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VARTABLES AND CONSTANTS
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Chapter 1

INTRODUCTION

In the late 1920's a number of experiments were conducted to
investigate the properties of high intemsity, ultrasonic vibratioms in
liquids. The results led to similar ezpsriments in gases where it was
noted that particula:es suspended in the gas tended to cluster and form
aggregates, Thus began research in the field of acoustic (or sonic)
agglomeration (or coagulation). As described by Mednikov (1965) perhaps
the most notable of the early experiments in this field were those of
Brandt, Freund, apnd Hiedeman using tobacco smoke suspended in air.
Among other things they showed the strorg f‘requency dependence of the
phenomenon. In particular they discovered that agglomeration occurred
more readily when sound frequencies were reduced to within the audible
range,

Through the 1930's tkhe interest in exploring the fundsmental nature
of the svbject waned while the search for practical applications
continned. According to Boucher (1960) it was in 1931 that imterest in
the meteorological application of the process first occtred when A. Amy
took out a U. 3. patent for a device to clear fogs around airvorts by
agglomeration of droplets to precipitahle size, The device was to
consist of a set of whistles arranged in a gimbaled frame which was to
be attsched to an aircraft. When the aircraft flew over or throungh the

fog *he device would emit a sonic beam which could be swept back and
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fc.tk like a searchlight and saturate the clovd with accustic enexgy.
It is not menticned whecher the device was actusily ever assembied ox
tested.

Significant advances in the application of somic agglomeration cime
during the World War II years when efficient, high energy output sound
sources became available in the form of sirens manufactured by U.S.
firms. Since then there hus been coniinucus progress in the area of
industrial application., Uses include the removal of particulate matter
from the exhaust of industrial plants. It has been propoused (Shaw and
Rajendran, 1979) that acoustic agglomeration could be used to control
the radioactive sodium particles that wonld resnlt from a fire in a
Liquid Metal Fast Breeder Reactor plant,

There have also been some attempts at applications of acoustic
agglomeration to the atmosphere. Most of the work was done from World
War II through the mid 1950G’'s and was di‘:ected toward clearing fog from
the vicinity of airfields. In a series of field experiments (Boucher,
1960) it was shown that warm fogs could be acoustically treated to
incr. ase visibility by as much as 100 percent. This success seemed to
be limited to guiescent conditions and no improvements in visibility
were noted when wind speeds were greater than around 5 to 10 m.p.h.
Nevertheless, the important point was the demonstration that cloud
droplet spectra can be modified by the application of acoustic energy.
This fact suggests the mechanism of scoustic agglomeraztion has possible
ramifications for the field of metecrology in the effects of thunder on
cloud processes and as a potential tool for nse in weather modification

efforts.
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acoustical theory and aerosol mechanics relating to
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Chapter II

THE SOUND FIELD AND THE SINGLE AEROSOL

The theory of acoustic agglomeration has been reviewed by Mednikovw
(1965), Shirokovs (1970), aad Shaw (1978). Ia this chapter the theory
is outlined in some detail since it is a topic mno* frequsntly
encountered in meteorology. The discussior closely follows Mednikov
{1965). The theory discussed here is limited to i1he traveling wave
phenomena since in the free atmosphere significant standing sound wave
prhenomena are net expected to occur. In the following pages the theory
is developed by comsidering the structure of the sound field and then
examining the forces a single aerosol in that field encounters. It
should be noted that the word aerosol will be used gemerically to refer
to any dispersed matter suspended in air and, in particular, is used
synonymo .sly with droplet throughout this thesis.

A discussion of the interactions between droplets in a sound field

is deferred until the next chapter.

2.1 THE SOUND FIELD

The coagulation or agglomeration of aerosol particles is described
by Shirokova (1970) as a series of basic subprocesses, ramely, particle
convergence, collision of the particles, coalescence of the particles,
and precipitation of the agglomerates. Here we are concerned with the

forcing of these subprocesses due to the application of sonmic waves to

the medium.




2.1.1 Plane progressive sound waves

In an ideal gas when the sound intensity level is less thean about
110 db the sound field may be descri%ed im terms of variations in the
pressere p', the velocity u’, and the fluid displacement a’' of the

medium. These three periodic functions are expressed in the familiar

forms
p' = P cosut, (2.1)
uf = Uacosmt , (2.2)
and
a' = Aasinmt (2.3)

where Pa’ Ua' and Aa are the pressure, velocity, and displacement
amplitudes respectively, and the frequency in rad 3‘1 (0) or in Hz (f)

is reiated to the wave speed ¢ and the wave number k by
w = 2nf = ck , (2.4)

The speed of the sound wave propagation is given by

1/2 /2

¢ = (yRT) = (py/pa)1 . (2.5)

where y is the ratio of the specific heats, R is the universal gas
constant, T is the mean temperature of the fluid, p is the ambient
pressure of the fluid, and Py is the density of the fluid.

