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Abstract

A study was conducted in an underground mine with the objective to identify, characterize, 

and source apportion airborne aerosols at the setup face and recovery room during longwall 

move operations. The focus was on contributions of diesel- and battery-powered heavy-duty 

vehicles used to transfer equipment between the depleted and new longwall panels and diesel-

powered light-duty vehicles used to transport personnel and materials to various locations within 

the mine. Aerosols at the setup face were found to be distributed among diesel combustion-

generated submicrometer and mechanically generated coarse aerosols. According to the data, the 

submicrometer aerosols downstream of the setup face were sourced to diesel exhaust emitted by 

vehicles operated inside and outside of the panel. Depending on the intensity of the activities 

on the panel, the outby sources contributed between 12.5 and 99.6% to the average elemental 

carbon mass flow at the setup face and recovery room. Extensively used light-duty vehicles 

contributed measurably to the elemental carbon concentrations at the setup face. The number 

concentrations of aerosols downstream of the setup face were associated with aerosols generated 

by combustion in diesel engines operated in the shield haulage loop and/or outside of the longwall 

panels. Entrainment of road dust by diesel or battery-powered load-haul-dump vehicles operated 

near the measurement site appears to be the primary source of mass concentrations of aerosols. 

The findings of this study should help the underground mining industry in its efforts to reduce 

exposures of miners to diesel and coarse aerosols.
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1 Introduction

Occupational exposures to respirable dust and submicrometer aerosols emitted by 

diesel-powered equipment are a health concern for underground mining operators and 
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regulators [1, 2]. Exposure to various types of respirable dust has been linked to lung 

diseases including silicosis, coal workers’ pneumoconiosis, progressive massive fibrosis, 

emphysema, and chronic bronchitis [3, 4]. Long-term occupational exposure to diesel 

exhaust has been found to result in adverse pulmonary, cardiovascular, and other health 

outcomes [5–9]. In 2012, the International Agency for Research on Cancer (IARC) 

classified diesel exhaust as a group 1 carcinogen [10].

Aerosols in underground mining operations can be traced back to various mechanical and 

combustion processes [11, 12]. Comminution and entrainment of road dust are the sources 

of coarse aerosols in underground coal [12, 13] and metal mines [14–16]. Where used, diesel 

engines contribute to concentrations of submicrometer aerosols in underground mines [14, 

17–19]. In some cases, submicrometer aerosols in underground mines could be traced to 

various non-diesel-related sources introduced to the workings via ventilation systems such as 

explosions [14], welding, drilling [15], cigarette smoking [15], general area pollution [13], 

forest fires, or intake air heating processes.

A large number of diesel engines of various vintages are currently used in underground 

mines in the USA and around the world [20, 21]. In general, these engines meet a variety 

of superseded and current emission standards [22–24] and contribute differently to the 

concentrations of submicrometer aerosols in the underground environment [19, 25–27]. 

Technologyforcing emission regulations, promulgated over the past few decades [22–24], 

stimulated dramatic advancements in diesel engine and exhaust aftertreatment technologies. 

Those advancements resulted in major reductions in emission levels and changes in the 

properties of emitted aerosols [28–30]. However, due to good durability, low maintenance 

costs, availability of rebuild programs, and potentially some regulatory and economic 

factors, older technology engines are currently a preferred source of power for underground 

mining fleets [31] and could remain so for some time.

The concentrations of submicrometer aerosols and levels of exposures of underground 

miners to diesel aerosols vary widely among operations [5, 32]. Analysis of samples 

collected by the Mine Safety and Health Administration (MSHA) in the US underground 

metal, non-metal, and stone mines between 2012 and 2016 shows that the average exposures 

to total carbon (TC) and elemental carbon (EC) of miners [32, 33] have been below the 

current 160 μgTC/m3 personal exposure limit [2]. However, the same set of data shows 

frequent diesel particulate matter (DPM) overexposures of particular occupations, such as 

blasters, drillers, and scalers, in some segments of the industry. A few studies [12, 14, 

15] reported the actual concentrations, size distributions, and chemical composition of the 

submicrometer aerosols in specific underground workings for actual production scenarios. 

