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INTRODUCTION

The emission of dust aerosol due to vehicular traffic on unpaved roads is a
caplex process involving a cambination of mechanical and aercdynamic processes
that are not well understood physicallylr2:3:4/5. The AP-42 dust emission
‘equation for PM-10 material is the result of an attempt to describe the dust

emission_process based an properties of,the vehicle and road surface and is’

given as _
E = 5.9 K (S/12) (V/30) (W/3)C:7 (w/4)0-5 (d/365) (1)

where: E = emission factor (lbs/vehicle-mile) of particles

less than 10 microns in diameter  (PM10)

K = proportionality constant specific to the aerosol
size range of emitted particles (.45 for PM10)

S = silt content of road surface material (percent of
mass smaller than 75 microns). '

V = vehicle speed in miles per hour (mph)

W= vehicle weight in tons

w = mmber of wheels on the vehicle

d = mmber of dry days per year with less than .01
inches of rain.

Our current interest is to estimate the total mass of vehicular dust emitted
nationally on an annual basis in order to estimate the acid rain neutralization
potential of the alkaline material in the dust aerosol. Since cars, as opposed
to trucks and other vehicles, account for a large fraction of the total traffic
volume, particular attention has been given to measuring the dust emissions
from this limited class of vehicles. For the experiments reported here, which
were conducted on dry days using vehicles with four wheels and weighing about
1.25 tans, equation 1 becames

E=.00113 VS o o (2)
where E is in units of kg/veh-km and V in mph. |
Our previously reported emission factor measurements®/7 have failed to
satisfactorily agree with the AP-42 formulation with respect to the coefficient

in equation 2 as wel)l as the expanents of V and S which are both equal to one
in equation 2. The presently reported experimental results reflect improvements

Of the experimental design in an attempt to better evaluate the emission factor
_?g_&ﬂsion, For example, a fourth dichotomols sapler was added and the height

the roadside tower was extended to improve the dust plume. measurement,
additional measurements were made to better characterize the wind speed, the
range of vehicle speeds was increased to include experiments at 55 mph, and
more extensive sampling was made to improve the characterization of the rovad
silt content. The results of 15 emission factor measurements and the associated
analyses are reported.

EXPERIMENTAL DESCRIPTION
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S ..- Road dust emission experiments
T L during the summer of 1988,
¥=='. placed on & tower in the

experiment were light automcbiles, which were driven past the sampling site
- one-undred times at each spead AOf-ij_s_f__m_ﬂ_S_@_mﬂ.@ par hour, The data
- discussed here includes.the PM-10 emission factor, defined as the mass of dust
o dercsol less- than 10 microns . in:dismeter (PM10) emitted per length of road
.. .Quring one vehicle pass. Before and after each set of 100 vehicle passes
; samples-of the road surface materia) were collected for particle size analysis.

The emission factor was measured by collecting dust aerosol on the filters of
dichotomous samplers placed an a tower at four .different heights, from 1.5 to
6.1 meters, at a dis;-anca 20 from the road.” Gravimetric determination

-3 ters, addition to the sampler flow rate and sampling
time, are sufficient to determine tha avarage EM10 concentration in the dust
plume as a function ‘;ﬁaheight. The wind speed as a function of height was

c profils. g ion rate per
length of road is then simply the inteqgral from to the of the
plume of the product of the wind ‘speed-and the BMLO concentration®:/+8, The

In each case the material was taken from a

known sized area, and all the loose material was removed from the sampled area.

Al) surface material samnles were

Tead t material handl ems due to electrostatic charge aild-up, Three
T__.Mﬁm_gm the road and In the track, were roll
beoreand each set of 100 vehicie b 2 =

FOa adiats o t oy . . T
3 sampling area. The average sample mass was .9 kg rarging
rom .3 kg £o 2.9 ky. The sanples were dry sieved into eight different size
g?iﬁumﬁmdfmf greater than 4.75 mm to less than 50 microns. The mass
each size fraction area of road face, al with vehicle
' o per surface, along

DISCQUSSION OF RESULTS

The emission factor

measurementsa t
along with the are listed in Table I for each experimen

vehicle speed and silt content measured across the
road. Other variables listed in Table I that were found to be related to the
emission factor were: P, the percent of mass conmtained in the particle size
;ange from .425 mm to 2 mm for the samples taken from the tire track ard, H,
the mass per unit area of particles with size less than 50 microns in samples

_?;.‘

RS |

MR e
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H
taken from across the road. Each surface material value represents an average ||
of six samples, three taken before and three after the cne-hurdred vehicle |-
passes at a given speed. _ - .