The v iocity, pressure, and displacement amplitudes are related to

the sound intensity by
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where the sound inteasity I, which is a measure of acoustic energy { ux,

is given by the expression

P

»

I-= . (z.)

c
Py
The scund intemsity i< usvally expressed as a2 sound intensity level i

decibelis (db) given by

IL = 10 10310(1/10) (2.10)

vhere I = 1072 ¥ 0 2 (10 *° ¥ om ).

This description of a sound wave assumes & plane wave fromt in an
idea]l] medium and the relationships are derived by linmearization of the
equations governing fluid motion where second and higher order terms
have been neglected. For sitmations in which the intensity of the sound

is large there are higher order effects which must be comsidered. Some

of these effects include inhcemogeneities in the sound field, distortion




in the shape of the wave, incrzased absorption by the mnedium, radiation
pressure, scoustic wind, and acoustic turbulence. In subseguent
sections some bhigher order effects which relate to the behavior of

serosol particles in the sound field will be discussed.

2.2 THE MOTION OF AN AEROSOL IN A SOUND FIELD

In this section the forces acting on a single dreplet are
considered as an introduction to the effects of sound on aerosol
mixtures. The forces acting om the isclated aerosol canm be classified
into twe categories, mnamely, viscous forces and drift forces. The
viscous effects of the fluid produce entrainment of the seroscls in the
fluoid motion while the drift forces, which arise dre to second and
higher order effects of sc¢nnd in the fluid, produce a steady drift of

the aerosols. Both of these categories are discussed in the following

pages.

2.2.1 Entrainment

Entrainment refers to the degree to which aerosol particles
participate in the vibrational motion of the fluid. When a sound field
is set up in a volume of air the fluid particles will begin to oscillate
in a periodic manner. Aerosols contained in the volume will also tend
to oscillate but will not be fully entrsined in the oscillatory motion.
The amount of entrainment may be approximated from the Stokes equation

for the motion of a particle given by
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. Vo d B

du

o, — = 6nna(n’ ~ v,) (2.11)
d dt d

where v, is the aerosol speed, o, is the serosol mass, n is the
dynamic viscosity coefficient of the fluid, and & is the racdius of the
aecroscl, The zelaxation time for the droplet. i.e., the time required

for the droplet and the air to come to equilibyiam if either is

impulsively pushed past the other, is defined by

294 2
- 8
on

. (2.12)

Since

4 -
= -p na”
d 3 4

=
L

equaticn (2.11) may be rewritten using (2.2} azd (2.12) to obtain

3]
]
]

+

-]

]

Uasinwt (2.13)

which has a general soluticn

U s - !
oo asm(wt &) . Uaut__ e't/T 214
3 3 .
d (i + wZ:,)l/é 1+ mzxz
whez- & is a phase shift sumch thst
tanf = wt . (2.15)
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This phese shift arises due to the inertis of the droplet whick prevents
it from mov’ng exactliy xiih the air motion. The second R.H.S. tezm of
(2.14) approaches zero after » time ¢t = v so that thec dropler moticn
may be descrided by

T sin(ot-8)}
)7

u =
d (1 + o

The droplet and the air each reach maximum velocity when the cos term in
(2.2) and sin term in (2.16) each equal one. The maximum speed of the

drop is then

Equation (2.16) may be rewritten as

U, = deasin(wt-i) (2.17)
where
1
g, = . (2.18)
d (1 + m2t2)1/2

Equation (2.18) may be rewrittem uring equatiom (2.15) to get

hy = cest . 2..8a)

Substituting for o and <t from (2.4) awd {(2.12) yields the two

equations for entrainment




b MY Ll L
tiakd adl adid J'. | e

¢ fudi e 4 m Ll S s ik W‘v-m"’t‘:‘g;wﬁww‘?w

T

A~ R

>

T T TR T T T TR

i
By = e (2,15}
4np,a £
[ 1 +(—dany}y?/2
9n
and
4ﬁpdazf
tan? = — {2.20)
9n

Thus the degree of entreinment is determined by the size of the term
(4npdazf/9n)2 and in particular by the produc: azf.

Another useful parsmeter is the fiow around factor, i.e., the flow
of the medium relativc to the entrained droplet. An expressinn may be

devived by subtracting the drop speeg (2.17) from the speed of the air

(2.2;
LI Uas1nmt - de351n(wt-§) .

Now using trigonometric identities and equatiom (2.18a} the flow sromnd

speed 1s writtenm

. . 2 .
Bd " (sinwt - sinwtcos & =+ cosmts1n§cos§)Ua

or
LI anacos(mt~§) (2.21)
where
wT
p = sin¢ = 3 (2.22)
a (1 + wZTz)l/k

Additiopally, it can be seen from (2.18a) snd (2.22) tkat
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wT
B SinE = ——mmmpeperan (2.22)
(1 + wzrz)l(a

Aciitviomally, it can be seen from (2.18a) and (2.22) that
p'd -+ u = 1 R (2:23)

Fig, 1 shows the plots of eatrainment sand flow around for various
droplet sizes and sound frequencies. It can be seen from the figure
that for small droplets at low sound frequencies entrainment is almost

complete while for large droplets at high frequencies the amount of

entrainment is minimal.




