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ABSTRACT

This report presents the resulis of an extemsive field testing pro-
gram to develop emission factors for certain common sources of fugitive
dust. The source categories that have been investigated are: agricultural
tilling, unpaved roads and air strips, heavy construction activities, and
aggregate storage piles., Characterization and quantification of emissions
from these sources are necessary to the development of effective control
strategies so that the natiomal air quality standards for total suspended
particulates may be achieved.

Because little reliable emissions data existed for these sources prior
to this study, an extensive program of field sampling was required to gen-
erate the data which would provide the basis for emission factor determina-
tion. To this end, fugitive dust sampling techniques and associated data
reduction schemes were developed to quantify emissions from moving and
stationary dust sources. The basic measurements consisted of isokinetic
dust exposure profiles with specially designed sampling equipment, dust
concentrations with conventional high-volume samplers, particle size
classification with high-volume cascade impactors, deposition profiles
and dust transport by saltation. A description of the measurement tech-
niques and summaries of calculated test results are presented.

For each source type, emissions are related to meteorological and
source parameters, including properties of the emitting surface and
characteristics of the vehicle or implement which causes the emission.
This information is used to derive correction factors which appropriately
adjust basic emission factors to reflect regional differences in climate
and surface properties.
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EXECUTIVE SUMMARY

This report presents the results of an extensive field testing pro-
gram which was conducted to determine emission factors for four categories
of fugitive dust sources:

1. Unpaved roads and airstrips
2. Agricultural tilling

3. Construction sites

4. Aggregate storage piles

The testing was necessitated by the lack of reliable data on the char-
acteristics of these sources.

Special dust sampling techniques and associated data reduction
schemes were developed to quantify emissions from moving and stationary
fugitive dust sources., The two basic plume sampling techniques were
isokinetic exposure profiling and comventional high-volume sampling with
wind direction activators. The effective dust cut-off diameter for the
standard high-volume sampler was found to be about 30 um.

During each field test, source activity and meteorological conditions
were continuously monitored. In addition, samples of the emitting surface

‘material were collected for laboratory amalysis.

Test sites were concentrated in the dust bowl area of the Great Plainms.
However, emissions from aggregate storage piles were tested in the
Cincinnati and Kansas City areas.

For each source type, the observed relationship between emission rate
and source activity was used to derive a basic emission factor. In addi=-
tion, test data were analyzed to determine the dependence of the emission
rate on properties of the emitting surfaces and characteristics of the
vehicle or implement which caused the emissions.




The corrected emission factors which were developed for each source
category and the associated particle size breakdowns are presented in the
following paragraphs.

UNPAVED ROADS
The equation for estimating the total amount of road dust emissions

with drift potential greater than 25 £t, i.e., particles smaller than
100 pm in diameter, is as follows:

€(roads) = 0.81 s (8/30)

where e = emission factor (pounds per vehicle~mile)
s = silt content of road surface material (percent)
§ = average vehicle speed (miles per hour)

The precision of this equation in predicting the results of the emission
tests of unpaved roads is = 10%. :

‘The aggregate silt* content (i.e., particles smaller than 75 um in
diameter) of the road surface is determined by measuring the amount of
loose (dry) surface dust which passes a 200 mesh screen. The silt content
of gravel roads is approximately 127.

The above equation applies to "dry" days. Emissions are assumed to
be negligible on days with rainfall exceeding 0.01 in.

The test results indicate that, on the average, dust emissions from
unpaved roads have the following particle size characteristics:

Particle Diameter Weight Percent
< 2 gm : 25
2 pm - 30 um T 35
30 pm - 100 nm 40

AGRICULTURAL TILLING

The equation for estimating the total amount of tillage dust emissions
with drift potential greater than 25 ft, i.e., particles smaller than 75 pm

in diameter, is as follows:

* As defined by American Association of State Highway Officials._
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1.4 s (5/5.5)
e = L) - -
(tilling) (PE/50)2
where e = emission factor (pounds per acre)
s = gilt content of surface soil (percent)
8§ = implement speed (miles per hour)
PE = Thornthwaite's precipitation-evaporation index

(corrected for irrigation, if any)

The precision of this equation in predicting the results of the emission
tests of agricultural tilling is £ 15%.

The soil silt* content (i.e., particles between 50 pm and 2 pm in

. diameter) may be determined by the Buoyocous hydrometer method. Surface

soil samples should be extracted with a plugging device to a depth of 4 in.

The test results indicate that, on the average, dust emissions from
agricultural tilling have the following particle size characteristics:

Particle Diameter Weight Percent
< 2 um 35
2 pm - 30 pm 45
> 30 mn 20

AGGREGATE STORAGE PILES

The corrected emission factor for estimating the total amocunt of dust
emissions with drift potemntial greater than 1,000 ft, i.e., particles

smaller than 30 B in diameter, is given by the following expression:

0.33
Ea regate T ——————
(aggregate) (PE/100)2
where e = emission factor (pounds per ton placed in storage)

PE = Thornthwaite's precipitation-evaporation index

Total dust emissions from aggregate storage piles can be divided into
the contributions of several distinct source activities which occur within
the storage cycle:

* As defined by U.S. Department of Agriculture.

xvii



. Loading of aggregate onto storage piles (127%)
. Equipment traffic in storage area (40%)

. Wind erosion (33%)

+ Loadout of aggregate for shipment (15%)

The numbers in parentheses are the relative contributions of each
activity to the total emissions. '

CONSTRUCTION SITES

The emission factor for medium-type construction activities (e.g.,
townhouses, shopping center) averaged about 1.2 toms/acre/month. However,
because of the use of water for dust control and interferences from other
dust sources in the vicinity of the test sites, correlatioms between '
emission rate and potential correction parameters could not be estab-
lished. There was strong evidence that the level of activity could change
emissions by a factor of two or more.

The probable correction parameters for construction emissions are
(1) soil silt content and (2) surface moisture and level of activity.
The value reported above is thought to be fairly representative of un-
controlled emissions in areas less arid (PE ~ 50) than the Arizona-Nevada
test sites, but having a similar soil silt content (~ 30%). Approximately
40% of the dust emissions are smaller tham 3 pm.
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CHAPTER 1

INTRODUCTION

This report presents the results of a program conducted by Midwest
Research Institute to develop emission factors for estimating atmospherie
emissions from certain common sources of fugitive dust.* The source
categories studied were:

. Unpaved roads and airstrips
. Agricultural tilling

. Construction sites

. Aggregate storage sites

In this chapter, the background of the fugitive dust problem is re-
viewed, and the objectives of the investigative program are stated.

BACKGROUND

Natural dust, commonly termed "dust rise by wind," is a major source
of global aerosol, accounting for as much as 20% of the total yearly pro-
duction.l/ Recent studies have demonstrated that £ine particles of soil
and minerals drift for thousands of miles on high altitude wind currents.zagl

On a regional scale, sources of natural dust have been associated
primarily with the background particulate matter in the ambient air. The
occurrence of high background dust loadings during periods of dry, windy
weather has supported the widely held contention that the gemeration of
natural dust is an uncontrollable climatic phenomenon, Except for major
wind erosion damage to croplands, the effects of natural dust emissiomns
have often been viewed as relatively inconsequential.

* PFugitive emissions are defined as pollutant emissions which are not
confined in process streams.



In recent years, however, with the development of the natiomal
effort to abate air pollution, the public has become more discerning
about the differences between a purely natural dust gemeration process
and the generation of "matural" dust resulting from the anthropogenic
disturbance of a surface exposed to the air eanviromment. TFor example,
when the land is stripped of vegetation in preparation for a construc-
tion project, the enhanced vulnerability to wind erosiom is no longer
viewed as a natural phenomenon. Likewise the generation of soil and
rock dust by vehicular traffic on an unpaved road is recognized as a
man-made source of air pollution.

Nevertheless, the problems of localized fallout of atmospheric dust
in the vicinity of common fugitive dust sources still draw markedly
different reaction from different segments of the population. In rural
areas the dust fallout from unpaved roads and agricultural tilling is
normally accepted by local residents as a nuisance which can be tolerated.
However, in the larger population centers, dust fallout from mineral
mining, processing and storage operations is often decried as an intoler-
able nuisance and a potential health hazard.

Recently, the development of State Implementation Plans to achieve the
national ambient air quality standards for suspended particulates, has
revealed that fugitive dust sources (including strictly natural sources) in
many areas of the country, both urban and rural, may have a much more sub-

stantial impact than once thought. In addition to large dust particles whlch’

settle out near the source and cause the nuisance problem, fine particles
are also emitted and dispersed over much greater distances from the source.
Although common sources of fugitive dust generally have not been regarded

as serious air pollution problems, the cumulative effect of widely scattered
emissions in maﬂy areas has been suggested as a major cause of noncompliance .

with air quality standards.

For the source categories treated in this report, there are two basic
mechanisms of dust generation by disturbance of exposed su:face material;

1. Pulverization and abrasion of surface material by applicatlon of force
through implements (wheels, blades, etc.)
2. Entrainment of dust particles by the action of turbulent air currents,

The characteristics of dust generation for each source type will be dis-
cussed briefly in the following paragraphs.

Unpaved Roads and Air Strips

Unpaved roads are the most common transportétion surface in the rural
areas of the country. Dust plumes trailing behind vehicles are a common
sight in these areas.
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When a vehicle travels over an unpaved road, the forces of the wheels
on the road surface cause pulverization of surface material. Particles are
lifted and dropped from the rolling wheels and the road surface is exposed
to strong air currents in turbulent shear with the surface. The turbulent
wake behind the vehicle continues to act én the road surface after the
vehicle has passed.

Unpaved airstrips are also common to the rural areas of the country.
Emissions from unpaved airstrips are caused almost entirely by the

turbulent wake generated by the propulsion systems.

Agricultural Tilling

The - two universal objectives of agricultural tilling are the creation
of the desired soil structure to be used as the crop seedbed and the
eradication of weeds. A desirable soil structure is one in which large
pores extend from the surface to the water table or drains; this structure
helps to provide the right proportion of air and. water for plant roots to
absorb nutrients from the soil. Plowing, the most common method of
tillage, consists of some form of cutting loose, granulating, and inverting
the soil and turning under the organic litter. Sweeps or undercutters
which loosen the soil and cut off the weeds but leave the surface trash in
place, have recently become more popular for tilling in dryland farming
areas.

During & tilling operation, dust particles from the loosening and
pulverization of the soil are injected into the atmosphere as the soil
is dropped to the surface. Dust emissions are greatest when the soil is
dry and during final seedbed preparation.

Aggregate Storage Piles

An inherent part of the operation of plants that utilize minerals in
aggregate form is the maintenance of outdoor storage piles. Storage piles
are usually left uncovered, partially because of the necessity for fre-
quent transfer of material into or out of storage.

Dust emissions occur at several points in the storage cycle--during
loading of material onto the pile, whemever the pile is acted on by strong
wind currents, and during loadout of materizal from the pile. The truck
and loading equipment traffic in the storage pile area is also a sub-
stantial source of dust emissions.

