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SUMMARY

The objective of the final report on the 2-year investigation

of the possibility to clear a military smoke cloud with scavengers

dropped into it was to perform an experimental and theoretical study

of the scavenging efficiency of nonspherical collectors in a smoke

consisting of particulates with diameters between 0.1 Pm and 10 pm.

The type of swinging motion of differently shaped collectors with

sizes ranging from several mm to several cm received prime attention.

A pilot study has also been performed with models falling through

a slight horizontal wind and with mesh type models falling in a

quiescent medium. During several experiments the number of smoke

particles deposited on models was evaluated. Finally, the effect

of many collectors, settling in a smoke cloud, on the visibility

thrcugh the remaining smoke has been assessed.

The experimental study of smoke particle scavenging in a quies-

cent medium with the light extinction measurement was made in a

large cylindrical chamber and for comparison, several models were

placed in a small horizontal wind tunnel. A large environmental

chamber with a horizontal flow of about 1 m s- was used for the

observation of the scavenger motion at side wind conditions.

All results of the pilot experiments and theoretical studies

on scavenger orientations and smoke particle scavenging can be

summarized as follows:

A survey of parameters dcscribing the st.Llinc of nonsrherial

scavengers such as disks, hexagons, triangles, ellipses, squares,

rectangles and mesh tyoe models for settlinq in quiescent air and

at a side wind has been obtained.
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The experiments with disks exposed to smoke particle flow in

a wind tunnel showed that particle deposition on the rear side of

a collector represents a significant part of the total scavenging

effect and that the deposition on the front side of a stationary

disk can be reasonably well described by some of the existing

models. The estimated scavenging efficiency of the disks in this

II
arrangement is between 0.8% and 3.0%.

tinder the experimental conditions used, dropping of a large

quantity of paper punch scavengers into a smoke cloud might lead to

the improvement of a visual range up to 29% after the first dropping

and up to 9% after each of the subsequent droppings.

4



PREFACE

The work described in this report was authorized under Project No.

1L161102A71A-D, Aerosol/Obscuration Science. The period covered by

this report is from March 1979 through March 1981.

Our 2-year investigation of scavenging techniques for clearing
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1. INTRODUCTION

The idea to clear a military smoke cloud with scavenging tech-

nique stems from the observation of very small droplets and aerosol

particles on the surface of falling ice crystals (figures D-1 and

D-2 in appendix D). 1, 2  These findings do not agree with the low

collection efficiency of spherical scavengers (water droplets)

found by several authors, or with only 1% to 4% scavenging efficiency

of ice crystals collecting particles of 1.0 to 3.4 um in diameter

reported by Sood and Jackson.3 On the other hand, the studies by

Starr and Mason, Sasyo,5 and Yue and Podzimek6 and some theoretical

calculations (e.g. Pitter et al. 7) indicate a potential use of the

technique of nonspherical collectors for an effective particle

scavenging.

Without analyzing all mechanism potentially contributing to

an effective scavenging by a nonspherical collector (e.g. electro-

static, diffusiophoretic forces), one can ask first some very simple

questions: Do we know all about the motion of nonspherical collec-

tors and, consequently, does not the additional motion superimposed

to the main trajectory of falling models influence the collector's

scavenging efficiency? Is the deposition of particulates on the

rear side of collectors in a specific domain of collector and par-

ticle sizes significant? What is the effect of many collectors

released simultaneously, and is there a *falling scavenger zone"

effect helping to deposit the smoke particles on the ground?

In order to answer these and similar questions, a 2-year research

*Podzimek, J., and Yue, P.C. Clearing of Military Smoke Cloud with

Scavenger Technique. pp 35-37. Proposal to U.S. Army Armament R&D

Command. January 1979.
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program has been undertaken which encompasses a thcoretical study,

a literature survey, and a broad experimental effort with the main

--al that of finding a promising basis for a detailed study. Report-

ed here are the results of that exploratory study. The motion of

falling scavengers, the deposition of smoke particles on a scavenger,

the effect of a large population of scavengers, and the scavenqer

"falling zone" effect on light extinction are discussed.

2. MATERIALS AND EXPERIMENTAL APPROACHES

Models for scavenging included different shap~es, disc, strip,

hexagon, triangle, L-type models, etc., with sizes ranging from

several millimeters to several centimeters. (see table D-1 in

Appendix D). Emphasis was put on the use of the most common

inexpensive materials (paper, styrofoam) which were available in

large quantities (e.g., punch card pieces). For measurement in an

aerodynamic wind tunnel, models of other materials such as plexiglas

and stainless steel were used. In order to reach a hich scavenging

efficiency, certain collectors, each a riqid fine me3h of synthetic

fibers, were used mainly for experiments in a quiescent smoke cloud.

Three different types of smoke aerosol were used: sodium

chloride, titanium chloride, and red phosphorus.

2.1 Smoke Aerosols.

2.1., Sodium Chloride.

The sodium chloride (NaCl) aerosol was generated from 0.911,

by weight, salt solution in water with a fluid atomization generator

(Environmental Research Coro. Model 7300 with a collision flow of

4 lpm and a dilution flow of 2.7 1pm). Filtered air or nitrogen was
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used for the dispersion of the aerosol, the concentrations of which

reached nearly 300,000 cm 3 at the source. The size distribution

of NaCi aerosol is presented in figure D-3, which shows that the

aerosol contains more than 31% by number in the 0.02- to 0.06- um

(diameter) size range and more than 72% in the 0.02- to 0.08- um

size range. Sodium chloride aerosol was used only for some prelim-

inary studies of deposited aerosol particles on models covered by

a gelatin layer sensitized by 5% silver nitrate solution. A detailed

description of this technique is given elsewhere. 8

2.1.2 Titanium Chloride.

Titanium chloride (TiCl4) smoke was generated by passing

humidified nitrogen through a vessel containing liquid TiCl 4. At

a nitrogen flow rate of 10 1pm, we usually obtained a fog with initial
-3

particle density as high as 100,000 cm . This concentration was

measured by a Gardner counter. The X-ray spectrum analysis of parti-

cles deposited on an electron microscope grid revealed that apparently

most of the particles were composed of TiCl 4 (fig. D-4). The size

distribution of TiC14 in figure D-5 was plotted from scanning

electronmicrographs. It shows that particle diameters between 0.4

to 0.8 um have the highest frequency. The majority of these parti-

cles have spherical shape (fig. D-6).

2.1.3 Red Phosphorus.

Red phosphorus particles were generated by burning the oowder

in a Spinning Disk Aerosol Generator and venting it into the aero-

dynamic wind tunnel. The aerosol has mixed shapes as shown in

figure D-7. The majority of aerosol deposited on an electron

19



microscope grid had spherical shapes, which at a relative humidity

around 30% reveal their highly hygroscopic nature. However, there

are many aggregates showing a fiber-like structure with very fine

deposited particles - probably room air aerosol. Tie particle size

distribution curve in figure D-8 features a broad size spectrum,

with the majority of particle diameters between 0.95 and 1.50 pm.

For comparison,- a size distribution curve for titanium chloride

aerosol is plotted in the same diagram.

2.2 Experimental Facilities.

The main experimental facilities used for scavenger motion

and particle deposition were a large cylindrical settling chamber

for experiments in quiescent smoke cloud, a large environmental

chamber with circulating air flow for observance of scavenger

settling at side wind conditions, and a small aerodynamic wind

tunnel for the study of particle deposition on quiescent and slightly

oscillating models. Many experiments with settling scavengers were

also performed in a simple cylinder of plexiglas with an internal

diameter of 23 cm.

2.2.1 Large Cylindrical Settling Chamber.

This chamber, 0.78 m in diameter and 1.6 m in height, is com-

posed of a glass frontal half-cylinder and an aluminum half-cylinder

(black-coated inside). The two half-cylinders are jointed by

grooved slats. At the top and bottom are aluminum lids; the one

at the top has an opening in the center into which models are

dropped. In the side wall are several openings enabling the intro-

duction of smoke, and the withdrawal of samples for measuring

particle size distribution. Above the bottom plate is a large

20



opening through which the sampling device for settling scavengers

is inserted or pulled out. This chamber, adapted from the facility

originally used for washout study, is equipped with a light extinc-

tion measuring system (developed by Dr. J. L. Schmitt for the Cloud

Simulation Chamber) and a recording and evaluating system (designed

by our research assistant, Mr. D. E. Reed). The light source is

a "modified" moderately intense red light emitting diode (Fairchild

FLV-104 red LEDO). The detector is a silicon photodiode (Bell and

Howell, Model 520). The output of the photodiode is measured with

a digital voltmeter and may be recorded by two devices: a digital

recorder (Hewlett-Packard, Model 5055A), which prints the data at

1-or 10-second intervals, and a Wang Calculator (Model 380K/380-2K).

The latter, with interface and associated electrolics, calculates

the extinction and prints the data via an IBM typewriter at intervals

selectable from 5 to 999 sec. Rough calculation indicates that the

light extinction meter is accurate to 0.02% over short periods of

time and drifts less than 0.2% in 2 hours of measurement. The

setup of scavenging experiments in this chamber is presented in

figure 1. The main parts and the wiring diagram of the light

extinction measurement are apparent in figure D-9.

2.2.2 Large Environmental Chamber.

A chamber originally used for an Army program was adapted

through substantial changes as a large environmental chamber.

The main experimental space of this chamber (4.10 m long, 1.70 m

wide, and 2.00 m high) was divided into two parts, one of which

(adjacent to the frontal wall with windows) was converted into

21
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a "two-dimensional" aerolynamic wind tunnel with an effective

cross section of the experimental space of 1.80 x 0.65 m (fig. 2).

-' The air is drawn out by ventilators (outside of the chamber) and

circulates back to the entrance of the experimental space. The

air can be bypassed through the charcoal layer and absolute

filter system. The maximum air velocity which can be reached in

• the measuring cross section is several meters per second.- The

models are dropped through an opening in the ceiling. Their path,

illuminated by a stroboscope (.1531-AB Strobotac Electronic

Stroboscope, General Radio), is recorded by a photographic

camera located in the front of a Plexiglas tunnel wall inside

the chamber. The vertical profile of the horizontal component

of the air velocity (fig. D-10) reveals that, after several

attempts to make the velocity vector distribution more uniform,

we succeeded and obtained a reasonable uniform profile for

horizontal velocities around 0.7 meters per second. The pictures

from only one camera do not allow an accurate evaluation of the

position of a drifted scavenger. However, from the model size

in the camera image plane and from the photographed scales in

the wind tunnel, the possible error in locating the model was

estimated to be less than ±10% of the camera distance from the

model (approximately 50 cm).

2.2.3 Small Aerodynamic Wind Tunnel.

A small aerodynamic wind tunnel (Scott-Engineering Sciences,

Pompano Beach, FL) with a test section 13.0 cm in diameter was

used for most of the laboratory studies of aerosol deposition on

scavengers. The entrance of the wind tunnel was connected with
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an aerosol generator (e.g., Spinning Disk Generator) and the outlet

was extended into a fume hood (fig. 3). The calibration of the

velocity in the test section was made with a hot-wire anemometer.

For comparability of wind tunnel measurements with settling

models, a velocity of around 1 meter per second was prcferred. The

models were attached to the tip of a needle. A special device was

made-for future experiments with particle deposition on slightly

swinging models.

2.2.4 Other Instrumentation.

Other instrumentation was used mainly for particle measure-

ments, particle sampling and evaluation in a transmission and

scanning electron microscope, and in the laboratory for optical

microscopy. The instruments listed below were used in accordance

with instructions supplied by the manufacturer:

Gardner Counter Cat. 70.004G-2 Serial 1250; Gardner Assoc.,

Schenectady: Used for Aitken nuclei (particles with r 4 0.1 um)

counting in the concentration range 100 to 100,000 AN cm- 3. Manual

I operation - discontinuous measurements.

