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INTRODUCTION

The impaction on and retention by surfaces of all kinds of air-

bornp particles are the source of a variety of peacetime problems rang-

ing from persistent cleaning chores for housewives to serious air

pollution threats to whole urban areas. A dramatic example of the

latter kind of problem concerned the city of San Jos4, Costa Rica,

when volcano Irazd began erupting in March 1963 and ejected huge quan-

tities of sand-like particles that were carried by the winds and fell

on the city and surrounding countryside.

This report on the impaction of airborne particles on plate collec-

tors discusses data that were obtained from a plate collector that was

designed for use in Costa Rica in support of field experiments on the

retention of the volcanic particles by the foliage of plants. The

major purpose in obtaining these data was to improve the data base for

evaluating an even more serious possible future problem: the conse-

quences of fallout from nuclear explosions in the event of nuclear war.

The field experiments in Costa Rica and the circumstances under

which the plate collector was used are described in the reports on

Operation Ceniza-Arena.1 ,-, Portions of these reports are repeated

along with the necessary extensions for describing the methods by which

the data were analyzed.



BACKGROUND

The interception of airborne particles by plant parts, such as

leaves or stems, or by other objects is often evaluated in terms of the

impaction coefficie,,t, ' . impaction coefficient is defined as the

ratio of the number of particles that impact on the surtace of the ob-

ject to the number of particles in the air volume swept by the object.

The two main mechanisms involved in the interception of falling

particles by surfaces of simple objects are impaction by inertia from a

moving airstream and imnaction by settling caused by gravitational force.

Impaction by inertia is the predominating mechanism by which the very

small particles on a moving airstream make contact with a surface. At a

given velocity of the airstream, particles with diameters smaller than a

given diameter will not impact; they will follow the airstream around

the object. According to the theory and data of Ranz and Wong4 , the

value of 7) for impaction by inertia on discs and cylinders having a diam-

eter of about 1 inch becomes zero for particles with diameters less than

about 20 microns in an airstream moving with a speed of about 3 feet per

second.

Impaction by gravity settling is the predominating mechanism by

which the larger particles make contact with a surface, given a constant
wind speed. For a given particle size, the gravity-settllng mechanism

btcomes more important as the wind speed decreases. The value of ' for

impaction by settling approaches unity for particles whose falling ve-

locity is about equal to the wind speed. For a wind speed of about 3

feet per second, th, particle diameter for an impaction coefficient of
unity would be between 150 and 200 microns.

In essentially all environmental -ituation-% entailing the impaction

and retention of airborne particles, both mechanisis of impaction are
combined since the particles generally are mixed with respect to size

and many have diameters that are intermedial , with respect to the limits

given for the two Impaction vechanisms. Theoretical equations for the

combined impaction mvchAnim. and for variable distributions of particle

diameters have not vet been reported.

The role of the im,)action coefficient in the interception and reten-
ti-.n of airborne particlen by objects may be illustrated mathematically
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by the following definition of the contamination factor for a plant part

(such as a leaf)

aL(p) (e) (0 + o 2) 1 S ( ) 1F (w) (1)
Lp P 0p L p L

in which

(a) is the initial retention coefficient for a particle size-
0 group, designated by a, which hit a plant surface

c is the land-surface value of -Y (c = v o where v is the

surface wind speed and v is the ?erminal, or failing, ve-

locity at the plant of the particle size-group designated

by a )

SL(cr ) is the projected specific surface area of the foliage
L p (i.e., plant area per unit plant weiaht) in a plane normal

to the particle flux

T is the particle impaction coefficient caused by intercep-

tion and inertia

and

F(w L ) is the dilution function whose value depends on the planting

density or the average foliage surface density.

The experimental measurements, designed to provide separate infor-

mation on the impaction coefficient, consisted in the collection of par-

ticles on greased plates that were set at a series of Pngles, 9, from

the horizonta,: the plane of the plates was kept perpendicular to the

direction of wind by mounting the collecting system with an attached

wind vane on a swivel bearing. The grease film on the surface oif the

plates was used to assure that the value of the retention coefficient for

all plates would be one. After an exposure to depositing particles, the

weight of the collected particles was measured; this weight, after mak-

Ing a correction for background dust, is designated as m (in grams per

square foot). During the exposures the average &ind speed over the

collecting period, designated as vw (in feet per second), %as me.asured

with a hand-held calibrated anemometer.

The basic assumptions used in the relationships- described below in-

clude: (1) for a given exposure or set of measurements of m, the range

of particle diameters in the collected deposits 'as small, so that the

terminal fall velocity of the particles could be represented by an
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average value designated as vf; (2) the wind speed during the time that

the particles impacted was near the value of V; (3) the lag time of the

wind vane was small relative to the time rate of change in the wind di-

rection; and (4) the value of the impaction coefficient depends on plate

angle, particle fall velocity, and wind speed (for a given plate diameter).

To minimize the collection of particles with a broad range of dia-

meters, large or extreme changes in wind speed, and overloading of the

greased plates, short exposure periods were desired. On the other hand,

some extended time was required to collect a sufficient quantity of par-

ticles whose weight was significantly greater than the weight of the

background dust.

