
Estimate of technically feasible DPM levels 

for underground metal and nonmetal mines
Introduction

There is growing concern within 
the underground mining industry 
about the exposure of workers to 
the diesel particulate matter (DPM) 
component of diesel exhaust. In 
January 2001, MSHA promulgated 
rules for the control of worker expo
sure to DPM in coal mines (MSHA,
2001a) and metal and nonmetal 
mines (MSHA, 2001b). The Na
tional Institute for Occupational Safety and Health 
(NIOSH) has been focused on whether a recommended 
exposure limit (REL) for DPM should be established 
based on health-effects research.
NIOSH is also considering the tech
nically feasible level of DPM reduc
tion that is achievable using existing 
control technology,

The MSHA-proposed rule gov
erning DPM exposure in coal mines 
requires the use of a particulate fil
ter on the exhaust of diesel equip
ment used in permissible areas. In 
contrast, the MSHA-proposed rule 
for DPM exposure in metal and 
nonmetal mines allows the use of 
any engineering control technology, 
so long as the final level attained 
does not exceed 200 jxg/m3 of DPM 
(gravimetric mass equivalent) as an 
eight-hour-shift average. MSHA ar
rived at its DPM limit by taking into 
account economic as well as techni
cal feasibility. In this manuscript,
NIOSH, in contrast, focuses on esti
mating the DPM limit for metal and 
nonmetal mines based on technical 
feasibility alone.

To this end, an estimate of DPM 
concentration based on the use of 
technically feasible DPM control 
technology was made for under
ground metal and nonmetal mines 
using data available from the litera
ture. The literature referenced in
cludes the MSHA data (MSHA,
1999a, 1999b) on engines now being
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Abstract
In response to the underground 

mining industry’s growing concern 
with the exposure of workers to the 
diesel particulate matter (DPM) 
component of diesel exhaust, a 
method was developed to estimate 
the average workplace concentra
tion of DPM that could be expected 
from using the new lower DPM- 
emitting engines now being ap
proved by the US Mine Safety and 
Health Administration (MSHA) 
when these new engines are equip
ped with state-of-the-art exhaust- 
control technology for filtering and 
combusting DPM. The resulting es
timate uses the MSHA-reported 
particulate index for these engines, 
the prevailing rule-of-thumb venti
lation rate of 150 cfm/hp and the 
available diesel-exhaustfilter tech
nology that has been shown to be at 
least 80% effective in reducing 
tailpipe DPM. In the estimate cal
culation, every engine used in an 
underground mine is assumed to be 
equipped with this control technol
ogy. Under the stated reasonable 
conditions, an average DPM level 
of 90 fig/m3 (mass) is predicted as 
technically feasible.

approved under existing regulations 
(Code of Federal Regulations, Title 
30, Part 7), the recommendations 
from European studies to curtail 
DPM levels from diesel equipment 
used in tunneling (Mayer 1998a), fil
tration efficiencies of diesel exhaust 
filters found to be effective in that 

^ s t u d y  (Mayer et al., 1999a) and pre
vailing ventilation rates for mines 
using diesel equipment (63 Fed. 

Reg. 58198-58205,1998). Economic constraints and the 
variable of increasing ventilation rates (largely consid
ered impractical as well as economically unfeasible) 

were not considered.
Filtration systems are becoming 

available for the range of vehicles 
used in underground mines, and a 
number of suppliers have the 
knowledge, skills and hardware to 
engineer and. fabricate successful 
systems for the majority of the mine 
equipment used in underground 
metal and nonmetal mines.

Development of the estimate
The development of the esti

mate of the DPM level achievable 
considers only MSHA-approved en
gines, uses the MSHA ventilation- 
rate data on these engines, the 
achievable efficiency of exhaust 
control technology to reduce DPM 
and the prevailing ventilation rates 
in underground mines. The develop
ment of the estimate from these pa
rameters is discussed below.