Laser Cavity Active Scattering Aerosol Spectrometer (Knollenberg);

Model ASAS-300A; Particle Measuring Systems Inc., Boulder, CO: Used

for the measurement of particle size distribution and concentration

in five particle size ranges: 0.157 - 0.336 pm, 0.284 - 0.748 um,

0.355 - 1.160 um, and 0.639 - 3.000 um. Continuous recording of

15 size groups in each range.
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1 WET-AND DRY-BULB THERMOMETERS

2 ROTOR FAN

3 WIND CHANNEL

4 HONEYCOMB FLOW STRAIGHTENER

5 DEW POINT HYGROMETER

6 CLIMET PARTICLE COUNTER

7 MODEL SUPPORT

8 TEST SECTION

9 CHANNEL EXTENSION

10 THERMOMETER

11 AEROSOL INLET

12 HUMIDIFIER

13 AEROSOL/FILTERED AIR STORAGE TANK

Figure 3. Arrangement for the Deposition of NaCI Aerosol
on Models in the Horizontal Aerodynamic Wind
Tunnel

(In the case of using TiCi or red phosphorus
aerosol, thc humidifier (i•) and the aerosol
storage tank were replaced by a Spinning Disk
Generator, ane the outlet was extended into a
fume hood.)
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Electrostatic Aerosol Sampler - Model 300; TSI Inc.,'

St. Paul, MN: Used for sampling of oarticles for transmission and

optical electron microscopy; particle size range between 0.02 an1

10.00 um at a flow rate 5 to 10 !pm.

Particle Size Semiautomatic Evaluator TG%3 - Carl Zeiss,

Germany: Used for the analysis of particle photographs from an

optical microscope, transmission or scanning electron microscope.-

* Data are recorded as a function of linear or logarithmic scales

of particle size.

Transmission and scanning electron microscope (with the X-ray

spectrum energy analyzer) were freauently used in the vniversity's

central laboratory.

2.3 Experimental Approaches.

The methodological approach to the study of the scavenqer

motion and particle detposition can be summarized in the following

way:

A theoretical analysis of the forces and unvironmental param-

eters affecting the scavenger motion in the domain of Reynolds

number (Re) beyond the validity of the Stokes resistance law will

enable one to establish the decisive factors which should be

measured for obtaining the simplified trajectory of a scavenger.

In the first approximation, models symmetrical in one plane will

be tried first, and their trajectory deduced from stroboscopic

pictures will be compared with a simple model. This semianalytical

approich is supposed to be the most promisinq with regard to the

mathematical difficulties encountered while solving a system of
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nonlinear equations. A simple scavenger trajectory will be used

for estimating the volume of air with smoke particles swept by the

falling scavenger and, assuming a known collection efficiency,

for calculating the number of deposited smoke particles.

Expeiimental approach will be based on scavenger trajectory

deduced from stroboscopic pictures and on direct particle counting

on the surface of a specific model in the optical or scanning

electron microscope. The cardinal question which has to be answered

is how far an experiment done in a wind tunnel is comparable with

the evaluation of the same particles deposited on a freely falling

scavenger of the same type.

Finally, one cannot completely exclude an empirical approach

in investigating the effect of a large population of scavengers

on clearing a smoke cloud. This approach, althouch less elegant,

is based on the application of a large number o- scavenaers of a

specific type and size falling through a homogeneously dispersed

smoke cloud in an experimental chamber and measuring the light

extinction. Also the "recovery time" of light extinction after the

scavenger zone fell through the smoke seems to be an important

factor for judging the efficiency of a specific scaivenging process.

In all of these approaches, the smoke particle concentration and

size distribution should be measured before, during, .nd after

the scavenging experiment.

There are basic difficulties, however, in s, :ng the scav-

engers (with deposited smoke particles) for microscopical inalysis.

The scavengers reaching the bottom of the chamber are immediately

contaminated on their front sides by the smoke narticles which
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settled before on the substrate where the scavengers are collected.

On the other hand, the rear sides of the scavengers are covered

settling smoke particles while the scavengers are resting on the

substrate. For this reason, a simple probe with a lid was de-

signed which allows sampling of scavengers for a relatively short

time when the scavengers have just reached the probe. The distor-

tion of size spectra of deposited particles on scavenqers cannot

be avoided, mainly in the domain of large particualates.

3. METHODS

3.1 Motion of Falling Scavengers.

The knowledge of scavenge: motion durinq fall is of Drimary

importance for calculating the scavenging efficiency of a non-

spherical collector in a smoke cloud. Such knowledqe enables

calculation of the mean settling velocity, the area covered by an

oscillating scavenger, and its detailed position (angle of attack)

along the trajectory. The important parameters of similarity which

must be observed in order to perform meaningful laboratory experi-

ments can also be determined.

9,10Our previous experiments made with plate and columnar

type models falling in a large tank filled with qlvcerol-water

mixtures, and our current task to study scavenger motion in the

air ' led to the division of the mode of a fallina nonspherical

scavenger into five main groups characterized by: arbitrary

motion, steady motion, regular oscillation, slidinq, and tumbling.
12

Several of these modes have been described by Stringham et al.,

*Podzimek, J. and Yue, P.C., op. cit.
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and others. These modes are usually related to the value of

Reynolds number (Re), although in several modes other parameters

of similarity might play an important role. Therefore, in case,

e.g., of a falling disk, its arbitrary position is found at

Re < 1, steady fall for 1 < Re < 100, regular oscillation for 100

< Re < 1,000, gliding (slipping) for 1,000 < Re < 5,000, and

tumbling for Re 4 5,000. The transition from oscillation to gliding

and tumbling is not well defined, especially for paper models with

slight irregularities falling in the air. In figure 4 we compared

our measurements of disks falling in liquids (marked with crosses)

and from the air (marked with triangles) with the measurements

by Stringham et al.12 and by Shemenauer (1969). 13 From all the

measurements and studies performed by many authors, it is clear

that only the case of steady fall can be treated analytically

or seminalytically for Re < 1.0 and numerically for Re < 100.0,14

and one can hope to obtain least a qualitative picture in de-

scribing regular oscillation and gliding. The analytical treat-

ment of particle deposition on an oblate or prolate spheroid 1 5

reveals that one can probably expect a scavenging efficiency for

a very thin oblate spheroid in a population of particulates with

diameters of around 1.4 pm of around 5.5 x 10-2 for 1.0--mm disk

type scavenger. In addition, the inclusion of electrostatic and

thermo-or diffusio -phoretic forces can increase this value by

one order of magnitude under favorable conditions. 16,17 It was

concluded that Brownian diffusion dominates the deposition of

particulates with r < 0.1 um, phoretic forces in the range 0.01

< r < 0.1 um; electrical forces act in the range 0.01 < r < 5.0 um,
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FALLING DISK x =GLYCEROL-WATER
S•AIR

10=

c oz STEADY FALL OSCILLATION- SLIP TUMB.E

101

ARBITR. -
POSITION X

-. .. - STRINGHAM et al, (1969)

SHEMENAUER (1969)

10 !0' I00 10a Rez 10'

Figure 4. Different regimes of a falling disk and its
C = f (Rem) curve

AI

I,~ C

Figure 5. Some of the parameters Featuring the Two-Dimensional
Motion of a Settling Scavenger: Velocity Components
V , V ; Model Axes d, c; Amplitude of the Motion A

(In addition, the angular velocities around the axes
x and y (w , w_), the angle of attack a, mass of the

scavenger m, crass section S, and scavenger mean density
Ps are also considered.)
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and inertial forces prevail for r > 0.1 um. Our conclusion is

that, apparently, the regime of a steady fall of a scavenging

disk does not produce the sought high efficiency of plate-type

crystals found by several authors in nature. The logical

conclusion was to investigate the oscillatory, gliding and tumbling

regime which can under specific conditions (unsymmetrical crystal

riming, shear wind, and turbulence) develop in nature. This

study should be extended later into the domain of electrostatic

and phoretic forces.

The oscillation and sliding was first observed on disks (and

on other nonspherical models too) in quiescent air. Time-lapsed

carera pictures and stroboscopic record combined with the knowledge

of the geometrical parameters of the model and with the known param-

eters of the medium enable one to identify the following elements

of each experiment (fig. 5): scavenger velocity V4(Vx, VyI V )

angular velocity x' y'W z , and angle of attack a along the

trajectory; total mass of scavenger - m, surface area - S; major

ane minor (thickness) axes - d,c; and scavenger mean density - ps

Analyzing the scavenger velocity and angular motion, one obtains

information about the driving force F. From the scavenger trajectory

one can deduce the mean frequency of oscillatory motion - n and

the corresponding amplitude A. In addition, we know the medium

density pf and the dynamic viscosity w. The properties of

scavenger surface and electric charges are neglected in the first

approximation.

Because some of the measured parameters can be neglected or

expressed by others, we found, finally, the following dimensionless
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parameters important for the description of scavenger motion

(in one plane):

A p

• •• f d 2 f2V _

f P f F

V
d-n f; A __x

Combi~nation of (P -c)/(Po-d) leads to Wilmarth's stability number I

(for disks I = (rpsc)/( 6 4 pfd). The Best number can be obtained from

CD and Re (Be = CD Re . The ratios V x/Vz can be expressed by other
2parameters, so that the A/d, shape factor (S/d ), and the frequency

(Strouhal) number f = (d n)/V are with the Reynolds and Best number

and Wilmarth's parameter the most important factors featuring the

free-falling collectors. The simplified picture of two-dimensional

motion of a scavenger does not necessarily reflect the real motion

of a falling scavenger, which oscillates in a plane which regularly

rotates. In our earlier experiments with models falling in liquids,

the period of a rotating oscillatory plane was of the order of sev-

eral seconds.

The domain of scavenger Reynolds numbers during our measure-

ments in quiescent air covers, in the case of disks, a steady fall

regime with very slightly perturbed trajectory (at Re equal to

several hundred), regular oscillation with a large amplitude

(around Re = 1000), and gliding )at Re > 1000). Exceptionally,

a regular tumbling was observed. Models other than thin disks

performed differently. For instance, an L-shaped paper model,
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several times, showed an intense rotation around a %-axis.

Fox reasons of systematic investigation, a two-dimensional model

is described of a falling disk or square based on several simplify-

ing assumptions, such as the independence or predetermined

dependence of the disk drag and lift coefficients on time (or

position) along the trajectory of its motion. Accordinq to the

figure 5, the forces acting on a thin-plate type model can be

expressed in the form
m du -D sin 8 + L cos B (1)

idt

m = - D cos 6 - L sin 8 + mg . (2)
dt

In addition, the moment of aerodynamic forces (couples) which

tends to kipp the plate is approximately

d a= Pa (U2 + w2 ) is (CD sin2 a + CL Cos•) (3)

dt

Equations (1), (2), and (3) can be deduced from the more general

system of equations describing the plate motion in three dimensions

(Note a of appendix A). The lift L and drag D are expressed in

terms of model geometry, velocity, and mediam density

D = C a (u 2 + w2 ) S ; L = C a (u2 + w2 (4)
2 L-2

Equations (1), (2), and (3) indicate that measuring u, v,

* and 8, and the time derivatives of u, v, and a, one can obtain

a picture of plate (scavenger) motion. A considerable simplifica-

tion of this description can be obtained if one assumes the equi-

librium of forces according to Eqs. (1) and (2) where cosa = u

v
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and sin8 =w. Then

du C Oa% sinB 2 Pa 1 2mt L 2 CLS2 - CD -1 cSe u 5

dw Pa cos$ 2 Oa S1 w2(6
S C - S 2 w + CD ( ) w2+mgsin2 --2

"- dwwhich for very small (sinB = B and coss = 1) and w w ( = 0)

transforms in

m du = (CLB 2 CD) _-- S u (7)
CL P a •mg C (2 a S . (8)

The attempt to solve this equation with that for medium resistance,

under specific conditions, was made by Dipl. Inq. M. Straka and is

presented in Note b of appendix A. The final results can be summariz-

ed as follows:

There are only approximate solutions of Eqs. (7) and (8) which

can give an idea about the amplitude of the oscillatory motion

(Note b of appendix A). In the case of the validity of Stokes

resistance law, e.g., the amplitude is expressed by Eq. A-17

-- A -. (9)M W V V r-z =)

where A is the amplitude of a lift force (can be obtained with the

frequency or angular velocity w from the experiment), m is the mass
CL

of a scavenger, and y = (CL = lift coefficient). Relationship

(9) indicates also the fact that, for the same scavenqer model,

the amplitude of oscillation A is inversely proportional to the
W 2

factor /l+k- z, where k .L In other words, increasing the

scavenger's mass m, we will decrease the amplitude of its osscilla-

tion. In the case of the resistance proportional to the square of

the particle velocity, more complicated dependence of the amplitude
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on the scavenger's parameters was obtained (Note b of appendix A).