Using these assumptions, the basic relationship for defining the

impaction coefficient, 7, is given by

m = Tu sin(e - (2)a

in which ma is the integrated particle flux across a plane perpendicular

to the average fall vector, and is the average angle of fall of the

particles at the height of the collector plates (measured from the hori-

zontal in the direction of the wind). The average terminal fall velocity

of the collected particles is given by

-o -o_o= v tan (3)

The average air concentration of the particles for the exposure period

is given by

C m /(v t) (4)
a a f

where t is the exposure time. The values of 8, fixed by the design of

the collector (see Experimental Procedures), were 0, 30, 60, 90, 120,
0150, and 180 degrees. The values of m for each plate, V , and t were

measured.

The angular arrangement of the collector plates, in which the plate

angles vary from 0 to l0 degrees, produces four general classes of rel-

ative geometries for impaction of falling particles in a horizontal wind

stream; these are as follows:

1. Plate angles between 90 and 180 degrees; both the air and the

particles strike the top or front face of the plates.
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2. Plate angles less than % the air strikes the bottom of the

plates, and the majority of the impacting particles strike the

top of the plates.

3. Plate angles greater than but less than 90 degrees; the air

and particles strike the bottom of the plates.

4. An extension to the third class; a small number of particles

may deposit on the top side of the plates at angles between

and 90 degrees because of turbulence in the airflow over and

around the plates.

Generally, the plate that is set at an angle, e, of 90 degrees from

horizontal would be expected to cause a greater diversion of the air-

stream than would one set at any other angle (assuming the airstream

moves parallel with the surface of the ground). However, the degree of

diversion of the airstream by plate should not be expected to cause a

proportionate diversion of the airborne particles, especially in terms

of the weight of the collected particles. For example, if the angle of

the plate is very near the angle of fall of a particle, only a small de-

flection in the falling trajectory could cause the particle to miss the

plate. Larger particles (i.e., in the size range of concern in this

study) that impact mainly by gravity settling would not be deflected as

readily as would the smaller particles by the airflow around the plates.

These two factors suggest that the plate set at an angle very nearly

perpendicular to the angle at which the particles approach the collector

should collect the largest fraction (per unit projected area) of the

p'irticles In the passing airstream.

If it is assumed, for the first class of geometries, that 7r has a

maximum value at a plate angle, eo (which is about 90 degrees greater

than 1), and that fractional decreases in ' are proportional to the
angular displacement of the plate from @0, a first approximation of the

dependence of T, on the plate angle (because of the change in angle at

which the wind strikes the plate) may be written as

- i - )d( - 8 ) (.5)

where ,. is a proportionality constant hos,. value is assumed to depend

on the average %ind speed and on the average falling vel(wity of the

particles. The factor of 2 Is inserted to indicate that the sine func-

tion must vary a whole cycle for each 180-degree change in @ (i.e.,

the value of , must be the same at o and at @o + 180 degrees).
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Integrating Equation 5 under the condition that 71 is equal to 1°

when e is equal to eo (i.e., 70 is the impaction coefficient for a plate

that is set at the angle e 0) gives

In 1 [l- cos 2(e- eo)] (6)

Combining Equation 6 with Equatior. 2 in logarithiic form gives

n = ,m + In sin(e - - 1 1 - cos 2(e - 9)] (7)a

If it is assumed that e is 90 degrees larger tL.zn for all values

of v and Vo of interest, Equation 7 can be written asf w

in m = In T)0i. + In sin(O - + cos 2(e - j)] (8)

The value of y represents te f:ictio al decrease in 11 for plates

at angles other than 00. If the diversion of the airflow patterns around

the plates increases as the wind speed 'ncreases (as expected), the value

of -y should increase as the wind speed increases. Because the diversion

of the airflow should have a smaller effect on the impaction of the lar-

ger particles than on the smaller particles, the value of -y (for a given

wind ;peed) should decrease as the value of vP increases.
f

For the second class of geom.etries in which the particles strike

the top of the plates (where 8 5 p), geometric considerations suggest

that 71 should increase as the value of (- - @) increases. Since 0 is

alwys less than T, the area swept by a plate decreases as (! - 0) de-
creases; if it is ,)ssumed that the impaction coefficient, for a given

wind speed or for a given value cf , is proportional to the cross-

sectional area of the particle flux swept by tile plate, then the impac-

tion coefficit:.t should be about proportionaal to sin (F- 6)

For the third class of geometries in which the particles strike the

L.Ltom of the plates (where 8 ), geom.etric considerations -uggest that

should approach zero as @ approaches zero degrees and should approach

its maximum value as e approaches 90 degrees. Thus r, shculd be propor-

tional to sin e since this function varies from 0 to I as @ varies from

0 to 90 degrees. For a plate angle of 90 derees or greater, the condi-

tions for the first Qlass of geometries apply. Also, the wind-particle

flus geometric effect- on the impaction coefficient should be similar to

that for the direct impact of the particles for the second class of
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geometries (even though the particles are striking the bottom rather than