When freshly processed aggregate is loaded onto a storage pile, its
potential for dust emissions is at a maximum, Fines are easily disaggre-
gated and released to the atmosphere upon exposure to air currents re=
sulting from aggregate transfer or high winds.

3



As the aggregate weathers, however, the potential for dust emissions . l«z
is greatly reduced. Moisture causes aggregation and cementation of finmes "
to the surfaces of large particles. A significant rainfall soaks the J
interior of the pile and the drying process is very slow. '

Construction Sites | ']

_ Heavy construction is a source of dust emissions which may have sub- )
stantial temporary impact on air quality. Building and road construction 1
are the prevalent construction categories with the highest emissions | "‘
potential, ' '

Emissions are generated by a wide variety of operations over the i ']
duration of the comstruction of a building or road. These include land L
clearing, blasting, ground excavation, cut and fill operatiomns, and the | i?
construction of the facility itself. Dust emissions vary substantially ! 3

from day to day depending on the level of activity, the specific opera=-
tions and the prevailing weather. A large portion of the emissions result
from the equipment traffic over temporary roads at the comstruction site,

In all of the above cases, dust generation from a mechanical comtact E
process with the exposed surface is insensitive to the ambient wind speed. !
However, the wind speed does determine the drift distance of large dust ‘ 'J

-

particles and, therefore, the localized impact of the fugitive dust
source. '

On the other hand, the generation of suspended particulates by wind E
erosion of exposed surface is very sensitive to the wind speed. The total '
surface removal by wind erosion, which consists mostly of transport of o J
large particles close to the ground, depends on the cube of the wind I
speed above a threshold value of about 12 mph.%/

OBJECTIVES : ' :
| l?
The principal objective of the investigation reported herein was the | J
development of emission factors for estimating atmospheric dust emissions ] _
from the source categories listed above. In each case, the emission fac- ’ l‘(
tors were to incorporate correction factors to account for major variae ‘

tions in emissions with source conditions. Correction factors would in- ; -
clude the effect of geographical differemces in surface properties and 'J
climate. An attendant objective was the development of field testing

procedures for measurement of dust emission rate and the particle size
distribution of suspended dust. _ ) l}




This report is organized by subject area as follows:

Chapter 2 presents a summary of the published literature dealing with

quantitative studies of fugitive dust emissions.

. Chapter 3 outlines the plume sampling techniques and the data reduction
schemes used to derive emission factors.

. Chapters & - 7 present for the four source categories, a complete,
self-contained discussion of the field testing and the calculated test
results, and conclude with the presentation of the corrected emission

factor.

. Chapter 8 discusses the development of an emissions inventory for the
specified source categories.

Chapter 9 states the conclusions of this investigation.



CHAPTER 2

SUMMARY OF PERTINENT LITERATURE

The literature search conducted as part of this program yielded only
scattered quantitative information on the characteristics of fugitive dust
sources. Most of the reported studies were directed to the characteriza-
tion of dust gemeration from unpaved roads. Measurement of suspended
. particulate levels (by standard high-volume filtration) in the vieinity
of a fugitive dust source has been the wost commonly used technique for
quantification of the source impact.

EMISSIONS FROM DIRT ROADS

In an early study by the Albuquerque Air Management Division,il
dust emigsions from a dirt road in Bermallilo County were measured. A
small filtration sampler was positioned first at the edge of the road
and then directly behind the test car which traveled at 30 mph. The
measured concentrations, coupled with assumptions about the configuration

of the plume, yielded an emission factor in the range of 0.5-0.7 lb/vehicle-

mile,

The first effort to measure the particle size of dust emissions from
an unpaved road was conducted by engineering students at the University of
New Mexico,é/ at a site just north of the Albuquerque campus. A standard
high-volume filtration unit and a rotorod impactor were positioned 60-~90
ft downwind of the test road. During each 30-min test, a total of 50 passes
of the (two) test cars were sampled. Meteorological data for the test
period were obtained from the local weather bureau. Background dust levels
were determined by sampling with no traffic on the road. Particle size

~distribution was determined by microscopic examination of rotorod impaction
samples. Emission factors were calculated from test results by applying

a dispersion equation to account for expansion of the dust cloud from the
point of generation., The factor for particles smaller than 6 pm in
diameter (i.e., particles which would remain suspended under dry, windy
conditions) was 0.93 1b/vehicle-mile.

i
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A detailed study of emissions from dirt roads was conducted by
PEDCo-EnvironmentalZ/onaatestroadway near Santa Fe, New Mexico, and at
two sites in Tucson, Arizona. At the primary test site in Santa Fe,

a GCA beta~gauge detector was used to measure vertical concentration
profiles at distances of 50-300 ft downwind of the road during each of
six 1-hr tests. Standard high-volume filtration samplers were also
operated at downwind locations during each test, to provide & basis for
correcting the measurement of the beta-gauge detector to an equivalent
high-volume measurement., The high-volume readings averaged 1.68 times
the beta~gauge measurements with a correlation coefficient of 0.87.
Several test vehicles were used to provide between 100 and 200 passes
per test. A recording wind instrument was operated near the site.
Emission factors were calculated from corrected beta-gauge measurements
and meteorological conditioms, through the application of a dispersion
equation for an infinite line source. The results are given in Table 1.

tn addition to the intensive beta-gauge study, longer term (24~ and
48-hr) high-volume dust samples were collected over a period of 2 months,
Andersen high-volume cascade impactors were operated during 48-hr periods
to measure particle size distribution of suspended dust. The purpose of
this longer term study was to measure the impact of normal road traffic
and, in particular, to determine the contribution of traffic dust emissions
to the total suspended dust level in the vicinity of the test road.

Identical high-volume measurements were conducted during the same
2-month period at .the two test sites in Tucson, Arizona, Application of
the dispersion formulae to data from the Tucson sites for days when the
wind conditions were fairly constant, yielded apparent emission factors
(scaled against the traffic load) ranging from 4=6 1lb/vehicle-mile.
Taking into account the comtributions of background dust and the low-
jevel of wind erosion from the test roadways, the investigators concluded
that there was substantial uniformity in emission rates from the three
roads, in spite of differences in geographical location and traffic

patterns.

The results of the particle size measurements for the three PEDCo sites
wera as follows:

Suspended Particulate
Mass < 3.3 wm (%)

Santa Fe 48

Tucson A 37

Tucson B 36
7
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Recently, Hoover3/ Teported the results of the measurement of dust
deposition near the edge of a test gravel road in Poweshiek County, Iowa.
Dustfall collectors were positioned 3 ft above the ground and at dis-
tances (along a line perpendicular to the test road) ranging from 12 ft
(shoulder) to 500 ft from the center line of the road. The containers
were left in place for 21 days. Based on the amount of dust which
settled within 500 ft of the road, the calculated emission rate was

5.5 lb/vehicle-mile. The results at the primary test site were confirmed
by the results at a site near Iowa State University in Ames.

EMISSIONS FROM GRAVEL ROADS

A definitive study of emissions from gravel roads was conducted by
the Puget Sound Air Pollution Control Agencygl ou test roads in Seattle's
Duwamish Vdalley. The primary sampling device was a University of
Washington Mark II Cascade Impactor, which separated the partieulate
catch into size fractions, The impactor was operated isokinetically at
successive grid points (5-10 min per point) on a rack which was towed
behind the test car. Tweaty-five tests were conducted for a vehicle
speed of 20 wmph, with an average dust concentratiom of 370 mg/m3 in the
plume; tests were also run at 10 and 30 mph., The test results are shown
in Table 1. As indicated, the total emissioms factor and the size dise
tribution for the two gravel roads tested at 20 mph are nearly ideantical,

Also worthy of mention is Sehmel's study;_/ of particle resuspension
from an asphalt road caused by car and truck traffic. Solid zine sulfide,
which was used as the tracer material, was applied to the 10-ft wide by
100-£t long area on one lane of a two-lane seasoned asphalt road, Filtra-
tion samplers (nonisokinetic), mounted om 8-ft towers, and ground-level
deposition samplers were positioned in an -array at distances of 3,5-100 f£&
dovnwind from the edge of the test area. A meteorological tower with a
vector vane at 3~ft elevation and 3-cup anemometers at 1~ and 7-ft eleva-
tions, was also operated downwind of the road.

The fraction of the tracer dust resuspended from the road per vehicle
pass was calculated from a graphical integration of the downwind airborne
tracer exposure and the tracer ground deposition. The mass balances were
accurate within a factor of three., The following significant results
were obtained:

1. The resuspension rate increased as the square of the vehicle speed and
was independent of wind velocity.

2. Twenty to thirty percent of the particulate mass resuspended was
deposited on the ground within 20 to 30 ft of the road.

9



3. The relative deposition rate passed through a minimum for a vehicle
speed of 30 mph,

EMISSIONS FROM AGRICULTURAL AND CONSTRUCTION ACTIVITIES

The only available data on dust emissions from agricultural and con-

- struction activities were generated in the study, mentioned above, by

PEDCo-Envirommental,?/ At agricultural sites in Five Points, Califormnia,
and Mesa, Arizona, standard high-volume filtration samplers were operated
for a period of 2 months downwind (based onm prevailing wind direction) of
the test sites. Atmospheric dispersion formulae were used to calculate
emission factors from the measured increase in particulate concentration
(downwind minus upwind value) for selected days when the wind direction
matched the aligmment of the samplers, It was assumed that each sampler
measured emissiouns from a test area of about 500 acres., The resulting
factors, which were judged to be strongly affected by wind erosion emis-
sions, ranged from about 1-2 tons/acre/year.

PEDCo's tests of emissions from residential comstruction activitiesZ/
will be discussed thoroughly in Chapter 6.

No quantitative data were found for dust emissions from aggregate

storage piles. An estimated value of 10 1lb/ton for storage pile losses
has been reported. 11/

10
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CHAPTER 3
DUST EMISSION SAMPLING STRATEGY
This chapter summarizes the sampling strategy which was utilized for
each source type. In particular, the dust emission sampling techniques
are described and the schemes for calculating source emission rates from
the field measurements are presented.

EMISSIONS FROM AGRICULTURAL TILLING AND UNPAVED RQADS

An agricultural implement tilling a field or a wvehicle traveling
an unpaved road may be treated as a moving point source which emits dust

~ at a relatively constant rate., If the mean wind direction is roughly

perpendicular to the path of motion of the point source, the dust plume

drifts laterally as shown in Figure 1. As the plume is convected by the

mean wind, atmospherie turbulence effectively disperses fine particles
(and, to a lesser extent, moderate-sized particles) over an increasing cross-
sectional area. The large particles settle to the ground as a result of
the dominance of gravitational and inertial forces over turbulent mixing
forces,

Since there is no net transport of dust in the direction of equip-
ment motion, the settled and airborme dust within an incremental length
in the direction of source motion directly represents what was emitted
by an equivalent length of disturbed surface. This may be expressed as
a mass balance which traces the fate of the dust emissions.