The locations were in a rural area southwest of Champaign, IL. The countryside
i1s flat and almost exclusively cultivated in corn and soybeans. Of the four
sets of experiments performed, three were on the same limestone graveled road
and the fourth was on a glacial gravel road. Two of the three limestane
graveled road experiments, labeled as experiments 16 and 17 in Table I, were
perform] on corsaartive days at the same YoCation, |

In order to compare the presemt results to the AP-42 formulation, a regression
analysis was performed to relate the measured emission factor to the product of |
silt content with vehicle speed, yielding the expression i

E = .0045 V S +.053 _ 3y |-

li
Compariscn of equations 2 and 3 show that the current experimental values are ||
larger than the AP-42 estimate by nearly a factor of 4. The average value of |:
the ratio of the experimental values to the AP-42 estimate is 4.3 with a @
standard error of .3 and range of 6.1 to 3.1. The correlation between E and the i
product V S, leading to equation 3, was .76, so0 only about 58 percent of the |!
variance of E is explained by this functional dependence. Figure 1 shows a plot
of equation 2, multiplied by 4, versus the measured emission factor. The cne-
to-one line, also shown in figure 1, represents where the points would lie if ;|
the model, miltiplied by 4, were a perfect prediction of the measured values. i

In the context of a model in which the emission factor varies as

E=cvagh . (4) 1
. I'

the values of the constants C, a, and b can ba found by multiple regression :|
analysis of In(E) with in(V) and 1n{S). Such an analysis ylelds a=1.09 and ;i
|l

b=.52 with the 95% confidence interval of the constant, a, ranging from .7 to

1.5 and that of b between .12 and 1.2. the calculated values of ||
a=1.09 and b=,52, a regression of the product SP varsus the emission factor ;
measurements only accounts for 59% of the variation of E. It appears that the

variables of velocity and silt, as they appear in equation 4, do not rigorously |
%rgig:_luagardlwofaardb. If =0 and a=1.09 then 48% of |

e variation of E is explained, so a model which does not include silt is
almost as good as one with velocity and silt. Correlation of the measured .

emissjon factor with v1-09 yiaelds: /( ‘-FE_M ~ Lt -4 w(ba/@
' M ".__ v
E = .0156 v1-09 4+ .03 vamafo & EA (5) Lo

A particular concern regarding the vehicle speed is whether the dependance is fiade
linear or as velocity to a higher power>:%. Through repeated model evaluations |
with different variables the exponent of the velocity term remains in the
neighborhocd of 1 with a 95% confidence interval in the range of .7 to 1.5 as
suggested above. :
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Figure 2 shows the matural logarithm of the measured emission factor plotted
against the logarithm of the velocity for each of the experiments. According to
the model described by equation 4, the slope of the best fit line for each
experiment equals the exponent, a. Figure 2 shows that each experiment displays
a relatively constant sicpe over the velocity range from 25 to 45 mph. In each
experiment the slope changes for the S5 mph case, suggesting that ancther dust
suspension mechanism with weakened  velocity dependance becames important at
high speeds. The average of the slopes of the best fit line for each of the
four experiments described in figure 2 is a=1.06, and becomes a=1.37 if the &5
aph point is not included in the calculatien.

Insight into the dependance of E on the silt content can be gained by
considering the variables from which the silt parameter is camposed. The silt
fraction. can be

surface material betwsaen and 50 microns, H is that for particles less
an 50 microns, and ‘IM the total surface material mass per unit area of roug
surfasE, From this standpoint the sllt fraction is really a coambination of
tnreé variables. It is found that the emission factor is strongly dependent on
H (gn/m?), which together with V explains 91% of the variance of the emission
factor according to the relation:

E = 1075 vi.15 y41.32 -.099 . (6)

The parameter, H, has the advantage of not deperding on the mass of large rocks
,in the. surface .material sample  which can cause variations in the silt
parameter. Since it is the emitted aerovesol less than 10 microns diameter that
is of interest, the mass of particles less than 10 microns diameter per area of
road surface would intuitively be most directly related to the emission factor.
Such a measurement is, however, difficult to make, and may well be directly
related to H. :

If the variables (H+G) and T are considered in a reqression anmalysis —along
witli vV, the model laing 92% of the variance of the emission factor. It is

)} occaurs to the power of 1.7 while the coefficient of ™
is -.6. This explains why the ratio of these variables, the silt fraction, when
considered as a single variable gives a poor correlation with the data. Such a
model would add two more variables to the description given by equation 6 amd

only slightly improves the accuracy..