Assuming the described scavenger plate (of radius R) settling

(with the mean velocity along its trajectory vR) through the smoke

layer of the depth h, one can estimate the effect of the concentra-

tion of NR scavengers on the successive smoke particle removal

(Note c of appendix A). After a time vtI (tI is the time necessary

for scavenger settling through the fog), the depleted number is

Ndep(rvtI) = E n(r,it1 ) exp(-atl)
i=l

in which the parameter a = nR2 NR VR E (R,r) is most important for

a large scavenging effect. Its value increases with the coefficient

of collection efficiency E(R,r), VR' NR' and R.

The other approach to describe the scavenger motion is entirely

empirical, although hampered by considerable errors in determining

position, velocity, angles, angular velocity, and acceleration of

a swinging plate. For different points along the trajectory of the

scavenger, the directional angles of its surface and their time change

are plotted together with the velocity and its time derivation. As

an example, we plotted velocity fluctuation and acceleration as a

function of time (figs. D-13 and D-14). This enables not only

estimation of the scavenger's trajectory and the volume swept by a

falling scavenger, but also the very important macnitude of accelera-

tion of a collecting surface. The latter parameter, combined with

the estimated smoke particle acceleration in the air flow around the

scavenger, determines finally the efficiency of scavenqing in a

non-steady state motion. Several numbers can illustrate clearly

how different the deposition might be in accelerated and steady flow

(table -1Motion characteristics). For comoarison, data Cn fallinq

disks from our old measurements in qlycerol-water mixtures are
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added (figs. D-15 and D-16).

The table shows clearly that it is impossible to use the

measurements made in liquids for describing scavenger motion in

the air, as several authors have done in the past. Consequently,

these measurements cannot be used for calculating scavenging

efficiency for a specific model or for smoke particles. The addi-

tional scavenger acceleration in air and non-steady flow field

around the model can considerably alter the picture of particle

deposition on a plate-type scavenger obtained for a specific

5angle of attack and steady state flow. The other important con-

clusion is that, looking at the sequence of data for decreasing

sizes of the disks, the larger size and/or weight of a scavenger

model slows down the angular velocities. We will attempt to

deduce a well-defined relationship between these parameters from

our measurements after analyzing all trials.

An attempt was made to characterize the motion of different

models falling in still air or in a slight horizontal airflow. The

models were made of ordinary light materials enabling to disperses

them in large quantities, e.g. from a helicopter. The parameters

featuring their motion were deduced from the stroboscopic pictures

when the model resumed its reproducible motion important for

modeling the scavenging effect if, in the first approach, the

hydrodynamic interaction of several scavengers was neglected.

In total, 71 experiments with falling models have been made in

quiescent air. The survey of the models used and their main char-

acteristics are presented in table D-1. The main characteristics

are: type of the scavenger or of its main cross section, model
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dimensions (e.g. size, diameter, cross section, thickness), mass,

vertical fall velocity and corresponding drag and Reynolds number,

horizontal velocity components, angle of attack, and mode of fall.

Triangles, hexagonal plates, squares, disks, ellipses, and strips

with dimensions ranging from 0.7 to 3.0 cm were used; the majority

were made of paper 0.018-cm thick. Several models were made of

light foam (mainly styrofoam) with material thicknesses of 0.15 cm

to 0.62 cm. Besides these models, several experiments have been

done with disks made of thin aluminum foil, 0.7 cm in diameter,

and with squares or strips made of mesh-type synthetic fiber mate-

rial. The fibers had mean diameters between 46 and 92 Wm. In a

square of 1 cm2 was approximately 18.1 cm total length of 92 pm

fiber and 96.08 cm of 46 pm fiber length.

The most important parameters for scavenging calculations are

the vertical (settling) velocity of a scavenger of a specific type,

the drag coefficient, and the Reynolds number (Re) referred to the

largest cross section of the model and its mean fall velocity. The

two latter parameters, however, give very little information about

the real scavenger motion if the model starts to oscillate and

tumble. This is clearly demonstrated in the table in the case of

disks 0.66 cm in diameter which were made of paper, plastic, and

foam material. Different materials (weights) caused different

oscillation, sliding, and tumbling which is reflected in the Rez

numbers and CD coefficient, ranging from 517 (foam - CD Z 0.C67)

to Rez 1 1256 (plexiglas - CD i 0.152). The paper disks (0.018-cm

thick) were featured at the same geometry by the Rez = 689 and

CD a 0.447. For the same reason, the curves in figure 4 for CD =

f(Re z) differ strongly for disks falling in liquids and in the air
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at Re > 200 where the oscillatory motion starts to be effective.
zzThe same dispersion of points can be observed at Re z > 500 for

different types of scavengers settling, oscillating, and sliding

in the air (figs. 6, 7, and 8). There seems to be an influence
18

of Willmarth's parameter I on the location of the points in the

CD = F(Re z) diagram for disks; however, the relationship cannot

be described by a steadily increasing or decreasing function. On

the other hand, all points belonging to the same Willmarth's para-

meter lie on the line with the same slope very close to -2 (fig 6-8).

The estimates of important factors for inertial particle de-

position, such as acceleration (see the analysis in 3.2), were

evaluated from stroboscopic pictures. Usually, a stroboscope fre-

quency of 70 flashes per second was used, and the photographic re-

cord was plotted into diagrams similar to figures 9, 10, and 11.

The amplitude is smaller and the oscillations faster when compared

to the model fall in liquids (figs. D-11 and D-12). To this,

correspond the components of the flow velocity and acceleration

and the components of the angular velocities and their time deri-

vatives. A detailed example analysis was made for a paper disk

model, 1.9 cm in diameter, falling in the air with the mean settling
-i

velocity of 136.5 cm s (the mean Rez = 1640.5 and CD = 0.84). The

paper disk mass was 0.0286 gm. Due to the use of only one photo-
dw

graphic camera, the most reliable components will be u, dT, a, and
dw
d The components of angular velocity and acceleration arounddt"

the z-axis are hampered by large errors, as mentioned earlier.

Comparison of velocities and accelerations of models falling

in a liquid (fig. D-15) with those in air (fig. D-13) shows that

particle settling rate in air is approximately one order of
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Figure 6. Curves CD f(Re) for Different Models of Disks

Falling in Quiescent Air and at a Side Wind
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magnitude larger. The most dramatic change happened in the x- and

y- components where temporary fluctuations of acceleration in the
-2

air surpassed the value of 1000 cm s . How far the particulate

deposition on a scavenger is affected by these accelerations is

discussed in 3.2. The fluctuating accelerations of scavengers

falling in the air are paralleled by large amplitudes of the time

.. variation of the angular velocity components (fig. D-14). The
dw, dw dwz

maximum values of time derivations (--- nX, and F) important

for the description of kipp moments and force couples acting on a

scavenger are two orders of magnitude larger than those in fluids

or slowly moving models in the air.

A glance at table D-1 gives an idea which models should be

investigated in more detail in the future. These will be scavengers

performing very fast oscillatory, sliding, or tumbling motion,

especially those which maintain a large angle of attack for an

effective particle scavenging. Among the most promising models are

triangles, foam disks, ellipses, and strips (including L-shaped

models). In addition, one has to bear in mind that many of these

models will behave differently at slight horizontal wind, which

usually features the conditions in the atmospheric ground layer.

The influence of the horizontal wind component on the mode

of a scavenger fall was investigated in a large environmental cham-

ber especially adapted for this study. As described earlier, hori-

zontal air-flow velocities were maintained between 60 to 70 cm s

and were constant through the 100-cm vertical path of the settling

scavenger. All stroboscopic pictures of falling models were taken

in this region (fig. 2). The survey of all measurements at hori-

zontal wind comporent are presented in table D-2. In total, 108
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stroboscopic records at side wind conditions were made with the

following models: disks (38), squares (12), strips-rectangles (15),

L-shapemodels (13), hexagons (4), triangles (4), stars (3), and

crosses (4). Fourteen experiments were made with different types

of veil (mesh) models. Approximately 10% of the most promising

cases were analyzed in detail, and the remaining experiments were

characterized by the prevailing mode of particle settling that

enables a comparison with the settling of the same model in

quiescent air.

It should be stressed that the drag coefficients CD and

Reynolds numbers Re in table D-2 have an orientational character.

Their meaning as a mean value is very difficult to interpret in

simple physical relationships due to the nonlinear effects involved.

They can, however, reveal how far the simple steady fall will fit

a description of a specific falling scavenger, which is important

to the validation of any numerical model. This is clearly demon-

strated in figures 6, 7, and 8 where individual data points from

the motion of falling scavengers are plotted in the C D - Re dia-

gram. Simultaneously a comparison of CD - f(Re) curves is made

for models falling in quiescent air and at side wind conditions.

If one assumes that a falling scavenger will reach, after a

certain time, a quasi-steady mode of motion, then its drag co-

efficient CD 'an be expressed in the form

2g (m - paQ

C = -a p ' (11)
D Pa 2 S

where g is the acceleration due to gravity, m is the scavenger's

mass, pa is the air density, Q is scavenger's volume, V is the
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mean (terminal) scavenger's velocity, and S is the maximal cross-

sectional area of the scavenger to the air flow, which is usually

expressed by a characteristic length of the scavenger (e.g. dia-

meter). Because the buoyancy force in the air is negligible, and

V can be expressed by Re, we can write for a disk

2gh pa ps D2

CD 22 , (12)

Re P

where h is the scavenger's thickness, ps is the scavenger's density,

and p is the air dynamic viscosity. Eq. (12) shows that for the

same model and the same environment, the curve CD f(Re) should

have the ideal slope - 2. This is shown in figure 6 for disks,

where only slight deviation of this rule is observed, due probably

to the excessive sliding or to the imperfect model fabrication.

An important finding seems to be the fact that both curves for disk

models settling in quiescent air and at side wind conditions can be

described by a simple relationship (12), except for thick models

j] made of styrofoam. Even the motion of mesh (scarf fiber) models

can be described by Eq. (12); however, the curves are considerably

shifted in the CD -Re diagram. A shifting towards higher values

of the CD at the same Re was also observed when curves for a similar

model falling in quiescent air and at the side wind were compared.

This shifting, probably strongly expressed for scavengers of the

smallest size (d = 0.66 cm), can be referred to the Best number if

one realizes that
22gn Pa D2

Be - 2 p Ca Re 2
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A picture similar to that for disks can be deduced from

figures 7 and 8 for squares, triangles, hexagons, and rectangles.

Because several models of different types were made intentionally

with the same maximal cross section (e.g., 5.0 cm 2), an interesting

comparison has been made of how far the scavenger shape changes

its aerodynamic characteristics (CD, Re) at side wind conditions.

In figure 7, data are plotted for squares (with a side of 2.24 cm)

and triangles (right angle with two sides of 3.16 cm) falling at a

side wind of 0.7 m s-1. Both curves for two different models with

the same area S fit very well and indicate that unless an intensive

sliding or tumbling occurs (rectangles in fig. 8, or ellipses),

the cross-sectional area (at the same thickness h and material

density ps) determines sufficiently the mean settling parameters

of a scavenger.

3.2 Deposition of Smoke Particles on a Scavenger.

The deposition of smoke particles on a scavenger can be in-

vestigated in several different ways. Theoretical study is based

on the known steady air-flow field around the falling scavenger,

the known smoke particle properties and their size distribution,

and the force field acting on a particle moving close to the scav-

enger. This complex process might include inertial, gravitational,

electrostatic, and phoretic forces. It is almost impossible to

assess the significance of individual processes under specific

conditions encountered in a smoke cloud.

The computation of the viscous flow field around an ice crystal

(scavenger) has been done for a two-dimensional case and different

angles of attack by Sasyo5 (figs. D-17 and D-18) and later by Pitter

7 19et. al., for low and intermediate Reynolds numbers. Schenewerk
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working in the author's group, checked the feasibility of numerical

techniques described by others and worked out a method to model

the flow field around a two-dimensional obstacle for Re = 1000

(fig. D-19). Finally, no original approach similar to the efforts

by Rimon20 or Pitter and Pruppacher21 was attempted in this study.

The main reasons were the ample research program developed in other

22 15,16institutions (e.g., Parker2, and Martin et. al., ) and the

notion of a limited applicability of similar studies for the tran-

sitional region of Re when the scavenger starts to oscillate and

slide.