In the case of emissions from an agricultural tilling operatiom, the
mass balance per unit length of tillage path is as follows:

Dust generated by _ Dust + Integrated atmospheric
N implement passes® deposition exposure »

* (Over adjacent strips of land.

11
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Figure 1. Overhead view of dust plume from moving point source. !
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or eabN f D(x)dx + f p:iCINT .,

where e, = agricultural dust emission factor (mass/area),

working width of implement (length),

= dust deposition (mass/length squared),

distance downwind from the source (length),

x, = location of exposure sampler (length),

dust catch by exposure sampler after subtraction of
background contribution, measured at X5 (mass),

intake area of exposure sampler (length squared), and

height above ground (length).
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The exposure % is the integrated passage of airborne dust per area normal
to the direction of passage. The background contribution to the exposure
is given by

m = QG 5

volume of air sampled (length cubed), and
background dust concentration measured upwind of
the source (mass/length cubed).

where Q
Co

In the case of emissions from an unpaved road, the mass balance per
unit length of road is as follows:

Dust generated by _ Dust + Integrated atmospheric
N vehicle passes deposition ' exposure ,
_ % - :
or _ J[ p -/ alh :
e N= [ D(dx+ | B gy :
where e, = road dust emission factor (mass/length-vehicle), and the

other symbols are as defined above.

In order to collect 2 representative sample of airborme particulate,
the sampling rate must be isokinetic; that is, the streamlimes, along
which the air flows as it passes into the sampler, must be rectilinear.
Two requirements must be met to achieve isokinesis:

1. The magnitude of the sampling veloclty must equal the local mean wind
speed; and

2. The sampling intake must be perpendicular to the wind vector,.

13



Near the surface, the mean wind speed has been found to increase in
proportion to the logarithm of the height,.

U= #Eﬁ_ln(h/ho),

where k vonKarmén'sconstant (0.4 for clear fluids),
u, = friction velocity, and

h, = apparent roughness height.

The roughness height of a plowed field is approximately equal to 1 cm.t2/

The wind speed profile over a larger vertical range may also be
expressed as a power law,

n
U= Ul(ﬁ%)' ’

where Uj; = wind speed at reference height hl, and
2 = 0.2 for daytime conditions,.13/ '

Using hy = 12 ft as the reference height, the above expressions
may be rewritten as follows:

log law power law
U_ 1ln (336 h) U (p_)O-Z |

As shown in Figure 2, over the range of height utilized for expesure
sampling (3 £t s h < 12 ft), the two expressions agree to withia about 1%.

If the sampling is nenisokinetic by virtue of the failure to meet
condition 1 above, cerrections must be made to the nonisokinetic par-
ticulate catch m,.

!
m =-mn(%) | fine particles (d < 5 um)
W= m, cearse particles (d > 50 um) ,
where U = the local wind approach speed and
u =

the magnitude of the sampling velocity at the sampler intake.

14
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Figure 2. Comparison of wind speed profiles.
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For intermediate-sized particles,

m = mn(

1+ F1
2F1 )

where FI = % = the isokinetiec ratio.

The above connections for nonisokinesis were derived from the correc-
tion for nmonisokinetic particulate concentration presented in the Federal

Registen_ﬁ/ and the basic relatlonshlp between exposure and concentration (C ):

= CU

wlg

Most conventional samplers for airborme particulates (e.g., the
high-volume filtration sampler) are nondirectional with sampling intakes
usually aimed downward. While particles smaller than about 10 pm in
diameter are readily drawn into the sampler, particles larger than about
50 pm (for moderate wind speed) are sampled with very low efficiency.
Consequently, the large particle mode ¢ 3 pm diameter) of the typical
bimodal size distribution of atmospheric particulatelé/ is largely missed,
even though it may comprise more than half of the total mass in an area
influenced by sources of dispersion® partlculate aerosol (e g., soil and
. mineral particles).

Since most of the mass of the particles emitted by agricultural
tilling and unpaved roads would fall into the large particle mode, con-
ventional samplers were judged to be less suitable than isokinetic sam-
plers for the subject program.

The exposure profiling unit which was designed for this study is
pictured in Figure 3. It consists of a vertical array of isokinetic
high=volume filtration devices attached to a mobile support tower. Each
sampler accommodates an 8-in. x 10-in., glass fiber filter (Type E). The
-reduced sampling intake area (2 in. x 2 in.) increases the allowable wind
speed maximum for isokinetic sampling to 20 mph. Flexible hose (4~in.
diameter) comnnects each sampler to a suction manifold. Each leg of the
manifold is fitted with a calibrated orifice (comnected to 0-1 in w.c.
inclined manometer) and a butterfly valve for flow control., The vacuum
source is a 2-hp centrifugal blower. Electrical power is supplied by a
gasoline-engine generator,

The exposure profiling tower was positioned close enough to the
source to measure the vertical extent of the plume (by reasonable ex-
trapolation), but far encugh downwind from the source to allow for ade=-
quate plume development prior to sampling., The minimum acceptable plume

* Generated by mechanical forces.
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travel distance from the downwind edge of the source was judged to be about
20 ft. (In the case of agricultural tilling, the source-to-sampler dis-
tance was maintained by advancing the profiling tower downwind between
tillage implement passes.) Since dust-producing conditions were fairly
uniform along the emitting surface, the specific sampling location in the
direction of source motion was not critical, '

Dust deposition was measured by standard 1-ft high dustfall buckets,
which were positioned downwind of the source along a line perpemndicular
to the direction of source motionm. The deposition samplers may also have
collected some particles transported by saltation.

Sand-sized dust particles injected into the atmosphere by a tilling
operation or by a vehicle traveling an unpaved road may be transported
by !'saltation'* over substantial distances if the wind velocity exceeds the
wind erosion threshold. Since these particles are never truly suspended
in the atmosphere, they are not considered part of the atmospheric dust
emissions from a fugitive dust sourca. Nevertheless, limited measurements
of saltation dust would yield useful information on the magnitude of

saltation transport relative to suspeanded dust transport and saltation
transport by wind erosion.

The saltation catcher which was designed and fabricated for this
study, consisted of a dustfall bucket fitted with anm 18-in. high sheet |
metal tube with a l-in. wide vertical sampling slot. The slot is pointed !
upwind and captures saltating particles within the height interval of I
12-30 in., The capture efficiency is estimated to be about 50%.16/ {

- The Andersen high-volume cascade impactor was selected as the primary
device for suspended dust particle sizing. The impactor is designed to be
attached to a standard high-volume sampler. It has five glass fiber im-
paction surfaces, followed by a glass fiber back-up filter. A sampling
height of 6 ft was chosen to represent average plume conditions and to
correspond to the ground level breathing zone.

ment of background (upwind) dust concentration. The 3-ft sampling height
is above the saltation zome and should, in the absence of wind erosion,
trap most of the background particulate. Limited downwind measurements
of suspended dust by standard high-volume filtration were also included
in the experimental design as a check on the large-particle trapping

efficiency of the standard high-~volume sampler. . _ !

_ - |
The standard high-volume filtration unitl?/ was selected for measure- ’

* Baltation is particle motion by a series of jumps.

|
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EMISSIONS FROM AGGREGATE STORAGE PILES

A distribution of aggregate storage piles with associated truck
traffic and transfer operations is a diffuse area source. Emissions vary
substantially from day to day because of variations in consumer demand.
Therefore, emissions must be sampled over a widespread area for a period
of several days. DBecause of changes in wind speed and direction over
extended time periods, isokimetic sampling of aggregate storage emissions
is a virtual impossibility.

Standard high-volume filtration unitsil/ with wind-direction activators
were selected as most suitable for sampling of diffuse aggregate storage
operations. Sampling units were strategically positioned so that when
the wind had a nonzero compomnent in the prevailing wind direction for the
locality (a condition for activation of the samplers), one unit was upwind
of the storage area and the others were distributed downwind of the
storage area., Emissions were calculated from the measured average down- .
wind flux (average concentration multiplied by atmospheric ventilation rate)
of aggregate dust, over an assumed cross-sectional transport area.

The greatest intensity of dust emissions in the aggregate storage
cycle occurs during the transfer of material onto the stockpiles and the
loadout of material from stockpiles into trucks.

In order to measure the dust emission rate from the loadout operation,
a special sampling apparatus was designed and comstructed. This apparatus,
shown in Figure 4, consisted of a grid of six samplers mounted on top of
a mobile van and controlled by auxiliary equipment inside the vaa.

Dust=-laden air passes into the intake nozzle (1/2-in. diameter by
4 in., long) of each sampler and through the dust collection medium--a
circular glass fiber filter (2-in. diameter). The filtered air then
passes through a matched critical orifice, common manifold, vacuum pump,
and dry test meter. Sampling rates were preset to be isokinetic for a
10-mph wind speed., The dry test meter provided a check on the total sam=-
ple volume. Electrical power was supplied by a genmerator located on top
of the van. :

During testing, the sampling van was positioned downwind of the
truck being loaded, as shown in Figure 5. The dust, which was generated
when the high loader dumped into the truck, passed across the sampling
grid. '

In the case of emissions from aggregate loadout, the mass balance
(neglecting deposition) is given by:

19
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Dust generated by _ Integrated atmospheric ' '
aggregate loaded exposure ' n
[=-] -]
or evi= [ [ muwg g,
P - = JO a
where ey = loadout dust emission factor (mass/weight loaded)
W = weight of aggregate loaded (mass)
w = lateral distance from center-line of truck (length)

and the other symbols are defined as above.
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CHAPTER 4

UNPAVED ROAD EMISSIONS

SAMPLING SITE DESCRIPTION

Franklin County, Kansas, was selected for the study of atmospheric
dust emissions from gravel roads; Morton and Wallace counties in Kansas,
were selected for the study of emissions from dirt roads. The test roads
were chosen on the basis of their representativeness of unpaved roads in
the dry, windy area of the Great Plains., '

Detailed descriptions of the individual test sites are given in the
following paragraphs.

Gravel Road Sites

Two sites in Franklin County, Kansas, were selected for the study of
atmospheric dust emissions from gravel roads. Franklin County is located
in the east-central part of the state.

Site Rl was a lightly traveled section of east-west road located about
1 mile east of Williamsburg, Kansas; this road was covered with a con~
siderable amount of loose gravel. Site R2 was a section of north-south
county road located just north of a nearly completed section of Interstate
35; this road was well worn, with little loose gravel.

Dirt Road Sites

Two sites were selected for the study of atmospheric dust emissions
from dirt roads--ome in Morton County, Kansas, and the other in Wallace
County, Kanmsas,

Site R3 was a section of east-west county road located in Morton
County between T358, R42W, Section 2, and T348, R42W, Sectiom 35. The
soil type in the area was Richfield fine sandy loam. This road, although
lightly traveled, had a large proportiom of heavy truck traffic.