MSHA-approved engines. The
calculations for the technically fea
sible DPM level achievable are 
based on the particulate index (PI) 
obtained and published by MSHA 
(1999a, 1999b) on each engine ap
proved under the current regula
tions (30 CFR, Part 7, Subpart E). 
The current federal regulations for 
underground metal and nonmetal



m ines do  n o t re q u ire  th e  use o f M S H A -app roved  en 
gines (som e sta te  regulations do). The M SH A -proposed 
new  P a rt 57.5067 (63 F edera l R eg ister 58221) specifies 
th a t any engine in troduced  in to  the  subject m ines after 
p ro m u lga tion  o f the  ru le  shall be ap p roved  by M SH A  
u n d e r  th e  above-re fe renced  section. (E xisting  engines 
a re  g ran d fa th e red  and  app lica tion  o f th e  co n tro l tech 
nology to  these engines will resu lt in  D PM  levels g rea ter 
th an  the  ones calcu lated  here .) M ines th a t pu rchase  o r 
lease new  vehicles or purchase rep lacem en t engines will, 
because of the long service life o f an  engine, select only 
M SH A -approved  engines if possible.

The list o f engines approved  by M SH A  provides the 
approval num ber, engine m ake and m odel, ho rsepow er 
a t ra ted  speed , th e  gaseous o r “n am ep la te” ven tila tion  
ra te  an d  th e  p a rtic u la te  index . A s o f Nov. 24, 1999, 
M SH A  has issued 70 approvals covering m ore  th an  70 
engines, w hich range from  10.4 to  484 kW  (14 to  650 hp), 
fo r use in nonperm issib le areas.

B ecause of existing o r p ro p o sed  rules, the  only en 
gines th a t will be perm itted  in  underg round  m ines in the  
fu tu re  a re  th o se  b e ing  ap p ro v ed  u n d e r  th e  c u rre n t 
M SH A  regulation . Thus, as its first param eter, the  feasi
bility estim ate only uses engines now  being approved  by 
M SH A .

MSHA ventilation rates. M SH A ’s eng ine-approval 
p ro toco l is specified in  30 C FR  7, S ubpart E , and is es
sen tia lly  id en tica l to  th e  in te rn a tio n a lly  accep ted  te s t 
p rocedures for diesel engine em ission testing specified in 
IS O  8178 (61 F e d e ra l R e g is te r  55418) and  th e  
M A P T E S T  used to  evaluate  engines and  contro l system  
perform ance in C anada (C A N M ET, 1997). U n d er care
fully co n tro lled  conditions, eng ine em issions a re  m ea 
su red  fo r e igh t d iffe ren t s tead y -s ta te  engine load  and  
speed conditions or m odes (Table 1), which is re fe rred  to  
in  th e  M S H A -p ro p o sed  ru le  as th e  “e ig h t-p o in t te s t 
cycle.” A t each tes t po in t, gaseous and D P M  em issions 
are  de term ined  and used to  ob tain  tw o ven tila tion  ra tes
—  th e  gaseous ven tila tion  ra te  and  th e  particu la te  index.

The gaseous ventilation  ra te  (Q gas) (30 C FR  7.84(c)), 
o ften  re fe rred  to  as the “n am ep la te” ven tila tion  rate , is 
the  d ilu tion  a ir quan tity  req u ired  to  reduce  th e  h ighest 
concen tra tion  from  am ong four specific (toxic) exhaust 
gases e n c o u n te re d  using  th e  M S H A  e ig h t-p o in t te s t 
cycle to  the follow ing levels:

C 0 2 = 5,000 ppm  
CO = 50 ppm  
N O  = 25 ppm  
N 0 2 = 5 ppm .

TABLE 1

The particu late  index (PI) is the  d ilution a ir quantity  
( Q . ) needed  to  reduce exhaust D PM  concentration  to  
1,000 pg/m 3 (30 C F R  7.89). T he P I is d e te rm ined  from  
the  w eighted  average o f D P M  m ass o b ta in ed  over the  
sam e te s t p o in ts  used  fo r de te rm in ing  Q gas and  can  be 
ob ta ined  a t the  sam e tim e th a t th e  gaseous ra te  is d e te r
m ined. The eight engine operating  points and the w eight
ing  fac to r fo r each  eng ine  co n d itio n  a re  p ro v id ed  in  
Table 1.

W hereas the gaseous ventila tion  ra te  is based  on the 
w orst-case em ission ra te  and  is m ean t to  p rev en t acute 
exposures, th e  pa rticu la te  index  is a  w eigh ted  average 
over the  load  and  speed  po in ts th a t a re  assum ed to  be 
rep resen ta tive  of an average shift em ission rate. M SH A  
institu ted  the PI as a guide to  facilitate choosing engines 
th a t em it less D PM  w hen a choice is possible.