Therefore, the main attention was paid to the evolution of

experimental techniques enabling collection and identification of

smoke particles deposited under well controlled conditions on

scavengers. The final goal was to determine experimentally the

collection efficiency of a specific scavenger. We attempted to

use independently the deposition on scavengers freely settling in

the cylindrical smoke chamber and on models fixed in a small hori-

zontal wind tunnel. Special attention has been paid to the potential

,ombination of inertial deposition with diffusional deposition on

mesh type models, and to the hydrodynamic interaction of two sca-

vengers that are close together.

The determination of the scpvenging efficiency A of a specific

model is based on a traditional scenario of estimating the removal

of aerosol particles after a scavenger fell during the time t

through the smoke cloud:

n(t) = n(o) exp (- At) . (13)

In this equation n(o) is particle concentration at a time t=0. If

one assumes that the collector is much larger than the smoke
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particles (the smoke aerosol does not disturb the flow around the

scavenger) and that the smoke particle concentration is so low

that the individual particles do not interfere with each other,

Starr and Mason 4, Sood and Jackson 23, Sasyo 5, and others have

defined a mean scavenging (collection) coefficient in a form similar

to
r 1l 2

E Pi Tr r(Ri +r) Ei(Ri 1 r,,,u)[L(Ri) _ u(r)] N(r) dr. (14)i r 2

In this equation R. and r are the "radii" of the scavenger (e.g.,

a disk) and of the "apherical" smoke particles, and J(R) and u(r)

are their corresponding velocities. N(r)is the smoke particle

size distribution tunction and Ei(R.; U, u)Ws the kernel of the

collection efficiency for i-th scavenger, with a imiean probability

of occurrence Pi. The simplest form of the Eq. (14) assumes a

monodisperse smoke aerosol, the same size and shape of scavengers,

and a kernel of the collection efficiency similar to that defined

by Langmuir as EL - Ty2 (y is the initial offset of the aero-
Lr tR+r)

sol particle center of the line going through the scavenger's

center). This form will be used often in this study.

The experience gained from the former study of supercooled

droplets scavenged by ice crystals 6 was used in the pilot experi-

ments with falling scavenger models in the cylindrical chamber;

the results, however, were inconclusive. The NaCl aerosol was

very unsuitable because of the uncertainty about the particle

composition at humidities between 75% and 85% RH (fig. U-3) and

because of sample contamination at the bottom of the chamber.

It was impossible to increase the NaCl aerosol concentration in

the chamber to a value necessary for obtaining statistically signi-
-3

ficant results (more than 5000 p cm ), in spite of its high
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concentration at the source. The maximum number of NaCI particles

deposited on the plastic disk scavenger, 0.66 cm in diameter,

strongly varied between several tens and hundreds - if both sides

of a scavenger coated by a sensitized gelatin layer were evalu-

ated2 4 ' 6 . Assuming a mean particle concentration of 104 per cubic

cm (measured by laser cavity spectrometer) and a scavenger path of

160 cm, we obtain a scavenging efficiency of 0.175% for 100 deposited

particles on the 0.342-cm2 surface of the plastic disk.

Much higher concentrations in the cylindrical settling chamber

were attained with titanium chloride aerosol. However, a simple

calculation shows that a TiC1 4 particle concentration of 104 cm3

in the sedimentation chamber and a disk with d = 0.66 cm in diameter

f falling along the path of 1.6 m (in 0.6 sec) corresponds to the

total number of 8.208 x 10 smoke particles deposited on the sca-

venger's surface, if the collection efficiency equals 0.015. This

illustrates sufficiently the problems inherent to direct particle

scavenging in an experimental tank where the path of falling models

is not suffic.i.ent to ensure reproducible results. For this reason,

scavenging was investigated in an aerodynamic horizontal wind tunnel

where titanium chloride or red phosphorus particles were deposited

on stationary models. The main advantage is that the experiment

can be run for tens of minutes at almost constant parameters. The

disadvantage of a fixed model condition will be improved in the

future where the models will slightly oscillate around the mean

position in an aerosol flow.

Wind tunnel experiments were performed with disks, hexagons,

and rectangles fixed on a needle in a smoke cloud moving with a

..mean flow rate of 1.0 and 1.8 m s-. The particle size and posi-

tion on a scavenger were evaluated from the photographs taken in
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both optical and scanning electron microscopes. The estimate

of the scavenger's collection efficiency was made under the assump-

tion that it is evenly covered by smoke particles (which was sup-

ported by observing the pattern of deposited particles at a low

magnification), and that one or two sets of pictures (each set

contains more than 25 pictures) taken across the scavenger's front

and rear surface are sufficient for reproducible results. A back-

ground laboratory aerosol was deposited at the same air flow on the

model for comparison.

The results of the evaluation of red phosphorus particles on

a plastic disk 0.5 cm in diameter are plotted separately for front

and rear sides (figs. 12 and 13). The distance from the scavenger's

center (r/R = 0) to its edge (r/R - 1.0) was divided into 27 inter-

vals (photographic frames corresponding to the 640 x magnification

in an optical microscope). For each frame, particle size frequency

was evaluated on the basis of 20 particle size classes (0.5 pm to

10 Pm). In both figures the total particle concentration (thick

line) is plotted together with four or five distribution curves

for particles having the highest frequency (0.5, 1.0, 1.5, 2.0,

and 2.5 pm). The total number of deposited particles (6,284 for

front side and 9,590 for rear side) along the disk radius (with a

width of 157.5 Pm) was used to calculate the total number of par-

ticles with the size distribution similar to figure D-8 scavenged

by the model. For a 4-min. sampling time the front side had

313,361 cm-3 and the rear side, 478,220 cm- 3 . This, compared to

the smoke particle concentration in the wind tunnel (11,096 cm- 3),

gives a scavenging at an air flow of 1 m s-I of 2.02% in mean.

The efficiency is different for differently sized smoke particles
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(figs. 12 and 13). There is a basic difference between the pattern

of deposited smoke aerosol on the front and rear sides of the scav-

enger. The first has the maximum of deposited particles close to

the edge, where inertial forces can play an important role. The

rear side of a scavenger is featured by a very high concentration

of small particulates around r/R Q 0.5. One can hypothesize as to

the influence of the almost steady Vortex behind a falling disk at

the Re = 317. Other forces which might act on the circulating

aerosol particles in the wake behind a disk must also be considered,

especially close to its surface (electrostatic and phoretical).

In conclusion, the deposition on the rear side of a plate-type scav-

enger in this domain of Re and St (Stokes numbers) is real and

significant. This is confirmed also by figures 14 and 15, valid

for a 1.0-cm diameter disk at Re = 633. In this case, the calcu-

lated scavenging efficiency was 2.69%. There is a significant

change in the pattern of deposited smoke particles on the rear and

front sides of the scavenger. Unlike the case of a disk falling at

a Re = 317, the fall of a larger disk of 1.0 cm in diameter (Re -

633) is characterized by more intense air fluctuation in the wake.

This might explain the more uniform deposition of smoke particu-

lates on the rear side, and on the average a lower number of de-

posited particles on the rear side compared to the front side of

the disk.

Pilot experiments with smoke particle scavenging in a cylin-

drical settling chamber have been done with scavengers made of

artificial fibers (veil and scarf fabrics). An assumption was

made that these materials with small fiber diameters (46 pm and

92 pm) might support smoke particle deposition on their surface.
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Figure 12. Smoke Particle Distribution on the Frontal Side
of a Disk (d = 0.5 cm)
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Figure 13. Smoke Particle Distribution on the Rear Side
of a Disk (d = 0.5 cm)
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In appendix B, the results of a simple calculation of the scav-

enging capability (Stokes number) of these fibers and estimates

of the scavenging efficiency in % are presented. Two sets of ex-

periments were performed: dropping scavengers of different types

of veil material into a TiCl 4 cloud and placing an electromicro-

scopical grid in a red phosphorus or TiC1 smoke in a wind tunnel.

Compared to the background aerosol (see 3.4), the mesh-type scav-

engers were effective (tables D-4 and D-6); however, no quantita-

tive data are available yet. There seems to be good reason to

continue these experiments and extend them into a systematic study

in a wind tunnel. Organic or inorganic substances should be

found which could crystallize in the form of fine aggregates and

fibers when dispersed in the air and act as smoke particle scav-

engers. Scavenging by chemical substances will be the subject of

a patent application by the author of this report.

3.3 Effect of a Large Population of Scavengers

There is very little information about the effect on motion

and smoke particle scavenging of a large population of scavengers
25

falling simultaneously. Khorguani observed the behavior of many

spheres released in a special arrangement in a liquid. He was

able to observe that after a certain time an "internal circulation"

among the spheres evolved, depending on the initial conditions.

Podzimek26 evaluated the acceleration and distortion trajectories

of two- or three-plate or columnar type models falling simulta-

neously in a liquid. The most important result was the determination

of a critical distance within which a plate falling in the wake of

its precursor will reach it and, under favorable configuration,
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Figure 14. Smoke Particle Distribution on the Frontal Side
of a Disk (d = 1.0 cm)
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a Disk (d = 1.0 cm)
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make a stable aggregate. These hydrodynamic forces, acting over

a small distance, will be influenced in case of a large population

of scavengers by the air motion which is entrained in the wake

behind them. A similar proble:i - ,rated in precipitation physics

as a "falling particle zone effe nd discussed several times in

the literature?
7 ' 28

A few examples will be given here of the behavior of models.

(scavengers) released simultaneously and recorded on a strobo-

scopic picture. These observations were aimed at showing the po-

tential problems of experimenting in the air. However, in a real

atmosphere, there is a very limited possibility for controlling

the homogeneous dispersion of a large quantity of scavengers.

Experiments have been conducted with several models of the

same type falling simultaneously in the quiet air and at a hori-

zontal air flow of 0.7 m 3- . There ic- solid evidence that the

models do hydrodynamically interact at a distance or several dia-

meters (or a multiple of their main dimension). In this way, a

change in velocity and additional accelerations are observed in

the case of two falling disks, squares, rectangles, triangles, and

L-shape models. The change in settling velocity after the aero-

dynamic interaction of two models amounted up to 60% in the case

of small paper disks. Less distorted were the velocities and

trajectories of interacting L-shaped models, which usually dif-

fered within a few percent. A detailed evaluation of the effect

of aerodynamic interaction, e.g., onL the change of acceleration,

was not in this program. This would require the use of two photo-

graphic cameras and a very powerful stroboscope.

Unlike fluids of high viscosity,26 no markable sticking and

clustering of paper scavengers has been observed in the air. A
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sufficient number of observations have not been made for analysis

of foam and plastic scavengers.

In addition, the scavenger distribution in the falling zone

will certainly be influenced by the concentration, size, and shape

and by the method of dispersion, which might generate electrostatic

charges. These factors should be investigated to find the best

technology for scavenger dispersion.

As an example of the relevance of similar investigations to

the practical application of scavenging technique in the field,

we performed a model experiment in our laboratory wind tunnel

with two metallic pieces 3 mm x 1 mm placed one behind the other

(1.2 mm apart) in a crossed position. At a flow rate of 1.82 m

-1 (Re = 114), the TiCl aerosol was deposited for 24 minutes on

both plates, and the effect of interacting aerodynamic fields on

the particle distribution observed. Figure D-20, taken in a scan-

ning electron microscope at the magnification 33 x, shows the

particle deposition on the front plate (in the lower part of the

figure) and on the other plate which was placed in a crossed

position behind the front one. There is a marked difference in

smoke particle distribution on both plates which simulate paper

punches from the punch card machine. The wake behind the first

plate appears clearly. The particles are evenly distributed on

the front plate and, in mean, they have smaller sizes than those

close to the edge of the wake marked on the plate behind. There

is an indication that increased coagulation happens in the wake

behind the first plate, as suggested by table D-7 which shows a

rough evaluation of particles deposited on both plates.

The concentration of particles deposited on the second plate
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is greater than that on the frontal plate in spite of the fact

that, in its central part, the particle concentration is much

lower due to the wake from the first plate. This stationary con-

figuration of two scavengers can simulate the real situation only

to a limited extent; however, it shows how important the mean

I distance is between scavengers for an optimal effect. Future re-

search should assess the effect of air entrainment and mean in-

tensity of turbulence on particle deposition. Unfortunately, only

smoke particles larger than the limit of particle detectability at

this low magnification (33 x) (that means with d > 1.5 Wm) have

been evaluated.

