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Abstract

The purpose of this report is to serve as a guide for the

measur enent of fugitive dust fromstationary sources. To that
end, the nethods of neasuring fugitive particulate em ssions are
reviewed. The nethods included are the quasi-stack nethod, the
roof nonitor method, the upw nd-downw nd nethod, the exposure
profiling nmethod, the portable wi nd tunnel nethod, the scale
nodel w nd tunnel nethod, the tracer nmethod and the ball oon

met hod. Each neasurenent nmethod is explained, along with its
advant ages and di sadvantages. Sources of error are discussed, as
are sanpling protocols. The literature on each nethod is
reviewed. A section of the report is devoted to the issues of
error, accuracy and precision of the nethods.
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| nt r oducti on

Fugitive dust is dust emtted from sources other than stacks.
EPA now regul ates em ssions of dust particles which have an
aerodynam c di aneter of ten mcrons or |ess, because this dust
causes respiratory health effects. Such dust is referred to as
PM 10.

Em ssion factors published in EPA docunment AP-42 describe
fugitive dust emssion rates for a variety of sources. Mst of
the tine these em ssion factors suffice for calcul ati on of
industrial or other fugitive em ssions. But sonetines people in
the private sector or state or |ocal governnent disagree with the
publ i shed em ssion factors for a given process or situation, or
they think that the published em ssion factors do not apply.

They wish to calculate specific em ssion factors thenselves. In
that event, the rate of fugitive dust em ssion nust be neasured.
The purpose of this report is to provide information and gui dance
about the neasurenent of PM 10 fromfugitive sources. To that
end, a review of the literature concerning nethods for measuring
fugitive PM 10 em ssions has been perforned.

Several such nmethods exist. The quasi-stack nethod, the roof
nmoni t or nmet hod and the upw nd-downw nd net hod have relatively

I ong histories, and have been used to neasure various kinds of
fugitive em ssions including dust. The exposure profiling nethod
was devel oped specifically for neasuring fugitive particul ate

em ssions. The portable wind tunnel nethod was first used by
soil scientists before being used in an air pollution context.
The balloon nmethod is a little-used offshoot of the exposure
profiling method. The scale nodel wind tunnel nethod and tracer
met hod have al so been conparatively little-used.

The sel ection of a measurenent nethod depends upon such factors
as source geonetry, presence or absence of an encl osing
structure, feasibility of hooding or enclosing the source, size
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of the dust plune, distance between plune generation and feasible
sanpling sites, and type of process causing the plune. For
exanpl e, the quasi-stack nethod requires the (usually tenporary)
encl osure or hooding of a source. The roof nonitor nethod
involves nonitoring of air flow and particle concentration

| eaving all major exit points in a building. The portable w nd
tunnel is used only to study em ssions fromw nd erosion.
Exposure profiling is an excellent nethod for studying "point"
sources such as | oading or unloadi ng operations, or "line"
sources such as traffic on a road, but the sanpling equi pnment
must be placed within a few neters of the em ssion source. The
upw nd-downwi nd nethod is nearly universally applicable, but may
be the | east accurate of the nmethods. Appendix K (TRC, 1980)
contains excellent information on the selection of a nmeasurenent
met hod.

Quasi - st ack net hod

Ri chards and Brozell (1992), Richards and Kirk (1992), and
Brozell and R chards (1993) describe recent applications of the
quasi -stack nethod at stone crushing plants. The quasi-stack
method is especially well suited to small material s-handling
operations and small conponents of industrial processes.
Essentially, this nethod consists of enclosing or hooding (often
tenporarily) the fugitive dust source to be neasured. The dust
plume is ducted away fromthe source at a known air velocity, by
using a fan, and the exhaust is sanpled isokinetically in the
duct .

The intake velocity nust be |lower than the velocity in the
sanpling duct. For typical ducts with snboth walls the Reynol ds
nunber should be in the nei ghborhood of 200, 000 (turbul ent
region). There should be a m ninmum strai ght duct run of three
duct di aneters upstream and downstream of the sanpling port

(Kol nsberg et al, 1976).

Standard stack sanpling trains (EPA Methods 201 or 201A) may be
used to nmeasure concentrations of PM 10, using standard sanpling
protocols (EPA Method 1, where applicable). The product of the
concentration, the nean velocity of the exhaust and the cross-
sectional area of the duct gives the em ssion rate.

The quasi-stack nmethod is potentially the nost accurate neans of
measuring a fugitive dust plunme because the entire plune is
captured and neasured close to the source, and because it uses
wel | established and well validated sanpling protocols. However,
the air velocity in the vicinity of the hood or enclosure nust be
sufficient to entrain the entire PM 10 plunme w thout being fast
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enough to cause excess em ssions.

For exanpl e, excess em ssions mght emt froma stone crusher if
the air speed inside the tenporary enclosure is higher than the
normal anbient air speed. In that case, the higher air speed in
the encl osure m ght cause nore dust to enter the air from stone
crushing, thus causing an overestimation of the em ssion rate.

Al so, there must not be significant deposition of PM10 within
the duct-work or enclosure. Furthernore, if the space encl osed
is normally subjected to turbul ence from anbi ent wi nds, the

em ssion rate cal cul ated after enclosure may underpredict the
true emssions. Finally, the sanpling protocol nust represent
t he average dust |evels encountered in cyclic or uneven dust-
produci ng processes (Cowherd and Ki nsey, 1986).

Appendi x Ais an excerpt from40 CFR 51 contai ning descriptions
of Methods 201 and 201A. Appendi x A al so contains excerpts from
40 CFR 60, with descriptions of Methods 1 and 5D. Appendix B is
an excerpt fromRichards and Brozell (1992) describing recent
applications of the quasi-stack nethod.

EPA published a series of technical manuals on neasuring fugitive
em ssions in 1976. One manual was on the quasi-stack nethod

(Kol nsberg et al), one was on the roof nonitor nethod (Kenson and
Bartlett) and one was on the upw nd-downw nd net hod (Kol nsbherg).
From t he point of view of nmeasuring PM 10, these manual s have
several problens: they are old, the equipnent in themhas |argely
been superseded, the manuals were witten fromthe perspective of
measuring all fugitive em ssions, not just dust, and at that tine
EPA was concerned with nmeasuring total suspended particul ate, not
PM 10. Neverthel ess, they provide significant useful information
and are being included in this report as appendi ces. However, it
must be reiterated that much of the equipnment in these nanual s
has been superseded. Appendix C contains the text of Kol nsberg
et al, (1976), the manual on the quasi-stack nethod. Appendix K
(TRC, 1980) also contains very detailed information on this

met hod, al though the equi pnment described is out of date.

Sone specific work has been done on hood capture of process
fugitive particulate by PEDCo Environnmental, Inc. (1984) and by
Kashdan et al (1986). The former study describes the capture of
fugitive particulate froma primary copper convertor by use of an
air curtain, and the use of quasi-stack neasurenents to quantify
em ssion rates. There is very good docunentation of adequate
capture efficiency of this arrangenent, but no docunentation that
the fugitive em ssions are unaffected by the air curtain.
Neverthel ess, the air curtain is quite far fromthe process, and
it seens |ikely that the very small negative pressure involved
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woul d be too snmall to cause increased em ssions. The air curtain
seens useful only for heated, buoyant plunes.

Kashdan et al conprehensively describe a series of hood designs
for capture of process fugitive particulate em ssions. Capture
efficiencies are included. Again, however, there is no
informati on avail able on the extent of influence of these hood
systens on the processes thenselves. To what extent do they

i nduce increased em ssions? Could they reduce em ssions by
decreasing turbul ence around the source? btaining answers to
t hese questions is not necessarily a trivial problem

Ri chards and Brozell (personal conmmunication, 1993) have used a
snoke tracer nethod to visually determne the mninmmair
velocity required for PM 10 plunme capture. This issue is further
conplicated if anmbient winds or drafts nust be dealt wth,
because the hood air velocity needs to be higher in draftier
environments (Kol nsberg et al, 1976). Also, it nust be
ascertained that the behavior of the visible snoke plune
resenbl es that of the actual PM 10 plune. Furthernore, it would
be preferable to have mass neasurenents of emtted and captured
tracer as well as the visual evidence that the hood is effective
at capturing em ssions wthout inducing or decreasing them

I n any case, several hood designs may be appropriate for use with
quasi - stack neasurenents. The user nust denonstrate, however
that the hood does not cause underestination or overestination of
source em ssi ons.