Additional information is needed on concentrations, properties, and sources of ever-evolving 

aerosols produced by underground mining processes supported by diesel-powered vehicles 

in order to assist efforts on reducing exposure of underground miners to diesel aerosols.

This study was conducted to identify, characterize, and source apportion airborne aerosols at 

the setup face and recovery room of an underground mine during longwall move operations. 

The primary focus was on aerosols generated by diesel- and battery-powered heavy-duty 

(HD) vehicles used to transfer equipment between the mined and new longwall panels and 
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diesel-powered light-duty (LD) vehicles used to transport personnel and materials to various 

locations within the mine.

2 Methodology

2.1 Site

The experimental work was conducted at an underground mine where the active production 

at the room-and-pillar and longwall sections has been done predominantly by using 

electrically powered equipment with product haulage executed by a conveyor belt. The 

diesel-powered fleet of over 250 permissible HD [34], non-permissible HD [35], and non-

permissible LD [35] diesel-powered vehicles are primarily used to transport equipment, 

material, and personnel. The periodic moves of massive longwall equipment, including 

shearer, shields, conveyor belt components, and power stations from the recovery room at 

the mined panel to the setup face at the next panel, require extensive use of diesel-powered 

equipment (Fig. 1). Those activities, when compared with normal production activities when 

fewer diesel-powered equipment are used, have higher potential to generate submicrometer 

aerosols.

The results of sampling and measurements performed for six 2-hour test periods during the 

day shifts for three consecutive days (D1, D2, and D3) are examined in this study. Two 

of those tests were conducted on D1 (D1T1 and D1T2), two on D2 (D2T1 and D2T2), 

and two on D3 (D3T1 and D3T2). Sampling and measurements were performed at three 

locations: (1) FA0, (2) REC, and (3) SUF (Fig. 1). Those locations were selected to allow 

for (1) identification and characterization of aerosols at various workplaces and (2) source 

apportioning of aerosols to activities of various diesel-powered vehicles operated outby and 

inby of the panels. For the purpose of this study, only area samples were collected; therefore, 

the observed concentrations cannot be interpreted as personal exposure levels.

The longwall move operations were ventilated with fresh air supplied from two ventilation 

shafts via main drifts east of the new panel, and four main drifts were used to access and 

ventilate the new panel (rooms “1”, “2”, “3”, and “0” in Fig. 1). The operation was executed 

in two different air splits used to ventilate: (1) the longwall section on the new panel and (2) 

the recovery room on the mined panel (Fig. 1). The contaminated air was exhausted from the 

new panel via a regulator located at the south end of SUF.

The ventilation flow rates at the sampling stations, FA0 (QFA0), REC (QREC), and SUF 

(QSUF), were estimated from periodic measurements of the air velocities. Due to the 

intense traffic flow, it was impossible to obtain air velocities in the drift leading to the 

recovery room, so the airflow rates were calculated by using the assumption that those were 

identical in all four entries leading to the panel and by applying the conservation of mass 

principle (QREC=4*QFA0 − QSUF). The velocities were measured using DA400 rotating 

vane anemometers from Pacer Instruments (Keene, NH, USA). The data was collected at 

a frequency of 0.1 Hz, using CR1000 data loggers from Campbell Scientific (Logan, UT, 

USA).
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The cross-sectional areas of the openings at FA0 and SUF were measured to be 12.1 m2 (130 

ft2) and 8.8 m2 (95 ft2), respectively. The average ventilation flow rates at FA0 for D1T1, 

D1T2, D2T1, D2T2, D3T1, and D3T2 were calculated to be approximately 13.86 ± 0.50 

m3/s (~ 29,400 ± 1100 ft3/min). The average ventilation flow rate at SUF was calculated to 

be approximately 26.05 ± 0.54 m3/s (~ 55,200 ± 1200 ft3/min) for D1T1, D1T2, D2T1, and 

D2T2 and 33.20 ± 0.23 m3/s (~ 70,300 ± 500 ft3/min) for D3T1 and D3T2. The average 

ventilation flow rate at REC was calculated to be approximately 29.39 ± 2.06 m3/s (~ 62,300 

± 4400 ft3/min) for D1T1, D1T2, D2T1, and D2T2 and 22.25 ± 2.06 m3/s (~ 47,200 ± 4300 

ft3/min) for D3T1 and D3T2.