The analysis th a t follows assum es th a t the  PI rep re 
sents a reasonable  estim ate  fo r w ell-m aintained engines 
as d ep loyed  in  th e  industry . A  m ore  accu ra te  analysis 
w ould  req u ire  d e te rm in a tio n  o f a c tu a l/rep resen ta tiv e  
duty  cycles o f the engines and the  local ven tila tion  con
ditions un d er which they  operate.

A  m easu re  o f th e  c lean liness o f an  eng ine  is th e  
am ount of D PM  em itted  p e r ho rsepow er or, in this dis
cussion, the  P I p e r engine horsepow er (QdpJ h p ) . Figure 
1 shows a  p lo t o f the  PI p e r horsepow er (norm alized P I) 
in cfm /hp against engine horsepow er. A  careful study of 
th e  g raph  reveals tw o clusters of engines —  those  e n 
gines w ith  a norm alized  P I below  70 cfm /hp and  those  
w ith  a n o rm alized  P I above th is level. T he g rap h  also 
shows th a t engines below  149 kW  (200 hp) vary widely in 
n o rm alized  PI; th is g roup  is com posed  o f a mix o f en 
gines using b o th  the o lder and m odern  fuel-m anagem ent 
systems.

Two additional fea tu res can  be noted:

•  no  engine m ore th an  149 kW  (200 hp) has a no rm al
ized P I above approxim ately  70 cfm/hp; and

• fo r any engine w ith a  norm alized  P I above 70 cfm/ 
hp, it is possible to  find an engine o f abou t the  sam e 
horsepow er w ith a norm alized  P I below  70.

This ability to  select th e  c leaner of com parably pow 
e red  eng ines is c ritica l to  d e te rm in in g  th e  technically  
feasible D PM . For this estim ate, it is assum ed th a t it is 
possible to  rep lace the  h igher P I engine w ith  a low er P I 
engine of abou t the  sam e horsepow er by substitu tion  or, 
a t w orst, by vehicle redesign. A  detailed  engineering re 
view w ould  be requ ired  to  substan tia te  this assum ption 
for all cases.

B ased  on the  above observations, a second param -

The MSHA eight-point test cycle and weighting factors for various engine 
conditions.

Speed category Rated speed1 Intermediate speed2 Low-idle speed3
Percent rated torque 100 75 50 10 100 75 50 0
Weighting factor 0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

’The speed at which the rated power is delivered as specified by the engine manufacturer. 
2The maximum torque speed if between 60% and 75% of rated speed, or else it is 75% or 60% 
of rated speed, whichever is closer to the manufacturer's specified maximum torque speed. 
3The minimum no-load speed as specified by the manufacturer.



FIGURE 1

Normalized particulate index for current MSHA-ap- 
proved engines, including four permissible (coal mine) 
engines. Note that one engine approved for coal mines 
has a Qipm considerably above the range of the chart.
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e te r fo r the  estim ate of technically feasible D PM  levels is 
th a t engines w ith a norm alized  P I below  70 can be used 
in  m eta l and  nonm eta l m ining applications.

Control technology availability and efficiency. From  
a p ractical view point, m ost con tro l technologies th a t can 
reduce  engine D PM  are  n o t effective to  the  degree nec
essary to  a tta in  significant im provem ent of underg round  
D P M  levels (M ayer 1998a; M ayer e t al., 1998). T he ex
ce p tio n  is th e  d ie se l p a rt ic u la te  f i lte r  (D P F ), o r trap , 
which is designed for engine exhaust stream s n o t cooled  
by w a te r b a th s  o r o th e r  m eans. T he filtra tio n  e lem en ts 
consist of po rous ceram ic, silicon carbide, s in te red  m etal 
o r glass o r ceram ic fibers th a t are  k n itted , w oven o r o th 
erw ise configured. T hese filters reduce diesel particu la te  
m ass by a t least 80%  and  solid partic le  num bers by 99%  
or m ore (M ayer e t al., 1998; M ayer e t al., 1999b). A  list of 
D P F s resu lting  from  th e  E u ro p e a n  tunne ling  study  by 
V E R T  (V erm in d eru n g  d e r  E m iss io n en  von  R ea l- 
m aschinen im Tlm nelbau) is available (M ayer, 1998b). In  
addition , th e  Swiss have estab lished  a D P F  certification  
p rocedu re  and  have recen tly  published  a list of certified  
D P F s (M ayer 1999a; B U W A L/SU V A , 1999).

