 1 LHD 2 LHD 3 LHD 1 2.99E+06 1.72E+05 
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Conclusion ... 

• Performance of the filters 
• All filters except filter installed on LH~D #3 offered excellent 

reductions in particles number in the mine air (see Figure 14). 

• Estimated reductions in particle volume/mass were bellow . 
expectations for the filters installed on Truck #2 and LHD #3 (see 
Figure 15). :./ ,. , 

. . . ~ .::·;~:: ·~'.;~ 

• Observati~n .. :-::~:!~'.0L= 
• The exhaust systems on all the vehicles equipped with DPF showec;i:::?f: 

evidence of leaks in the exha u.st pipes between engine and filter< -i)2:,.~;rf 
This diminished the effectiveness of the filters to reduce ·worl, .::_:·_.>\?B 
place concentrations. Therefore, maintaining integrity of ~he ,: .· .. )JJ;I 
exhaust system is crucial for meeting new DPM work place ·. :_ · ,'t";ltlI: 

. . . ~-::,:b;_1:· .. ~,"I 

exposure standards. · .·· J[f~'It1 
,· ... =/·is;~( I 
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Figure 15. Effects of filters on total concentration 
of particles by volume in mine air 

Vehicle Mean STD 

Dump cycle 
--------- - -.----·--1 Truck 1 2.04E+12 1.59E+06 

! Truck 2 1.09E+06 1.72E+OS 

! TrucK 3 2.24E+11 4.75E+10 

LHD 1 1.02E+12 1.90E+11 

LHD2 2.07E+11 2.86E+10 

LHD3 9.25E+11 3.43E+10 

Load Cycle 

&r; 
'":.'·.• .. 
'.~~1~ 

~\..·":: 

?~~ 
:)f , 
·,-:--~ 

.. ·•' 
f ; 

'}' 

Truck 1 1.60E+12 1.60E ... 11 .;, 

Truck 2 1.22E+12 1.66E+11 ;:;-, 

Truck 3 2.34E+11 2.52E+10 
;i~~-~-

LHD 1 1.00E+12 1.06E+11 :"':-~~-

LHD2 1.70E+11 2.37E+10 :.~-~ I 

LHD 3 7.48E+11 1.91E+11 
;.> 

Appr. Sampling Point \-,; 
Truck 1 1.84E+12 1.76E+11 i::r·· Truck 2 9.28E+11 I 2.97E+11 ,· 
Trnck 3 1.80E+11 1.97E+10 

•.""." 

Truck 1 Truck 2 Truck 3 LHD 1 LHD 2 LH03 l.HD 1 7.66E+11 1.48E+11 
Vehicle/aftertretament comb. LHD2 1.50E+11 2.08E+10 : .'. 

LHD 3 i 6.15E+11 5.40E+rnk ,. II Dump Cycle Appr. Sampling Point 
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... Conclusions ... 

• Size distribution of aerosols 
· • The results show evidence of nanoparticles in this underground 

mine which are attributable to diesel powered equipment and 
propane heaters (see Figures 2 - 13). 

• High concentration of nanoparticles ( D50 < 50 nm) were observe~·:.···,_} 
in mine air prior to introduction of diesel powered vehicles in the '·_ :, ,, 
zone (see Figure 2). Those particles were attributed to i1icomplcte _: .. _ .. __ 
combustion of propane in the cyclic heaters which are used for ··-·\{-}; 
heating intake air during cold winter d~iys. / ~ ,?/'.?{. 

• Size distribution of the DPM was found highly dependant on typ( :_tf;t 
and design of aftertreatment device (see Figures 11, 12, and 13)~ .:;\:;f)}; 

. . ' ... . ,.:-:~):~.;.~ ~ti 

• Relatively high concentration of ultra fine particles ( D50 <l 00 .Iim)HJ;J1 
in inine air were obsenred when vehicles equipped with diesel : : .::·?;.k:'9~li 
oxidation catalytic converters were operated in the zone :'.;:r:;;_,~;,r:j. 

; ::·1 

.. . Conclusions 

• Relatively high concentrations of nanoparticles ( D50 < 50 nlll) in 
mine air were observed when vehicles equipped with certain types 
of diesel particulate filters were operated. 

• It appears that due to coagulation, adsorption and other physical 
processes, the number of the nano particles rapidly decayed witp ·," 
time, therefore, distance of the vehicle/engine from the sampling 
station (see Figures 5 -10). 

~) 
1-~f 
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