2.2 Vehicles and Fuel

During the longwall move, a small fleet of permissible and non-permissible diesel-powered 

HD vehicles and a single battery-powered HD vehicle hauled shields from the recovery 

room at the depleted panel to the setup face on the new panel (Fig. 1). The total shield 

haulage distance was over 3219 m (2 miles). Concurrently, a number of other diesel-

powered HD vehicles moved belt components and power equipment from the recovery 

room to the various locations on the new longwall section. A number of LD diesel-powered 

vehicles were used to transport personnel and materials and to perform various supporting 

tasks on the same section. More discussion on the role of different groups of the vehicles in 

the longwall move is provided in the Results and Discussion section.

All diesel-powered vehicles used in the longwall move were fueled from a single batch of 

the ultralow sulfur diesel (ULSD) fuel. A 2-L sample of the fuel was collected from the 

supply tank and sent for selected analyses to Bureau Veritas of North America (Houston, 

TX, USA). The results of the analyses are shown in Table 1.

2.3 Vehicle Activity

The activities of vehicles used during selected intervals of the longwall move were 

monitored at seven locations distributed across the panels (Fig. 2). The monitoring stations 

were strategically located along the recovery room loop (REC loop), shield hauler loop, 

and setup face loop (SUF loop) (Fig. 2). The data was used to (1) identify vehicles that 

were operated during the study, (2) to assess the extent of the utilization of the HD and LD 

vehicles on different sections, and (3) based on ventilation air flow distribution, to apportion 

aerosols to the various activities and categories of the diesel-powered vehicles.

The movement of vehicles in the split of air that was used to ventilate the recovery room 

(Fig. 1) was captured from the stations nos.1, 2, and 3. The concentrations of diesel aerosols 

at REC were attributed to the activities of the vehicles in the REC loop. The concentrations 

of diesel aerosols at SUF were attributed to the activities of the vehicles in the shield hauler 

and SUF loops. The stations nos. 2, 3, 6, and 7 were used to record the movement of 

vehicles within the shield hauler loop (Fig. 2). The stations nos. 4, 5, and 6 were used to log 

the movement of vehicles on the SUF loop (Fig. 2).
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2.4 Sampling, Analysis, and Measurements

Sampling and measurements were performed at (1) FA0 located in “0” room of the new 

longwall section, 50 m (164 ft) downwind of the fresh air split; (2) SUF located 20 m (66 ft) 

upwind of the regulator; and (3) REC located 150 m (492 ft) upwind of the entrance to the 

recovery room (Fig. 2).

The effects of the longwall move process on the submicrometer and respirable aerosols 

were studied in relation to the results of various analyses performed on the filter samples 

and the results of measurements with direct reading instruments. Triplicate filter samples 

of submicrometer and respirable aerosols were collected at FA0, REC, and SUF for carbon 

analysis, using the identical custom-made sampling systems (Fig. 3). The submicrometer 

aerosol samples were collected on tandem 37-mm quartz fiber filters (QFFs) enclosed in 

DPM cassettes (SKC, Eighty Four, PA, Model 225–317) exclusively used for compliance 

sampling in underground mines in the USA [36]. The respirable aerosol samples for 

carbon analysis were collected on pre-baked tandem 38-mm QFFs (Pall Life Sciences, 

Ann Arbor, MI, QAT2500), assembled in 5-piece cassettes (SKC 225–3050LF + SKC 225–

304). The 10-mm Dorr-Oliver cyclones (Zefon, Ocala, FL, Model 456243) were used to 

eliminate the majority of coarse aerosols from the submicrometer and respirable samples. 

The nominal sampling flow rates of 1.7 lpm were maintained by subsonic critical orifices, 

which were installed in the manifolds coupled to a single vacuum pump (Oerlikon Leybold 

Vacuum GmbH, Cologne, Germany, Sogevac SV25B). The actual sampling flow rates were 

determined using results of flow verifications performed before and after each test using a 

primary flow calibrator (Mesa Laboratories, Lakewood, CO, Bios Defender 530).