the top of the plate). If gravity plays a role in the mechanism, the

value coefficients for the third class of geoetries should be smaller

than those for the second class. The two geometric considerations sug-

gest that the impaction coefficient should be proportional to sin e sin
(e -

Although the fourth class of geometries requiring the impaction of

particles on the top of the plates is indicated only for values of 0

greater than in the above definitions, the effect on the impaction by

air turbulence in back of each plate actually should apply to all values

uf e between 0 and 90 degrfcs. Geometrical considerations suggest that

the effect of turbulence should be nonexistent at e equal to zero and

should be proporti'nal to the cross-sectional area of the airstream

swept by the plate; thus, for turbulent effects, i should be proportional

to sin e. It also is expected that, for a given value of e, p should
decrease as - increases when is greater than e (for a given parti-

cle diameter and plate angle, an increase in - 0 can only result from

an increase in wind speed). Conversely, I should increase as e - in-

creases when is less than e. (If e and -O are constant, e - can
f

only increase if the wind speed decreases.)

If the terrain at the location is sloped and if the plate collector

post and anemometer post are set perpendicular to level, a correction to

the falling velocities is required. Since the air near the surface moves

parallel to the ground, the effective falling velocity of the particles

will be either greater or less than their true falling velocity if the

direction of the wind is either down or up the slope of the terrain. If

the downward component of the wind speed is designated as Z , then thez
average falling velocity of the particles is given by

v =v tanp-V (9)
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EXPERIMENTAL PROCEDURES

A view of the plate collector is shown in Figure 1; the gross par-

ticle or tray collector is hown in Figure 2.

The collector plates consisted of 4-inch-diameter thin aluminum

discs welded to 1/4-inch-diameter aluminum rods that were 6 inches long.

The assembled collector consisted of seven plates mounted 8 inches apart

on a 4-foot rod so that the plane of each plate was parallel to the rod

but at angles of 0, 30, 60, 90, 120, 150 and 180 degrees from horizontal.

The 4-foot rod was mounted on a swivel bearing with a wind vane to keep

the center plate and rod perpendicular to the direction of the wind.

The small rods holding the plates were threaded to accept hex nuts to

facilitate installation on and removal from the main rod. Before in-

stallation, the plates were greased by brushing both sides with a 50-50

mixture of petroleum jelly and xylene; after the xylene evaporated, the

plates were warmed until the grease softened to form a smooth thin film

over the plate.

The particles were recovered from the plate, each side separately,

by warming the plate and washing the grease and particles into beakers

with a thin stream of xylene from a plastic wash bottle. The particles

were collected on filter paper. After the filter paper was ashed in a

muffle furnace, the particles were cooled to room temperature and weighed

on an analytical balance.

The greased plates were transported between the laboratory in San

Jose and the field in a dustproof box. When a cloud of ceniza-arena

particles appeared to approach the land plot being manned, the plates

were quickly mounted on the main rod under cover (in the jeep or a rain

shack) and installed on a prepared post. The 7ength of exposure of the

plates, from the time of arrival of the particles to the recovery of the

sampler, was measured with a stopwatch. The wind speed during the ex-

posure was measured with a calibrated anemometer mounted on an adjacent

post at the same height (8 feet) as te collector.

The tray collectors for making groun '-level collections of the

ceniza-arena were 2-foot-square aluminum trays with 2-inch walls. Thin

aluminum louvers (like a venetian blind) that inclined at an angle of

45 degrees were inserted to minimize blow-out of small particles and



Figure 1

PLATE COLLECTOR
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Figure 2

GROSS COLLECTOR
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bounce-out of large particles. The louvers were held in position by

placement in 45-degree angle slits that were cut into two aluminum metal

strips; with the slit construction, the inserts could be completely dis-

assembled for ease in recovering the collected particles. The estimated

collecting efficiency of this system was estimated to be in excess of 95

percent for particles with diameters of about 100 to 500 microns in wind

speeds less than about 5 miles per hour.
1

The trays were set so that the top of the tray was about an inch or

two above the level of surrounding grassy areas. Open grass-covered

areas were always used as sites for locating the tray to minimize blow-

in of soil or other particles from the immediate surrounding area. To

allow for drainage of rainwater that would be collected during rain

showers, a 3/4-inch hole was punched in the side wall of the tray for

the attachment of a filtering system (see Reference 1 for details).

11i



RESULTS

During the sampling periods from July 1964 through January 1965 of

the seco-d field phase of Operation Ceniza-Arena in Costa Rica, 22 sets

of plate collector measurements were made. The exposure period for the

sets ranged from 6 minutes to about 8 hours, but most of the exposures

were for less than 1 hour. Except for two overnight exposures, the wind

speeds and exposure times were measured as described. Tke weight measure-

ments of the particles recovered from the plates and the exposure times

for each set are summarized in Table 1. The plate deposit densities,

corrected for background dust, and the average wind speed during the

exposure period are given in Table 2. The average deposit density of

the background dust was determined from the collections on the bottom or

back side of the plates set at 0, 90, 120, 150, and 180 degrees; if the

weight of the particles on the protected side of the plates set at 30

and 60 degrees was equal to or less than the largest background weight

on the five other plates, it was also included in 'he average. The data

from three sets for three different wind speeds are plotted in Figure 3.

None of the curves can be represented or approximated by a sine function

as might be described by Equation 2 with a constant value for the impac-

tion coefficient.