D P F s collect D P M  in th e  filtra tion  m edia a t exhaust 
tem pera tu res. W hen  engine exhaust tem p era tu res  reach  
550° to  600°C (1,022° to  1,112° F ) (H ouben  1994), the  ac
cu m u la ted  so o t sp o n ta n e o u s ly  com busts  an d  is co n 
v e rte d  to  C 0 2. C a ta lyz ing  th e  D P F  m ed ia  o r add ing  
catalysts to  th e  fuel can  low er th e  soo t com bustion  tem 
p e ra tu re  to  300° C (572° F). In  cases w hen exhaust tem 
p e ra tu res  do  n o t reach  th e  requisite  tem p era tu re  o r are  
n o t su s ta ined  fo r a sufficient pe rio d , reg en e ra tio n  sys
tem s m ust be em ployed  to  rem ove th e  collected  D PM . 
T he regenera tion  system s can  be e ith er o n -board  or off- 
b o a rd  th e  vehicle. T he o n -b o a rd  system s use in teg ra l

electric  h ea te rs  o r fuel com bustion  system s to  raise the  
filte r o r exhaust gas tem pera tu re . T hese system s opera te  
on  dem and by sensing the back p ressure due to  D PM  ac
cum ulation or on  a  tim ed  cycle. O ff-board systems use an 
o v en  th a t  is desig n ed  to  b u rn  o ff th e  co llec ted  D P M  
from  a filter th a t is rem oved  from  th e  vehicle. If  th e  ve
h ic le  m ust re tu rn  to  serv ice, th e n  a seco n d  filte r  is 
needed . Period ic  exchange o f loaded  D PFs for regener
ated  ones is required . D P F  capacities can be sized so th a t 
trap  exchange occurs at convenien t intervals, e.g., once 
per shift. T he degree o f trap  loading can be d e tec ted  by 
a rise in  engine-exhaust back pressure.

Selecting a D P F  fo r a particu lar vehicle involves se
lecting th e  co rrec t filte r size to  handle  th e  exhaust flow 
w ith acceptable back pressures and determ ining w hether 
a re g e n e ra tio n  system  is req u ired . T he la tte r  is d e te r
m ined by profiling  exhaust tem p era tu res  (exhaust te m 
p e ra tu re  vs. tim e) fo r several typical w ork  scenarios by 
using d a ta  loggers p laced  on  the  equipm ent. The req u i
site application  engineering  is available e ith er from  the 
D P F  v en d o r o r from  consu ltan ts. T he D P F  serves as a 
rep lacem en t m uffler (exhaust silencer). D P F  cost is de
term ined  by physical size, regenera tion  schem e and filter 
m edia.

In  m arg in a l cases o f ex h au s t te m p e ra tu re  and  to  
avo id  th e  use  o f o r to  in c rease  th e  effic iency  o f an  
on-board  regenera tion  system , fuel additives (Pt-, Fe- or 
C e-based) can  b e  u sed  to  low er th e  D PM  com bustion  
tem p era tu re  to  abou t 300° C (572° F ). W ith diesel filters 
in place, the  oxides o f the additives a re  rem oved  a t high 
(95% ) filtering  efficiencies and  D P M  filtra tio n  p e rfo r
m ance  im p ro v es as w ell. T he a d d itiv e ’s ash  p a rtic le s  
slowly accum ulate in  th e  filter, w hich reduces filte r life 
and /o r requ ires m ain tenance  to  rem ove th e  particles.

D P F  system s a re  com m ercially  availab le  from  US,



C anadian  and  E u ro p ean  m anufactu rers. T he research  
and developm ent th rust in E urope is a result of low ered 
w orkplace standards and  dem and  fo r d iesel-em ission 
control in general.