Submicrometer and respirable aerosol samples collected on QFF media were analyzed 

in-house for EC and organic carbon (OC) using a thermo-optical transmittance (TOT) 

following NIOSH Method 5040 [37]. Results of the analysis performed on the secondary 

filters were used to make dynamic blank correction for the primary filters. Due to 

uncertainty associated with high OC contamination of the QFF media in the DPM cassettes 

and short sampling times, only EC data were reported.

An electrical low-pressure impactor (ELPI) from Dekati (Tampere, Finland) [38, 39] was 

used at SUF to do real-time measurements of concentrations and size distributions of 

aerosols. The ELPI is a 13-stage impactor with nominal cut sizes (50Dae) of 29 nm, 58 nm, 

102 nm, 165 nm, 254 nm, 391 nm, 635 nm, 990 nm, 1.60 μm, 2.45 μm, 3.96 μm, 6.67 μm, 

and 10.12 μm. In the configuration used in this study, a filter stage is added after the 29-nm 

stage to capture aerosols below that size. The filter stage has a broad lower cutoff in the 

5- to 10-nm range. A response in the order of seconds makes this instrument suitable for 

monitoring rapidly changing distributions. The ELPI is used with 25-mm, greased aluminum 

foil substrates that were changed frequently to avoid overloading.

A single personal dust monitor PDM3600 (Thermo Fisher Scientific, Franklin, MA) was 

used at each measurement location to continuously measure ambient concentrations of dust. 

The PDM is designed for continuous monitoring of exposure of underground coal miners to 

respirable dust [40, 41] and uses a Higgins-Dewell cyclone (nominal median cut point of 4.0 
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μm) at the inlet to eliminate coarse dust from the respirable sample. In this study, a sampling 

flow rate of 2.2 l/min was used.

3 Results and Discussion

3.1 Vehicles Used During Longwall Move

The vehicle monitoring showed intermittent use of six diesel-powered HD vehicles (Table 

2) and one battery-powered HD vehicle. The permissible diesel-powered load-haul-dump 

(LHD) vehicle V1 (Table 2), powered by an MSHA-approved engine and fitted with 

filtration systems with disposable filter elements (DFEs) [42], was used to move shields 

from the recovery room to the transfer points next to the “0” room (Fig. 1) during D1T1, 

D1T2, D2T1, and D2T2 tests. During D3T1 and D3T2 tests, the same vehicle moved 

shields delivered by the shield haulers to the transfer point in “2” room to the setup face. 

During D1T1, D1T2, D3T1, and D3T2 tests, two non-permissible HD vehicles, V2 and 

V3 (Table 2), were utilized to transport the shields from the transfer point in the “0” room 

outside of the recovery room to the transfer point in the “2” room outside of the setup 

face. These vehicles were powered by US EPA Tier 3 engines and retrofitted with sintered 

metal filter systems (HJS, SMF-AR) [43]. During D2T1 and D2T2 tests, the crew performed 

the maintenance on one of the shield haulers, and only LD diesel-powered vehicles were 

operated at the SUF loop. The shield haulers moved the empty trailers back to the transfer 

point in the “0” room via the “2” room. During D1T1, D1T2, D2T1, and D2T2 tests, the 

battery-powered permissible LHD vehicle was used to move shields from the transfer point 

in “2” room to the setup face. To move other heavy equipment throughout the panels, the 

following pieces of equipment were intermittently used: a permissible LHD V4, powered by 

an MSHA-approved engine and fitted with a filtration system with DFEs; a non-permissible 

LHD V5, powered by US EPA Tier 3 engine fitted with diesel oxidation catalytic converter 

(DOC); and a non-permissible LHD V6, powered by an MSHA-approved engine fitted with 

a DOC.

The movement of over 40 LD vehicles was logged during the tests. The LD fleet consisted 

of various kinds of personnel and material carriers, three forklifts, and one water truck. 

These were powered by a variety of diesel engines with outputs between 15 (20 hp) and 164 

kW (220 hp). All were engines of various vintages and certified by MSHA [22] or the US 

EPA [23]. Due to the large representation, movements of LD vehicles were not individually 

studied. However, three general trends were observed: (1) the LD traffic occurred primarily 

in “2” room, between the entrance to the panel and entrance to the SUF loop; (2) the 

LD traffic in “0” room, which was almost exclusively used by loaded shield haulers, was 

sparse; and (3) the LD vehicles were primarily used for transportation of crew members and 

supervisors.