23




Site R4 was a section of north-south road located in Wallace County
between T13S, R40W, Section 31, and T13S, R41W, Section 36. The soil
in the area of this lightly traveled road was of the Keith/Colby silt
loam association. '

FIELD MEASUREMENTS

Field testing of dust emissions from unpaved roads was conducted at
the Franklin County sites (Rl and R2) in April 1973, and at the Morton
and Wallace counties sites (R3 and R4) in May and Jume 1973,

Table 2 specifies the kinds and frequencies of field measurements
that were conducted during each rum. “"Composite' samples denote a mix=-
ture of single samples taken from several locations in the area; "inte-
grated" samples are those taken at ome location for the duratiom of the
run.

Composite samples of in~place road dust were obtained by manually
sweeping the loose material from lateral strips of road surface into
plastic bags. Samples were returned to MRI for laboratory determination
of texture and moisture content.

— ~

At the end of each run, the collected samples of dust emissions were
carefully transferred to shipping containers within the MRI instrument
van, to prevent dust losses. High-volume filters (from the MRI exposure
profiler and from standard high-volume units) were folded and placed in
jndividual folders. Dust that collected on the interior surfaces of each
exposure probe was rinsed with distilled water into a glass jar. The con-
tents of the deposition samplers were also rinsed into glass jars. Cas-
cade impactor collection papers were left in place within each impactor
unit.

Most of the traffic volume for each run was provided by local resi-
dents who were hired to drive their own vehicles at the prescribed speed
over a 1/2-mile section of test road. Vehicle spacing was maintained
to eliminate possible vehicle imteraction effects on dust generation.

As indicated in Table 3, all of the test vehicles were four-wheel
vehicles=~cither passenger cars or pick-up trucks. '

Table 4 presents information on the time of each run, the prevailing
meteorological conditions and the vehicular traffic, Over the typical
1-hour test duration, meteorological conditions and traffic characteristics
did not vary significantly.

24
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Table 5 gives the locations (intake height and distance from road)
of the various plume sampling devices that were used for each run., The
dust particle size classifiers included two types of high-volume cascade
impactors (Andersen and Sierra) operated within standard high-volume en=-
closures. The drift distance multiplier, given in the last columm of
the table, takes into account the effect of the horizontal wind-road
angle on the plume travel distance.

TEST RESULTS

Dust samples from the field tests were analyzed gravimetrically in
the laboratory. Filters were conditioned in a controlled temperature-
humidity environment prior to weighing, Water rinses from exposure
probes, deposition samplers and saltation catchers were evaporated on a
steam bath in tared beakers, after which the beakers were conditioned
and weighed. :

The measured dust emission from the tests of unpaved roads are pre-
sented in Table 6. The dust quantities are the amounts generated per
vehicle-mile of travel.

The total dust emissions for a givem run are the sum of the inte-
grated exposure (above the background exposure) and the amount of

deposition between the edge of the road and the downwind locatiom of the -

exposure profiler,

The suspended dust measurements used to compute the integrated ex-
posure are presented im Table 7. Point values of exposure are conmverted
to concentration.  The concentration measured by the standard high-volume
unit, which was positioned to the side of the profiler, is also presented,
The exposure profiles are shown in Figure 6.

Through regression analysis of all of the deposition measurements,
the local deposition (scaled against the integrated exposure measurements)
was found to correlate best with plume travel time. The generalized de-
position distribution (vs travel time) exhibited a sharp decrease within
the first second of travel time followed by a gradual decay with in-
creasing travel time. Because mo simple (two-parameter) mathematical ex-
pression described the abrupt change in the depositiom distribution, it
was decided to treat only the gradual decay portion of the distribution.
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Table 7. PLUME SAMPLING DATA (Unpaved Roads)

10

13

Sampling
Height Rate Concentration Unit Exposure
Site _(ft) (cfm) (mg/m3) (mg/in.%/vehicle)
Rl 10.5 29,0 0.90 0.082
8 27.5 3.33 0.289
5.5 "26.0 7.20 0.591
3 24,1 8.13 0.619
R2 10.5 26.1 2.82 0.162
8 22,7 6.60 0,357
6a/ 49.3 6.53 --
5.5 21.4 10.8 0.552
3 ~19.3 18.4 0.843
R2 10.5 24,1 3.66 0.172
8 22.7 10.4 0.459
62/ 46.5 9.50 -
5.5 21.4 18.1 0.753
3 19.3 30.9 1.158
R3 10.5 35.7 2.65 0.238
8 34.5 4,81 0,418
62/ 43.0 1.37 --
5.5 32.2 9.08 ' 0.737
3 28.2 21.9 1.56
R3 10.5 24.1 1.94 0.150
8 22.8 3.29 0.242
S/ 20.0 2.74 --
6/ 38.9 2.31 --
5.5 21.3 4.10 0.281
3 19.2 8.27 0.511
R4 10,5 24.3 4,61 0.866
8 23.2 9,20 1,65
6/ 20.5 8.61 =
5.5 21.5 16.4 2.73
3 19.2 28.0 4.15

Sampling rate was corrected for 807 isokinetic.
Standard high-volume sampler.
Andersen impactor.

Sierra impactor.
- 31
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Deposition measurements for distances greater than 8~10 £t froum the
road edge (i.e., beyond the high fallout strip adjacent to the road) were
fit to the function o exp(-ft) where ¢ and P are parameters and t is
the travel time. If only one depositicn measurement were available, an
average value of B from the other runs was used and a new value of «
was determined. :

The measurements of dust tramsport by saltation are shown only for
purposes of comparison. Saltatiom, which is confined to about 30 in. of
height, is not considered to be a form of atmospheric emissions. Also
it should be noted that the saltation catchers used in this study did
not sample below 12 in. above the ground,

Algo given in Table 6 is the mass mean diameter of suspended dust
particles measured with the Andersen high-volume cascade impactor. The
diameter values are aerodynamic measures which treat particles s
equivalent spheres with a demsity of 2.5 gm/cmB. The complete size
distributions are shown in Figure 7.

Two potentially significant sources of error in the particle size
measurements deserve special mention:

1. The impactor samples nonisokinetically through the high-volume en-
closure openings and captures large particles with low efficiency.

2. Unlike urban aerosol, road dust particles are dry and brittle and

are subject to bouncing and reentrainment from impaction surfaces. Recent
empirical evidence obtained by Sehmelgg/ indicates that this effect is
most pronounced for particles larger than 20 pm in diameter.

Both of these factors cause appareant size determinations to be biased
in the direction of small diameter. The second factor seemed to be sub-
stantial with the Sierra slotted impactor (MMD =~ 1l um); for this reason
the Sierra measurements were not used.

Table 8 gives the results of the laboratory analyses of the samples
of loose material from the road surface. Moisture content was determined
by weight loss on oven drying and particle size amalysis by dry sieving.

The low moisture content of the surface material is indicative of
its tendency to dry quickly after the nighttime addition of moisture from
the road substrate.

The particle size analyses of the road surface samples indicate that
the well-worn gravel road (R2) had mere sand-sized fines than the less-
traveled gravel road (Rl), but both had about the same percentage of silet.
The dirt road in Wallace County (R4) had a much larger percemtage of silt
than the gravel roads.
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The size distributioms for the road surface samples are plotted in
Figure 8. The samples from dirt road R4 was also analyzed for size dis-
tribution by the Buoyocous hydrometer method2l/ with sodium hexameta-
phosphate as a dispersing agent. As shown in the figure, the hydrometer
method disaggregates clay particles and produces a better representation
of the "ultimate" size distribution of the material,

COMPUTED EMISSION FACTORS

The envirommental impact of dust emissions from unpaved roads varies
greatly with particle size. Large particles (d > 100 um) drift short
distances from the road during the settling process and create mainly a
nuisance problem. On the other hand fime particles (d < 2 pm), which
represent a potential health hazard and which effectively reduce atmospheric
visibility, are dispersed to high altitudes, and may remain suspended for
long periods of time. Thus, it is imperative that emission factors be
developed for specific particle size ranges,

Gillette and Bliffordié/ have recently developed criteria for the
maximum sized particle which can be supported in suspension by a given
turbulent wind and the minimum sized particle which settles unimpeded
by the vertical velocity fluctuations of the air. These size cut-offs
are related to specific ratios of particle settling velocity to friction
velocity. This work is reviewed further in Chapter 8. _ -

The drift distance as a function of particle size may be estimated
from the initial height of injection into the atmosphere, the settling
velocity and the mean wind speed. For emission from unpaved roads, the
average height of injection is assumed to be 5 ft., The mean wind speed
at 5 ft is related to the speed at the 12-ft reference height through
the profile presented in Figure 2, The settling velocity is based on
the drag coefficient for spheresgg/ and a particle density of 2.5 g/cmﬁ.gé/

Figure 9 shows the calculated drift distance as a funmction of
particle size and mean wind speed. The boundaries of the settling-sus~
pension regimes were derived from the Gillette-Blifford criteriail using
a friction velocity based on a roughness height of 1 em. 22/ Ag indicated
in the figure, particles which are not significantly affected by atmospheric
turbulence will settle to the ground within 4 drift distance of 15 ft.
Because particles which drift beyond 15 ft are affected by vertical
velocity fluctuations, the average drift distance will be greater than
the values shownm. '
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It can be shown that Hoover's data§/ on the deposition near a gravel
road is consistent with Figure 9. Assuming that all wind directions were
equally likely over the 2l-day test period (which means that the average
drift distance is 1.57 times the perpendicular distance from the road),
particles larger than 75 um settled within a drift distance of 75 ft.

The normal average wind speed for the test period was 9 mph.gé

-

Lundgren's studyié/ of the capture efficiency of a standard high-
volume sampler is also useful to the interpretation of particle size
spectra associated with the exposure measurements, He found that for
wind speeds in the 3=10~mph range, the suspended dust mass fraction not
collected by the high-volume samplers (operating at 55 c¢fm) was approxi-
mately equal to the total mass fraction greater than 60 pum diameter, for
a particle density of 1-1.5 g/cm3;

The effective cut-off diameter for capture of dust by a standard
high-volume sampler (or a high-volume cascade impactor operated within
a standard enclosure) is taken to be 30 pm for a particle demsity of
2.5 g/cms. This value is based om (1) Lundgren's result, (2) the settlimg
characteristics of road dust particles and (3) the observed ratios of
total high-volume concentration to isokimetic profiler comcentration.

-

In the determination of emission factors for unpaved roads, dust
which settled out before reaching the exposure profiler (within 20-30
ft of drift distance from the downwind edge of the road) was not
included in the emission factor; these particles are larger tham 100 um
for winds exceeding 10 mph.

\
I
d

The equations for calculation of the emission factors for three
particle size ranges (< 2 pm, 2-30 um, > 30 pm) are as follows:

1. For particles less than 2 pm in diameter:

e<2=ER6F<2

]

where e 9 = mass of dust emissions less than 2 pm in diameter per
vehicle~-mile of travel (pounds per vehicle-mile)
' E = integrated exposure measurement (pounds per vehicle mile)
Rg = ratio of the dust concentration measured by the standard
highevolume sampler to the concentration measured by
the isokinetic profiler at 6-ft height
Fg 9 = fraction of the particles less than 2 pm in diameter,

measured by high~volume cascade impactien.
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2. For particles with diameters between 2 and 30 um:

e2.30 = ERg(1l = Fg 9)

where €y_30 = mass of dust emissions with diameters between 2 and 30 pm
_per vehicle-mile of travel (pounds per vehicle-mile)

and the other symbols are defined above.