This pilot experiment brings new momentum into the search for

a scavenger form with maximum scavenging efficiency: a scavenger

with "internal ventilation" (composite structure), or the use of

many small scavengers, due to their aerodynamic interaction, will

increase the coagulation of small particulates and, in this way,

their deposition on scavengers.

3.4 Effect on Light Extinction Due to a Zone of Falling Scavengers

Extinction was measured in the cylindrical settling chamber,

65 cm above the bottom with a LED collimated light source of X =

670O and a Bell and Howell photodiode detector (Model 529) con-

nected with a transmission meter. The beam, 1.6 cm in diameter,

energizes a silicon photodiode receiver, and the signal is auto-

matically recorded and evaluated in terms of transmission or ex-

tinction.*

• The equipment was designed by Dr. J. L. Schmitt aided by D. Reed.
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The smoke aerosol, generated via reaction of the vapors of titanium

chloride with humidified nitrogen, flowed for approximately 10-15

minutes into the chamber through an orifice in the top lid. An-

other 10 minutes (mean) was needed to stabilize and homogenize the

smoke before the extinction measurement started. The scavengers

were dropped 20 minutes after the supply of aerosol stopped; ex-

tinction measurement continued afterwards for at least 15 minutes

when one scavenger was dropped, and for approximately 30 minutes

when several scavengers were released. Because we wanted also to

evaluate the number of smoke particulates collected on different

types of scavengers (paper, plastic, and aluminum foil disks, and

fiber mesh models), a special catching device was placed at the

bottom of the chamber to cover the deposited models with a lid to

prevent model contamination by other slowly settling smoke parti-

cles.

The scenario for investigating the effect of a zone of falling

scavengers on light extinction follows:

We assume that detector voltage is proportional to the inci-

dent light intensity I. If the light path (Z = 78 cm), the light

beam width D = 1.6 cm, light wavelength X, and the reference light

intensity I° are kept constant, the change of the light intensity

I can be expressed in the form

dI 1 dV, (15)
dt C1  dt

where I is only a function of particle concentration n and size

distribution f(ri), and the constant C1 is defined if we know L,

D, A, 10, and the characteristics of the detector. If one assumes

further a monodisperse aerosol of spherical particles (r = rm)
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with constant optical properties, one can relate directly the

'change in light intensity (detector voltage) to the change of

smoke particle concentration

dN 1 dV (16)
d- C2  dt

-In Eq. (16)- C2 depends-now on No, rim, £, D,--X, I.. In observing

the clearing of a smoke in our cylindrical chamber, we further

simplified the situation by assuming that at the time t = 0 the

light intensity 10 is defined by the light source, the medium and

detector properties, the particle concentration (n0 ), and size

(rm) and that the Mie function remains constant during the ex-

tinction measurement. This implies a negligible influence of par-

ticle coagulation and sedimentation on size distribution and smoke

particle composition. This is not true at a particle concentration

of about 2x10 4 cm 3 . On the other hand, the effect of coagulation

and sedimentation cannot affect sudden changes in extinction which

last for 1 or 2 minutes in the particle size range and concentra-

tion considered in this case. This is supported by monitoring the

concentration of condensation nuclei in the settling chamber with

a Gardner or General Electric counter. In any case, the estimated

effect of particle scavenging can be corrected to particle settling

and coagulation if the particle size spectrum and concentration are

monitored. Rarely did the TiCl 4 fog last more than 1 hour, which

is demonstrated in fig. D-21 where Aitken nuclei counts and

Lindauer-Castleman (1971) model calculations for a typical TiCl 4

fog dissipation (with initial size distribution according to

62



fig. D-5) are presented together with the extinction measured

during dissipation. The meaning of the term of extinction with

the explanation of how our diagrams are plotted is contained in

the appendix C.

The Eq. (16) can be converted into a more convenient form if

one considers that the total number of particles in the light
2beam is N = (D /4) 22*n, where n is the particle concentration in

3I cm . This is justified, however, only when scavengers released

at a wide opening in the top lid are dispersed homogeneously and

cover the whole chamber's space after a settling path of approxi-

mately 0.9 m. In reality, we found that a Gauss distribution

would describe better the scavenger distribution around the axis

of the cylindrical chamber. Also the dispersion cone angle is

different in mean for different type of collectors. For paper

punches ix3 mm is around 300. One can observe wider dispersion

for paper disks 0.7 cm in diameter and very little for fiber mesh

models falling in quiescent air. This type of correction was not

considered in the following pilot experiments, which were aimed

at checking the practical applicability of scavenging technique

without taking into account all possible effects, (e.g., the

effect of a cylindrical vessel of specific dimensions) on the scav-

enger zone motion and mean scavenging efficienty.

Most of the scavenging experiments were performed with paper

disks 0.7 cm in diameter and meshes with fine fibers of nylon and

polyvinylacetate (with fiber diameters of 46 om and 92 pm).

Usually scavengers were dropped in one group containing several

tens or hundreds of collectors. Dropping the scavengers in several
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groups in time intervals of several minutes seemed to yield better

results (figs. D-22, D-23). In general, the total concentration

of scavengers was found insufficient. During the first 50 experi-

ments and after making an estimate of the effect of efficient mesh

type models (0.812% collection efficiency for 32 square mesh

1.5xi.5 cm2 models dropped through the sensitive volume of the

light intensity-sensor) on smoke clearing, the results were found

insignificant and inconclusive. More detailed justification of

this statement is in the appendix C.

Another series of experiments investigated the effect of a

large quantity of small scavengers (computer-card paper punches

1x3 mm), without attempting to establish a theoretical model of

scavenger dispersion (in a relatively dense cloud), and the scav-

enging mechanism of the TiCl 4 particles. The scavenger density

was estimated from weight, so that 39,367 punches corresponded to

1 ounce. Approximately 1028 scavengers fell from 1 ounce through

the sensitive volume of the light sensor. One of these experi-

ments is described in fig. 16 where the detector voltage is plotted

* as a function of time. Arrows indicate the time at which 4-ounce

* batches of punches were dropped five times into the settling cham-

ber filled with TiCl 4 smoke. The mean concentration of Aitken

nuclei (smoke particles) was at the beginning of the experiment,

3~- 3around 75,000 AN cm and at the end, 28,000 AN cm A defi

nate and long lasting effect occurs from dropping a large quantity

of small scavengers. Each dropping was followed by an improved

transmission of light (visibility) and a dramatic change of the

slope of the V = f(t) curve. A simple formula was used to cal-

culate the change of the visual range L2 from its value before
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model dropping Li:

in (V 1 /V 2) L2-L 1
Xn (V1 /V0 ) L1  (

where VI, V2 are the detector voltages measured before and after

scavenging, and V refers to the clear space. Eq. (17) is based0

on the Eq. (A-29) and the simplifying assumption mentioned in

appendix D. The effect of batch dropping on the improvement of

the visual range was estimated this way; it was 28.55% after the

first 4-ounce scavenger dropping (figure 16). After each of the

four consecutive droppings, it was 8.71%, 9.50%, 8.79%, and 8.22%,

respectively. From the other experiments we learned that the 4-

ounce batches of punches are probably not as effective as 2-ounce

quantities of the same total weight. After the first 2-ounce

batch dropping, the improvement in visual range was 31.87%; the

consecutive dropping of the 2-ounce batch resulted in the im-

provement larger than 14%. Future experiments should determine

the optimum concentration of scavengers for a specific smoke

cloud.

4. RESULTS AND DISCUSSION

The chief results of this study are summarized here.

4.1 The Mode of Fall of Scavengers.

Different scavenger models were used (table D-1) to investi-

gate the stability of motion and the main character of the tra-

jectory of falling models. The most used model was the disk at

Re ranging from 517 to 2780 in quiescent air, and from 461.4 to

66



4423 at a side wind of 0.5 to 0.7 m/s- . In these ranges the

most important parameters for modeling scavenging effects were

determined: settling velocity, drag coefficient, and character

of motion. For thin paper disks, where no markable oscillation

is observed (Re < 900), our data correspond well to studies

employing liquids and air. 1 2 ' 1 8 ' 2 9 ' 3 0 ' 3 1 A reasonably good tran-

sition of CD coefficients, measured in liquids and in air, was

also obtained in this region (fig. 4). The CD values, however,

started to differ strongly from the expected dependence if an in-

tense oscillation or gliding was observed. The transition into

gliding (and in some cases tumbling) happened sooner with lighter

models with a large cross section or, with 0.66-cm plastic disks,

if the surface was bent or the edge imperfect. The sliding or

tumbling does not greatly influence the settling rate of the scav-

enger when compared to the regular oscillatory regime. The ampli-

tudes of oscillation amounted usually only to a few centimeters,

and were evaluated only for models with diameters larger than

1.75 cm due to the insufficient power of our stroboscope. Large

disks perform a wave-like motion, in addition to oscillation,

with a high frequency between several hundredths or tenths of a

second. The wavelength usually surpasses 20 cm and, rarely, 30 cm.

Other types of models (squares, hexagons) behave similarly

to disks if their mass is symmetrically distributed around the

scavenger's center. If the major parameters, such as main size

and mass, are kept constant, models of different shapes can be
32

substituted by an "equivalent" disk, with the exception of a

thick foam disk. In Table D-1 is compared a paper hexagon with a
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foam hexagon having the same size cross section, 2.22 cm2 , how-

ever with a different mass. Models with no central symmetry in

the cross-sectional plane, such as narrow rectangles (e.g., 3.0 x

0.5 cm), are much different, CD 0.4 at a Re 425, mainly be-

cause of the definition of their Re (referred to the width 0.5 cm)

and their gliding motion. The same holds for ellipses with a

large axis ratio (2.85:1.64 cm). There are very few experiments

in the available literature which could be compared to our study.

Mostly the investigators looked at the falling of disks and three-

dimensional bodies in fluids at intermediate Re,12 or at low Re.
The latter measured CD = 1.5 for a disk at a Re 200, which is

very close to our extrapolated data for paper disks, squares, and

hexagons. We found exceptionally low C 's for disks (d = 0.66 cm)
D

made of paper (CD = 0.447), foam (CD = 0.670), and thin Plexiglas
(CD = 0.140). These disks usually tumbled in a very fast way,

probably due to their uneven surface. Thick foam disks (h =

0.62 cm and d - 2.54 cm) showed a very high CD, 2.690, at a

Re 2650 due to their special gliding.

The behavior of different models at side wind conditions,

to our knowledge not studied to the same extent in other labo-

ratories, shows several very interesting features. These con-

ditions yielded higher mean settling rates (higher Re) for all

models comparable to the experiments in quiescent air. This leads

to lower values of CD. In only one case out of 122 experiments,

we found CD 1.27 (for an L-shape model). A vast majority of

the trials yielded CD values below 0.6 for disks, below 0.5 for

squares, hexagons, and stars, below 0.5 for rectangles and

68



L-shape models, and below 0.4 for triangles and crosses. This

finding is a little unexpected. Probably, a side wind perma-

nently changes the angle of attack of the models, which contri-

butes to faster settling of scavengers. An exception to this

rule was found in the settling of fine fiber mesh models, which

fell quietly and maintained a horizontal position along their

path at side winds varying from 0.5 to 0.7 m s-I At side wind

conditions, many more models did tumble, namely unsymmetrical

models, than in quiescent air.

Syntheses of the measurements in quiescent air and at a side

wind are shown in figures 6, 7, and 8, with a typical CD - f(Re)

curves having the slope of -2. This corresponds to the relation-

ship

2gh pa P5 D2

CD 2 2Re2~

where D and h are the characteristic length and thickness of the

model. For the higher Re, the value of C decreases for the same
D

type of model and environment. If several types of models having

the same size cross section are used, their CD = f(Re) curves are

very close, even if the models fell at a side wind. Exceptions

to this rule are thick models of foam (different h) and models

exerting a very intense gliding or tumbling.