3.2 EC Concentrations at SUF and REC

The results of EC carbon analysis performed on submicrometer aerosol samples, normalized 

with the maximum concentration observed for all tests are summarized in Fig. 4a. Those 

results show that the concentrations of submicrometer aerosols at REC were a mixture of 

those generated by HD and LD vehicles operated within the area upstream of the REC 
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sampling station (Fig. 1) and those brought by ventilation air from the areas outby the 

FA0 sampling station. The concentrations of submicrometer aerosols at SUF appear to be a 

mixture of those generated by vehicles operated within the shield hauler and SUF loops and 

those brought by ventilation air from the areas outby the FA0 sampling station. Due to the 

long air travel time between outby boundaries of the shield haulage loop and SUF (estimated 

to be approximately 2400 s), the vehicles in operation on that air split before and during 

specific test times could contribute to the measured concentrations.

The EC mass flow rates for FA0, REC, and SUF were calculated using the results of 

EC concentration and average ventilation flow rate measurements at respective locations. 

The analysis of EC mass flow rates showed that submicrometer aerosols at the REC and 

SUF were generated by (1) activities of various diesel-powered vehicles operated outby of 

the panels and (2) activities of diesel-powered vehicles operated on the panels. The EC 

concentrations and relative contributions of inby and outby diesel activities to the EC mass 

rates at REC and SUF varied widely between tests. During the D1T1, D1T2, and D2T2 

tests, the diesel-powered vehicles were extensively used inside the REC loop (Fig. 2), and 

the EC mass rates at the REC were higher than during the D2T1, D3T1, and D3T2 tests 

(Fig. 4a). Similarly, the more extensive use of the diesel-powered vehicles inside the shield 

hauler and SUF loops (Fig. 2) during the D2T2, D3T1, and D3T2 tests (by comparison to 

the D1T1, D1T2, and D2T1 tests) resulted in higher EC mass flows at SUF (Fig. 4a). The 

data suggests that the outby traffic contributed between 12.5 and 99.6% to the average EC 

mass flow at REC and SUF (Fig 4b). During the tests with limited usage of diesel-powered 

equipment inside of the REC shield haulage or SUF loops, the background was the primary 

contributor to the total EC mass flow for corresponding locations. The outby traffic EC mass 

flow contributed at least one-third of the total EC mass flow at REC for tests D2T1, D2T2, 

D3T1, and D3T2 (Fig. 4b). Similarly, the outby traffic contributed between 38 and 60% 

to the average EC mass flow at SUF for tests D1T1, D1T2, and D2T1 (Fig. 4b). Even in 

the cases of tests when diesel-powered vehicles were used extensively within the panel, the 

outby traffic contributed at least 12% of the total EC mass at REC and SUF (Fig. 4b).

3.3 Number and Mass Concentrations of Aerosols at SUF

The results of continuous measurements of aerosol concentrations with the ELPI during 

six tests were used to study the effects of the longwall move process on the number 

and mass concentrations and size distributions of aerosols at SUF. The traces of number 

and mass concentrations for individual tests, normalized with the maximum corresponding 

concentrations observed for all tests, are shown in Fig. 5. The average normalized number 

and mass concentrations for all six individual tests are shown in Fig. 6a.

The number and mass concentrations fluctuated widely within and among the tests (Fig. 

5 and Fig. 6a). The vehicles that were operated over sporadic and transient duty cycles 

produced wide ranges of number and mass concentrations. In the case of the D1T1 test, 

activities of the sintered metal filter equipped shield haulers and the few LD vehicles 

on the shield haulage loop resulted in the low EC mass flow (Fig. 4) and low number 

concentrations (Figs. 5a and 6a). However, concurrent activities of the battery-powered LHD 

at the setup face loop produced high mass concentrations of aerosols (Fig. 6b). For all 
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other tests, the elevated mass concentrations generally coincided with the elevated number 

concentrations (Fig. 5), indicating that diesel-powered vehicles were often not only the 

primary source of submicrometer aerosols but were also a primary source of entrained 

coarse dust. The spikes of number and mass concentrations, most evident for certain parts of 

the D1T2 and D3T2 tests (Fig. 5b and f), were associated with operation of diesel-powered 

vehicles in the room behind and parallel to the setup face room (Fig. 1). In the case of the 