3. For particles greater than 30 um in diameter, but excluding particles
which settled out over the first 20-30 ft of drift distance:

€~ 30 = E(l - R6)

3

where e, 39 = mass of dust emissions greater than 30 pm in diameter
per vehicle-mile of travel.

‘Table 9 presents the calculated emission factors.

CORRECTION PARAMETERS

Atmospheric dust emissions from unpaved roads depend on the follow-
ing local parameters: :

1. Average vehicle speed,
2, Vehicle mix,

3. Surface texture, and
4, Surface moisture.

Each of these factors is discussed below.

Average Vehicle Speed

The test results reported above indicate the total dust emissions

“from unpaved roads increase in proportion to the average vehicle speed,

in the speed range of 30 to 40 mph. As shown in Figure 10, this depen~
dence is corroborated by the results of Duwamish Valley study.2/ Sehmel's
data on the resuspension of tracer dust from asphalt roadsl®/ indicates
that the linear dependence extends up to 50 mph. Below 30 mph, however,
both Duwamish Valley study and Sehmel's measurements indicate that emise
sions increase in proportion to the square of the vehicle speed.

Since the typieal speed range on unpaved roads is 30=50 mph, the
linear dependence of dust emissions on vehicle speed was used in
developing the correction factor.

40




aniea pajewylsy [/
i9jduep 3(oyyied = p

al 21

6°SS  (%€2) 1°€1 (%ve) 8°81  (%EY) 0°ve 1%°0 £5°0 6°6S v £t
0°9 (%0€) 8°T (%s€) 1'¢ (%56) 1°¢C 9%7°0 $9°0 0°9 ¢4 ol
_ : . -
€91 (%€2) L°¢ (%L2) %°% (%06) 2'8 \mﬂu.o 0S°0 €791 %! 8 ¥
6°€L (%92) 9°¢ (%1€) €% (%€%) 0°9 /qs7 o Ls°0 6°€T A | £
€°01 _Axomv T'e (%9€) L°€ (%ve) s°¢ /35’0 99°0 €01 A 4
0°01 (%L2) L°¢ (%ge) €°¢ (%0%) 0°¥ /S0 09°0 _ 0°01 14 1
jBlo] uwd g >p wd gf >p>g ud gf <p iz > yole) 19113oxd (GITW-3TOTWdA/qQ1} 33T uny
Je(FTTW-3TOTYSA/qY) 83103084 UOTISSTWY yosied 1oA-TH :yo3ed 10A-TH aansodxy
30 uorjoeay otled pojradequjg

(Speoy ponedufl) S80L0Vd NOLSSING GILVINOTVO 6 214El,

'l el WS R S N G N O R A 0 e BE D e e e




EMISSION FACTOR (lb/vehicle-mile})

20

N /

GRAVEL ROADS
© RI (Franklin Co.)

R2 (Frankiin Co.)

O
A Duwamish Valley Site 1
F'N

Duwamish Valley Site 2

1 1 1 I | 1t 11
10 20 30 40 50 &0 70 80 90100

VEHICLE SPEED (mph)

Figure 10, Effect of vehicle speed on gravel road emissions.
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Vehicle'Mix

Based on the limited data presented in this report, a vehicle
traveling an unpaved road generates dust in proportion to the aumber of
its wheels. The emission factors presented above are based om equiva-
lent four-wheeled vehicles. For roads with a significant volume of heavy-
duty trucks or other vehicles, the traffic volume should be adjusted to
the equivalent volume of four-wheeled vehicles, ‘

Surface Texture.

Since the dust emissions which drift more than a few feet from an
unpaved road are smallexr thamn 75 u in diameter, (i.e., defined as silt
particles), a linear dependence of emission on silt content of the road
surface material may be assumed. The average silt content of the loose
material om gravel roads was found to be 12.5%.

The amount of surface fines on an unpaved road is normally close to
an equilibrium value, The fines which are injected into the atmosphere
by vehicular traffic, are replaced in the same process by new fines which
are genmerated by abrasionm of surface material. As was the case for
Site R3 in Morton County this equilibrium can be upset by a windstorm or
other severe phenomenon, and for a time emissions are reduced.

Surface Mpisture

Unpaved roads have a hard, nonporous surface which dries quickly
after a rainfall., The temporary reduction in emissions because of rain-
fall is accounted for by neglecting emissions on '"wet' days, i.e., days
with more than 0.0l in, of rainifall.

CORRECTED EMISSION FACTOR

The correction parameters discussed above have been incorporated into
a single mathematical expression for the amount of dust generated per

vehicle-mile of travel. The equation for estimating the total amount of road

dust emissions with drift potential greater than 25 ft, i.e., particles
smaller than 100 pm in diameter, is as follows:

e(roads) = 913} s (8/30)

emission factor (pounds per vehicle-mile)

where e =
s = silt content of road surface material (percent)
S = average vehicle speed (miles per hour).
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As shown in Table 10, the precision of this equation in predicting
the results of the emission tests of unpaved roads is = 10%.

The silt content (i.e., particles smaller than 75 pm in diameter) of
the road surface is determined by measuring the amount of loose (dry) sur-
face dust which passes a 200 mesh screen. The silt content of gravel
roads is approximately 12%.

The above equation applies to "dry" days. Emissions are assumed to
be negligible on days with rainfall exceeding 0.0l in.

The test results presented above indicate that, on the average, dust
emissions from unpaved roads have the following particle size characteristics(

Particle Diameter Weight Percent
<2 pm 25
2 pm - 30 pm - 35
30 pm ~ 100 um 40

&4
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CHAPTER 5

AGRICULTURAL TILLING EMISSIONS

SAMPLING SITE DESCRIPTION

Morton and Wallace counties in Kansas were selected for the study of
atmospheric dust emissions from agricultural tilling. " Located in extreme
southwest and west-central Kansas, respectively, both counties are in the
dry, windy area of the Great Plains referred to as the "dust bowl," where
problems of windblown dust are severe. The c¢limatic potential for wind
erosion in the dust bowl area is illustrated in Figure 11, which presents
the distribution of annual average values of the climatic factor used in

 the wind erosion equation.gé/

Detailed descriptions of the characteristics of the individual test
sites are given in the following paragraphs.

Morton Countv, Kansas

Morton County is located in the southwest cormer of Kansas, near the
center of the dust bowl area of the Great Plains. The annual rainfall
in the county averages 16 in. and the average wind speed is 14 mph with
prevailing winds from the southwest.

Morton County is a part of the southern High Plains section of the
Great Plains physiographic province. About 85% of the county consists of
upland plains and rolling to hilly sandy land and the rest is stream
flood plains and intermediate slopes. Large areas on the upland are com-
paratively flat and featureless. In detail, however, most parts of the
. flat upland are more or less uneven and consist of broad, gentle swells

or hills and shallow depressioms. '

The Cimarron River passes through the central part of the county.

In this county it is an intermittent stream that flows only when there
is a large amount of rainfall upstream.
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About 50% of the county is drained by the Cimarron River and its
tributaries; the rest has no exterior drainage. Rain that falls on flat
upland and sandhills drains into temporary ponds or small, shallow lakes,
where it evaporates or percolates downward. ' '

The elevation of the upland ranges from about 3,700 ft above sea
level in the southwestern part of the county to 3,150 ft on the eastern
county line., In general, the county slopes to the northeast and east about
15 ft/mile, The Cimarron River is more than 100 ft below the upland areas,

A soil survey of Morton County is complete and fully documented,gé/
it is tied in with aerial photographs. The two major soil associations are
Richfield/Ulysses and Dalhart/Richfield which cover 58 and 17% of the
county, respectively, and comprise the agricultural soils which are cul=
tivated to produce crops.

The Richfield/Ulysses association occurs in two nearly level to
gently sloping areas of the uplands, mostly in the northern half of the
county. It is composed mainly of soils with a loamy surface layer. Most
of this association is used for crops, prinecipally grain sorghum and
wheat, which are often grown on a crop~fallow system, Most of the irriga-
tion in the county is done on soils of this association.

The Dalhart/Richfield association occurs south of the Cimarron
River and 1s composed of soils with a sandy surface layer. Most of this
association is used to produce crops. Sorghum is the main. crop, but wheat
is grown on a small portion of the acreage.

Two individual sites in Morton County were selected for the study of
atmospheric emissions from agricultural tilling. Site Al, located in the
south-central part of the county, was a section of fallow acreage with a
surface of fine sandy loam; the terrain was level and there was little
vegetative cover. Site A2, located in the west-central part of the
county, was a section of fallow acreage with a surface of silt loam.
Additional details of the site characteristices are given in Table 1l.

Wallace County, Kansas

Wallace County is situated on the western-most tier of Kanmsas counties
about one-third of the way downstate, in the dust bowl area of the Great
Plains, The annual rainfall in the county averages 22 in. and the average
wind speed is 14 mph with prevailing winds from the southwest.
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The soil of Wallace County is derived from three major soil associa-
tions: (1) Canyon/Colby (immature and shallow soils on steep slopes) in
the north; (2) Reith/Colby in a band from west-central to southeast, and’
(3) Richfield/Colby in the southwest part of the county. The Keith/Colby.
and Richfield/Colby associations are chestnut-ecolored soils developed
under prairie vegetation and are representative of a large area of the
Great Plains. An extensive soil survey is underway and is being t1ed to
aerial photographs.

The Keith/Colby and Richfield/Colby soils are well suited to cultie
vation for crop production. The area has traditionally grown a crop of
winter wheat every second year in rotation with summer fallow.

Two individual sites in Wallace County were selected for the study of
atmospheric emissions from agricultural tilling. Both sites were located
in the central portion of the county, just west of Sharon Springs. Site
A3 was a section of gently sloping fallow land with light vegetative
cover. Site A4 was a terraced sectiom of fallow land with light vegeta-
tive cover. The surface soil at both sites was a silt loam. Additional
details of the site characteristics are given in Table 1l.

FIELD MEASUREMENTS

Field testing of dust emissions from agricultural tilling was con-
ducted at the Morton County sites (Al and A2) in May and June 1973, and
at the Wallace County sites (A3 and A4) in June 1973. The testing of
agricultural tilling emissions had to be postponed from dates scheduled
in March and April because of adverse weather conditions, as explained
below.

The spring of 1973 was one of the wettest in history in the Great
Plains., During March and April flooding was widespread and received
extensive news coverage. Because fugitive dust emissions are highly
dependent on surface moisture, the decision was made not to tast under
these highly nonrepresentative conditions. As a result, testing was
curtailed until mid-May, : :

Because of persistent wet weather in March and April, the tilling
operations in preparation for spring planting were very atypical and were
not tested, Instead of the originally scheduled testing of tilling emis-

sions from spring seedbed preparation, testing was conducted on the tilling

of fallow ground which was later planted in winter wheat (at the end of
the summer).
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The tillage implements which were selected for testing were the
one-way disk plow and the sweep-type plow. These implements were chosen,
with the advice of area agricultural specialists, as representative of
implements used in dryland farming in the Great Plains.