The particles recovered frrm most of the plate collector sets were

sieve-analyzed to determine the weight distributions. The samples re-

covered from each plate were sieve-analyzed separately when they were

large enough to do so; the results for these plates are summarized in

Table 3. The single plate data show that the distributions varied to

some extent from one plate to another; however, no pattern of variation

in the shape of the distribution curves with plate angle or with size of

sample is readily apparent from the data.

The data for the gross weight distribution of the particles recov-

ered from all the plates in all sets except Set No. 19 are summarized in

Table 4; weight distribution curves of the particles recovered from the

plates in several sample sets are shown in Figure 4. The values of

dmin, d50 , and dmax given in Table 4 for the particles from all the sam-

pie sets were estimated from distribution curves that were constructed

similarly to those shown In Figure 4. Even though the urves differ

greatly from one another, the median diameter for the particles from all

the sets is near 50 microns.

12
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Figure 3

VARIATION OF PLATE COLLECTOR DEPOSITS WITH PLATE ANGLE
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Table 3

WEIGHT DISTRIBUTION OF PARTICLES RECOVERED

FRCM THE PLATE COLLECTOR (SINGLE PLATE)

Accumulated Weight PercentagePlate

Set Angle (particle diameter in microns) d5a W

Number (degrees) 46 105 250 >250 (microns) (

0,180 7.69 69.2 89.7 100 85 10.4

30 Nil 83.3 100 - (90) 4.5

60 29.3 87.8 100 - 60 20.4

90 19.0 84.8 98.4 100 67 24.6

120 10.3 79.0 100 - 76 24.9

150 15.5 81.7 97,2 100 71 12.3

2 0,180 44.3 85.7 97.9 100 51 22.0

30 35.8 97.4 100 - 53 24.2

60 42.2 97.0 100 - 50 43.9

90 42.4 95.2 100 - 50 62.8

120 39.8 96.0 100 - 51 58.3

150 53.6 97.9 100 - 44 31.1

4 0,180 28.6 98.3 100 - 55 35.0

30 26.8 95.1 100 - 58 15.1

60 22.4 97.0 100 - 58 9.5

90 21.3 94.7 100 - 60 9.7

120 24.8 99.4 100 - 55 18.3

150 25.4 98.2 100 - 56 21.2

5 0,180 37.7 99.1 100 - 50 26.4

30 32.6 95.6 100 - 55 6.8

60 37.1 98.6 100 - 51 9.3

90 32.4 100.0 - - (50) 13.2

120 34.5 I00.0 - - (49) 21.1

150 35.1 98.8 100 - 52 20.7

6 0,180 39.4 82.3 100 - 56 2,374.0

30 42.9 84.5 100 - 52 243.0

a Assuming a log normal weight distribution for diameterp between

about 30 and 105 microns; values in parentheses are estimated values
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Table 3 (continued)

Plate Accumulated Weight Percentage
Plata

Set Angle (particle diameter in miv'rons) d5 0
a  wc

NLumber (dejotees) 46 105 250 >250 (microns) (mg)

6 60 52.4 94.0 100 - 44 496.4

90 37.2 83.4 100 - 57 2.0-9.8

120 35.2 77.0 100 - 62 2.662.8

150 33.7 79.5 100 - 61 2,380.4

0,180 43.7 92.3 100 - 50 76.4

30 42.3 91.9 100 - 51 28.6

60 34.7 91.6 100 - 55 13.4

90 43.3 96.7 100 - 50 8.5

120 40.8 98.5 100 - 50 23.6

150 41.6 90.3 100 - 52 43.3

8 0180 41.0 80.4 100 - 55 36.5

30 37,5 95.8 100 - 51 7.6

60 50.0 98.0 100 - 46 8.3

90 55.9 89.5 100 - 41 31.5

120 46.8 81.4 100 - 49 50.3

150 48.6 80.9 100 - 48 42.3

9 0,180 60.4 89.8 100 - 37 23.7

30 46.0 96.0 100 - 48 7.1

60 61.4 94.3 100 - 41 18.3

90 59.7 90.6 100 - 38 46.0

120 55.7 88.4 100 - 41 56.1

150 60.6 88.3 100 - 36 29.9

10 0,180 31.8 77.3 100 - 63 9.4

30 44.4 88.9 100 - 50 2.4

60 36.9 80.0 100 - 58 8.4

00 61.9 78.8 100 - 28 -4.5

120 38.0 75.1 100 - 60 34.5

150 35.6 74.3 100 - 62 13.4

a Assuming a log normal weight distribution for diameters between

about 30 and 105 microns
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Table 3 (continued)

Accumulated Weight PercentagePlate

Set Angle (particle diameter in microns) d50 a Wc
Number (degrees) 46 105 250 >250 (microns) (mg)