D1T2 test, a personnel carrier powered by a modern engine was used in the aforementioned 

area in the period between 600 and 1200 s. In the case of the D3T2 test, the LHD V6 (Table 

2) powered by a high-emitting engine [42] was brought in shortly after the start of the test 

and operated in a repeatable fashion over a transient cycle for approximately 1200 s (Fig. 

5f). The number concentrations at the SUF were partially associated with aerosols generated 

by diesel engines operated at the shield haulage loop and/or outside of the longwall panels. 

The spikes in number and mass concentrations of aerosols downstream of the setup face 

were associated with operation of diesel-powered vehicles near the measurement site. High 

instantaneous mass concentrations were primarily associated with entrainment of the dust by 

diesel- or battery-powered LHD vehicles operated close to SUF, at the setup face, or in the 

room behind the setup face (Fig. 1).

3.4 Size Distributions of Aerosols at SUF

The number and mass size distributions for selected instances of the six tests, normalized 

with the respect to the highest corresponding number and mass concentrations observed 

during those tests, are shown in Figs. 7 and 8, respectively. The statistical parameters for 

those distributions are provided in Tables 3 and 4, respectively. In general, the aerosols 

were distributed among two, three, or even four log-normal modes (Figs. 7 and 8). The 

combustion-generated aerosols dominated the number distributions. Those were distributed 

between two submicrometer modes (Table 3): (1) aged agglomeration mode aerosols with 

count median diameters (CMDs) between 160 and 210 nm and (2) freshly generated 

nucleation and agglomeration mode aerosols with CMDs between 27 and 166 nm. The 

contemporary engine in the personnel carrier that was operated in the vicinity of SUF was 

the primary source of the nucleation and agglomeration mode aerosols with CMDs below 

81 nm recorded in a few instances (1174 and 5163 s) during the D1T2 test (Fig. 7b). In 

the case of D3T2, the older technology engine in the LHD V6 (Table 2) was the primary 

source for a few spikes of a high number concentration of aerosols with CMDs around 160 

nm. The mode with mechanically generated coarse aerosols that were present in several 

orders of magnitude lower number concentrations than combustion-generated aerosols was 

not discernable (Table 3).

In the majority of cases, aerosols were distributed by mass in a single coarse mode 

consisting of dust entrained by vehicles and equipment operated in the vicinity of the 

measurement sites (Fig. 8 and Table 4). The mass median diameters (MMDs) of entrained 

dust were between 2.6 and 31.5 μm. In some cases, the combustion aerosols exhibited a 

discernable secondary mass mode (Fig. 8 and Table 4) and contributed to the overall mass of 

aerosols (Table 4). For example, at 1174 s of the D1T2 test, the activities at the setup face 

were low, and the submicrometer aerosol with MMDs of 360 nm evidently contributed to the 

total mass of aerosols (Table 4). It is important to note that the majority of the MMDs for 
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coarse modes was not measured but assessed mathematically by fitting log-normal curves to 

the existing data and extrapolating those outside of the measurement range of the ELPI using 

DistFit™ 2009 (Chimera Technologies, Inc., Forest Lake, MN, USA).

The activities of vehicles operated at and outside of the panel had an impact on number, 

mass concentrations, and size distributions of aerosols at SUF. The number concentrations 

was found to be the highest when diesel-powered vehicles were operated close to SUF (Fig. 

5b and f). The number of distributions of aerosols at SUF was found to be single or bimodal. 

In a majority of the cases, the distributions were bimodal as follows: (1) one mode was 

apparently made of “fresh aerosols” generated by individual vehicles operated in the vicinity 

of SUF, and (2) the second mode apparently was made of the “aged aerosols” contributed by 

vehicles operated at outby sections or outside of the panel and transformed on their journey 

to SUF.