Table 12 specifies the kinds and frequencies of field measurements
that were conducted during each run. "Composite" samples are made up
of single samples taken from several locations in the area; "integrated"
samples are those taken at one location for the duration of the rum.

Composite samples of soil (8-12 cores) were obtained with a plugging
device from randomly selected locations within 100 yards of the exposure
profiler. The soil was sampled separately to depths of 4 and 6 in. The
soil samples were stored in polyethylene bags and returned to MRI for
laboratory determination .of texture and moisture content.

At the end of each run, the collected samples of dust emissions were
carefully transferred to shipping containers within the MRI instrument
van to prevent dust losses. High~volume filters (from the MRI exposure
profiler and from standard high-volume units) were placed in individual
folders. Dust that collected on the interior surfaces of each exposure
probe was rinsed with distilled water into a glass jar. The contents
of the deposition samplers and saltation catchers were also rimsed into
glass containers. Cascade impactor collection papers were left in place
within each impactor unit. '

Table 13 presents information on the time of each run, the prevail-
ing meteorological conditioms and the tillage implement. The duration of
sampling for the exposure profiler was a fraction of the total elapsed
test time because the profiler was operated only when the tillage imple-
ment was nearby. The other sampling devices were operated continuously
during the rum.

Table 14 gives the locations (intake height and distance from tillage
path) of the various plume sampling devices that were used for each run.
The dust particle sizing samplers included Andersen and Sierra highevolume
cascade impactors (operated within a2 standard high-volume enclosure). The
drift distance multiplier, given in the last column of the table, takes
into account the effect of the angle between the horizontal wind direction
and implement path direction, on the plume travel distance.

51



Table 12, FIELD MEASUREMENTS--AGRICULIURAL TILLING

3.

Test Parameter Units

Meteorology

a. Wind speed mph

b. . Wind direction deg

¢. Cloud cover %

d. Temperature °F

e. Relative %
humidity

Field Surface

a. Soil texture Bm

b. Soil moisture %
content

c. Vegetative --
cover

Tillage Equipment

a. Type -

b, Dimensions ft

¢. Translational mph
speed

d. Number of -

' passes

Suspended Dust (downwind unless

a. Exposure mg/in?
(vs height)

b. Size distribu- um

. tion (by wt.)

¢. Concentration pg/m>

d. Background ng/m3
concentration

e. Duration of min
sampling

Large Particle Transport

a. Deposition 1b/£t2/hr-
(vs distance
from source)

b. S8altation mg/ in?

Sampling Mode

Continuous
Continuous

Single

Singlel
Single

Composite
Composgite

Multiple

Single
Single
Multiple
Cumulative
indicated)
Integrated
Integrated
Integrated

Integrated

Cumulative

Integrated

Integrated
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Measurement Method ? l B

!
Recording instrument at "bacic-'"
ground” station; sensors at ..
reference height :
Visual observation

Sling psychrometer | l

Hydrometer method
Weight loss on oven drying

- - .
H 1

E]

Observation (photographs)

Observation (photographs)
Observation (photographs)
Elapsed time between

reference points
Counting

Isokinetic high-volume
filtration (MRI method)
Cascade impaction

| S—

High=-volume filtration
(EPA methodlZl/)
High~volume filtratiom
(EPA methodll/)
Timing

- - — - - . \
y . s \ ; i

L

Dustfall buckets (ASTM
methodlgl)

Saltation catcher
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TEST RESULTS

Dust samples from the field tests were analyzed gravimetrically in
the laboratory. Filters were conditioned in a controlled temperature-
humidity enviromment prior to weighing. Water rinses from exposure
probes, deposition samples and saltation catchers were evaporated on a
steam bath in tared beakers, after which the beakers were conditioned and
weighed.

The measured dust emissions from the tests of agricultural tilling
are shown in Table 15. The dust quantities are the amounts gemerated per mile
of 12-ft tilling cut. This normalizatiom basis has been chosen for com=
parison with unpaved road emissions.*

The total dust emissions for a given run are the sum of the integrated
exposure (above the background exposure) and the amount of deposition
between the edge of the road and the downwind location of the exposure
profiler.

The suspended dust measurements used to compute the integrated ex-
posure are presented in Table 16. Point values of exposure are converted
to concentration. The concentration measured by the standard high-volume
unit, which was positionmed to the side of the profiler, is also presented,
The exposure profiles are shown in Figure 12.

In general, deposition measurements were not obtained for agricultural
tilling because most of the deposition occurs on the tilled land., A deposi-
tion measurement was made for Run 1l and the cumulative deposition between
the downwind edge of the tillage path and the exposure profiler, was
determined by the method described in Chapter 4. '

The measurements of dust transport by saliation are shown only for
purposes of comparison. Saltation, which is confined to about 30 in, of
height, is not considered to be a form of atmospheric emissions. Also it
should be noted that the saltation catchers used in this study did not
sample below 12 in. above the ground,

Also given in Table 15 is the mass mean diameter of suspended dust
particles measured with the Andersen high-volume cascade impactor. The
diameter values are aerodynamic measures which treat particles as equiva~
lent spheres with a density of 2.5 g/cmj. The complete size distribu=
tions are shown in Figure 13.

* A typical roadway lame is 12 £t in width.
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-Table 16. PLUME SAMPLING DATA (Agricultural Tillimg)

i
' ,_\
1
T Sampling
| Height Rate Concentration Unit Exposure
‘ I Run Site (£t) (cfm) (ggm?’) mg/in.zlegju_igalent pass)
-0
] 5 Al 10.5 27.5 2.00 ‘ 0.804
: ' 8 26.8 3.13 1.23
e a2/ 18.5 8.23 --
" 5.5 25.0 10.3 3.77
3 22.8 21.8 7.27
oy 6 Al 10.5 27.5 2.01 0.537
' I 8 26,8 7.35 1.92
e/ 40.3 5.32 --
? 5.5 25.0 14.9 3.60
| l 3 22.8 34.3 10.8
= 7 Al 10,5 27.5 0.864 0.256
\ ' 8 26.8 4.29 1.24
5.5 25.0 13.4 3.60
f 3 22.8 44.0 10.8
' 9 A2 10.5 24,1 17 1.30
! 8 22,8 9.52 1,91
_ ec/ 42.6 13.5 --
5.5 21.3 15.8 2.96
(' 3 19.2 25.4 4.29
11 A3 10.5 24.3 12.3 1.76
8 23.2 17.2 2.35
‘b 62/ 22.0 10.5 --
5.5 21.5 3.3 4.35
3 19.2 57.7 6.53
. 12 A3 10.5 28.5 15.6 2,31
| 8 27.0 23.9 3.34
l 62/ 24.0 27.9 --
5.5 25.3 40.7 5.35
3 23.0 75.9 9.06
I 14 Ab 10.5 19.8 14.3 2,53
- 8 18.5 22.9 3.74
. 62/ 27.0 15.3 --
5.5 17.0 37.1 5.59
3 15.2 62.3 8.38

I/ -
~

Andersen impactor.
Sierra impactor.
Standard high~volume sampler.
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Particle size distributions--agricultural emissions.

59



Two potentially significant sources of error in the particle size
measurements as mentioned in Chapter 4 were:

1, The impactor samples nonisokinetically through the high-volume enclo-
sure openings and collects large particles with low efficiency.

2. Unlike urban aerosol, tillage dust particles are dry and brittle and are |
subject to bouncing and reentraimment from impaction surfaces. Recent E
empirical evidence obtained by Sehmelgg/ indicates that this effect is

most pronounced for particles larger than 20 ym in diameter.

Both of these factors cause apparent size determinations to be biased
in the direction of small diameter. The second factor seemed to be sub-
stantial with the slotted impactor (MMD ~ 1 n); for this reason, the
Sierra measurements were not used.

Table 17 gives the results of the laboratory analysés of the soil
samples. Moisture content was determined by weight loss on oven drying
and particle size analysis by the Buoyocous hydrometer method2l (with
sodium hexametaphosphate as a dispersing agent) and by wet sieving.

The significantly higher moisture content of the soil at the 4-6 im.
depth in comparisom with the 0-4 in. depth, indicates the transfer of
moisture from bemeath the exposed soil surface to replace moisture lost by
atmospheric drying.

As indicated in Table 17, the soil from Site Al is rich in fine sand
. and Site A3 has the highest total silt countent. The size distributions for
the soll samples are plotted in Figure 14. :

COMPUTED EMISSION FACTORS

The approach that was used in the development of emission factors
for agricultural tilling, is the same as that presented in Chapter 4.
Emission factors for three particle size ranges (d <2um, 2 um < d < 30 pm,
d > 30 pm) were determimed from the integrated exposure measurements, the
cascade impactor measurements of particle size and the ratio of high-
volume concentration to the isokinetic profiler comcentration for a height
of 6 ft. '

Pigure 15 shows the estimated drift distance as a function of the
size of the particle injected into the atmosphere and the mean wind speed.
For emissions from agricultural tilling, the average height of injection
is assumed to be 2 ft. The mean wind speed at 2 £t is related to the
speed at the 12-ft reference height by the profile presented in Figure 2.
The settling velocity is based on the drag coefficient for spheresgg/ and -
a particle demsity of 2.5 g/cm3,23/
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The boundaries of the settling and suspension regimes were derived
from the Gillette~Blifford criterial$/ using a friction velocity based
on a roughness height of 1 em. 12 As indicated in Figure 15, particles
which are not significantly affected by atmospheric turbulence will settle
to the ground within a drift distance of 5 ft. Because particles which
drift beyond 5 £t are affected by vertical velocity fluctuatioms, the
average drift distance will be greater than the values shown.

The effective cut-off diameter for capture of dust by a standard
high-volume sampler (or a high-volume cascade impactor operated within
a standard enclosure) is taken to be 30 pm for a particle demsity of
2.5 g/cm3. This figure is based on (1) Lundgren's result,iil (2) the
settling characteristics of agricultural dust particles and (3) observed

ratios of dust concentration by high-volume measurement to dust concentra~
tion by isokinetic profiler measurement.

In the determination of emission factors for agricultural tilling,
dust which settled out before reaching the exposure profiler (within
20-30 £t of drift distamce from the downwind edge of the tilling path)
was not included in the emission factor; these particles are larger than
75 pm in diameter for winds exceeding 10 mph.

The equations for calculation of the emission factors for three
particle size ranges (<2 um, 2-30 pm, > 30 pm) are as follows:

eg2 = ERgFe 9

®2-30 = ERg(l - F_ )

e> 30 T E(l - R6) ,
where e, = mass of dust emissions with diameter i per acre tilled
E = integrated exposure measurement
Rg = ratio of dust concentration measured by the standard high-
volume sampler to the concentration measured by the
isokinetic profiler, at 6 £t height
= fraction of the particles less than 2 pm in diameter,

F
< 2
: measured by high-volume cascade impaction

The calculated emission factors are presented in Table 18.