Roof nonitor nethod

When processes are located within a building, the roof nonitor
met hod may be the best neans of neasuring fugitive particul ate
em ssions. In this nmethod, neasurenents of particulate
concentration and air velocity nmust be nmade at each opening from
whi ch dust may issue fromthe building. The cross-sectional area
of each opening is also required. The product of the cross-
sectional area of the opening, the exit velocity, and the
concentration of PM 10 gives the fugitive PM10 em ssion rate
froman opening. The sumof the em ssion rates fromall openings
gives the emssion rate for the building as a whol e.

In nost cases, the building as a whole is considered to be the
"source." When consi dering the anbi ent inpact of processes
within a building, we are only interested in dust which escapes
fromthe building, rather than in the "true" em ssions from each
process inside.



Air velocity in openings to buildings may be quite variable.

Even flow direction may shift. Consequently, isokinetic sanpling
may be difficult, and it may not be feasible to use stack testing
met hods. I n that event, anbient PM 10 sanpling devices may be
used. These devices may punp a neasured flow of air past a
filter. The weight of particul ate deposited divided by the total
air flowduring the tine the device was in operation gives the
average concentration of dust in the sanpled air. The product of
t he average concentration, the cross-sectional area of an

openi ng, and the average exit velocity will give an average

em ssion rate for a given opening over the period of tine

sanpl ed. Appendix D contains a |ist of anbient sanplers which
have net EPA criteria published in 40 CFR 50, as of July, 1993.
Table | (from Mul eski et al, 1991) provides a list of advantages
and di sadvant ages of various types of PM 10 anbi ent sanpl ers.

Anot her issue when using the roof nmonitor nmethod is that
concentrations of dust may vary in unknown ways across vari ous
openi ngs. Consequently, it is inportant to sanple, as in stack
testing, at a nunber of sites along the cross section of each
openi ng.

In cases where ducts lead to openings, it is inportant to
ascertain that there is not significant PM 10 deposition in the
duct -work downstream fromthe sanpling site before the exit from
the building is reached. Oherw se one wll make significant
overestimati ons of PM 10 em ssi ons.

On the other hand, it is critical to sanple during tinmes which
are representative of normal and peak dust em ssions. O herw se,
the calculated em ssion rates will have little meaning.

Wthout the use of additional testing, it will not be possible to
separate and quantify the individual sources within a building;
the different plunes will be neasured as one interm ngled plune

| eavi ng the various openings of the building. To discrimnate
bet ween sources under one roof, tracer tests are required (see
Appendi x E, and al so see Vanderborght et al 1982), or el se one
process at a tinme nmay be operated to obtain an em ssion rate for
each process.

The roof nonitor nethod shoul d have the potential to give
accurate emssion rates. |t has been thought to be sonewhat | ess
accurate than the quasi-stack nethod, however (Kol nsberg, 1982).
Anot her issue that may arise in sanpling via the roof nonitor
method is that the building openings may be difficult to access,
difficult or hazardous to lead electrical lines to, and
precarious to work around. Trozzo and Turnage (1981) devel oped a
protocol for using battery powered personal sanplers as
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surrogates for the large hi-vol anbient sanplers which were then
the EPA reference nethod for neasuring anmbi ent dust
concentrations. No subsequent studies using this technique were
found in the literature. Newer battery powered devices called
saturation nonitors coul d be adequate under sone conditions for
the roof nonitor nethod, but this has not been studi ed.
Cenerally, if stack sanpling nethods cannot be used, it is
recommended that EPA approved anbient sanpling devices be used
whenever possible (See Appendi x D).

However, it is EPA s recomendati on that whenever feasible, stack
sanpling trains be used, specifically Method 201 or 201A. It may
be desirable to build tenporary duct-work around openings in
order to use these nethods, provided that the duct-work does not
alter the dust outfl ow.

In the case where em ssions are sanpled in ducts, EPA Method 1
shoul d be used when the ducts are of the appropriate type. 1In
cases where sanpling is attenpted in an actual roof nonitor, the
sanpl i ng shoul d be done according to EPA Method 5D. (See Appendi x
A)

Appendi x E contains the 1976 technical manual on the roof nonitor
met hod by Kenson and Bartlett. As noted above, there is
substantial obsolete material in this manual; we include it
neverthel ess because there is also substantial val uable
information. Appendix K (TRC, 1980) al so has detailed information
on the roof nonitor method (but dated information on equi pnent).

Upwi nd- downwi nd net hod

In the upwi nd-downwi nd net hod, at |east one anbi ent PM 10
concentration is obtained upwi nd of a dust source and several PM
10 concentrations are obtained downwind as well. Wnd speed and
direction and other meteorol ogical variables are nonitored during
the sanpling procedure. The downw nd concentration m nus the
upw nd concentration is considered to be the concentration due to
the PM 10 source (or net concentration). Using a dispersion
nmodel and the neteorol ogical information, the net concentration
is used to solve for the emssion rate in the di spersion nodel
Each downwi nd sanpler will yield an em ssion rate estimate; these
may be averaged to obtain the best estinmate of the em ssion rate.

The upwi nd- downwi nd net hod may be applied to many different
situations. It cannot, however, distinguish between plunes which
m x, unless one of the plunmes is distinctly upwi nd of the other.
Wil e the upw nd-downw nd nethod is the nost versatile of the
generally applied nmethods, it is also been considered the |east
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accurate. This is partly because only a tiny fraction of the
greatly diluted plune is sanpled, and this sanpling is usually
done many neters fromthe source. While plunmes are thought to
behave in a Gaussi an fashion, that behavior occurs only on
average over a period of tinme. A great many sanples over a |ong
time woul d have to be obtained for the actual plume distribution
to approach that of a Gaussian curve. Consequently, random plunme
irregularities may give rise to inaccurate em ssion estimtes.

Even if sanpling is done at many sites (an expensive
proposition), inaccuracies still result fromusing average

nmet eor ol ogi cal values to represent the instantaneous vagaries of
real weather. For exanple, the dispersion nodels are
particularly unable to cope with a situation in which the w nd
direction at the source is different fromthe wind direction at
t he receptor.

Despite these problens, it seens possible to obtain reasonabl e
accuracy with this nethod. Hu Gengxin et al (1992) found that
their results were within a factor of two, 80 percent of the
tinme, apparently using the quasi-stack nethod as a reference.

In any case, there is an inportant reason for using the upw nd-
downwi nd nmethod: there are tines when this is the only nethod
whi ch suits the situation. Obtaining an em ssion rate from an
area source such as a large parking lot is an exanple.

Regar di ng basic sanpling protocol, the arrangenent of sanpling
devices will vary dependi ng upon the geonetry of the source. The
nunber of upwi nd sanplers will depend upon the proximty of
interfering upwi nd plunes--a nore heterogeneous upw nd dust
profile wll require nore upw nd sanplers. Downw nd of the
source to be neasured, for "point" or area sources, at |east five
anbi ent particulate sanplers are required, at two different
downw nd di stances and three different crossw nd di stances
(Cowherd and Kinsey, 1986). The greater the nunber of downw nd
sanplers, the better the characterization of the plune. Refer to
Appendi x D for a list of acceptable anbient sanpling equi pnent,
and for an excerpt fromthe statute which defines the reference
met hod for nmeasuring PM 10 in anbient air.

Ki nsey and Engl ehart (1984), Russell and Caruso (1983), Maxwell

et al (1982), and Larson et al (1981) have done upw nd- downw nd
studies on "line" sources (roads). However the exposure
profiling technique is well suited to roads, and is thought to be
nore accurate than the upw nd-downw nd net hod (Kol nsberg, 1982;
Fitzpatrick, 1987).

Looki ng at sanpling arrangenents in nore detail, a study by
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Carnes et al (1982) suggested that 10 or 11 downw nd sanpl ers was
t he opti mum nunber for neasuring em ssions froma coal storage
pil e, based upon a cost-benefit analysis. They clained that
using ten downw nd sanplers wll provide estimtes of em ssion
strength within 25 percent of estinmates obtained using 30 or nore
sanplers. Hesketh and Cross (1983) make no specific
recomendati ons on total nunber of sanplers, but do suggest two
sanpling heights for each sanpling site, one at ground | evel and
one at three neters. Axetell and Cowherd (1984) did an
exhaustive study on surface coal mnes; they wote in detail on
nost of the neasurenent nmethods described in this report,

i ncl udi ng the upwi nd-downwi nd net hod. Excerpts of their report
are included as Appendix F. The reader should keep in m nd,
however, that the equipnent in that study was used primarily to
measure total suspended particulate, not PM 10. Appendi x K (TRC,
1980) al so contains a good deal of information on the upw nd-
downwi nd net hod. Kol nsberg (1976) wote a technical nmanual on
the method. That report is included as Appendi x G because of its
val uabl e detail, despite the obsol escence of nuch of the

equi pnent descri bed.