Another mdel,Aw:hidm keeps velociéf and silt as variables while adding a third
parameter P, the percent of millimeher sized particles in the tire track, is
shown in equation 7: . ‘

E = .97 v1.13 3.63 P“1.4 + ,026 (7)

- This model explains 93% of the variation of the measured emission factor and

the approach is appealing because it relates the emission to road surface
material properties of the road surface over which the tire actually passes. An
extension of this approach might lead to a partitioning of the emissions into a
part coming fram the vicinity of the tire, and another part coming from the
edge of the rocad. Mechanical suspension of dust by the movement of millimeter
sized rocks in the track as the tire passes ought to increase with P because

as (GHH)/™ vhere G is the mass par unit area of .




8 89-24.6

0.8T
O.B«r
0.41

;: 0.24

Logaritr
Em}ss 10N "acotfgp 0'+

. InE -0.2

i% =0.44 | e EXPIS
| o ol e EXPAT
| by ~+ EXP18

3.2 3.3 3.4. 35 35 37 38 39 4
Logarithm- of vehicle speed 1n(Vl

:'-1’"I

) e : i e
Hure 2. %"gﬁrithm of Emission E‘a.ct:or Verms l_ogaritlm of Vehicle Speed
°r Dxperimants 15, 16, 17, ‘and’18. , . '

N’éT’E fd' EDITORS

~Under the new federal copyright law,
publication rights to this paper are
retained by the author(s).




21

1

Predicted  {.24
Emission“Factor
(kg/VEh ~km) i+

89-24.6

o Equation b

0.8+ « Equation 7
0;6-- ! —_— one-to-one
0 ' line
" )
0.4-[- 1) !
_. i
0.2 f — { —— f } —
0.4 0.6 0.8 { .2 1.4 1.6 t,

Measured Emission Factor

|

F

(kg/veh~km)

Plgure 3. Predicted Emission Factors Versus Measumd Values (kg/veh-km)

for Two Different Models




e R

10 89-24.6

more rocks would be disturbed. Since P ooccurs to a negative power in the
equation, the model seems to be inconsistent with such a mechanical suspension
mechanism. The aobserved P dependance does seem consistent with a pneumatic
suspension mechanism since the viscous stresses, due to air motion under the
tire at the moment of contact of the tire and road, would decrease as the flow
channels between rocks are increasingly restricted by higher rock

concentrations. The models given by equations 6 and 7 are campared to the
measured emission factor in figqure 3.

QONCLIISIONS

The present results indicate that the AP-42 formulation when applied to
graveled roads is too small by about a factor of 4, Further, the form of the
equation, depending on the product of vehicle speed and silt content, is unable
to explain wore than about' 60% of the variation of the emission factor
measurements. It is found that a one parameter model with the emission factor a
function onlyofvehiclespeedi,salmtasg@asthetwopararwtermdel
depending on speed and rcad silt content. A model deperding on vehicle

and the mass per unit area of loose road surface material less than 50 microns,
H, accounts for over 90% of the variation of the emission factor. Measured
values of the parameter,. H, should exhibit less scatter since the influence of
large rocks is eliminated. Since the silt content is composed of several
variables, including H, which may each vary differently with the emission
factor, it is reasonable that E depends on B but the deperdance of E on the
carbination of variables camposing silt content be weak. The present results
suggest the possibility of developing an improved predictive model for the
emission factor based on surface density parameterizations. ' P

If the variables of vehicle speed and silt content are retained in the model,
over 90% of the variation of E can 2gain be explained by including the

- percentage mass, P, of millimeter sized rocks measured in the tire track. A

disadvantage of this approach is the measurement of P may be difficult on roads
where a well defined track does not exist. However, extension of this approach
might help sort ocut the different mechanisms responsible for dust suspension.

The question arises as to what is the most reasonable approach to use for
calculating fugitive emissions in light of the present criticism of the AP-42
estimate. The conclusion that the AP-42 emission factor equation is low by a
factor of 4 is consistent with earlier results®, where 21 different emission
factor measurements were reported. (In the earlier paperS the wind profile was
considered constant with height which results in about a 20% increasa in the
emission factor as campared to.that calculated with a logarithmic wind profile
as presented here.) It is noted that the models presented here are based on
only 15 additional emission factor measurements, for which the extended surface
material measurements were made. Since the factors of vehicle weight, mumber of
vheels, dust aerceol size, and number of dry days were constant in the present
analysis there is no basis for changing the relation of E in equation 1 with

these variables. In texrms of the models proposed here, the emission factor can
be written as

E=F K (W3)0:7(w/4)0-5(d/365) (8)
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is in units of kg/veh-km, K, W, w, and d are defined in equation 1, and

E
defined as 4.12 times the emissiaon factor expression in either equation 6
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