CORRECTION PARAMETERS

Atmospheric dust emissions from agricultural tilling exhibit signifi-
cant dependence on the following variable factors:
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1, Surface soil texture,
2. Surface soil moisture content, and
3, Implement speed.

Each of these factors is discussed below:
Surface Soil Texture

There is good reason to infer a linear dependence of dust emissions
from agricultural tilling on the silt content (i.e., particles between
2 and 50 p in diameter) of the surface soil. Firstly, dust emissions
which drift more than a few feet from a tillage operation are smaller ]
than 50-75 pm in diameter. Secomdly, Gillette23/ has found that clay
particles (smaller than 2 pm in diameter) remain bound to larger par-
ticles during wind erosion because of the relatively large amount of
energy required to disaggregate particles in that size range; the same
reasoning should apply to dust generated by tilling,

Surface Soil Moisture

Those familiar with agricultural tilling are well aware that dust
emissions increase substantially in dry weather. Moisture tends to bind
- fine dust particles together. '

The developers of the Wind Erosion Equations2 25/ which is used to pre-
dict the susceptibility of a given area of land to wind erosion, have
found that erosiom is inversely proportlonal to the square of the mois-
ture content of the surface soil, They have adopted Thornthwaite's pre-
cipitation-evaporation index2?/ as a useful approximate measure of
average soil molsture.

The inverse square dependence of dust emissions from agricultural
tilling on the moisture content of the surface soil (0-4 in. depth) was
demonstrated on a very limited basis at Site R3 in Wallace County, Kansas.
Test 11 was conducted in the morning and Test 12 in the early afternoon §
- of the same day; the measured increase in emissions from the same tillage E
tool was approximately inversely proportional to the square of the de= |
crease in soil moisture. '

Implement Speed

Dust emissions from agricultural tilling are dependent on the rate
at which mechanical energy is consumed by working the soil. Since tillage
implements are designed to operate over a marrow speed range, a linear i
dependence of emissions on implement speed may be assumed. As a practical
matter, data on implement speed is not recorded and emission estlmates
must be based on the average melement speed.
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CORRECTED EMISSION FACTOR

The correction parameters discussed above have been incorporated
into a single mathematical expression for the amount of dust generated
per acre of land tilled.

The equation for estimating the total amount of tillage dust emissions

with drift potential greater thanm 25 £t, i.e., particles smaller than
75 pm in diameter, is as follows:

1.4 s (8/5.5)
(PE/50) 2

€(tilling)

_where e = emission factor (pounds per acre)

s = silt content of surface soil (percent)
S = implement speed (miles per hour)
PE = Thornthwaite's precipitationm-evaporation index

As shown in Table 19, the precision of this equation in predicting
the results of the emission tests of agricultural tilling is % 15%.

The soil silt content (i.e., particles between 50 pm and 2 pm in
diameter) may be determined by the Buoyocous hydrometer method.gl/
Surface soil samples should be extracted with a plugging device to a
depth of 4 in.

The PE index is determined from total annual rainfall and mean
annual temperature; rainfall amounts must be corrected for irrigation.

The test results presented above indicate that, on the average,
dust emissions from agricultural tilling have the following particle
size characteristics:

Particle Diameter Weight Percent
< 2 um 35
2 pm - 30 pm 45
> 30 pm 20
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CHAPTER 6

AGGREGATE STORAGE PILE EMISSIONS

This chapter presents the results of two separate emission testing
studies which were conducted to characterize dust emissions from aggre=-
gate storage piles. The first sampling program was desigmed to quantify
total dust emissions from the various constituent sources associated with
a representative aggregate storage operation. The second study had as
its purpose the quantification of emissions from a specific storage
transfer operation~-aggregate loadout,

TOTAL EMISSIONS FROM AGGREGATE STORAGE OPERATIONS

Sampling Site Descriptiom

The Dravo Corporation sand and gravel pit located at Camp Denmnison,
Ohio (just east of Cincinnati), was selected for testing of dust emissions
from aggregate storage piles. A survey of this pit and processing area
indicated that its stockpile operations were representative of those at
many aggregate quarrying operations of medium and large size.

The Dravo sand and gravel pit at Camp Demnison is situated in the
Little Miami River Valley about 7 miles mortheast of the point where it
meets with the Ohio River Valley, Prevailing winds in this area during
the spring and early summer, reinforced by channeling in the river
valley, are from the southwest and south,

The Camp Dennison pit produces about 800,000 tons of aggregate
annually. The operation is year-round, with production rates changing
seasonally with demand for aggregate from local construction projects.
For most of the year, excavation, processing, and loading are on a
S~-day week, 8=-hr day schedule. During the June and July sampling period,
the operation was at its peak annual level and was active 5-1/2 days a
week, 10 to 12 hr a day.
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The gravel pits and stockpiles, as shown in Figure 16, are adjacent
to each other. However, they are separated by 40 to 70 ft vertically--
the distance from the floor of the pit to the grade level in the process-
ing and storage areas. This separation effectively eliminates the impact
of dust emigsions from quarrying on the storage area.

The active crushing and screening equipment and loading hoppers are
north of the stockpile cluster. The crushing and screening plant shown
"in Figure 16 as being located in the storage area is not currently in
use and was not operated during the sampling period.

The storage area covers approximately 17 acres. There were 13 stock-
Piles in this area at the time of the field study, ranging in height from
5 to 30 ft. The average height, weighted on the basis of exposed surface
area, was 23 £t (7.0 m). The total estimated weight of the aggregate in
storage was 50,000 tons, and the approxlmate total surface area of the
15 piles was 96,000 £tZ (9,000 m?).

All stockpiled stone and gravel has been washed and screened, but
none has been crushed. Stockpiled sand has been dredged and put into
storage without washing or screening. Material processed through the.
crusher is loaded directly for shipment.

By comparing the amount of material in storage to the amnual produc-
tion rates or daily rates of movement into and out of storage, it is obvious
that the stockpiles have a high turnover and that there is significant
activity in the storage area on a daily basis. This activity in the storage’
area affects the rate of dust generation. In other words, dust in aggregate
storage areas is produced not just by wind erosion on exposed surfaces, but
also by vehicle movement between piles and by disturbances of the aggregate
in moving it into and out of piles. -

Field Measurements

Field testing of dust emissions from aggregate storage piles at the
Camp Dennison site was conducted during a l-month period beginning 9 June
1973. The test program consisted of 11 24-hr runs and eight 12-hr rums.
Table 20 specifies the kinds and frequencies of field measurements that
were performed during each run. '

Because of the diffuse and variable nature of the source, conventional
high-volume samplers with wind direction activators were used to measure
dust emissions. A 180-degree sector of sampling was employed, so that any
wind with a southerly component activated all the samplers. This effected
the isolation of the storage area from the various processing and truck
traffic emissions to the north of the storage area and frOm the pit
operations.

4
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Table 20, FIELD MEASUREMENTS--AGGREGATE STORAGE PILES

Test Parameter Units Sampling Mode Measurement Method
Meteorology
a. Wind speed mph Continuous Recording instrument on site!
b. Wind direction deg Continuous Recording instrument on site
¢. Cloud cover % Multiple Hourly readings at Lunken
Field o
d. Temperature °F Multiple Hourly readings at Lunken |
Field ‘
e. Rainfall . in, Cumulative - Daily readings at Lunken |
Field i
Aggregate
a. Size mm Single NCSA standard ranges
b. Pile - Single Observation
configuration |
‘Suspended Dust : ;
a. Concentration pg/m3 Integrated High-volume filtration {
(vs location) _ w/directional control |
b. Background pg/n3 Integrated Highevolume filtration f
) w/directional control '
¢c. Size distribu- pum Integrated Cascade impaction
tion (by wt.) _ :
d. - Duration of min Cumulative High-volume time meters
sampling

Operations Log (only for weekday samples)

a. Material tons Cumulative Operator's records and
loaded : estimates
b. Material tons Cummlative Operator's records and |
excavated estimates {
c. Material tons Cumulative Operator's records and
sized estimates
|
|
|
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A series of five directional high-volume samplers were installed at
representative locations immediately downwind from storage piles holding
different sizes of aggregate. Locatioms of the high-volumes are shown
in Figure 16.

The samplers were placed at various heights above grade from 3 £t to
20 ft. The assumptions were made that, during periods with winds blowing
out of a southerly direction:

1. Particulates were emitted parallel to the wind direction over the

entire 980=-ft width of the storage area;

2. The emissions occurred from ground level to a height approximated
by the average height of the storage piles; and

3. The average particulate concentration at the five downwind sampling
stations was representative of the particulate concentration in the
assumed rectangular cross section which contained all of the emissions
from the stockpile area,

An additiomal high-volume sampler with the same 180-degree sampling
sector was located south of the storage area (at station 1 in Figure 16)
to measure the incoming, or background, particulate levels in the air-
stream. In the data analysis phase, this upwind particulate concentra-
tion was deducted from the measured downwind concentration to determine
the net contribution from the stockpile area.

The sampling schedule was designed to obtain the maximum possible
number of independent samples within a l-month period. In additiom, an
effort was made to obtain some of the samples during periocds when only
wind erosion was causing emissions--12-hr samples from 6:00 PM to 6:00 AM
and 24-hr samples from noon Saturday to noon Sunday--for comparison with
samples taken during periods when there was movement of the piles and
traffic in the stockpile area, The sampling periods are shown im Table 21.
All six samplers were operated on the same schedule,

The number of minutes that the directional controls activated the
high-volumes were usually almost the same for all six samplers during
each sampling period, indicating that wind directions were uniform over
the sampling area. The values for running time shown in Table 21 were
obtained from time meters attached to the high-volume samplers.

Wind speed and direction data were also measured and recorded at the
study site. The weather vane and anemometer at the study site were located
on a mast at Stationm &4, and were about 25 ft above grade with no nearby ob-
structions. The continuous data have been summarized for 6-hr periods in
Table 22. All other meteorological data were obtained from the FAA Weather
Station at Lunken Airport, located about 5 miles southwest of the Dravo
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pit in the Little Miami River Valley. Daily rainfall for the sampling
period is also presented in Table 22, ' '

As a check of the on-site wind measurements, the 6-hr average wind
speeds shown in Table 22 were compared by limear regression analysis with
corresponding measurements from Lunken Airport. For the 66 data points -
considered, the slope of the regression line was 1.11 and the correlation
coefficient was 0.86. Thus, the measuremenis on-site were generally about
11% higher than at the airport, and the two data sets showed a good
correlation.

Test Results

: s

The measured background dust concentrations and the net concentrations
(background subtracted) at the five dowmwind stations are shown in Table 23.