Regar di ng equi pnent, sone studies (Kinsey and Engl ehart, 1984;
Russell and Caruso, 1983; and Larson et al, 1981) have used
devices which turn off the anbient sanplers automatically if the
wi nd direction deviates nore than a certain nunber of degrees
fromthe source. This is done because the sanpler my be
essentially out of the plune if the w nd devi ates enough. Shut -
of f angles for these devices have typically been in the range of
22.5 - 65 degrees to either side of the original plune
centerline. The desirable shut off angle will vary with the

di stance the sanplers are fromthe source. Oher studies
(Maxwel | et al, 1982; Carnes et al, 1982; Larson, 1982; and Wlls
et al, 1980) have not used such a device. Current thought is
that using an automatic shut-off is a good idea (Cowherd, C.

1993, personal communication). Hesketh and Cross (1983) suggest
using two anbi ent sanplers at each sanpling position, one
operating continuously and the other operating only when the w nd
is wwthin 22.5 degrees fromthe source. Any sanpler with a
directional shut-off should have a tinmer to count the el apsed
time the sanpler is in operation.

Factors other than wi nd direction changes may nake the data from
a particular test run unusable. For exanple, if the wind is very
slight, a recognizable plume mght not form A typical response
has been to initiate testing only if wind speeds exceed 1 neter
per second (2.2 mp.h.).

Anot her inportant issue relevant to the upw nd-downw nd nethod is
the choice of a dispersion nodel. Which nodel should one use?
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EPA uses the Industrial Source Conplex (1SC) nodel, particularly
for gaseous em ssions. This is a Gaussian plunme nodel for flat
terrain. It has no deposition termfor particles under 30

m crons in aerodynam c dianeter, nmeaning that it does not account
for deposition of these particles doww nd of the source. PM10
wi |l have sonme degree of downw nd deposition. So the |ISC nodel
will tend to overestimate PM 10 concentrati ons downw nd for a
given em ssion rate, or if using the upw nd-downw nd net hod, the
nodel wi Il underestinmate the em ssion rate for a neasured
downwi nd concentrati on.

The rate of downw nd deposition will depend upon air convection
and turbul ence which bring particles into contact with the
ground, and upon the gravitational settling velocity of the
particles. The gravitational settling flux and ground deposition
flux are both thought to be proportional to the local air
concentration of particles (Ermak, 1977). EPA is nearing
conpletion on work to add a deposition termto the |SC nodel,

whi ch should nmake it nore accurate for use with dust.

There are ot her dispersion nodels avail abl e which have deposition
terms. Ermak (1977) devel oped a nodel based upon the sol ution of
an atnospheric diffusion equation. Several |ater nodels are
based upon his work. These include nodel s devel oped by W nges
(1990 and 1982), and by Becker and Takle (1979). Wnges's
Fugi ti ve Dust Model (1990) has conputer software which all ows
non-scientists to performthe data entry.

Hu Gengxin and Yang Xu (1992) reported on the devel opnent of a
nodel by Hu Gengxin and Xia Liguo. Hu Gengxin et al (1992)
briefly reviewed the applicability of various di spersion nodels
to fugitive dust problens, and conpared a nodel devel oped by them
to two previously devel oped by Hu Gengxin. They used known

em ssion rates to evaluate the nodels, and found that their new
nodel perfornmed sonewhat better overall than Hu Gengxin's ol der
ones. They also found that each nodel had optiml distances and
angles fromthe plune centerline where it perfornmed better than

t he ot her nodels .

Ceneral ly, when using dispersion nodels, at a mninmmthe
followng information will be required: D stance from each

anbi ent sanpler to dust source, wind speed, wind direction, and
Pasquill -G fford or Pasquill-Turner stability class. O her
paraneters, such as roughness height or deposition velocity, may
be required for a given nodel. The elucidation of these other
paraneters may not be trivial

Furthernore, if the nodel was created for unobstructed fl at
terrain, but the real terrain is not flat, inaccuracies wll
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result unless the nodel is altered to suit the real situation. A
nmet eorol ogi st or other mathematical nodeler is required for
maki ng such alterations.

Anot her nodeling issue is the source geonetry. Sonme nodels are
better than others for a particular source geonetry. A nodel

whi ch treats point and vol une sources well mght not be as good
for area sources, for exanple. Furthernore, the use of a point
source approximation for an area source will cause an
underestimate of em ssions for a measured downw nd concentration
The cl oser the downw nd receptor is to the area source, the
greater will be the error. A rule of thunb sonetines used by the
EPA for square area sources is that the receptor nust be a

m nimum of ten site lengths fromthe source for the point source
approxi mation to be reasonabl e.

Sone information on dispersion nodels is available on an EPA
conputer bulletin board called TTN (Technol ogy Transfer Network).
The nunber to call for nodem connections is 919-541-5742. Upon
reaching the main nenu, choose the "SCRAM (Support Center for
Regul atory Air Models) option for nodel information.

| f one does use a nodel which accounts for deposition, the nodel
will typically require the sizing of the particles emtted from
the dust source. This is because particles of different
aerodynam c dianeter wll deposit on the ground between the
source and the sanpler at different rates. To nodel the
deposition rate of the dust requires know edge of the size
distribution of the dust. This has often been obtai ned
aerodynamcally with cascade inpactors, but may al so be obtained
usi ng ot her nethods.

Exposure profiling nethod

The exposure profiling nethod was devel oped by M dwest Research
Institute, under an EPA contract, as a tool for deriving em ssion
factors (Cowherd et al, 1974). The exposure profiler consists of
a nunber of anbient sanplers (typically four or five) at several
hei ghts along a vertical tower, typically four to ten neters in
hei ght (Figure 1). The sanplers are provided with a neans to
sanple nearly isokinetically: typically this consists of either

i nt erchangeabl e nozzl es of various sizes or variable flowrate
control. Wnd speed is nonitored by anenoneters, usually at two
to five heights along the tower (McCain et al, 1985). Wnd
speeds for unnonitored heights are often calculated using a

| ogarithm c algorithm (Ml eski et al, 1993; Axetell and Cowherd,
1984). Wnd direction is nonitored by a wind vane.
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One or nore towers of this type is placed doww nd of the source,
with the sanpler intakes pointed into the wind. The profiling
tower is placed close to the source, often approximately five
meters away (Muil eski et al, 1993; Cowherd and Ki nsey, 1986;
Cuscino et al, 1983;). Anbient sanplers (typically between one
and four of them are placed upw nd of the source at one or nore
hei ghts (Pyle and McCain, 1985). The upwi nd sanplers are al so
pl aced close to the source, often ten to fifteen neters away
(Mul eski et al, 1993; Cowherd and Kinsey, 1986; Cuscino et al,
1983). Sanpling at the upwi nd sanplers is not necessarily

i soki netic (Bohn, 1982).

Exposure (Garman and Mul eski, 1993a) may be defined as the net
passage of mass through a unit area perpendicular to the plune
transport direction (wind direction):

E = (107) CUt

dust exposure (ng/cnt)

net concentration (ug/n?)
approaching w nd speed (n's)
sanpling duration (s)

Val ues of exposure will vary at different sites within the plune.
The integral of exposure eval uated over the cross section of the
pl ume shoul d equal the total mass flux of dust emtted fromthe
source (Garman and Mul eski, 1993a; Axetell and Cowherd, 1984,
Bohn et al, 1978). The integration may be acconplished via
Sinpson's rule. Sinpson's rule necessitates an odd nunber of
data points at equal intervals; if additional data points are
required to obtain an odd nunber or equal spacing, they are
obt ai ned by extrapol ation (Mil eski et al, 1993).

In the case of a uniformy emtting "line" source (really a
"point" source noving along a line), such as a car noving along a
relatively uniformdirt road, a single vertical integration
shoul d be sufficient to characterize the em ssions (Bohn et al,
1978). In the case of "point" or small area sources, a two

di mensi onal integration wll be required (Garman and Mil eski ,
1993a; Bohn et al, 1978).

Simlarly, in the case of a point source noving along a |line and
emtting uniformy, one profiling tower may suffice to
characterize the plunme. In the case of "point" or small area
sources, a nunber of profiling towers nust be used.