11 00180 27.9 76.7 100 = 66 6.6

30 29.4 94.1 100 - 57 4.9

60 40.7 89.8 100 - 52 14.0

90 41.5 83.8 100 - 54 35.9

120 39.2 81.4 100 - 56 27.5

180 40.0 83.8 100 - 55 9.7

12 0,180 21.1 95.2 100 - 60 16.6

30 9.68 90.3 100 - 70 4.4

60 21.0 95.2 100 - 60 2.7

90 24.7 97.3 100 - 57 5.4

120 8.33 95.8 100 - 66 12.1

150 32.9 97.3 100 - 54 11.7

13 0,180 30.1 84.9 98.6 100 60 7.3

30 13.6 81.8 100 - 72 4.3

60 34.2 89.6 99.3 100 54 7.3

90 41.2 87.8 100 - 53 18.2

120 33.3 86.0 100 - 58 16.2

150 36.2 87.2 100 - 56 8.3

Plate Accumulated Weight Percentage'a a

Set Angle (Particle diameter in microns) d50 w

Number (degrees) 44 88 175 295 >295 (microns) (mg)

14 60 18.5 93.8 99.9 100 - 57 9.2

90 30.8 100 - - - (48) 11.4

120 17.1 92.7 97.6 100 - 58 9.9

15 60 39.6 89.2 100 - - 50 19.3

90 27.5 84.1 100 - - 57 28.8

120 42.2 85.3 99.5 100 - 49 26.8

a Assuming a log normal weight distribution for diameters between

about 30 and 105 microns; values in parentheses are estimated values
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Table 3 (concluded)

Accumulated Weight PercentagePlate

Set Angle (particle diameter in microns) d5 0a

Number (degrees) 44 88 175 295 >295 (microns) (mg)

16 60 38.7 83.1 90.9 94.6 100 51 23.9

17 0,180 47.1 91.5 98.5 99.3 100 46 209.2

30 36.9 84.7 95.2 97.0 100 52 43.0

60 44.4 93.4 96.8 98.5 100 47 55.9

90 44.2 93.5 99.1 99.3 100 47 146.5

120 44.8 90.4 99.1 99.5 100 47 212.9

150 40.6 79.0 87.6 99.4 100 52 194.4

18 0,180 28.6 73.8 96.3 97.5 100 61 88.5

30 23.8 74.6 100 - - 63 20.4

60 31.5 81.6 94.5 96.6 100 56 43.3

90 30.3 90.7 98.1 98.7 100 53 93.4

120 27.9 78.3 99.3 99.8 100 59 123.0

150 28.9 73.9 98.0 98.9 100 61 95.3

22 0 36.0 60.0 87.3 98.6 100 67 65.7

150 39.6 60.3 84.9 99.0 100 63 135.7

a Assuming a log normal weight distribution for diameters between

about 30 and 105 microns
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The shape of most of ;he weight distribution curves, as shown by

those for Set Nos. 3, 14, and 16, indicates the presence of two distri-

butions in the sieved sample. The second distribution was presumably

formed during the sieve analysis by the breakage of agglomerated parti-

cles into their basic soil or mineral grain sizes. As a first approxi-

mation, the curves indicate that, for Set No. 3, about 80 percent of the

weight was in the form of agglomerated particles and, for Set Nos. 14

and 16, about 99 percent of the weight arrived ou the plates in the form

of agglomerated particles.

Collections of ceniza-arena at ground level by tray were made si-

multaneously with the exposure of the plate collector for only a few

sets. Estimates of the ground level collections during other exposures

were made from the deposit records of a modified dew balance (see Refer-

ences 1 and 2). The data for the ground level collections by tray and

those from the modified dew balance records for each plate collector

exposure are summarized in Table 5. The mass median particle diameters

from a sieve-analysis of the particles collected on the trays (some with

overlapping exposure periods) and the average wind speed for the total

tray deposit (see Reference ) are also given in Table 5.

27



Table 5

SUIII4RY OF GROUND LEVEL CENIZA-ARENA DEPOSIT DATA a

Set Tray mgd

';umber Number (gm/sq ft) (microns) (ft/sec)

1 14113 0.1317 59 6.0

2 14176 ( 0 .4 2 )b 57 -

3 14209 0,1038 225 8.5

4 14264 0.1508 47 1.9

5 14265 0.1590 52 9.2
6 14271 19.112 60 2.5
7 14290 (0.124) 54 2.5
8 14335 (0.62) 66 4.1

9 14335 (0.42) 66 4.1

10 14352 (0.30) 63 13.6
11 14352 (0.40) 63 13.6
12 14390 (0.10) 57 7.0

13 14390 (0.13) 57 7.0
14 14573 (0.12) 49 13.2

15 14591 (0.14) 62 16.7
16 14591 (0.14) 62 16.7

17 13502 1.6821 50 -

18 13502 0.8968 70 11.2

19 13509 0.2245 87 4.7
20 06475 0.7982 78 6.6
21 06504 0.3512 86 7.3

22 15036 0.7724 60 5.8

a Locations and sampling dates and data on d.,
and vo are gi-en in Reference 2.

bValues in parentheses are estimated from dew balance

records (as described in Reference 2).
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DATA ANALYSIS

In correlating and analyzing the plate collector data, another

major assumption was that the impaction behavior of the particles varied

with the ratio, Vo/Vo (or cot E), within the limits of accuracy of the
w f

data. This assumption implies the same degree of impaction for the lar-

ger particles that impact under the higher wind speed conditions as

for the smaller particles that impact under lower wind speeds.