There is a considerable difference between the mode of scav-

enger fall in the fluid and in the air, mainly in the role the

18
Willmarth parameter plays in the transition of a disk motion

from an oscillatory regime into sliding. Our data seem to de-

viate considerably from the picture presented by Stringham, et.al. 1 2
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Several interesting results were obtained from a detailed

analysis of the time-lapsed camera pictures and stroboscopic

photographs. The velocities, accelerations, angular velocities,

and their time derivations were found much higher than those

26measured on falling models in fluids (Podz.imek and Stringham,

12 Set. al. measured only fluctuation in velocity). Our data from

the stroboscopic record of the fall of disks show amplitudes of

velocity fluctuation of u and v around ±50 cm s and overriding

acceleration during a very short time (several thousands cf

cm s-2) The corresponding angular velocity fluctuations sur-

passed ±500 grad s-I for w and ±1500 grad s-l for wi. The fluc-

tuation of w was very regular and had an approximate value of

±250 grad s. The fluctuations of the ! components often sur-

passed the value of 50,000 grad se&-2 . These findings might be

iinportant for the potential explanation of the unusually high

concentrations of aerosol particles found on the surface of sam-

5
led ice crystals. Only Sasyo evaluated for paper fragments

2(2 x 2 cm 'he change of direction cosines, angular velocity,

* and the c,,mponents of force couples around the principal axes of

* the moment of inertia. The mass of a fragment falling in the

still air was 0.0352 gm. For comparison, our data (figs. D-13

and D-14) refer to a paper disk 1.9 cm in diameter, having a

mass of 0.0286 gm. Our angular velocity fluctuations wx and y

amount approximately to +1000 grad s-1, which corresponds very

well to Sasyols mean value of +20 rad s = ±1146 grad s . Our

W component fluctuated approximately in the limits of +250 grad
-1 -i

a (+4.36 rad s , and Sasyo obtained approximately +4.50 rad
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Finally, the theoretical analysis of the scavenger motion,

partly described in appendix A, did net go far beyond an explor-

atory stage. The investigation showed that the simplification

of the particle trajectory into a problem of the motion in x-y

plane with a steady moving of this plane down along the z axis,

and mainly the application of the Stokes resistance law, 5 is not

suitable for our scavenger model. The nonlinear Riccati equation,

including the more realistic scavenger resistance, was formulated,

and a semianalytical approach suggested. This would require,

however, a more detailed analysis of many stroboscopic pictures,

possibly taken by two cameras.

4.2 Deposition of Smoke Particles on Scavengers.

In spite of great effort, no conclusive results were ob-

tained from the first series of experiments in the settling cy-

lindrical chamber. This was due to the low scavenging efficiency

of the models applied usually at low concentration, the short

settling path for an observable effect on light extinction mea-

surement, and a high probability of polluting the scavengers after

they settled into the sampler at the bottom.

The second series separated the light extinction measure-

ments in the settling chamber from the experiments in the wind

tunnel, where a prolonged exposure of the models to the smoke

flow could be realized.

Wind tunnel experiments were made with plastic and metallic

disks, hexagons, and rectangles exposed to TiCl 4 and red phos-

phorus particles. The exposure time ranged fro. several minutes

to half an hour in an air flow of 1.0 m s 1 . The evaluation
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of the number of particles deposited on a plastic disk 0.5 cm in

diameter (figs. 12 and ]3) and on a 1.0-cm disk (figs. 14 and 15)

showed clearly that the theoretical models 21 , explain qualita-

* tively well the distribution of impacting aerosol particles on

the frontal side of a model. The particle numbers found along a

strip 157 pm wide and 0.25 cm long from the disk's center out-

wards show very low deposition rates of all particles around the

center of the model. High deposition was observed at distances

larger than r/R = 0.3 with a strongly expressed maximu• around

r/R = 0.9. This distribution, valid for Re = 317, differs con-

33siderably from that by Pedori et al., and corresponds only

6partly to the picture Yue and Podzimek reported for a Re = 88,

using, however, considerably larger droplets of NaCI for deposi-

tion. It is closer to the picture of deposited aerosol on the

plate-type ice crystal presented by Prodi. 3 4 The most important

finding seems to be the very high particle deposition on the rear

side of the 0.5-cm disk with a sharp maximum around r/R = 0.5

(fig. 13). The total concentration overrides that on the frontal

side. The total scavenging efficiency of this model was calcu-

lated to be 2.02* in mean. This number is a little higher than

that reported by Starr and Mason,4 Starr,5 however, comparable to

3,23that calculated by Sood and Jackson, who investigated experi-

mentally the deposition of atmospheric particulates on ice crystals.

Sood and Jackson's data on E "avenging efficiencies (0.61% to 2%)

for scavenging of 0.6- to 3.4-pm particulates are considered by

several workers to be too high. Dn the other hand, they could

well explain the high deposition rate of particulates on ice
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crystals reported from Japan by Magono et al. 6-38 With regard

to the size of our model, one feels that the obtained efficiency

might not be far from the data published by others.

The results from the investigation of the deposition of smoke

particulates on a disk 1.0 cm in diameter at an aerosol flow of

1.0 m s-I show a picture (figs. 14 and 15) similar to that just

Sdescribed. The high counts were close to the disk's edge on the

frontal side for particles with d < 2.0 pm and a secondary maxi-

Smum, caused mainly by particles with 1.0 < d < 1.5 around r/R

0.3 (fig. 14). On the disk's rear side, the high aerosol de-

position rates extended from r/R = 0.3 to 1.0. The maximum de-

position actually covers the whole region (fig. 15), and the

dominant peak observed in figure 13, around r/R = 0.5, is absent.

This change in pattern of deposited particulates on the rear side

of a disk model is probably related to the basic change of the

wake structure behind a disk fixed in a wind tunnel if the Re

changes from 317 to 633. An important conclusion is that parti-

culate deposition on the rear side of our large scavenger models

is real and, in the case of the smaller model (d = 0.5 cm), it

overrides that on the frontal side. The collection efficiency

of the 1.0-cm disk was in total about 2.7% (deposition on both

sides).

4.3 Effect of Scavenging on Light Extinction.

The first series of scavenging experiments with simultaneous

light extinction measurement revealed that reproducible measure-

ments would require a large quantity of collectors and dropping

of models in several batches. This would increase the number of
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deposited smoke particles, due to the aerodynamic interference

of models falling close together. To support this idea, experi-

ments were conducted to obtain smoke particle deposition on two

models simulating paper punches (with dimensions 1 x 3 mm), which

were installed one behind the other, 1.2 mm apart. The second

model (behind the first one in a crossed position) always showed

higher smoke particle counts.

Batches of punches, dropped in 2- or 4-oz quantities (each

ounce containing approximately 39,367 punches) in a dense TiCl 4

smoke, were followed by improved visibility which corresponded

to approximately 29% in visual range with the initial dropping

at a quantity of 4-oz and roughly to 9% after each subsequent

dropping of the same quantity of scavengers. Repeated experi-

ments with a smaller concentration of punch scavengers (2-oz)

showed an improvement in visibility when compared to 4-oz batches.

This raises new questions: What is the optimum quantity for a

batch, and what time interval should be used between droppings

to reach maximal effect on visibility improvement?

Another means to improve visibility in a smoke cloud is the

use of fine fiber mesh-type scavengers to effectively remove the

smoke particles. A rough calculation shows that 32 fine fiber

mesh scavengers of 1.5 x 1.5 cm2 (total length of the 46-pm fiber

diameter is 96 cm in each scavenger) falling through the sensi-

tive beam of the light extinction meter can improve visibility

0.812%.

5. CONCLUSIONS

This study was an exploratory investigation. Not that the
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problem is unknown, but that for more than two decades after the

introductory studies of rain scavenging of the radioactive and
3 9  40other particulate matter by Greenfield, Engelmann, and others,

who had great hopes in obtaining significant results, came a

sober reality. Precipitation Scavenging,edited by Engelmann and
41

" Slinn, represents a unique document of these efforts and hopes.

Precipitation by nonspherical particulates, mainly by ice crystals,

23is represented by one specific article (Sood and Jackson and

by several comments. New achievements in particle scavenging

by hydrometeors are described in the monograph by Pruppacher and
14

Klett.

The author of this proposal, who worked for a decade in the

field of ice crystal motion and growth by coagulation, felt that

the standard approach to ice crystal scavenging, that of using

the technique found successful for rain scavenging, was inappro-

priate. New areas, such as deposition of particulates on the

rear side of a scavenqer of arbitrary shape, exploration of de-

tailed motion of a plate-type scavenger with its fast oscillation

and high acceleration rates, and the scavenging efficiency of

different models, were only insufficiently explored. Would this

kind of research be useful? Should it be continued?

This report touches upon many problems which might help to

formulate the answers to these questions. It was shown that

proper selection of size, shape, and concentration of scavengers

with regard to the properties of the smoke particles obtains more

effective scavenging, with the efficiency surpassing 1.0%. Very

useful data on different types of scavengers, such as settling
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rate, drag coefficient, Reynolds number, and mode of motion were

obtained. Both the settling of scavengers in quiescent air and

at side wind conditions were investigated. A side wind of 0.7

m s- seemed to change considerably the scavenger's settling rate

and Re, and potentially increased the gliding and tumbling of the

models.

The-experiments with disk type models exposed to smoke flow

in an aerodynamic wind tunnel showed that a considerable part of

a smoke aerosol (with the majority of particle sizes in the sub-

micron region) is deposited on the rear side rf scavengers with

diameters of 0.5 and 1.0 cm at a flow rate of 1.0 m s . The

total scavenging efficiency of these models was calculated to be

close to 2.0% and 2.7%, respectively, in a steady flow.

Several pilot experiments employed the dropping of a large

quantity of small punches into a smoke cloud in a settling chamber.

It was concluded that this kind of scavenging is effective and can

lead to improvement in visual range up to 29% after the first drop-

ing of 4-oz of paper punches ( 1 x 3 mm in size) into a dense

*i TiCl 4 cloud, and up to 9% after each subsequent dropping of the

same quantity of scavengers.

These promising facts justify the conclusion that this kind

*. of research is useful and should be continued. The most promis-

ing areas stemming from this investigation should be explored.

The more than 200 records on the falling of different types of

models should be studied and we should concentrate on those

showing high accelerations and low settling velocities (rec-

4i tangles, ellipses, triangles). Special attention should be paid
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to the fine, fiber mesh models. This investigation should be

paralleled by experiments with smoke particle deposition on

models performing a slight oscillatory motion in a wind tunnel.

This study would furnish some idea of what the ultimate possi-

bilities are for using inertial deposition techniques for parti-

"cle scavenging. The final goal would be the study of the effect

of a large quantity of dropped scavengers on the clearing of

smoke clouds. At that stage, the nature of a specific smoke

cloud should be explored by trying to combine inertial deposi-

tion with electrical charge effect, and other potentially effect-

ive mechanisms (microturbulence, phoretic forces).

e.
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APPENDIX A. Calculations

Note a.

The general system of equations of force couples N acting on

a motion is
dw

X~( I w w- (A-1)x dt (y z y z x

dwY (Iz I W W N (A-2)
y - - I, z x y

dw
z (I x Iy) W W = N (A-3)xzd y x y z

where x' Wy' z , are the angular velocities around the principal

axes and 1x, ry, Iz are moments of inertia referred to the princi-

pal axes. The force couples have, in case of a falling thin plate

with the surface (one side) area S (fig. 5), the form

N = C Pa u2 kS ( A-4)x Dx 2u x

The drag coefficient CDx is related to the x direction component

xDof flow and Z2. is the x coordinate of the distance Z. from the

center of gravity of the plate to the point where the resultant

of aerodynamic forces acts.

The angular velocities x' w y, and wz can be deduced from

the measurement of thre three independent direction cosines nx,

n y, n However, for higher accuracy in the potential study of

plate oscillation with rotation, all nine directional cosines

referred to the three main axes should be measured (nxi, nyi,

nzi for i - 1,2,3,). Then the angular velocities resume the

form dn. dn.
S n zi E n yi (A-5)x i yi dt zi dt
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dn dn
Wy = zi dt yi dt (A-6)

W n dn (A-7)z xi dt yi dt

In case of a two-diniensional-motion,.Eqs. (A-1, 2,3 ) will be

simplified due to the fact that, e.g., Wy = r

Several attempts were made to describe the plate trajectory5

in the domain of validity of Stokes resistance law; however, an

attempt to solve the unsimplified set of equations has not yet

been made. For small amplitudes a better picture of a settling

scavenger can be obtained by assuming a set of equations

m -t C* u 2 + F (A-8)d - x x

Sdv * v' + F (A-9)

dw 2C w * w + mg, (A-10)HE.z

where thu inertial forces are compared to the particle drag (with
Pa

generalizod drag coefficient C S) and lift force compo-

nent F. Further, one could assume under the assumption made be-
* . * m -- dw

fore tha;t C* C* C* C and that w - w which implies a- - 0.x d t

Then C - (n.g)iw2 , and u plausible assumption about the lift force

can be made

F F + A cs (,,it + X) (A-li)x

4Fy f Fy + A sin (At + X) . (A-I1.)