The sanpl ers should be symmetrically placed in the body of the
dust plune so that approximtely 90 percent of the mass flux of
t he dust cloud passes between the outernost edges of the array.
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As an exanple, for a Gaussian dust plune, the exposure val ues
measured by the sanplers at the edge of the sanpling array should
be about 25 percent of those neasured at the center of the array
(Bohn et al, 1978).

Exposure profiling has been used primarily for measuring

em ssions from sources whose plunes will not have significant
mass passi ng above the highest sanpler on a profiling tower.

This has largely constrained this nethod to sanpling close to the
source. Axetell and Cowherd (1984) for exanple, wite that it is
preferable for the profiling towers to be approximately five
meters fromthe source. However, Cayton et al (1984) report the
use of sectional alum nummnasts to raise the heights of their

hi ghest sanplers well above 20 neters. This kind of tower height
woul d permit sanpling farther fromthe source. Sanpling farther
froma point or area source, however, also requires a nore

hori zontally wi despread tower array, because of horizontal plune
di spersi on.

The exposure profiling nethod may not be practical for sanpling
| arge area sources. The bigger the distance between the upw nd
side of the area source and the profiling tower, the higher the
tower will need to be. The Ionger the dinension of the area
source perpendicular to the wind, the wider the profiling array
nmust be.

Exposure profiling uses a mass conservation approach (Garman and
Mul eski, 1993a) to calculate em ssion rates from mass fl uxes
measured downw nd. But sonme PM 10 may deposit on the ground

bet ween the source and the profiling tower. This "lost mass" of
PM 10 coul d be significant, particularly if the source is close
to the ground. Any deposition occurring between the source and
the profiling tower will lead to inaccuracies (under-predictions)
in calculating emssion rates. The significance of these

I naccuraci es i s unknown.

However, perhaps a distinction should be drawn between the actual
em ssion rate and the relevant emssion rate. Wat we are
normal Iy concerned about is entry of dust into the anbient
environnent. The dust that is immediately deposited is not
usual |y of great concern. Hence, it nay be reasonable to

acknow edge this source of inaccuracy in the exposure profiling
method in terns of neasuring the actual em ssion rate, while
realizing that this inaccuracy may not pertain to the "rel evant”
em ssion rate.

Thi s i naccuracy could becone problematic if the cal cul at ed
em ssion rate is to be used with a dispersion nodel to predict
downwi nd anbient inpact. |If a dispersion nodel_with a deposition
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algorithmis used, there will be under-prediction of the anbient

i npact. "Lost mass" deposited between the source and the
profiler will lead to a | ower-than-actual cal cul ated em ssion
rate, and then the deposition algorithmw || further decrease the
predi ct ed downwi nd concentrati on.

Nor would it necessarily be correct to use a dispersion nodel

wi t hout a deposition algorithmto cal cul ate the anbient inpact of
a source. Again, in this case, m ssing nmass deposited between
the source and the profiler will lead to underestinates of the
actual emssion rate. The application of a dispersion nodel

w thout a deposition termtends to | ead to overesti mates of PM 10
downwi nd i npacts. The result of conbining an underesti mated

em ssion rate with an anbient inpact overestimation is unclear.
Possibly the errors would essentially cancel. Perhaps conparing
the resulting anbient inpact predictions with predictions derived
fromreceptor nodels provides a clue, but receptor nodels for
dust generally have their own problens with conservation of nmass
i ssues.

I n any case, the magnitude of the mass |ost to deposition between
the source and the profiler is unknown. It wll vary with source
hei ght, neteorol ogi cal conditions and source-profiler distance.
This mass may not be significant at many em ssion hei ghts and
under certain neteorological conditions, but it could be

i nportant for sources emtting close to the ground. This nass
shoul d be quantified. W would then be nore sure of actual

em ssion rates.

Exposure profiling has another source of inaccuracy in the
necessity of extrapolating mass fluxes fromthe outernost
sanplers in the array to the fluxes outside of the array. The
nmore w despread the sanpling array, the nore this source of error
can be mnimzed. As an exanple of the potential magnitude of
this source of error, Mileski et al (1983) found between a ten
and sevent een percent discrepancy fromusing a six-neter
profiling tower conpared to their results using a ten-neter
tower, for neasuring dust em ssions five neters froman unpaved

r oad.

Exposure profiling is considered significantly nore accurate than
t he upwi nd-downwi nd net hod (Kol nsberg, 1982; Fitzpatrick, 1987).
This i s because exposure profiling sanples quasi-isokinetically,
typically sanples a nuch I arger portion of the dust plune, and
does not depend on dispersion nodeling for determ ning em ssion
rates. Kol nsberg (1982) wites that the accuracy of the exposure
profiling nmethod is conparable to that of the roof nonitor

met hod.
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The report of Axetell and Cowherd (1984), which has been included
as Appendi x F, contains a description of the exposure profiling
met hod and step by step cal culations for neasuring em ssion rates
fromline-sources. Garnman and Mil eski (1993b) has a | ess
detailed but nore current plan for nmeasuring |ine-source em ssion
rates; this is Appendix H  Another report by Garman and Ml esk
(1993a) includes information on the calculation of em ssion rates
from area sources, sanpling configuration diagranms, and

i nformati on on sanple handling and analysis, and is included as

Appendi x |.

Portabl e wi nd tunnel nethod

The portable wind tunnel was used in the 1970's to study the
effects of w nd-blown sand on vegetation, and to quantify the
determ nants of wind erosion (Fryrear, 1971; Gllette, 1978). It
has since been used to quantify w nd-generated em ssions from
exposed soil and from coal storage piles (Axetell and Cowherd,
1984; Cowherd, 1983; Cuscino et al, 1983). It should be
reiterated that this nmethod is used only to quantify w nd-

gener ated em ssi ons.

The portable wind tunnel is diagrammed in Figure 2 (from Cuscino
et al, 1983). The "working" part of the wind tunnel has an open
floor and is placed directly on the surface to be tested. An
airtight seal is maintained between the tunnel sides and the
tested surface (Axetell and Cowherd, 1984). A fan draws air

t hrough the tunnel from an intake "upw nd" of the test area. At
a threshol d speed, dust wll be picked up or eroded by the
passing air stream The quantity of eroded material (neglecting
deposition) is the net anmount of dust |eaving the tunnel, or the
total anmount | eaving m nus the anount entering.

As shown in Figure 2, the em ssions sanpling in the portable w nd
tunnel is done in a raised, fully enclosed duct, downstream from
t he working section. |In the past, em ssions have been neasured

i sokinetically by anbient sanpling equi pnent. The Em ssions
Measur ement Branch of EPA prefers the use of standard stack
sanpling trains whenever feasible. This would nean using Method
201 or 201A. An anbient sanpler could, however, be used to
obtain the concentration of dust in the anbient intake air for

t he tunnel

The em ssion rate calculation is like a stack problem The

em ssion rate equals the net particle concentration tines the
tunnel flow rate divided by the cross-sectional area of the
"wor ki ng" part of the tunnel. The calculation of the tunnel flow
rate is conplicated, however, by boundary | ayer considerations,
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i ncl udi ng shear stress at the tunnel floor and walls. Axetel
and Cowherd (1984) present a cal cul ation procedure for
determning flow rate (See pages 82-86 of Appendix F).

Cowherd (1983) stated that the wind speed profile near the tunnel
floor followed a |ogarithmc pattern and was related to friction
vel ocity, roughness height and the di stance fromthe tunnel
floor. Friction velocity is related to shear stress at the
tunnel sides and floor (Wiite, 1986). Roughness hei ght has been
obt ai ned via an extrapol ation of the neasured wi nd speed profile;
the distance fromthe tunnel floor at which the wi nd speed
extrapolates to zero is considered to be the nean roughness

hei ght (Axetell and Cowherd, 1984). According to Cowherd (1983),
knowi ng the roughness height allows the use of the tunnel
centerline wind speed to extrapol ate the probable w nd speed at
10 neters height via a logarithmc wind profile which describes
w nd speeds in the atnospheric boundary layer. |In practice, this
extrapol ation is done graphically plotting height versus w nd
speed using sem -1og paper (Cowherd, C., personal conmunicati on,
1993). The neasured w nd speeds are extrapol ated "back" to the
y-axis to obtain the roughness height, and they are extrapol ated
"forward" to 10 neters to obtain the wind speed at that altitude.
The sl ope of the graph will be the friction velocity.

Thus over flat ground, the tunnel centerline wi nd speed can be
related to a corresponding wind speed at 10 neters altitude.
Since the tunnel centerline wind speed can also be related to a
PM 10 em ssion rate, the wind speed at 10 neters can be rel ated
to that em ssion rate.