The derived values of the constants for Equation 7 (class one geom-

etry) are summarized in Table 6. The applicable plate angles for this

geometry from Table 2 are 90, 12C, 150, and 0 or 180 degrees. Since

Equation 7 contains four unknown parameters, the data for the four plates

permitted a single solution for the value of each parameter; the single

duplicate solution for each set occurs because of the two horizontal

plates. Thus variations in the parameter values because of experimental

fluctuations or error in the data can only be inferred from the dupli-

cate solutions for the two horizontal plates.

The values of e - 90 are plotted as a function of ; in Figure 5; the

points for the paired solutions for each set are connected by lines to

illustrate the degree of variance in these two parameters that resulted

from the experimental error in the m values for the two horizontal plates.

In 14 of the sets, the data of Figure 5 indicate that e is about 90 de-

grees larger than i. In most of the other sets where the points fall

below the line for e equal to ! + 90, the wind speeds usually were high.

If the value of actually was 10 degrees or smaller, slight fluctuations

in the wind speed during deposition combined with the distribution in

diameters of the particle would result in a higher value of m for the

horizontal plates than would occur if the wind speed were constant and

all the particles had the same diameter. Under these conditicns, the de-

rived value of ! would al';ays be larger than the true value.

The dependence of values of y on cot ! and cot (0 - 90), as derived
o

from Equation 7, is shown in Figure 6. The data show that the value of

, has no significant dependence on cot but that its value increases as

the v.lue of cot (e - 90) Increases.
o

The derived values of t and V by use of Equation 8 (class one geat-

etry), in which 80 is set equal to 7+ 90, are summarized in Table 7.
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Figure 6

VARIATION OF yWITH COT 4'AND COT (8-90), EQUATION 7
0

0 x x
xK

; 0.01
ol )a00

AO

* fkAL t TW,20 AT NOI2.N tJG 04"0
PIT AT T! A N o I D(~mkt

.00

33



.0 0 0 Nt

CO 00 (0 0~I 01 01 01 01 0(I 01 0I>1
N v0 00m000000%0000 0

0 z 00O 0 00 00 00 00 0 z zz z0 4 z zz

o M 00 t t 4t D

VoC ~0 v- GNC# 00 0000g
cv)oot.P400 t -4(bF4tin 0

LO 0 -U * o;

v wr o20 ~0 Nv NN o t 0M ( 0 WZ 0 Iz0 00 00 00 zz 00
0 (D 0 l o0oIV0 v wtnvCDwtoZ
1-4 m me 2 2 ~ ~ C LO q C - nmi o4

0 0 Nm0 qC q0 C40N 0t 00 0
r4- jwV o m o c) 00 q. 00 q o r

.0 14 I ~0 0 N Cq 0 M~ toW v P-4 -1 C OO to 0 C4A

C; C00 C; 00C; C; ; C; 0* t~ 0 04 0

F-4 e Oqi v~N in 'T. cq00to00 4C
0 0 000o00 0 00 00 00 0 00 0 0 0 0 m En WE

~~ ~WCO~~ino(W ia

00 m t - -m0 00 0 0 0 T0wN&mN N00 000

01 CO 0 0 0 0 0 - -

0

;4 4 N N m N t t totD w i



to

0

0 V 0 44 r
CN G t- 0 M IT m r40 a

OD .0CNI mv t- v v
t% ww w r4 m 00 m (D0

M 0~0 ~0 c 00 0 e
o z z 0 0 0 00 00 (

uv~q4A% 000 CDt o 0 4t 000 0 0 c
m *cY rYY 0 bc)C l 0VC)V

~~c'~)4J 114~~-~
000C 0 0.

z z 0 00 0 z00 00 0 00 00 clt v0

w w~0 0 0 ZOOO vO v 0 0) ov-

N~ 0 t% 00 ltf Cm

o I b rn i2MCh0cN mt CNWI~4 n 00
0 0) * 

0*

;4 -v 000
mI M0 00 (il C4I o .k0l

M W-~ I9-'So go(7 (1 m l

-1 ko - 19 la 19- -a

0 0 m

'9 4 rn Z 0 0 ~ 0 O 0 m6 (b a 0 0 0
1 iV!1 ~ C CC Y-.44 10f -4 -4 111

00 0 000

)- 4..1 4Q~ ~ , Is 911 0n~O

to N0 0 ~ 00000

00 0 4 0

W 31 . - 2Y -. C N 0 A540l
00 . 00

35



Equation 7 contains only three unknown parameters so that for each set

of data 4 to 8 paired values of ! and y are possible; in some cases two

solutions occur for combinations of three data points. The summary of

Table 7 shows that for the sets where ip is small (high wind speed,

small particle diameters), no solutions occur for the combinations that

include the m values for the horizontal plates.

There is one additional estimate of the value of for each set:

the data for the plates of class three geometry (particles deposited on

the bottom face of the plates at 30 and 60 degrees and the front face of

the plates at 90 degrees). For these plates, it was assumed that the

impaction coefficient is proportional to sin(e - 40 so that

M TN -ai1- cos 20B (10)
0

The values of T] m and c for Equation 10 as derived from the m values for
a

the class three geometry deposits are summarized in Table 8. For the

cases in which Equation 10 gave two solutions for c and TIm a, both sets

of values are listed; one solution, however, gave values larger than

the lowest value of e used in Equation 10.