T he com prehensive testing  p rogram  perfo rm ed  by 
V E R T  researchers fo r the  tunneling project was instru 
m ental in dem onstrating the feasibility of the technology 
and setting  perfo rm ance standards. T he final results of 
the  V E R T  studies (M ayer et al, 1999a) claim th a t “traps 
(D P F s) a re  effective in the  en tire  size range of diesel 
particulates, starting  from  prim ary particles of about 10  
nm .” Additionally, the study notes that: “Traps can be de
p loyed fo r new  engines. They can also be re tro fitted  to  
existing o lder engines. H ence, they are suitable fo r rapid 
and  w ide-spread  app lication  to  reduce  th e  p articu la te  
m atte r exposure.” Trap evaluations for applicability and 
effectiveness are scheduled to sta rt in C anada this year 
u n d e r th e  D iese l E m issions E v a lu a tio n  P rogram  
(D E E P ) (p ro jec t d escrip tions a re  availab le  a t h ttp :// 
w ww.deep.org).

D iese l p a rticu la te  f ilte r  system s w ith  a m inim um  
80% efficiency in reducing  D PM  (m ass) of engine ex
hausts are  com m ercially available in E urope and N orth  
A m erica. This is the third param eter used in the estim ate 
calculation, p rom  this po in t in  the discussion, it will be 
assum ed th a t all vehicles a re  equ ipped  w ith diesel par
ticulate filters.

Prevailing mine ventilation rates, A  p lo t (shown in 
Fig. 2) of the norm alized M SH A  gaseous ventilation rate  
(Qgas in  cfm /hp) for M SH A -approved engines illustrates 
th a t th e  gaseous “nam ep la te” ventila tion  rarely  exceeds 
70 cfm /hp. For com pleteness, the  fou r perm issible coal 
m ine engines are included in the figure.

FIGURE 2

T he rule-of-thum b for establishing ventilation  rates 
in m etal/nonm etal m ines is to  provide betw een 1 0 0  and 
200 cfm /hp (H aney, 1998). M SH A  used  ra te s  betw een  
127 and 173 cfm /hp in its estim ator exam ples in  the p ro 
posed rule (63 Federal R egister 58198 -  58205). O n aver
age, to  keep the  gases below  an action level of one-half 
the threshold limit value (TLV), ventilation rates need  to 
be a t leas t doub le  th e  gaseous/nam ep la te  v en tila tion  
rate. This coincides w ith about 150 cfm /hp and provides 
a safety factor by v irtue of the fact th a t the  gaseous ven
tila tion  ra te  is determ ined from  the w orst-case gas emis
sion rate.

Thus, the final p aram eter used in this estim ate is to 
assum e a prevailing local ventilation  ra te  of 150 cfm/hp.

Results
O ne can d e te rm in e  the  resu lting  w orkplace D PM  

concentrations for each of the  M SH A -approved engines 
by using the  engine’s P I, a prevailing ventilation  ra te  of 
150 cfm /hp and an estim ated  w orst-case diesel particu 
late  filter efficiency of 80%.

A  p lo t of the resu lting  D PM  concen tra tion  vs. e n 
gine horsepow er for, each M SH A -approved engine (Fig.
3) shows the two clusters described previously, w ith the 
low er PI engines achieving a 90-|a.g/m3 D PM  concentra
tion  o r less. The D PM  levels p lo tted  rep resen t levels tha t 
will prevail dow nstream  of the vehicle operating under a 
local ventilation  ra te  of 150 cfm /hp of uncon tam inated  
air. W hen the upstream  air a lready  contains D PM , the 
D P M  levels rep re sen t the add itional concen tra tion  of 
D PM  con tribu ted  to  th e  dow nstream  air by the  co rre 
sponding engine.

B ecause m ine operators are requ ired  to  increase the 
ven tila tion  air quan tity  in  p ro p o rtio n  to  th e  com bined

Normalized nameplate ventilation rate for MSHA-ap
proved engines. All but five require ventilation rates 
below 70 cfm/hp.
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FIGURE 3

Estimated DPM concentrations from currently MSHA- 
approved diesel engines at nominal ventilation rates of 
150 cfm/hp and equipped with a diesel filter with 80% 
efficiency in removing DPM as mass. For every engine of 
30 kW (40 hp) or greater that produces a DPM concentra
tion more than 90 (jg/m3, one can find an engine that pro
duces DPM concentration of 90 jjg/m3 or less. This, then, 
defines the technologically feasible DPM concentration.