For storage piles, the procedure is as above, except that one
must al so consult EPA publication AP-42, section 11.2.7 in order
to obtain the relationship between the unobstructed atnospheric
w nd speed profile and the wi nd speed profile at various sites
across a storage pile. Section 11.2.7 of AP-42 is included as
Appendi x J. For a description of the use of the portable w nd
tunnel see Appendix F (Axetell and Cowherd, 1984).

A basic assunption made in using the portable wi nd tunnel nethod
concerns the relating of emssion rates in the tunnel to those
out of the tunnel. Consider a wind speed neasured in the open
air at a height of 15 cm That wi nd novi ng over a particul ar
segnent of open ground at a certain tine causes a specific

em ssion rate. Now consider the sane wi nd speed neasured at the
sanme height, but noving through a tunnel placed next to the sane
spot at the sanme tine. It is assuned that if the ground is
uniform the emssions will be the sane in and out of the tunnel.
I n other words, the physical presence of the tunnel is assuned
not to affect the em ssion rate.
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The portable wi nd tunnel nethod, |ike the exposure profile nethod
enpl oys a nmass conservati on approach (Axetell and Cowherd, 1984).
Theref ore any deposition which occurs between the point of

em ssion and the point of neasurenment will lead to an
underestimation of total em ssions. However, one nust ask

whet her such deposition is relevant. Are we concerned with the
total flux of PM10 up froma source, regardl ess of whether sone
of it is deposited before it | eaves the source, or are we
concerned with the net flux |eaving the source and entering the
anbi ent environnent ?

Let us look at the situation in which a dispersion nodel is used
to determ ne downw nd anbi ent inpact of the source. |If the
source is treated as a point source in a dispersion nodel with a
deposition algorithm the deposition occurring in the tunnel

m ght not be relevant. This is because the source is actually an
area, but is being treated as a point. Deposition occurring
within the area of the source but unaccounted for in the tunne
may be accounted for by the deposition algorithmof the

di spersion nodel. (However, one nust nmake sure to consider

anbi ent inpact far enough downw nd so that the use of a point
source nodel for an area source will not distort the predicted
downw nd i npact--one nust be far enough downw nd so that the
source "l ooks |ike" a point.)

Wnd erosion of soil or other materials is a conplicated process.
For exanple, Cowherd (1982) has suggested that w nd gusts rather
t han nean wi nd speed cause nost particle uptake. Another
conplication is that wind erosion is not a steady state process,
but changes as a function of the anount of erodible naterial
exposed to the wind, which itself is partly a function of the
length of time a surface has been exposed to a particular w nd
speed. The anount of erodible material will also depend upon the
frequency, extent, timng and effect of disturbances caused by
outside forces acting on a surface to be tested. An exanple of
such outside forces mght be the driving of a vehicle on a
material storage pile. Cowherd (1983) has dealt with the issue
of erosion potential and describes a neans to quantify it (Al so
see Appendi x F, pages 85-86). The issue of disturbance wll
presumably need to be dealt wth by having a sanpling strategy
which fairly represents the normal conditions of the surface to
be tested.

However, there are other conplications of wind erosion. For
exanple, fetch is defined as the length of exposed surface al ong
the axis of the wwnd. Gllette (1978) found that increasing the
fetch in the portable wind tunnel increased the em ssion rate per
unit area for particles smaller than 25 um This finding held
for all fetches tested, the |l argest of which was 21.7 cm
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Axetell and Cowherd (1984) use a fetch of 3.5 neters; perhaps
this |l onger fetch obviates this problem but this is not
addressed in the em ssion neasurenment literature.

A possibly related issue is that of sandblasting, which is
defined as the inpaction of saltating particles onto a surface.
On open stretches of bare ground, sandbl asting causes enl ssions
of particles smaller than 25 um (G llette, 1978). But in the
wind tunnel, Gllette found that em ssion of particles smaller
than 25 um was i ndependent of sandblasting. He specul ated that
this mght be due to the short fetch of the test section in his
tunnel. Again it is possible that a 3.5 neter fetch would
obviate this problem but this does not appear to be addressed in
the literature on em ssion neasurenent. On the other hand, nost
fugitive dust sources have shorter fetches than those encountered
by Gllette on the farm ands of Kansas and Texas. Perhaps sand
bl asting is uninportant for short fetches.

Gllette (1978) also found during field studies that for sone
soil types, the ratio of fine to coarse particles emtted
increased with increasing wind speed. He wasn't able to
duplicate this finding in his wnd tunnel. He specul ated that
this was due to the small fetch of his tunnel inhibiting
sandbl asti ng effects.

As a benefit of working primarily in rather flat, unforested
areas, both Cowherd and Gllette were able to use val ues of
roughness hei ght extrapol ated from neasured w nd tunnel
velocities alone. But this could be a problemin forested or
rolling areas where a different neans of obtaining roughness
hei ght may be necessary (Cowherd, C., personal conmmuni cati on,
1993) .

In any case, it appears that the portable wind tunnel is superior
to other nmethods of quantifying wind erosion. Nearly the entire
plume is captured. Sanpling is isokinetic. Flowrate through
the tunnel can be accurately determ ned.

Scal e nbdel wi nd tunnel nethod

The scal e nodel wi nd tunnel nethod involves the construction of a
reduced-si ze re-creation of a process or |andscape inside of a
wind tunnel. An attenpt is usually nade to nmake inportant
paranmeters in the wind tunnel resenble those occurring in the
field. These paraneters may include turbul ence, wnd shear, or
ot her physical quantities.
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Specific approaches to ensuring simlarity between the w nd
tunnel environnent and the field environnent have differed.
There does not appear to be a consensus on the correct approach
to take.

Vi sser (1992) studied the effects of noisture and wi nd speed on
the dust em ssion rates of three different types of coal. He
differentiated em ssions occurring fromw ndsift (particles
entrained by wwnd out of a falling stream) fromthose occurring
by inmpaction (falling and "bouncing"”). He determ ned inpaction
em ssions (dustiness) using a techni que descri bed by Lundgren
(1986). By dunping the coal into a grille-covered box recessed
in the tunnel floor, Visser clainmed to mnimze re-entrai nnent of
i npacti on em ssions when he was studying w ndsift.

Em ssions were neasured isokinetically at nine points downstream
fromthe falling coal. Em ssion rates were determ ned by
considering the flux at each sanpler as representative of the
flux of the surrounding area, calculating the flux for each area
and then summ ng the fluxes. The calculated em ssion factors did
not agree well with those fromcited field studies, although they
were said to be in rough agreenent with those froma cited w nd
tunnel study.

Vi sser seens to have made the assunption that phenonmena observed
in his wind tunnel will be indicative of those occurring in the
real world. He does not appear to have used any kind of non-

di rensional simlarity analysis, of the kind often used in scale
nmodel wi nd tunnel studies, even though he was dunpi ng much
smal l er quantities of coal than would be dunped in real
industrial situations. Not only is the different throughput of
coal at issue, but the turbulence inside the tunnel is also
inportant. Does the tunnel turbulence at a given w nd speed
resenble that encountered in real situations? Does the velocity
profile in the tunnel resenble that of the atnospheric boundary
| ayer? Visser does not seemto have addressed these issues.

De Faveri et al (1990) studied the effects of wi nd breaks and
coati ng conpounds on em ssions fromcoal storage piles. They
built a scale nodel terrain. |In the building of their nodel

t hey considered the sinulation of the atnospheric boundary |ayer,
the sinul ation of atnospheric turbulence, and the sinulation of
terrain with the appropriate roughness height. 1In relating
tunnel design to real-world characteristics, their dinmensionless
anal ysis considered the threshold speed (speed at which eroding
particles becone airborne), air speed, particle size, space, and
time of exposure. Interestingly, they scaled the particle size
of the coal they were using. The actual neasurenent of em ssions
was only quantitative relative to baseline em ssions, however
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No nmet hod for neasuring the actual mass flux was used.

Yocom et al (1985) dropped sulfur into a hopper in a w nd tunnel
to study dust em ssions at wind speeds up to eight mles per
hour. In considering the simlarity between the atnosphere and
the wind tunnel, they explain that the cal culation of the
Reynol ds nunmber for wind tunnels is related to the di nensions of
obstructions in the tunnel. They use the square root of the
frontal area of a wnd flow obstruction as the characteristic

l ength for calculation of the Reynolds nunber. Wnd tunnel

tur bul ence was conpared to atnospheric turbul ence via a

conpari son of Reynolds nunbers; it was admtted that particularly
at | ow wi nd speeds, the wnd tunnel m ght not accurately
represent atnospheric turbul ence.