Using the parameter values of Tables 6, 7, and 8, the relationships
shown in Figures 5 and 6, and the above discussion regarding the latter,

it is concluded that the impaction data for the class one geometry are

represented better by Equation 8 than by Equation 7. The data of Table

7 were therefore further analyzed for consistency with respect to the

vals of y and their dependence on cot P (or /;v). For most sets,

this analysis resulted in the selection of one set of solutions for p,

y, and r°m from those listed; in a few cases, average values of the
a

constants were taken. The selected values of the parameters are given

in Table 9; the values of y are plotted as a function of cot ( in Fig-

ure 7. The line drawn through the points I- g1- 4.n by the equation

1/2 
1/2-

y = 0.230 / 0.230 cot 1 p (11)
w f

In deriving a relationship for representing the dependence of the

impaction coefficient on the 0 and r for the class two geometry, the de-

rived values of 0°m and given in Table 9 were used to calculate the
values of T1/o for the plate angles of 30 and 60 degrees; in this form,

the values of T1 for this geometry are relative to o for the class one

geometry plates. The value of I for the plates at 0 and 180 degrees,

from Equation 8, is given by
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0(0) =ioe-y(l + cos 
1)

In anaiyzing the data for the class two geometry sets, the impaction
coefficients for plate angles that are larger than zero degrees were
evaluated relative to those for the horizontal plates; the general form
of the equation for the impaction coefficient used in the analysis of the

data is given by

11 (I + At) 1(0) sin(y - 6) (13)

sin p

in which At is a correction term whose value depends on c and 8 in such
a way that it becomes zero where 8 is zero. Initial plots of the derived
values of At as a function of cot p indicated that At was about propor-
tional to cot 2P and that At/cot 2 decreased as - B decreased (at least
for - 8 values larger than 2 or 3 degrees). An exponential form for

representing this decrease of At/cot2 ( with angular spread was selected;
and, since At must be zero at 0 equal to zero, the argument of the expo-
nential must contain the term -cot 6. Further analysis of the data
indicated that the calculated values of At were represented fairly well by

1/2-o2. -2.02 cot B ot p
At = 60.0 cot 2p e , c e co (14)

0 2. 1/2-
The calculated values of T/ ° , At/cot p, and cot 0 cot cp for each

set at the plate angles of 30 and 60 degrees are summarized in Table 10.

The variation of At/cot 2c with the argument cot e cotl/2c is plotted in
Figure 8. The large divergence of the point for Set No. 18 could be due
either to a small error in the selected value of or to the fact that
the distribution of particle diameters would always give high dcrived

values of 11/11° and other parameters. If the distribution resulted in a
small but measurable value of m where was equal to e, the derived value
of At/cot 2 would be infinity.

The overall equatioii for the deposit density of particles on the

plates for the class t*" geometry is given by

0 2 -(l + cos
me (I + A.) sin ( e - ) (

sin "(

where y is given by Equation 11 and %t is given by Equation I.
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Figure 8

VARIATION OF In ( /cot 2 #) WITH cot 0 cot 2, CLASS TWO GEOMETRY
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The general equation used for correlating the impaction data for
the class four geometry plates is given by

= A' sin = 0 to 900  (16)
t

e 1/2
The data for 61 are plotted as a function of sin (e -( ) in

Figure 9; the line drawn through the points is given by

1/2
0 1 -1.05 sin 12(e - )

At = 2.0 e sin (8 (17)

so that, for the class four geometry plates, the particle density on a

plate is reprosented by

1/2
0 -1.05 sin/2 - c)

m = 2.0 °m a sin 8 sin(@ - (p) e , 0 (18)

The value of m in Equation 18 approaches zero as 8 approaches zero

as it is desired for a single particle diameter and constant wind speed.

Under field conditions where the deposit consists of particles with a

range in diameters and where some degree of fluctuation in the wind

speed occurs over the disposition period, the plates at angles where

e - 4 is small will usually collect more particles than that estimated

from Equations 15 and 18. The relative increase in the deposits as a

result of these effects is shown by the scatter diagram of the T/'1(0)

values in Figure 10 for 10 - fl values up to 12 degrees where the ratio

approaches unity. The correlation line shown in the figure yields the

following representation for r[ (class two and four geometries):

-10.5 sin 12' (19)I-2 = 10.0 1(0) e - 12 (19)

Thus for the impaction of particles with a distribution of diameters,

the value of T for deposits on the top side of the plates, when e is within

12 degrees o; , is estimated from Equation 19 instead of 15 and 18 for both

the class two and class four geometries.