Even under these strong sIitplifv assumptions, the special

types of Riccati equations cannot be solved analytically. Semi-

inalytical description (using data from thu measured scavenger
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position during its fall) will be attempted. Numerical solution

is of course possible.

It is much easier to evaluate the motion of nonspherical

scavengers in the domain of validity of Stokes resistance law.

Their motion can be expressed by the equations5

dv
m d-• = - Cx u + Fx (A-13)

dv = - Cy v + F (A-14)
dt y y

dw
m ! = Cz w - mg (A-15)

From the experiments (figs. 9 and 10), a relationship Cx = C =

const and Cx = k Cx (k is a constant) can be assumed, and the

components of a lift force are given by the equations (A-10) and

(A-il). Finally for =0 w = w the position of a talling• dt

disk is

Fx A
x = -- t + sin (wt + X - y) (A-16)

Cx MW y2+7

F A
y = t +4 COs (Wt + X - y) (A-17)

Cy I-Iu) v7y -+ r

with the initial position x = 0; y 0 for t = 0 and

Cx -I ty = ;y = tan -m y

The equations (A-16) and (A-17) describe the trajectory of a disk

in a horizontal plane with the components of uniform velocity

Ux F x/IC Xand Uy Fy/Cy and a superimposod rotation with an

amplitude (radii's)

__=__ _ - . (A-18)
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Because the components of the lift force can be deduced from the
Az frtetm

time-lapsed camera pictures (assuming mg = C W = C - for the time
z z At

intervals At

C 2
X At g At cAxx +xl ,(-9C. 4 F , (A-19)At g (At) 2

Y Lt g (At) 2

one obtains from the plotting of Fx = f(t) and Fy = f(t) the ampli-

tude A and angular velocity w. The amplitude of scavenger motion

A can be therefore determined for any plate-type scavenger with a

mass m if a corresponding mean value of C is known.

Note b.

Equations (A-8) and (A-9) have the same form which can be

written as

2u= - Au + F(t) , (A-21)

where A = CD - has the form of a resistance force (or its x or y

component) combined with the corresponding lift force, which can be

expressed as a fluctuating function

F - F + ? sin wt

This indicates that the drag force is considered to be time inde-

pendent and that the corresponding part of the lift FoPa2C LO -T uS can be included in the expression of A. In fact, the re-

striction to a time-independent drag is not a "conditio sine qua

non;" the Eq. (A-21) holds if one bears in mind that there is always

a relationship between L and D for a given angle of attack b so that

the terms of A and F(t) include both the steady and fluctuating
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parts of both expressions for the drag and lift.

The Eq. (A-21), which is a special type of a Riccati equa-

tion, can be solved with the use of a Taylor series:

up -Au 2 + F(t)

U" - 2Auu' + F(t)
2 "

u"' = - 2Au' - 2Auu" + F(t)

""Bil
u" = - 6Au'u" - 2Auu"' + F(t) .... etc.

At t = t = o we assume u(o) = o, therefore,

u(to) =0

u'(t 0 ) = F(t 0 )
I

u"(to) = F(t
0 0

'I

u"' (to) =- 2AFitO) + F(tO)

u""0(t) =- 6AF(t 0 )F(to) + F"' (to) .... etc.

Substituting the derivatives into a Taylor series

X (X-X0 n-i+-X .. 0 (n--l) 0XX)
y~)=Y(X o) +y' (xO .-'T ...... ÷ (Xo)(-) +

X (_)n-I
0o (n-l) .! ) •d

with xO = o and to - o, one obtains for the velocity u

F(t 0 ) t + 1/2 Ft0t) t + 1/6 (F't 0 2AF (t )i t +

off 1 4+ 1/24 (F(to) - 6AF(t 0 ) F(t 0 )] t .... (A-22)

The two main questions are: For what values of t does the series

(A-22) converge to a definite solution? What is the mean error

after taking only a limited number of members? 4 2 A preliminary

ciecking of the suitability of this approach for the case of a

model falling in a liquid yielded an acceptable radius of conver-

gencel however, an unacceptable mean error if three or four
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members of a Taylor series were considered. More work on this

line and the use of the parameters deduced from models falling

in the air is anticipated.

Note c.

The simplest scavenging model can be based on the following

assumptions:

1) Scavengers of a uniform size R are homogeneously dispersed

in a sheet of the depth h' above the smoke layer of a depth h.

They do not coagulate or aerodynamically interfere among themselves

while settling through the smoke layer. Their mean settling velo-

city is constant (no considerable accretion of mass by scavenging

is assumed) or characterized by a mean value vR' which signifies

the mean velocity during an oscillatory motion. Their concen-

tration is NR*

2) Smoke consists of uniformly dispersed monodisperse spheri-

cal smoke particles with a radius r (an extension to, e.g., log-

normal distribution can be easily done). The smoke particles do

not coagulate among themselves and their concentration is n(r,t).

3) The collection efficiency of a single scavenger is E(R,r)

and, if R >> r, a single scavenger sweeps out fR23 R E(R,r) n (r,t)

if VR >> V r For NR scavengers in a unit of volume, the smoke

particle concentration change An(r,t) in a unit of time will be

An(rit) T R2 N n(r,t) E(R,r)
At R R

Using the infinitesimal quantitieu; and integrating the last equa-

tion, one obtains the number of depleted smoke particles

90



n(r,tI) = n(r,o) exp(-at1 )

where a= VlR2NNRVRE(R,r) and tI corresponds to the fall of scavengers

through the smoke layer of the depth h.

4) The other layer of scavengers (1 cm in depth) will also

scavenge in the time t1, but starting with the depleted concentration

n(r,t 2) = 2 1 - n(r,tl)] exp(-otI)

After the v-th layer of scavengers settle, the smoke layer will

be depleted of

n(r,t ) = [1 - n(r,t H)] exp(-Otl) . (A-23)

In total the amount of smoke particles depleted by a homogeneous

layer of scavengers of the thickness h' and concentration N from

the smoke of a vertical extension h will be

V
N (r,vt = Z n(r,itl)exp(-otI) . (A-24)dep I i=o

There is a relationship between v and tI and the scavenger fall

velocity VR and the thickness of the scavenger and smoke layer:

y R
Vt1 = yR/h' and tI = - .

This implies the definition of v = h/h'. It should be stressed that

VR corresponds to the mean particle velocity along its path which,

in case of a scavenger oscillatory motion or side wind conditions,

is not exactly h or h'.

The knowledge of the number of depleted particles after a cer-

tain time (vt 1 ) also enables the calculation of the number of parti-

cles remaining in the fog layer after a time ,t

91

-.



N rem (r,vt 1) n(r,o) N Ndep (r,vt I nr,o) -n(r,o)

*exp(-at1)-[ n(r~tp exp(-at)-

- 1-n(r,t 2)] exp(-at 1)-..f1n t)]exp(-ot1)
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APPENDIX B. Scavenging Efficiency

The scavenging formula used in these calculations relates

smoke concentration at a time t to that at a time 0:

n(t) nO exp (-At)

where A E A. is a mean scavenging (collection) coefficient.
I

Its magnitude can be defined for a disk of radius R

r

A. = P 2 fr(R. + r) Ei(Ri, r,iU,•)([U(R.) - w(r)]N(r)dr (A-25)
r 1

where P. means the number of positions of a disk (scavenger) in a
J

specific fall regime, and Ei(Ri,r,U w) is the coagulation kernel

for a disk of radius R. meeting aerosol particles characterized

by tneir size distribution function N(r). The velocities of a
scavenger and particle are "(Ri) and w(r), respectively.

The equation (A-25) can be modified for application to cy-

linders (fibers) if the disk scavenging cross section
2 2

(Ri + r) Ri is substituted by a thin fiber with a radius R

and a total length L:
r

A E V 2 2R • L Ei (Ri,r,iU,w) ['U(Ri) - w(r)jN(r)dr.
ii

r 1

If one assumes very fine, I-mm distant fibers (scarf- or veil-

type fabric) arranged in an area 1.0 cm x 1.0 cm, then the total

292-urm cross-sectional area (2RL) will be approximately 0.171 cm

for a fiber length of 18.6 cm. The settling velocity of this
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type of scavenger was assumed to be U(Ri) = 51.1 cm s , which

is much larger than the settling rate of the smoke particles.

The latter, therefore, will be neglected. The factor E P. wasJ

estimated from different positions of a falling mesh-type scav-

enger which does not oscillate strongly. Therefore, plotting

the changes of directional cosines of the mesh-type scavenger

from a stroboscopic picture, we assumed the value of E P. =J

0.901. The coagulation kernel was taken from Starr's experi-

mental work35 after calculating the Stokes number for each aero-

sol size interval, considering the fiber diameter, the fall velo-

city of the scavenger, and two different smoke aerosol densities

Ps = 1.0 g cm and P. = 4.26 g cm 3 . The air at standard pressure

and temperature was assumed in table D-3.

The kernels from table D-3 were applied in the simplified

formula for discrete particle sizes

N(r)
A = N(R) E E.i A = N(R) Ai (A-26)

i N(r)

N(R) is the number of scavengers per cubic centimeter and A sig-

nifies the scavenger's cross section multiplied by scavenger's

settling velocity and the factor P.• - 0.901. In our specific

case, A has a value of A = 7.8776 cm 3 . N(r) ./N(r) is the

ratio of the particle concentration in a specific size class and

the total concentration of smoke aerosol. Taking the values of

Ei from table D-3, calculating the ratios Nkr)i/N(r) from the

aerosol laser cavity spectrometer data, and substituting A -

3 -17.8776 cm s in Eq. (A-26), we finally obtained table D-4 which

enables to estimate the scavenginq efficiency of the described
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mesh-type collector for a specific size of TiCl 4 smoke particles
(A.). For comparison, the scavenging coefficients of a disk

having the same diameter as the fiber was attached. The case

of A. for p(TiCl 4 ) = 4.26 g cm 3 will not be unlikely for the

high hygroscopicity of the smoke particles.
Two tables similar to tables D-3 and D-4 were calculated

for a mesh-type square 1.0 cm x 1.0 cm in area which consisted

of very fine individual fibers (R = 23 pm) with a total length
2

of 96.08 cm and total cross section of 0.44197 cm . Its mean

fall velocity, evaluated from stroboscopic pictures, was 36.3
-1

cm s , and it fell quietly to the settling chamber's bottom

(Z P. = 1.0). All the other parameters and smoke aerosol wereJ

the same as in the previous case. Then the coagulation kernels

and Stokes numbers were calculated with the use of Starr's

data 35 for E.i of a cylinder and were arranged in the table D-5
-3

for the two extreme particle densities (pp = 1.0 g cm'). A

table similar to table A-4 was calculated for the scavenging

efficiency of a collector with the total cross section of

0.44195 cm2 .

Glancing over the calculated scavenging efficiencies in

tables D)-4 and D-6, one concludes that a proper selection of

mesh fiber and arrangement might result in scavenging effi-

ciencies between several percent to tens of percent if the

situation similar to that described in this experiment existed

-3
(with ¢paround 2.0 g cm ).

I
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I
APPENDIX C. Extinction Measurement

Extinction is defined in this study as the ratio of the dif-

ference of the measured light intensity I and the reference light

intensity 10 divided by the reference light intensity 10

E= I or E(%) = 100 1(A-7
o 0

There is a direct relationship of this formula to the extinction

coefficient b because

nd2
b= dI - md 2--

b= - = f Kext (x,m) n (dp) d (d) (A-28)
Iz4 etp p p

which represents the fraction dI/I of the incident light scattered

and absorbed by the particle cloud per unit length of the light
wd

path and per unit area normal to the beam. s = 2-, where X, is

the light wavelength, and dD is smoke spherical particle diameter,

Kext is the extinction efficiency (Kext = Kscat + Kabs). m is

the index of refraction of the particle. Dext has relatively

simple form if d << X. n (d ) is the particle size distribution

function.