Horsepower

horsepow er o f th e  vehicles operating  in  th e  sam e split o f 
air (see E q . (2) below ), th e  use of add itional vehicles on  
the sam e a ir sp lit does n o t significantly  affect th e  esti
m ated D PM  concen tra tion  a t the  end  of th e  split.

The assum ption  th a t every vehicle in th e  m ine is us
ing a d iesel p a rtic u la te  filte r, includ ing  th e  low -horse- 
p ow er u tility  veh ic les, assu res th is. F o r exam ple , 
assuming th a t each  vehicle con tribu tes D PM  concen tra 
tions of 90 (J.g/m3/hp  a t a  ven tila tion  ra te  of 150 cfm /hp, a 
m ine section using a 37-kW  (50-hp) d iesel vehicle and a 
74-kW  (100-hp) d iesel vehicle w ould requ ire  10.4 m 3/sec 
(22,500 cfm) o f air. T he first d iesel vehicle in  th e  series 
w ould  crea te  a co n cen tra tio n  o f 30 |a.g/m3 dow nstream , 
and  the  second w ould  co n tribu te  60 jag/m3, bringing the  
dow nstream  D PM  concen tra tion  to  90 ng/m 3.

T he add ition  o f a  th ird  veh icle  dow nstream  of the  
o th e r tw o low ers th e  concen tra tion  con tribu tions of the  
upstream  vehicles (because o f th e  increased  ven tila tion  
ra te ) and  produces a final dow nstream  D PM  concen tra
tio n  o f 90 (xg/m3. N o te  th a t  fo r  th e  la rg e r M S H A -ap 
p ro v ed  engines, th e  a tta in a b le  D P M  c o n c e n tra tio n  is 
m uch low er, on  th e  o rd e r  o f 60 |xg/m3 o r  less. V ehicles 
w ith these larger engines, w hich are  also the  ones th a t a 
m ine w ould m ost likely select first to  be  eq u ipped  w ith 
diesel filters, a re  also th e  ones m ost likely to  be  used  in 
dead-end  drifts, w here  studies (C A N M E T , 1997) found  
up  to  tw ice th e  co n c e n tra tio n  o f p o llu ta n ts  th a t  w ere  
found  in  the  re tu rn  air im m ediately dow nstream , Thus, it 
w ould be  expected  th a t th e  D PM  level actually  achieved 
w ould be  g rea te r th an  60 jig/m3.

A lth o u g h  th e  a tta in a b le  D P M  c o n c e n tra tio n  is 
m uch  low er fo r th e  la rg e r engines, th e  h ighes t level is

chosen because all engine sizes m ust be  accounted fo r in 
m aking a feasib ility  estim ate, and  to  try  a t th is stage to  
a p p o rtio n  th e  re la tiv e  c o n tr ib u tio n s  o f ind iv id u a l v e 
hicles to  the  D PM  bu rd en  is beyond  p resen t resources.

T he resu lts  ind icate  th a t, u n d e r th e  s ta ted  assum p
tions, 90 (xg/m3 is th e  technically  feasib le D P M  concen
tra tio n  expected . This level m akes allow ances fo r m ines 
w hose use  of diesels m ay be  solely  in  th e  low er h o rse 
pow er range and  p resum es th a t all engines used  are  of 
the  low est P I o f th e  cu rren t M S H A -approved  engines in 
the ir ho rsepow er range,

Additional comments
Estimate formula. T he follow ing form ulas calculate 

th e  D PM  concen tra tion  increase in  th e  dow nstream  air 
over th a t o f the  upstream  air, resulting  from  one o r m ore 
vehicles opera ting  on th e  sam e split o f air, to  a  first ap 
prox im ation  (ignoring duty-cycle and  operating-tim e ef
fects)

[DPM] = 1,000 ^  Y  PI,
Q L j i  (1)

w here Q = 150 t H p i (2)

In  these  form ulas,
[DPM] is th e  estim ated  D P M  co n cen tra tion  in  m i

crogram s p e r  cubic m e te r (|j.g/m3);
_ the  assum ed filtra tion  efficiency (0 .8  in  this calcula

tion);
P I; is the  p articu la te  index fo r engine i, w ith  a ho rse

pow er ra ting  o f H p/;



FIGURE 4

DPM concentrations when the prevailing air quantity 
equals the MSHA-approval plate air quantity and when a 
DPM filter with an efficiency of 80% is used.