The impaction data for the class three geometry plates, where the

particles impact the underfaces of the plates between 0 and 90 degrees,

are summarized in Table 11; the date for the plates at 30 and 60 degrees

were correlattd by comparison with the impaction coefficient of the

pla~e at 90 degrees using the general expression
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Figure 9 1
VARIATION OF In AWITH SIN (e4),CLASS FOUR GEOMETRY
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Figure 10

VARIATION OF In [17/17(0)] WITH sin I' 1FOR LOW VALUES OF j4-
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o sin(e - 4),sin e) [(90) + b] ' e > (20)=o_~~~ ~ sl<- in iOco s

in which

%Oe90) 7 e-Y(l - cos 20) (21)

and A b is a correction term whose value must approach zero as 0 approaches

90 degrees. Analysis of the data indicated that varied inversely with
2- b2 ivreywtcos'p; the exponential decrease of the product Ab cot 2 with the argument

tan e tanl/21, is shown in Figure 11. The regression line shown in the

figure yields the following representation for tb

1/2_

-390.0 e
3 39 tan e tan O(Ab = 9. ~ 2 (22)

Cot Y

The scatter diagram of the impaction coefficients for particle de-
posits on the bottom side of the plates at small values of e - 4 and for

impactions where > e is plotted in Figure 12 as a function of

sinl/2 10 - . The regression line is represented by

= 6.8 'n -8.05 sin - e1 _ 60(23)

Thus, for impaction of particles with a distribution in diameters,
the value of ' for deposits on the bottom side of the plates, when 8 is
within 6 degrees of , is estimated from Equation 23 rather than

Equation 20 for the class three geometry.

Although no absolute collector was available for calibruting the

plate collector system for evaluation of 'n0 ('Io represents the impaction
coefficient of the plate whose plane is perpendicular to the average

fall vector of the particles), 4n approximate evaluation of TI° was made
by using the tray collector as a reference standard. And, since the

efficiency of the tray -Illector set at ground level has been established

to be very close to 100 percent for particles with diameters of about 100

to 300 microns in wind speeds of 0.5 to 5 feet per second, the correla-

tion of the plate collector and tray collector data would, in effect,

relate the impaction coefficients of the plates to the collecting

efficiency of the ground.

The estimated values of 1o, relative to the collecting efficiency of

the tray collector, and the computed values of the effective average
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Figure 11

VARIATION OF In A bcot' WITH TAN ,CLASS THREE GEOMETRY
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Figure 12

VARIATION OF In (/O)WITH SIN' -6I CLASS THREE GEOMETRY
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diameter of the particles, dv, are summarized in Table 12. The computed

values of I are plotted as a function of /_v (or cot t) in Figure 13.
wNf

The line drawn through the data points is given by

0 0 0
= f/Vw = tan p (24)

The data of Figure 13 indicate that the two collectors (i.e., the
tray and the plate that is perpendicular to the average fall vector of the

particles) have the same impaction or collecting efficiency when the fall
vector is at 45 degrees from the horizontal. The limit of reliability of

Equat, ', 24 (and the data of Figure 13) is probably limited to VO/VO val-- w f
ues that range from about 0.5 to 5.0 and to the v, values associated with

p rticles whose diameters range from about 30 to 00 microns. It is un-

likely that the collecting efficiency of the perpendicular plate, relative
to that of the tray collector, would increase indefinitely as the wind

siee(' lecreases or as the particle fall velocity increases. Nor is it

lL.ely hat the relative collecting efficiency of the perpendicular plate

would detrease indefinitely as the wind speed increases or the particle

fall velocity decreases. More probably, the efficiency of both collectors

would appr(ach unity as the wind speed approaches zero, and the relative

efficiency k' the perpendicular plate would become greater than one at
larger values of v'/iv. However, as previously discussed, the absolute

Po w fvalue of 11 should become zero for small particles for a given wind speed.

The varihtion of the mass median diameter of the particles recovered

frow ?' e tray foollectors with the effective average diameters of the fall-

ing p,-ticles, :is computed from the plate collector data, is plotted in

Figure . The line drawn In the figure represents the relationship that

would be expecteu for the deposition of discrete solid particles. Although

some errqr exists in the computed d. values because of an error in the

estimated ".'alues of and uncertainties in the associated wind speeds, the

expectel relationship for solid particles is indicated for only two sets
,nne point above the curve required an estimate of the vertical component

of the wind speed). In all other sets, the value of dSO from the sieve

analysis is nuch lower than the computed value of a . In these sets,

Ute particies that fell were therefore agglomerated particles that broke

apart eithvr rn impact with the plate or in the process of sieving. The

extreme case oi agglomeration, from the data of Figure 14, is for a d.
value o! 305 microns and a d5 0 value of 54 mluc-ons.
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SUMMARY AND CONCLUSIONS

Impaction data for a plate collector exposed to falling particles

that were produced by explosive eruptions of volcano Iraz6 were correla-
ted, and approximating functions for representing the impaction coeffi-

cients of the plates were derived from the data. The arrangement of the

plates at 0 (180), 30, 60, 90, 120, and 150 degrees from the horizontal

provided four classes of impaction geometries.

An approximate relationship between the impaction or collecting

efficiency of the plates and the tray collector (or the ground surface)

was also derived.

The plate collector data were used :o estimate the effective average

diameter of the falling particles, and, with a few exceptions, this diam-
eter was always greater than the mass median diameter determined from

sieve analysis of the particles. Thus it was concluded that, in the

majority of the particle showers, the particles fell and impacted as

agglomerates of many smaller particles.
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