There is also a direct relationship of the formula (A-27) to

the visual range L, or simply to the decrease in light intensity,

if the light beam is passing through the aerosol from point xI,

to point x 2
1 2 = 1I1 e 21(-9

L22

where T = bdz is the optical thickness of the medium.
L1

PRECEDING PAGE BLANK
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The visual range

L = Cn(O/0) (A-30)
nn 0 np(dp)dp2 K ext(x,m)d(dp

contains the factor characterizing the sensor (e.g. for human eye

E. =0.02).-n is the total particle concentration in 1 cm3 . Ex-

pressing the term with Mie function in the integral in Eq. (A-30)

as a mean value r2 K ext and introducing the smoke particle masspet

content in 1 cm3 of the cloud q = (4/3) 7Tn n F3p (pp is the

particle density), one can rewrite Eq. (A-30) in the form, in-

cluding particle radii instead of diameters,

4p r £n l/£
L= P p (A-31)

3q r 2Kr pext

For our orientational study we would use the simplest form of

Eq. (A-31) holding strictly for particles with dp << X, m = 1.33,

Kext = 2.0, c = 0.02 and r = 0.35 um. Then for

p p = 1.0 g cm 3  L = 3.4685 n 1 /3 O2 /3  (A-32)

= 2.0 g cm- 3  L = 6.9370 n-1/3q-2/3

if all quantities are expressed in cm gm sec units. This is a

direct relationship of a smoke aerosol to the visual range L if

one measures the most common smoke particle parameters: number and

mass concentration in 1 cm3 .

In this sense, visibility or the visual range improvement

after dropping a certain number of scavengers into a smoke cloud
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can be deduced directly or from the change of extinction or the

light transmission (proportional to the change of light intensity
V2 - 1 12 - I1

I or detector voltage V). For this reason - , orE 2 - E1 V ' 1
2 where index 1 means the value measured before the scav-

E

engers were dropped and 2 the values after they settled, is the

L * measure of the scavenging effect directly related to the visual

range L.

In fig. D-22 the effect of dropping of 60 plastic disks of

0.66 cm diameter on the light extinction is plotted as a function

of time (Run 15). This curve is compared to the "natural" clear-

ing of smoke in the chamber without the use of scavengers (Run 2).
dE

Comparing the mean slope of both curves (d-t) one cannot observe

any marked effect, except a certain disturbance in extinction

after the models were dropped. This probably can be explained

by the dynamic effect (air entrainment) in the particle falling

zone.

Figure D-2 3 compares the dropping of 64 fine fiber mesh

models (fiber diameter of 46 um) in two different ways. All

were released 22 minutes after smoke was introduced into the

chamber, and the same number was dropped, in 4 groups of 16 scav-

engers each, at approximately 5-minute intervals. The effect of

each dropping is not very significant; however, the effect of

repeated dropping of scavengers in groups seems to be more effec-

tive than dropping all models at once. This is concluded from
the comparison of the slopes of the extinction curves (-) in

dt

fig. D-23.

In order to obtain some orientational numbers of the
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potential scavenging effect of mesh-type models, which were con-

sidered to be more effective scavengers than the paper disks, we

performed a calculation based on the following assumptions: 32

fine fiber scavengers (squares 1.5 x 1.5 cm with a total length

of 96 cm, 46 pm in diameter) were dropped at the top of the

chamber. During their fall, with mean velocity of 51. 5 cm s-1

they scavenged TiCl 4 smoke particles (of initial concentration

5 -3of 10 cm and a size distribution similar to fig. D-5) at a

rate which corresponds to the collection efficiency of a cylinder

96 cm long and 46 om in diameter. The calculated Stokes numbers

for particle radii between 0.1 and 3.0 um range from 1.356 x

103 to 1.221. Based on these assumptions, the change of attenu-

ation after the evenly dispersed scavengers passed through the

sensitive volume of the light intensity detector in the chamber

(D = 1.6 cm, AL = 78 cm) was calculated. This rough calculation

. yielded the change in light extinction of 0.812%, which is a

li AElittle smaller than the experimental value if one compares -- or

AV on the "bumps" of the curves after the scavengers passed
* V

through the sensor's light beam. However, one has to bear in

mind that relatively few scavengers settling in the chamber will

manage to pass through the narrow light beam of the sensor.

The results of more than 50 evaluated experiments with the

direct light-extinction measurement in the falling scavenger zone

led to the conclusion that a significant scavenging effect can be

expected when using a large quantity of scavengers with a high

scavenging efficiency and dropping them successively in batches.

Some preliminary results are described in the main text of this

report.
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APPENDIX D. Figures and Tables

• • i

Figure D-1 Plate type ice crystal with protrusions and
deposited small droplets. The mean diameter
"of circumscribed circle is 1200 pm.

AI

Figure D-2 Star type ice crystal with deposited frozen
drops and aerosol particles. mean size is

1000 crn.

1
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Figure D-3 Cumulative size spectrum of sodium chloride aerosol
generated by fluid atomization aerosol generator.
Particles, evaluated from SEM electronmicrographs,
are plotted as a total number of particles smaller
than a specific size.

Figure D-4 The X-ray energy spectrum analysi~ of the TiCl
aerosol deposited on the electron microscopical
grid.
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Figure D-5 Size distribution of TiCia particles evaluated

from SEM pictures. Partigle frequency is plottedas a total number of particles larger than a

specific size.
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(b)

*Figure D-6 TiiCl 4 smoke particles deposited on a metallic
substrate in an electrostatic p~recipitator.

4 SEM picture at a 5000 x magnification.
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Figure D-7 Red phosphorus smoke particles deposited
on an electron microscopical grid. SEM
magnification 2500 x.
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Figure D--8 Red phosphorus and titanium chloride particle
size distribution evaluated from electronmicro-
graphs. Plotted are cumulative particle size
spectra (concentration of particles larger
than a certain size--expressed in percent of the
total number).
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Figure D-9 Main parts and wiring diagram of the light
extinction measurement.
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Figure D-l0 Air velocity vertical profiles in the Large
* Environmental Chamber. Using different screens

and flow straighteners three velocity profiles
were finally reached. Arrangement 3 was used
for most experiments. Later several experiments
were also performed with arrangement 1.

108



0 ~~ N14 l

- ~ 4J4~
tn LI - _

04

0 4 J.441

tni >f 0 u.4

Nt A  to r-

/to. O- (D
V .ý ai C4i

M)) O'

-44

2;o N

'0

WT m

S4 41

K 4 .>
0 r-4

*109



I100-10

50- ,- 500

500

:"50- -- 500

$ s£

1 0

• 50- -500

-so 500
dw

50l dt 50

-50- -- 0

0 0.0572 0.1001 0.1573 tsC

-Figure D-13 Variation of the components of velocity and
acceleration of a paper disk (d =1.9 cm)
falling in the air.

110



500- (A), 50,000

0 -0
-500 ~ ~dt V

grad - grad

500-50,000

0 $0

-500- 
--

•I50,000

50- 5 O 
- 50,000

-000-500 
'-50,000

0 0.0572 0.1001 0.1573 t(sec)

Figure D-14 Variation of the components of angular velocity
and its time derivation of a paper disk (d
1.9 cm) falling in the air.
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- ~ Figure D-13 Variation of the components of velocity and
acceleration of an aluminum disk (d =5.0 cm)
falling in the wate'r.
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Figure D-19 Calculated streamlines of a viscous fluid around
a two-dimensional obstacle at Re =1000

(Schenewerk, 1979).

Figure D-20 Deposited TiC14 particles on two scavengers of
1 x 3 mm in size placed in a crossed position
1.2 mm one behind the other. in the lower part
of the figure is the front plate (both 'Plates
were photographed in parellel. positions unlike
during the exposure).
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Figure D-21 Aitken nuclei counts (N) and smoke particle
concentration calculated according to Lindauer-
Castleman (1971) model plotted together with
measured light extinction as a function of time
in a clearing smoke cloud.
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Table D-3. Calculated Stokes numbers and collection efficiency

E (taken from Starr, 1967) for different smoke parti-

cle sizes, two different particle densities and fiber

diameter of 46 um. Scavenger's settling velocity was

V=51.1cms 1

p = 1.0 g cm 3  p = 4.26 g cm 3

Particle
radius St. no. E. St. no. E.
r [Lim]

0.05 3.3909x10-4 0.000 1.4445x10-3 0.000

-3 -30.1 1.3564xi0 0.000 5.2780x10 0.001

0.3 1.2207x10-2 0.000 5.2003x10 2  0.005

-2 -0.5 3.3909x10 0.001 1.4445x0- 0.015

-2 -10.7 6.6462xi0 0.005 2.8313xi0 0.060

1.0 1.3564x101  0.010 5.7782x10' 0.170
-i

1.5 3.0518x10 0.065 1.3001 0.370
-l

2.0 5.4255xi0 0.130 2.3113 0.560

3.0 1.2207 0.360 5.2003 0.725

5.0 3.3909 0.630 14.4450 0.850

127

N i6



.4 (N Ln cc 0 0 N 0% 0 0 0 0o r- w qv un 0 CD 0 qv %O LA Ln w0 a 0 0
m- 4 ( .-. .-e M~ I- (i q4 IV q4 -4 0 aN r Ln qw Ln 0 q C4 . 0 fn

4 0 0 qv .40 I a 0% 0 0 Q0 LA 0 0CD
en 0 o N 0 o- Q- 0 ý a a 0 0 40

R M 4 ar 0 a o a 0 CD ) 40 0 40 0

a CI r 0% V-1 In %a LA %D Go 0 t- V-4 0 4 Q 0
o X 0 0 (N LA r, fl, %o 0 %D LA m' 0 a 0 0

41 V -p 0 0 c0 0; ;- (4 f4 4' c N 0 0

m~.Q m

0 0 0; do' 0* 0 u % s4 LA 0 ý 0

A%.
a -P4

r. C LA Ln 4r UN cc M 0 0 0 Q
N r. 4r s-I V) 40 r- %a % 0 0 0DCL x - C4 Ln im . LA cc fn~ 0 0 0 0
%oI ' Ln M% 0 in 0 Ln 0~ 4w C 0 0

%. C. P. P. M * C

a s-I N N N 4~ P4 N ~4 0 0 0

%4. 4r Lo C0 U1 4 o N4 0 0 0 N WI LA W1l 0
00 0 r -4 M %D0 (h en .. F4 LA 0% m tl. f0%1 0 0 0 0 0 P4 04 s-I s-4 N4 N N I n

n544

do.0

f64 ~ ~ 0.aQ 0 Q m- in LA - 0'. 4 ' w qv 0o LA LA%4 0 0 0 0 0 4- u-I N M' 4 a cc
roQ 6s0 0 0 0 0 0 0

0 . ; 0; ; C; ; 0 0 0 0 0 C
554-#4 1-4

o Z '~I 'C - N cc LA m~ 0 0% IV en P 40 0 0

0 0 0 0 0 0 0 0 0 0) 0 0 0

-$4

10 $4 4 A '0 1 0 0 - N i-. 4

1128



Table D-5. Calculated Stokes numbers and collection efficiency (taken
from Starr, 1967) for different smoke particle sizes, two
different particle densities and fiber diameter of 92 um.
Scavenger's settling rate was V = 36.3 cm s-i.

Particle pp =1.0 g cm pp =4.26 g cm 3

radius -

St. no. Ei St. no. Ei

0.05 4.8177x10"4  0.000 2.0523.10-3 0.000

0.1 1.9271xl0- 3  0.000 8.2093xi0-3  0.001

0.3 1.7344x10- 2  0.000 7.3883xl0-2  0.005

0.5 4.8177x10- 2  0.001 2.0523x10- 0.030

0.7 9.4426x10"2  0.005 4.0225x10-1 0.120

1.0 1.2971xl0-I 0.010 8.2093xi0-1 0.290

1.5 4.3359xi0-1 0.125 1.8471 0.480

2.0 7.7082xi0-1 0.270 3.2837 0.625

3.0 1.7344 0.420 7.3883 0.790

5.0 4.8177 0.685 20.5232 0.830
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