1

In the analysis of the concentration data, several observations were
made, Pirst, it was noted that the concentrations at all five stations
tended to change together from one sampling period to amother, indicating !
that some external factors such as weather conditions were influencing i
the emission rate. Also, there was mo set pattern in relative concen= ‘ W
trations measured at the five stations, i.e., one station did not always '
have the highest reading and another the lowest, This appeared to show
that the points of emission within the storage area were mot constant, l l

i i

The background values recorded at sampling Station 1 were consistent
from the standpoint of three different evaluation criteria. First, the
" concentrations at Statiom 1 were, with few exceptions, lower than those
at the downwind stations. Second, the arithmetic average concentration ;
for the 4=week sampling period was 73.4 ug/m3, certainly a reasomable f
value for this area of the Cincimmati AQCR. Finally, the average con-
centrations for samples taken during working and nonworking periods were
not significantly differeat--76.1 and 71.7 ng/m3, respectively. This
indicated that measurements at the upwind station were not influenced by
emissions from the sand and gravel operationm.

[,

In addition to calculating emission rates for each of the 19 sampling
periods, an evaluation of the effects of four different factors on the
emission rates was desired. These factors were raimfall, wind speed,
type of aggregate, and amount of activity in the piles. Appropriate data
on these four variables for periods concurrent with the sampling were re-
quired for this evaluation. The sources of these data are described
below.

-
|

: ; R
Daily rainfall data at Lunken Airport, shown in Table 22, were used ! l{'
to determine the effect of a wet aggregate surface on emission rates. ’ '
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Since the high-volume samples ran from noon of one day until noom of the
next or from 6:00 PM until 6:00 AM of the next day, a wet sampling period
was taken to be one in which there was measurable rainfall on either of
the 2 days or the day preceding the first day of the sampling period., 1If
only a trace of precipitation were recorded on one of the sampling days,
it was still counted as a wet period. However, trace precipitation on
the day preceding sampling did not clasgify the period as wet.

Since the on~site wind speed data agreed well with corresponding data
from Lunken Airport, the on-site readings were used in the analysis.,
Average wind speeds for periods coincident with the high-volume sampling
periods were obtained directly from the 2lready-prepared wind speed
summaries,

Dravo personnel at the sand and gravel pit provided information on

. the grade of aggregate in each storage pile. The grade of gravel or stone
is shown in Figure 16 for each pile. Equivalent aggregate size ranges for
these grades are presented in Table 24,

The amount of activity in the stockpile area on sampling days could
only be obtained indirectly from Dravo's available records. Weights of
total material excavated/sized and material loaded onto trucks for ship-
ment were kept for each day, and are presented in Table 22. The difference
between these two values provided one estimate of the net weight of material ;
put into or taken out of storage for the day, However, these data proved
to be inadequate for comparison with the calculated emission rates for
individual sampling periods for the following reasons:

i
1. The difference between the two values included the weight of material i
processed and then shipped directly, so was not a good indicator of {
storage area activity;

2. The time periods for recording material movement were not coincident
with sampling periods; and _ g
3. Complete records were not maintained for the entire sampling period. |

As an alternate evaluation procedure, the emission rates during E
working periods were simply compared with those during nonworking periods, |
when only wind erosion of the piles caused emissions. Since all the sam-
ples taken of working periods were 24-hr samples and therefore contained
12 to 14 hr when no activity occurred in the storage area, an emission o
rate was also calculated for just the portion of these periods when
activity actually took place. This was accomplished by determining the
equivalent concentration for the 12 working hours that would result in |
a normal 24-hr concentration when combined with the average l2-hr measure- ]
ment for nonworking periods. '
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Table 24. AGGREGATE SIZE RANGES

Grade Range of Aggregate Sizes (mm)

No. 6 | 19.5-19.0
No. 8 2.9- 9.5
No. 9 1.3- 4.8
No. 57 4.8-25.4
No. 67 4.8-19.0
No. 304 0.2-25.4

Construction Sand

Source:
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The‘calculations and graphical analyses employed to determine the
effect of the four factors on emission rate are presented in the follow-
ing section.

Correction Factors

The effect of potentially important correction parameters on dust
emissions from aggregate storage piles was assessed by examining the
correlation between net downwind dust concentrations .and parameter
values. The results are described in the following paragraphs,

Rainfall - Using the criteria established above to separate the sampling
periods into wet and dry periods, average particulate concentrations were
‘calculated for the two different conditions. On days when the piles were
dry, the average concentration caused by the piles (background subtracted)
was 141 ng/m”, while on rainy days when the piles were wet this average
concentration was only 70 ug/mB. Wind speeds were approximately the same
for the rain and no-rain sampling periods, so the emission rates esti-
mated by the procedure explained in the previous section would be in

the same ratio as the high-volume measurements--approximately twice as
great during dry periods,

A similar relationship was observed for the background readings
meagured at Station 1, The average values during wet and dry periods
were 59 and 102 ug/m3, respectively. This may indicate that relative
emissions from wet and dry storage piles are part of a much broader re-
lationship of fugitive dust sources during wet and dry periods. Under
this premise, much more data should be available and should be utilized
in developing a correction factor for the effect of surface moisture on
stockpile emission rates.

There were no extended periods without rain during the month of sam-
pling to investigate whether the emission rates increased proportionately
with the time span since the last rainfall.

An additional subdivision of the data into periods when the piles were
(a) active and (b) inactive, as shown in Table 25, showed that wet piles
did not reduce the emission rate by half for either data subset. However,
the wet piles emitted significantly less dust in both cases. Thus, it
appears that emission rates may vary by at least a factor of two-fold
between wet and dry periods or between wet and dry climates.

Wind Speed « Based on theory, the wind speed should affect high-volume
measurements downwind from the storage piles in at least two different
ways. First, atmospheric dispersion equations such as those presented
in the Workbook of Atmospheric Dispersion Estimates28/ almost universally
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Table 25.

AVERAGE HIGH-VOLUME CONCENTRATIONS DURING

WET AND DRY SAMPLING PERIODS

At Five Downwind Sites

At Background Site

Average No. of Average No. of
Concentration®/ Sampling Concentration Sampling
Stockpile Condition (Eg/ms) Periods (ug/m3) Periods
Wet piles, all :
sampling periods 70 11 59 12
Wet piles, active 141 3 44 4
Wet piles, inactive 44 8 67 8
Dry piles, all
sampling periods 141 6 102 6
Dry piles, active 225 3 119 3
57 3 85 3

Dry piles, inactive

a/ Background concentration subtracted.
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show that the pollutant concentration downwind from a source is inversely
proportional to the average wind speed. These equations assume that the
source strength is independent of wind speed. However, for particulate
emissions from aggregate storage piles and other fugitive dust sources,

it is the force of the wind that at least partially creates the emissioms.
Thus, some positive relationship also exists between wind speed and
 particulate concentration.

The high-volume measurements shown in Table 23 were plotted against
average wind speeds for corresponding periods in an effort. to determine
the resultant, or net, function of concentration versus wind speed., The
plotted data, shown in Figure 17, indicated no well-defined relationship.
In addition to this plot, similar diagrams (not shown) were prepared for
each sampling site, with similar results. Also, data subsets such as wet
days and dry days were evaluated to f£ind an effect of wind speed on down=
wind concentratioms. Only 12- and 24~hr periods could be studied, since
particulate concentrations were not available for any shorter averaging
times. The only significant conclusion that could be drawn from these
analyses was that high particulate concentrations were not associated with
periods of high average wind speed.

Therefore, based on these test results, wind speed did nmot appear to
be a candidate as a correction factor for estimating emission rates from
aggregate storage piles. :

Aggregate Size ~ With the available sampling data, the only method of
evaluating the effect of aggregate size on emission rate was to compare
the average particulate concentration for each site with the size of '
aggregate in the nearest pile. This procedure was executed, as shown in
Figure 18, However, this simple analysis did not iamdicate any apparent
correlation for several reasoms:

1. There were only five high-volume sites and therefore only five data
points;

2. Each site was actually impacted by several piles, depending on wind
direction; and

3. The range of aggregate sizes in the separate piles was quite large
(see Table 24), and the size difference between different piles was not
distinet.

As previously noted, the data did not demomstrate a continuing
pattern in the relative comcentrations measured at the five sites, so no
"hot spots" of emission within the storage area were suspected.

Also from a theoretical viewpoint, it is doubtful that emission rates
are closely related to aggregate size. Fines that are loosely attached to

the surface of the aggregate, not the aggregate particles themselves,
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become airborne by mechanical entrainment or by wind erosion, Smaller
aggregate may contain more fines because of its greater surface area per
unit volume or because of additiomal crushing during its production. Om
the other hand, rock which is crushed may have more attached fines than
sand or gravel which is mined from dry river beds and processed by just
screening. No data were found to substantiate or quantify either of
these hypotheses.

In summary, aggregate size was not found to be a significant factor
in determining the emission rate from an aggregate storage pile.

Activity in the Storage Area - For reasons already explained the data ob-
tained for activity levels in the processing and loading operations were
not representative of relative activity in the storage area. If good
data for activity in the storage area were available, it is suspected
that a relationship could be established. However, such data probably
would not be available for other sand and gravel operations either, so
would be of very limited use as a correction factor.

Next, a simple analysis was performed comparing measurements taken
on working days with those taken overnight or on weekends, when there
was no activity in the storage area, The average of all samples from
periods with activity was 182.7 ug/m3, while the average for all periods
with no activity was 47.4 pz/m3, Both of these values were after back-
ground had been subtracted,

With this significant finding, the readings for working and nonworking
periods from each individual site were compared to determine how consistent
this observed relationmship was, The ratios of working to nonworking periods
varied from 2.4/1 at Station 6up to 5.2/1 at Station 2, as shown in Table 26.
At all five stations, significantly higher particulate concentrations were
measured when there was activity in the storage area. These results cannot
be attributed to differences in meteorology between the 24~hr sampling
periods and the 12-hr night samples, because the four 24-hr weekend samples
included in the nonworking category had lower readings than the 12-hr night
samples, '

Therefore, with no exceptions the data pointed to a definite relation-
ship between emission rates from storage piles and activity in the piles,
and this relationship should be reflected in the development of an emis-
sion factor.

Computed'gmission Factors

The general methodology for estimating emission rates from the aggre-
gate storage area has already been described in the preceding section.
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Briefly, it was assumed that all emissions from the stockpiles passed
through an imaginary vertical plame with the dimensions of the width of
the storage area by the average height of the piles (300 m by 7 m); that
the five samplers located downwind of the piles sampled particulate con-
centrations representative of average particulate concentrations passing
through this vertical c¢ross section; and that the total air volume con-
taining this average concentration could be approxlmated as the average
wind speed times the area of the cross section (2,100 m 2y,

Emission rates were calculated for two conditions--active piles and
inactive piles., The air volume per day was estimated as 2,100 m? times
the average wind speed of 3.12 m/sec, or 5.66 x 108 m3. For average con-
centrations of 182.7 ug/m3 and 47.4 ug/m for working and nonworking days,
the emissions from the study area were calculated to be 103 and 26.8 kg/day,
respectively.

Since the 24-hr samples included a time period during which there was
no activity, it also appeared reasonable to estimate a shorte