Anot her feature of the Yocom study was isokinetic sanpling at the
downwi nd end of the tunnel using hi-vol sanmplers with directional
nozzles and variable flowrate. Deposition in the tunnel was
measured by wei ghing deposits on renovabl e al um num pl ates pl aced
on the tunnel floor downw nd of the dropped sul fur.

An em ssion factor developed in the Yocomet al study agreed
closely with one developed in the field by another group using
exposure profiling to measure em ssions fromthe dropping of
sulfur. Interestingly, in the Yocomet al study, particles
deposited downwi nd of the dropped sulfur were not included in the
cal cul ation of the em ssion factor, so the actual mass flux out
of the stream of dropping sul fur nmust have been underesti mated.

Bill man and Arya (1985) studied the effects of w ndbreaks on w nd
speeds across downw nd storage piles. Wiile they did not
directly study em ssions, their report is interesting in that a
subsequent field study (Zimrer et al, 1986) was perfornmed to
verify the results obtained by Billman and Arya. For piles
unscreened by w ndbreaks, Zinmmer et al found that while the
nmeasured field wind speeds agreed well with those predicted from
the wi nd tunnel studies for neasurenents taken at the front of
storage piles, there was poor agreenent at the back of the piles.
For the case in which the pile was screened by a w ndbreak, only
one test was directly conparable between the two studies; in that
case, the wind tunnel values for screen efficiency were
approximately forty percent higher than the field results.

Zimrer et al attributed at |east part of the discrepancy between
field and wind tunnel results to higher turbulence in the

at nosphere than in the wi nd tunnel.

WIllians (1982) made the assunption that turbulence in his w nd
tunnel resenbled that at the outdoor site he was nodeling. He
did not do any non-dinensional simlarity analysis. H's study is
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i nteresting, however, in that he wei ghed renovabl e dust trays to
determine mass flux. He clainmed to differentiate between fl ux
occurring by saltation and that occurring by suspension. To do
this he used a nmethod involving three adjacent dust trays
arranged sequentially along the axis of the wind and enbedded in
the wind tunnel floor. He clainmed that the saltation process
reaches equilibrium"quickly." Since the upwind tray receives no
saltating particles fromother trays, the weight |oss neasured
wi |l be due both to suspension of particles into the air and to
any outgoing saltation which occurs. By contrast, the downw nd
tray should, WIlIlians clains, experience incomng saltation flux
fromthe mddle tray equal to that |ost doww nd to the tunnel
and so net saltation flux of the doww nd tray should be zero.
Any | oss of tray weight in the doww nd tray should be due,
according to WIllians, to suspension alone. It may be, however,
that the downwind tray is also incurring deposition of suspended
particles eroded fromthe upwind trays. This would conplicate
WIllians' schene.

Viner et al (1982) point out that a |l arge wind tunnel cross
section is desirable so that boundary |ayer effects of the walls
and ceiling of the tunnel will not conplicate the velocity
profile around the nodel. However, a |large cross section
requires a large fan if high wind speeds are desired.

The Vi ner study used roughness elenents in the tunnel floor to
simul ate the atnospheric boundary |layer. Viner et al state that
"The nost inportant paranmeter with regard to particle entrai nnment
is the shear stress at the surface of the dust sanple.” G ven

t he roughness el enents used in their tunnel, they cal cul ated that
the shear stress in the tunnel was typical of atnospheric
condi ti ons.

Viner et al note that an advantage of scal e nobdel wi nd tunne
tests is that individual paranmeters affecting dust em ssions can
be controlled. A disadvantage is that the relationship between
the tests and actual field em ssions is "uncertain at best."

The Vi ner study used three nethods for studying em ssion rates.
The information in the published report on the first two nethods
is limted; however, one nethod neasured mass flux by nmeans of a
probe and the other nethod used a probe to collect particles for
optical sizing. The third nethod was judged the nost direct and
reproduci ble. This consisted of weighing a renovable tray
containing the erodible material, before and after a test. This
techni que was criticized as being subject, however, to error from
the handling of the tray.
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Tracer net hod

The tracer nethod uses either a gas or particles as a tracer for
dust. Several gas tracer studies have used sul fur hexafl uoride as
a tracer. Usually particulate tracers are fluorescent or
phosphorescent or have a dye or other coating which nakes them

fl uoresce or phosphoresce.

The assunption behind the tracer nmethod is that the dispersion of
dust will be imtated by the tracer. |In other words, the tracer
plume wll strongly resenble the dust plunme if the tracer is
released in the sane place at the sane tinme as the dust. The
validity of this assunption will be discussed |later. However, if
we assune for the nonent that this assunption is correct, then
the dust emi ssion rate may be easily determ ned (Vanderborght et
al, 1982):

G/CG = Q/Q
where C, = downwi nd net dust concentration
C = downw nd net tracer concentration
Q = dust em ssion rate
Q = tracer emssion rate

The concentrations of dust and tracer are neasured at the sanme

| ocati ons upwi nd and downwi nd of the source. The upw nd
concentrations of dust and tracer are subtracted fromthe
respective downwi nd concentrations to obtain G, and G. (In
practice the upw nd tracer concentration will be close to zero.)
The tracer emssion rate is knowmn. (In the case of a gaseous
tracer, the gas cylinder can be weighed before and after the
tracer release.) Consequently, the emssion rate of the dust
will be the only unknown quantity and can be readily cal cul ated
using the sinple proportion expressed above.

Baxter (1983) used sul fur hexafluoride as a tracer for dust from
a mning operation. As previously nentioned, an assunption nmade
inthis and other tracer studies is that if the tracer is

rel eased in the sane area and at the sane tinme as the dust, then
the tracer and the dust will disperse in simlar ways. Another
assunption nmade in this particular study is that deposition of
particles less than 30 umin dianmeter will be mniml over

di stances | ess than 100 neters. This latter assunption was
necessary because Baxter was nmeasuring gaseous tracer and total
suspended particul ate at distances as far as 100 neters downw nd,
and any particul ate deposition in that distance would nean that
the tracer and the dust were dispersing differently, since sulfur
hexaf | uori de does not undergo deposition.
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The assunptions of simlar dispersion and no particul ate
deposition are questionable; their veracity should depend upon

em ssion hei ght and neteorol ogical conditions. For exanple, if
the em ssions are close to the ground, significant dust
deposition m ght occur over 100 neters, especially under certain
weat her conditions. Also, significant reflection of the sul fur
hexaf |l uori de gas fromthe ground could occur over 100 neters. By
contrast, the dust would not be expected to undergo much
reflection since nost dust tends to stick where it inpacts.

Baxter visually determ ned the sites of maxi num dust em ssions
and placed the sul fur hexafluoride cylinders in those areas. He
outlined a neans of keeping the release rate of the tracer gas
constant using a two stage pressure regulator, a fine netering
valve and a rotaneter. The total amount of gas rel eased was
determ ned by wei ghing the gas cylinder before and after the
tracer gas rel ease.

Baxter used a continuous sul fur hexafluoride anal yzer and anbi ent
sanplers, all nounted on a van approximately 75 neters downw nd
of the source. He used the neasurenents made by the conti nuous
sul fur hexafl uoride anal yzer to indicate where to nove the nobile
platformso that he could follow the wind shifts and remain in
the main part of the dust plunme. Tinme-integrated sanpl es of

sul fur hexafl uoride were al so obtained using bag sanpl ers.

Vander borght et al (1982) point out the advantages of using

sul fur hexafluoride as a tracer: it is inert, non-toxic, stable
up to approximately 500 degrees Cel sius, easily detectabl e at
concentrations as | ow as 50 nanograns per cubic neter, and nornma
background | evels are below the | evel of detection. Their study
used sul fur hexafluoride as a tracer for antinony (Sb) dust
emtted froman Sb netal lurgical plant.

The Vander borght study used bag sanpl es of sul fur hexafl uoride
and used gas chromat ography to anal yze the sanples. Anbient
sanpl es of Sb were obtained, and were anal yzed usi ng neutron
activation and x-ray fluorescence.