Dominant single modal distributions were observed for two scenarios: (1) the individual 

diesel-powered vehicle operated in the vicinity of SUF contributed to the high number of 

aerosols (e.g., Figs. 5b and 7b for 1174 and 5163 s and Figs. 5f and 7f for 762 s), and (2) 

the vehicles operated in the outby sections or outside of the panel were a primary source of 

submicrometer aerosols (e.g., Figs. 5c and 7c for 5579 and 6656 s and Figs. 5d and 7d for 

2697 and 5909 s).

Mass concentrations were primarily associated with entrainment of dust by the diesel-

powered or battery-powered LHD vehicle operated at the setup face or the drift behind 

the setup face. The distributions of aerosols mass were single modal or sometimes bimodal. 

The MMDs for entrained dust at SUF were between 17 and 32 μm.

3.5 Mass Concentrations of Respirable Aerosols at FA0, REC, and SUF

The average mass concentrations of respirable aerosols at FA0, REC, and SUF, normalized 

with the respect to the highest value observed during those tests, were calculated from 

measurements made with a single PDM at each of those locations (Fig. 9). Measurements 

were performed from the same general area from which filter samples for carbon analysis 

were collected and ELPI measurements were made (SUF only).

Entrainment of roadway dust by vehicles operated outside of the panel was the primary 

contributor to mass concentrations of respirable aerosols at FA0. Those concentrations 

varied between and during the tests (Figs. 9 and 10). Similarly, entrainment of the roadway 

dust by HD vehicles operated at the recovery loop was the primary contributor to mass 

concentrations of respirable aerosols at REC. The concentrations were the highest at REC 

for the D1T1 and D1T2 tests, when the majority of the equipment was being moved from 

the recovery room to the transfer point. The mass concentrations of respirable aerosols at 

SUF were primarily the result of the entrainment of the settled dust by HD vehicles operated 

at the setup face. The highest concentrations were observed for D1T1 when longwall 

equipment was moved at the setup face by the battery-powered LHD.
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3.6 Relationship of Mass Concentrations of Respirable EC, Respirable Aerosols, and 
Dust at FA0, REC, and SUF

The mass concentrations of EC obtained via carbon analysis performed on the respirable 

samples, mass concentrations of respirable aerosols obtained by PDM measurements, and 

mass concentrations of dust estimated from ELPI measurements (only within instrument 

range) were used to examine the relation among those entities (Fig. 10).

For conditions prevailing at REC, the EC mass concentrations were between 8.9 and 28.7% 

of respirable dust concentrations measured with the PDM. For conditions prevailing at 

the SUF, the EC mass concentrations were between 0.4 and 4.4% of sub-10 μm dust 

concentrations measured with ELPI and 2.7 and 22.9% of respirable dust concentrations 

measured with the PDM (Fig. 10b). The respirable dust concentrations measured with the 

PDM were 13.6 and 24.3% of sub-10 μm dust concentrations measured with ELPI.

4 Conclusion

This study identified, characterized, and sourced apportioned airborne aerosols at selected 

sections of the underground mine during longwall move operation. Diesel combustion 

and entrainment of road dust were identified as the primary sources of submicrometer 

and coarse aerosols, respectively. The analysis indicates that reducing concentrations of 

diesel aerosols on those sections would require concerted efforts devoted to elimination, 

substitution, and/or control of various sources of diesel aerosols. The data suggests that 

those reductions could be achieved by controlling diesel exhaust emissions from HD and LD 

vehicles operated inside and outside of the panel. Efforts to control emissions of aerosols 

from HD diesel-powered vehicles should be complemented with similar efforts to reduce 

emissions of diesel aerosols from the large and extensively utilized fleet of LD vehicles that 

also contributed to the concentrations of submicrometer particles at the longwall section. 