Horsepower

150 is th e  “ru le -o f-thum b” ven tila tion  ra te  in  cubic 
fee t p e r  m inute  p e r ho rsepow er (cfm /hp); and

Q  is the  to ta l ven tila tion  air quan tity  fo r th e  split in
cfm.

T h ese  fo rm u las  ig n o re  du ty -cycle  an d  o p e ra tin g 
tim e effects.

Estimate validity. T he es tim a te  o f techn ica lly  fe a 
sible D P M  levels is an  aggregate estim ate. It provides the 
D P M  con cen tra tio n  expected  a fte r  th e  co n trib u tio n  of 
the  last vehicle in a  serially ven tila ted  air split. N everthe
less, it also prov ides valid  estim ates for local conditions 
as well.

I t  is sim plistic and  naive to  assum e th a t vehicles u p 
s tream  of th e  last o n e  will be opera ting  in excess “ air.” 
E x cep t fo r u tility  veh ic les o p e ra tin g  in  th e  m ain  a ir 
course, it is com m on to  find  p roduction  vehicles o p e ra t
ing in  d e ad -en d  d rifts  v e n ti la te d  by  aux ilia ry  fans. In  
th ese  cases, th e  local effective v en tila tio n  ra te  m ay be 
closer to  the  150 cfm /hp o r  even less. Thus, in  m any cases, 
the  estim ate  is valid fo r the  local ven tila tion  conditions 
as well. O p era tio n  o f a vehicle w ith and  against local air 
cu rren ts can also drastically  affect local (vehicle o p e ra 
to r)  D P M  concentrations.

DPM measurement. The above calculations p red ict 
th e  w orkp lace  m ass co n cen tra tio n  o f D PM . U sing  th e  
guidelines in  the  lite ra tu re  (C an tre ll e t al., 1998; G ren ier 
e t al., 1998) fo r to ta l ca rbon  (TC ) (80%  to  90% of D PM  
m ass) and  e lem en ta l carbon  (E C ) (40%  to  60%  of TC ), 
th e  tech n ica lly  feas ib le  D P M  lim it b eco m es ap p ro x i
m ately  72 to  81 Jig/m3 as T C  and  approxim ately  32 to  50 
|Xg/m3 as EC.

I t should  be no ted  tha t, w hen  d iesel p articu la te  fil
te rs  a re  u sed  to  con tro l d iesel exhaust, th e  re la tionsh ip  
n o ted  above betw een  T C  and  E C  (bo th  o f diesel origin) 
m ay change. It was rep o rted  (M ayer e t al., 1998; 1999b) 
th a t p a rticu la te  filte rs a re  m ore  th an  95%  effective at

rem oving solid core  e lem en ta l carbon  and  only 80% ef
fective at rem oving to ta l D P M  mass, w hich is com prised  
also o f volatile organic m aterials. W ith the  five-fold d rop 
in T C  fro m  th e  use  o f D P F s, th e  a irb o rn e  T C  from  
sources o th e r th an  D PM  m ay becom e a m ore significant 
quan tity  and  thus po ten tia lly  becom e a g rea te r source of 
e rro r in  estim ating  d iesel D P M  from  T C  alone.

W hethe r nondiesel, carbonaceous sources o f T C  b e 
com e a g re a te r  sou rce  o f e r ro r  dep en d s, how ever, on  
th e ir size d is tribu tion  and  the type o f sam pling done to  
analyze for D PM .

Effect of uncontrolled light-duty vehicles. If  the  inci
dental, light-duty, low -horsepow er utility vehicles are  n o t 
eq u ip p ed  w ith  ex h au st filte rs, th e n , from  M S H A ’s as
sum p tions in th e  p ro p o sed  ru le , th e  incom ing  a ir to  a 
w orking section  m ay con ta in  ab o u t 50 |a.g/m3 D PM  (the 
co n trib u tio n  from  th ese  up stream  engines being  highly 
dilu ted). U n d e r these  conditions, th e  estim ated  local o r 
aggregate D PM  w ould be  expected  to  be ab o u t 140 |xg/ 
m 3 (90 plus 50). This is qu ite  close to  M SH A ’s p roposed  
2 0 0  |ig /m 3, w hich w as based  on  th e  a ssu m p tio n  th a t it 
w ou ld  b e  im p rac tica l an d  econom ica lly  in feas ib le  to  
p lace  D P F s o n  every  d iese l eng ine  o p e ra tin g  u n d e r
ground . In  coal m ine entries, th e  u p stream  p resence  of 
light-duty  vehicles places a low er lim it on  th e  D PM  con
cen tra tio n s  a tta in a b le  in  perm iss ib le  a re a s  if  th e  p ro 
posed  rule m andating  filters w ith 95% efficiency only on 
perm issible diesels is im plem ented .