Vander borght et al sanpled at distances as close as 15 neters and
as far as 180 neters fromthe source. They nmake the cl ai mthat

at these di stances deposition of Sb aerosol is negligible. They
do admt to problenms with the tracer study at the close in

di stances, however. An indication of such problens is that they
found different ratios of C/C at various sanpling sites close

to the source. But this ratio should be constant over a given
time period, even at different |ocations, since that ratio should
equal Q/Q and the latter ratio will average to a constant over
the sane tinme period. Vanderborght et al attributed this problem
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to poor mxing of the dust and tracer plunes. This is quite
pl ausi bl e since they were using one point source of sulfur
hexaf |l uoride to approxi mte two separated point sources of dust.

Nevert hel ess, they found that further doww nd, the C/C ratio
remai ned constant ("within acceptable limts") at various

di stances and | ocations. This is evidence both that deposition
is negligible at the sanpling distances downw nd, and that the
dust plune and tracer plune disperse in essentially the sane way.

Wachter (1980) devel oped em ssion factors for stone crushing
operations using sulfur tetrafluoride as a tracer gas. He used a
gas chromat ograph with an el ectron capture detector to anal yze

t he gas sanpl es.

Wachter made major errors in his paper. Although he was
interested in total suspended particulate rather than PM 10, his
errors are instructive. First, in arguing for the validity of
the tracer techni que, he nmakes the unsupported assunption that
particles under 50 umin dianmeter behave in the sanme way that

sul fur tetrafluoride does. Then, in an effort to prove that only
smal| particles emt past the plant boundaries, he attenpts to
show, using Stokes's Law, that particles larger than 19 umwl|
settle within 300 neters fromthe source under average

nmet eorol ogi cal conditions. Now if particles from19 umto 50 um
in dianmeter settled within 300 neters fromthe source, they would
certainly not be acting like a gas, and the tracer study would
probably be invalid.

Furthernore, the use of Stokes Law al one to determ ne where

at nospheric dust will settle is erroneous. Wachter assunes that
the termnal settling velocity along with a horizontal w nd speed
can be used to calculate where particles will deposit. His
approach i gnores atnospheric turbul ence, which is often the nost

i nportant determ nant of where suspended particles will settle.
Deposition velocity rather than termnal settling velocity is
generally the nost inportant quantity in such a situation.

Reynol ds (1980) was concerned with the re-entrai nment or
resuspension into the air of hazardous materials deposited on
surfaces. He seeded various surfaces with known anmounts of
phosphorescing particulate tracer having a size distribution in
the 1 umto 5 umdianeter range. The tracer particles were
conposed of "zinc-cadm umsulfide."” (The EPA does not recommend
the use of cadm umcontaining materials as tracers.) Reynolds
eroded the | abel ed surfaces using a hi-vol draw ng through a
portable wind tunnel, and trapped the eroded particles on a
filter. Mass loading of the tracer on the filter was obtai ned
usi ng optical techniques. However, since only the mass of tracer
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was obt ai ned, and not the mass of eroded dust, C; could not be
obtained. So Q could not be directly cal cul at ed.

Thus, Reynolds was obliged to determ ne the mass flux of the dust
indirectly. He did this by determning a tracer resuspension
rate (fraction of tracer particles resuspended in the air per
unit time) with a dinmension of tinel. He notes that initia
resuspension fluxes are directly proportional to the resuspension
rate, and that "Therefore resuspension fluxes and rel ati onshi ps
shoul d be nearly equivalent to functional relationships

determ ned for the resuspension rate...". He then calculates the
mass flux of dust based upon estimates of the anmount of erodible
mat eri al avail abl e and the cal cul ated resuspension rate for the
tracer. He clains that his resuspension rates are accurate to
within a factor of three based upon estimations of the magnitudes
of the sources of error in the experinent.

The portable wi nd tunnel nmethod seens to be a nmuch nore direct
and efficient neans of neasuring w nd erosion than the
particul ate tracer nethod descri bed by Reynolds. The mass of
eroded dust may be directly calculated with a portable w nd
tunnel; there is no need to use a tracer as a surrogate for dust.
Sehnel (1973) used zinc sulfide particles as a tracer material in
a study on dust emssion froma paved road. The zinc sulfide was
pl aced on one | ane of the road. An array of non-isokinetic

sanpl ers was nounted on towers at various distances downw nd of
the road. Deposition sanplers were also positioned at various
downwi nd di stances. A graphical integration of the downw nd
tracer exposure and ground deposition was perforned to cal cul ate
the resuspension rate per vehicle pass. The quantity of erodible
mat erial per unit area of road nust be estimated to permt the
cal culation of the mass flux of dust fromthe resuspension rate
of tracer. The em ssion rates thus calculated were said to be
accurate within a factor of three, based upon an error anal ysis.
The exposure profiling nethod has often been used to cal cul ate
dust em ssions fromroads in the years since Sehnel's study.
Exposure profiling appears to be a superior nethod in that the
dust mass flux is measured directly, rather than using a tracer
as a dust surrogate.

The use of gaseous tracers, however, appears prom sing,
particularly for PM 10, the dispersion of which should be nore

i ke a gas than the dispersion of total suspended particul ate
woul d be (since PM10 will undergo | ess deposition). However,

t he di stance at which downw nd deposition of PM 10 ceases to be
negligible remains to be showm. At the distance where deposition
ceases to be negligible, the gas and the dust plunes will be
acting differently, and the tracer nethod will be |less valid.
This distance will vary with source height and with
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nmet eor ol ogi cal conditions, and could be predicted using
di spersi on nodel s.

By contrast, there is also a problemvery close to the source:
How do we know that the dust and the tracer have adequately m xed
and have fornmed a uniform plunme? Perhaps this issue can be

m nimzed by carefully selecting dust source geonetry and tracer
source location to facilitate plume m xing. Maybe the problem
can be solved by sanpling both dust and tracer at a nunber of

| ocations and distances. |If the C/G ratio is constant over a
nunmber of |ocations and di stances, perhaps we can assune, as
Vander borght et al suggested, that this is adequate evidence of

pl ure honobgeneity over those areas.

Bal | oon net hod

Bal | oon sanpling is an offshoot of the exposure profiling nethod.
The bal | oon sanmpling nethod consists of anbient sanplers sanpling
quasi -i soki netically, suspended at a nunber of heights froma
bal l oon. Mass flux is conputed in the sanme way as in the
exposure profiling nmethod. The balloon nethod has been used in
attenpts to sanple | arge area sources or sources which nay not be
cl osely approached. Arnstrong and Drehnel (1982) designed one
such system Axetell and Cowherd (1984) used balloon sanpling in
an attenpt at neasuring the dust em ssions from bl asting
oper ati ons.

The latter study had problens with sanpling often being non-

i sokinetic, as well as encountering a problem of being unable to
sanple a sufficiently | arge segnent of the plune except under
very limted wind conditions. The problem of anisokinesis
occurred because nozzles on the anbient sanpler intakes could not
be changed with the balloons aloft, and the flowrate to the
sanplers was fixed. |In this particular instance, variable flow
rate to the sanplers m ght have been a good nethod of nmaintaining
i soki netic sanmpling. However, isokinetic sanmpling is |ess
critical for accurate nmeasurenment of PM 10 than it is for total
suspended particul ate (Davies, 1968). Appendix F has a detail ed
description of the balloon sanpling protocol used by Axetell and
Cowher d.

Error, accuracy and precision in the methods

Error may be defined as "the departure of the neasured val ue from
the true value" (Taylor, 1990). It is equivalent to the term
"inaccuracy."
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Rosbury et al (1984) focus on error in emssion factors.

However, sone of the sources of error which they nention are
broadly applicable to several neasurenent nethods. They place
error sources into five categories: em ssions, activity
paranmeters, source |location, neteorological inputs and di spersion
nodel .

A potentially relevant error that Rosbury et al list in the

em ssions category is any assunption nade about particle size
distributions. An exanple is the common assunption that various
types of dust are log-normally distributed.

Errors in defining activity paraneters, while not causing

i naccuracy in the mass flux nmeasurenment itself, can create error
ininterpreting the neaning of the nmeasurenent. |[|s a given |evel
of activity (which relates to a given mass flux neasurenent)
peak, average or bel ow average activity?

An exanple of a source |location uncertainty may be observed in
trying to define source height. For instance, what is the source
hei ght for the dust emtted by vehicle traffic on a road?

Uncertainties in meteorological inputs include errors in
measurenents of wind speed and wind direction. Additional
uncertainty cones fromestimation of stability class and m xi ng
hei ght. Al so, how uniformare the neteorol ogical conditions over
t he source-neasurenment area?