Suppressing entrainment of road dust by diesel- or battery-powered vehicles could help to 

reduce mass concentrations of dust on the sections. The findings of this study should help 

the underground mining industry in its efforts to reduce exposures of miners to diesel and 

coarse aerosols.
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Fig. 1. 
Schematic of longwall panels and ventilation concept (not to scale)
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Fig 2. 
Location of monitoring station (MS) along the REC loop, shield hauler loop, and SUF loop 

(not to scale)
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Fig. 3. 
Schematic of the sampling trains for submicrometer and respirable samples
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Fig. 4. 
a Normalized EC concentrations for FA0, REC, and SUF, and b estimated net contribution 

of the diesel-powered vehicles operated on the REC loop, and on the shield haulage and 

SUF loops to the concentrations of EC mass flow at REC and SUF, respectively
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Fig. 5. 
Normalized number and mass concentrations of aerosols at SUF for the following tests: (a) 

D1T1, (b) D1T2, (c) D2T1, (d) D2T2, (e), D3T1, and (f) D3T2
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Fig. 6. 
Normalized average number and mass concentrations of aerosols at SUF
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Fig. 7. 
Normalized number size distributions for (a) D1T1, (b) D1T2, (c) D2T1, (d) D2T2, (e) 

D3T1, and (f) D3T2
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Fig. 8. 
Normalized mass size distributions obtained by extrapolating ELPI data for (a) D1T1, (b) 

D1T2, (c) D2T1, (d) D2T2, (e) D3T1, and (f) D3T2
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Fig. 9. 
Normalized average mass concentrations of the respirable dust at FA0, REC, and SUF

Bugarski et al. Page 22

Min Metall Explor. Author manuscript; available in PMC 2022 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
a Share of EC in respirable aerosols for REC. b Shares of EC in dust (EC in ELPI), EC in 

respirable aerosols (EC in PDM), and respirable aerosols in dust (PDM in ELPI) for SUF
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Table 1

Properties of diesel fuel used during the study

Fuel property Test method ULSD

Heat of combustion [BTU/gal] ASTM D240 45.3

API gravity @ 15.6 °C [°API] ASTM D1298 37.1

Cetane number ASTM D1298 46.4

Sulfur by ultraviolet [ppm] ASTM D5453   9.0

Flash point, closed cup [°C] ASTM D93 60.0
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Table 3

Statistical parameters including CMD, σ, and normalized total number concentrations (NTNC) for number 

distributions of aerosols measured at SUF at selected instants

Test Instance of time Mode 1 Mode 2

CMD σ NTNC CMD σ NTNC

– s nm – – nm – –

D1T1 3846 77 2.201 0.120 209 1.434 0.048

5765 49 3.395 0.044 195 1.572 0.039

7038 27 4.729 0.032 187 1.594 0.038

D1T2 1174 64 2.180 0.751

5473 48 2.909 0.078 199 1.504 0.095

6975 81 2.845 0.028 193 1.529 0.053

D2T1 3001 167 1.797 0.065

5579 194 1.732 0.153

6656 204 1.651 0.100

D2T2 2697 163 1.858 0.250

5128 218 1.648 0.095

5909 193 1.790 0.315

D3T1 3837 160 1.774 0.129

5190 187 1.635 0.293

5660 188 1.633 0.300

D3T2 782 166 1.705 1.000

2056 171 1.759 0.225

3838 188 1.655 0.082

7113 198 1.620 0.040
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Table 4

Statistical parameters including MMD, σ, and normalized total mass concentrations (NTMC) for mass 

distributions of aerosols measured at SUF at selected instants

Test Instance of time MODE 1 MODE 2

MMD σ NTMC MMD σ NTMC

– s Nm – – nm – –

D1T1 3846 17,680 1.674 0.303

5765 18,330 1.712 0.178

7038 18,640 1.744 0.170

D1T2 1174 360 1.928 0.012 2583 1.442 0.010

5473 460 2.017 0.002 19,410 1.848 0.059

6975 2809 6.000 0.011 10,990 1.438 0.053

D2T1 3001 31,540 2.708 0.029

5579 938 3.429 0.004 26,490 2.031 0.056

6656 29,310 2.404 0.049

D2T2 2697 1370 2.900 0.010 22,660 1.835 0.144

5128 21,600 1.917 0.115

5909 729 2.396 0.006 31,370 2.574 0.094

D3T1 3837 19,540 1.795 0.151

5190 405 1.638 0.020

5660 376 1.564 0.020

D3T2 782 306 1.428 0.043

2056 17,740 1.664 1.000

3838 18,820 1.715 0.075

7113 22,100 1.973 0.039
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