Estimated DPM  for engine nameplate ventilation 
rate. T he c u rre n t coal m ine reg u la tio n  s ta te s  th a t th e  
m inim um  air quan tity  fo r single o r m ultip le units op e ra t
ing off the  sam e a ir split shall be th e  sum  of the  approval 
p la te  ven tila tion  air quan tities (30 C FR  75.325 (g)). N e i
th e r  th e  ex is ting  M S H A  reg u la tio n  n o r th e  p ro p o sed  
ru le  states a policy concerning ventilation  ra tes for diesel 
engines p e r se, except th a t toxic gases m ust be below  the



1973 A C G IH T L V  (30 C FR  57.5001) and, of course, the 
D PM  limit in the proposed-rude,-Thus, it seem s appropri
ate  to  p lo t the estim ate#  D P M  for each engine using its 
^ d iv id u a l nam eplate air quantity  as the  prevailing ven
tila tio n  ra te  (the  “ 150” in  E q . (2) is replaced, by each 
engine’s individual nam eplate  air quantity) and using an 
80 % -e ff ic ie n t^ ’PM  filter.

The resiiit is shown in Fig. 4. U nder these conditions 
and by using the low er PI engines w hen a choice is avail
able, the expected D PM  levels would be approxim ately 
250 |ig/m 3.

DPM estimates for different ventilation and control 
parameters. A s was done  in this m anuscrip t, a sp read 
sheet can be designed to  u tilize M SH A ’s approval list 
and Eqs. (1) and (2) to generate da ta  th a t can be p lo t te d . ' 
The M SH A -approved engine list can be im ported  into a 
sp read sh ee t p ro g ram  to  c rea te  th e  rows. T he engine 
horsepow er needs to  be en tered  in to  a separate  colum n 
to  the right of the engine approval data. Eqs. (1) and (2) 
can be com bined in to  o n e  cell fo rm ula and  en te red  in 
ano ther colum n, w ith th e  variables referencing the  ap 
p ropria te  d a ta  for engine P I and horsepow er. B o th  th e  
prevailing ventilation ra te  (the “150” in E q. (2)) and the 
D PM  control (filter) efficiency (77) can be m ade a nam ed 
param eter and each referenced  in  th e  form ula. Thus, the 
resu lting  D PM  levels for the  individual engines can be 
genera ted  for varying ven tila tion  conditions and D PM  
filter efficiencies.

Summary
The follow ing p aram eters w ere used to  provide an 

e s tim ate  o f th e  ex pec ted  w orkp lace  co n cen tra tio n  of 
D PM  mass o f 90 (Xg/m3:

• the  particu la te  index provided by M SH A ’s engine- 
approval procedure,

• the  assum ption th a t all underground  diesel engines 
have the  low est P I a t th e ir ho rsepow er ra ting  and 
are equ ipped  w ith an  diesel particulate filter th a t is 
at least 80% efficient a t rem oving D PM  mass and

• a prevailing ventilation  ra te  of 150 cfm/hp.

T he lim itations of this estim ate include an assum p
tion  th a t low er P I engines can replace h igher P I engines 
o f equivalent pow er in th e  requ ired  service application 
and  th a t th e  M SH A  P I is rep resen ta tive  o f real-w orld  
D PM  em ission rates, w hich are  duty-cycle dependen t. 
The general form ulas for calculating the local D PM  from  
an engine using M SH A ’s P I are provided, as well as the 
form ula fo r converting th e  P I to  a D PM  mass em ission 
ra te  fo r use in M SH A ’s estim ato r m odel as ou tlined  in 
the M SH A -proposed D PM  rule. ■
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