Some uncertainties inplicit in the use of dispersion nodels were
di scussed in the upw nd-downw nd section of this report. Rosbury
et al used three different emssion factors in all conbinations
with three different dispersion nodels (while hol ding other

vari abl es constant) and thus cal cul ated nine different predicted
downwi nd concentrations. They found that while the em ssion
factors differed by as nuch as a factor of 4.7, the predicted
downwi nd concentrations differed by as nuch as an order of
magni t ude.

Axetell and Cowherd (1984) perforned an error analysis on the
exposure profiling nethod and on the upw nd-downw nd net hod ( See
pages 45-46 and Table 3-6 in Appendix F). An error analysis is
an attenpt to quantify inaccuracy by listing each perceived
source of error, deciding whether it is randomor systematic, and
maki ng an estimate of its potential nmagnitude and direction.
Their initial results indicated that error in the exposure
profiling nmethod for particles |ess than 15 umranged from -14
percent to +8 percent. Field experience caused themto revise
this estimate to plus or mnus 30-35 percent. An initial error
anal ysis for the upw nd-downw nd nethod estimated i naccuracies of
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plus or mnus 30.5 percent and 50.1 percent for |line sources and
poi nt/ area sources respectively.

Sehnel (1973) and Reynol ds (1980) perforned error anal yses on the
different particulate tracer technique each was using, and each
clainmed that the technique he was using was accurate to within a
factor of three.

Error anal yses nay be useful, but they are essentially an
educat ed guess at the anobunt of inaccuracy in a nethod. Even if
the esti mates of magnitude of known sources of error are good,
there is no guarantee that one has considered all sources of

i naccuracy. For exanple, the error analysis of Axetell and
Cowherd (1984) for exposure profiling does not appear to take
into account the mass bal ance deficit from deposition that
probably occurs with that nethod.

Turning specifically to the issue of accuracy, this may be
defined as the cl oseness of a nethod's neasurenents to the actual
val ue of the neasured quantity (Taylor, 1990). To ascertain the
| evel of accuracy of a neasurenent nethod, we nust know the
actual value of the quantity that is being neasured.

There may be only one exanple in the accessible literature in

whi ch experinental releases of known quantities of fugitive dust
were nmeasured in order to determ ne the accuracy of a nmethod. Hu
CGengxin et al (1992) found that their dispersion nodel used with
t he upwi nd- downwi nd net hod predicted em ssions within a factor of
two of nmeasured em ssions, 80 percent of the time. They
apparently neasured em ssions with the quasi-stack nethod as a
reference. However, their experinental technique is not
described in detail in their paper, no doubt due to space
constraints, so their exact procedure, and consequently its
validity, is not entirely certain.

Wi | e the quasi-stack nethod nmay be, from general principles,
potentially the nbst accurate fugitive dust measurenent

t echni que, one nust denonstrate that the nethod does not alter
the em ssions of dust fromthe source. This may not be a
straightforward task. Consequently, the use of the quasi-stack
nmet hod as a reference nethod for determ ning em ssion rates
appears questi onabl e.

However, an adaptation of the quasi-stack nethod as a neans for
determ ning the accuracy of other nethods m ght work very well.
In this case, it would only be necessary that the mass flux of
the dust emtting out of the quasi-stack duct equal the mass fl ux
measured by the sanpling train inside the duct. In other words,
one woul d need to ascertain that there was negligible deposition
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in the duct downstream of the sanpling train. Then one would
have a known em ssion rate with which to assess the accuracy of
ot her net hods.

There appears to be at | east one other study using known em ssion
rates of dust to determ ne the accuracy of dust measurenent

met hods. Hu Gengxin et al cite a book by Li Zhuongkai (1985),
presumably witten in Chinese, which is said to report on field
experinments verifying diffusion nodels using known rel eases of

gl ass beads and fog droplets from point sources.

Because so |little work has been done conparing known em ssion
rates of dust with nmeasurenents made by fugitive dust neasuring
met hods, there is not nuch to say about the accuracy of these
nmet hods, ot her than what one can deduce or conjecture from
general principles. For exanple, we mght expect that nethods
whi ch sanple a |large part of a dust plune will be nore accurate,
on average, than those which sanple a small part of the plune.
Anot her generalization is that isokinetic sanpling is better than
non-i soki netic sanpling, although the inportance of this
decreases as particle size decreases. Dispersion nodeling

i ntroduces a source of error.

One or nore of these generalities mght be difficult to quantify.
In any case, that would be a tangential approach to defining
accuracy. Mich nore work needs to be done using known em ssion
rates to evaluate the accuracy of fugitive dust nmeasurenent

met hods.

Simlarly, few studi es have evaluated the precision of methods.
Preci sion may be defined by considering a series of neasurenents
of a particular quantity. The closer the values of the
measurenents are to each other, the nore precise the neasurenent
met hod (Tayl or, 1990).

Precision may be a difficult paraneter to obtain for fugitive
dust neasurenent nmethods. This is because it is necessary to
have nultipl e neasurenents of the sanme quantity to obtain
precision. But it may not be easy to emt the sane quantity of
dust nultiple tinmes. So the papers which report values for
preci sion are those which use nethods which obtain nultiple
measurenents of the em ssion rate during each time period when
dust is emtted. These nethods are the upw nd-downw nd net hod
and the tracer nethod.

Carnes et al (1982) found, in five test runs of the upw nd-
downwi nd net hod, that the coefficients of variation of em ssion
rates (the sanple standard deviation divided by the sanple nean
for each test) ranged fromO0.219 to 0.456. There were twelve to
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fifteen observations in each of the five test runs. Each
observation stens from one downw nd concentrati on neasurenent
taken from each anbient sanpler in each test run. Carnes et al
found that these observations were nornmally distributed when they
were all grouped together.

Vander borght (1982), using a gaseous tracer, found rel ative
standard devi ations (coefficients of variation nultiplied by
100% of 19, 22, 23 and 33 percent in four test runs. Each test
run consi sted of seven tracer neasurenents taken nore than
fifteen neters downw nd of the source.

A nunber of papers submt em ssion factors to statistica
scrutiny. However, one cannot easily obtain the precision of the
measur enent nethod fromthe em ssion factor statistics because
the em ssion factors are rel ationshi ps between em ssion rates and
activity levels (such as the nunber of granms of dust emtted per
kil ogram of coal handled). Uncertainty in the relationship

bet ween the mass flux neasurenent and the activity |evel, as well
as uncertainty in nmeasurenents of the activity itself would
conplicate any attenpt to obtain precision of the neasurenent

met hod from statistics about the em ssion factor.

Concl usi ons

The quasi -stack nmethod nay potentially be very accurate, and is
probably the best nethod for neasuring em ssions from encl osabl e
sources, but difficulties arise in trying to denonstrate that the
encl osure of a source does not alter its em ssions. Many hood
configurations exist which mght work with this nmethod, but nost
have not been studied in the context of neasurenent of mass fl ux.

The roof nmonitor nethod is probably the best nmethod for neasuring
em ssions frombuildings. Sanpling problens may incl ude
difficulties in adequately sanpling very |arge openings, as well
as very variable flow through the openings.

The upwi nd-downwi nd net hod may be the | east accurate but nost
general ly applicable of the well established nethods. The use of
di spersion nodeling involved with this nmethod is a major source
of error; the dispersion nodel to be used should be carefully
chosen and applied to mnimze this source of error.

The exposure profiling nethod seens to be the best nethod for
unencl osabl e sources which are of relatively small area and which
are anenable to having profilers placed within a few neters of
them The nmethod does have a potentially significant nass

bal ance deficit due to deposition; this deficit should be
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quantified or at |east nodeled (using a dispersion nodel, for
exanpl e).

The portable wind tunnel nmethod is probably the best nethod for
determning rates of wind erosion. This nethod also has a
potentially significant mass bal ance deficit which should be
quantified or nodel ed.

A nunber of nore or |ess experinental techniques have been used.
Bal | oon sanpling has encountered sone difficulties outside of
very specific nmeteorol ogical conditions. The scale nodel w nd
tunnel nmethod has been used in a nunber of experinents, but
differing protocols, non-dinensional analyses, and nmeasuring

t echni ques have been used fromstudy to study. The use of the
tracer nmethod has been reported in several papers; while
particul ate tracers do not appear to have been especially
accurate, the gas tracer techni que seens prom sing.

Very little work has been done conparing known em ssion rates

wi th the neasurenent of those rates. Consequently, alnost no
conclusions of a quantitative or definitive nature can be drawn
about the accuracy of the neasurenent nethods for fugitive dust.
Few st udi es have been done on the precision of the nethods. Mich
work remains to be done in these areas.
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