-
[T T T T e TV T T
. P . 0,. ',

'

04 035 08! 2 4 6 8 10 20
Parucie raaus [umi

Figure 1: Entrsinment and Flow-around Factors for Various Sound
Frequencies. (Solid - entrainment, dashed - flow—around:
after Shaw snd Rajendran, 1979.)

2.2.2 Particle drift

Aerosol particle drift may play arx important role in acoustic
agglomeration by moving aerosols close to one another so that mechanisms
discussed in Chapter 1II can camse collisions to occur. Among the
factors contributing to particle drift in a tr:oveling wave are radiatiomn
pressure, periodic viscosity changes, vibrational phase differences, zad
distortion of the sound wave. These will be described im turxk.

Wbhen 2 sound wave encounters any .>stacle in the fluid ~e wave
energy is scattered. In the case of a drop some of the energy is

scattered in the direction of propagatioa. There is 3 momentum transfer
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assoviated #ith “his process and since mcre momentum is transferred ¢o
th~ drop by the wave then is tiansferred by the drop inm the direction of
propagation, there remains a net furce on the drop which is the momentum
baci-scsttered toward the source, Expressions for the radiation
pressure S$orce on a Arop have been derived by King (1%34) and Landen and
Lifshitz (1959). The radiation pressure force for spherical particles

is given by

11 w
F, = ——ﬂ(—)4a6p2E (2.24)
R 9 c a

vhere E = 2I/c is the sound energy density.

The next two drift forces were proposed by Westervelt (1950) in a
paper dealing with the mean pressure znd particle velocity in a sound
wave. In that paper Westervelt treated the two forces as a single force
waich he termed a Stokes force. Mednikov (1965) separated the two
forces attributing ome to changes in viscosity and the other to phase
differences in the vitrationm of ti: fliuid particles,

First the drift force due to changes in viscosity is discussed.
Becawse of the periodic adiabsetic compressions and rarefactionms of a
sound wave there occur periodic temperature changes. Therefore, since
it is a function of temperature, viscosity increases during compression
and decreases during rarefaction. During compression a droplet is being
moved in the direction of propagation and because the viscosity is
greater the droplet is more fully entrained in the fluid mction. The
exact opposite process occurs during a rarefaction. Jfhe result is a net

force in the direction of propagation ziver by

_13-
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The drift force which arises due to phase differences in the
vibration of sdjacent fluid particles is very complex ctmd difficult to
expiain in either a dynamic or kinematic sense. For a detailed
discussion the reader is referred to Westerveit (1950), Westervel.
(1951), and Mednikov (1965). An expression for the resulting fooce on

aerosols suspended in the fluvid is given by

Cau? (2.26)
Fp = —Gﬁ:apaE . .

>

The last drift force discussed is the onc due to distortiom or wave
asymmetry., High intensity sound waves can become distcrte. and assume a
sawtooth structure. During a compression the fluid pasticles are moving
in the direction of propagation and thus pick up some of the wave speed.
During rarefaction the particles move opposite to propagation w¥ith the
pressure induced velocity less some of the wave velocity. As a result
the wave slope is unsunally steeper during the compression portion of the
wave than during the rarefaction portion, aand, therefore, the velocity
usuaily increases rapidly in the direction of opropagation while
increasing more slowly in the opposite direction. Since an aerosol im
the regior. of rapidly imcreasing speed will be less fully entrained than
when it is in the region of slowly increasing speed there results a net
force in the directioz opposite to propagation. This force masy be

expressed as

_14_
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F, = -6h,sink a7 E . (2.27)

vhere h2 is the relative velocity amplitude of the second barmonic and
A is the phase angle of the second harmonic.

The relative importance of the drift forces wunder various
conditions can be seen by evaluating (2.21) through (2.25) using typical
values for the varisbles aad fectoring tbe common term apiE from each
expression. Table 1 shows relative values (cmj of the scaled forces for

three droplet sizes., Here f = 1000 Bz, ¢ = 3:104 cm s_l, v = 10“l cm2

s, aad y = 1.4 . The values for h2 and sinA are taken to be

unity in order to obtain the maximum value of the ezpression. It is
ciear that the largest force is that due to asymmetry of the sound wave
when the sound wave is significantly distorted. VWhen distortion is not
a factor then the drift due to particle vitratioan phase differemces is
generally the largest. Also it is clear that for applications of
interest in this study the radiation pressure force is negligble.
However, being stromgly dependent on particle radius, this force can
become dominant for iarge particles and is <responsible for the

phenomenon of suspended objects in a sound field (St. Clair, 1949).

-15-
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TABLE 1

Relative Values of Drift Forces

s (u)
1 10 100
FORCE
11 o
Radiation —-n(~)%a> 7.0x10°2%  7.0x10718 7.0x10713
9 ¢
M -5 -5 -5
Viscosity In(y-1)- 1.3x10 1,3x10 1-3x10
[+
M -5 -5 -5
Phase 61— -6.3x10 ° -6.3x10 ° -6.3x10
[+
. -5 -3 -2
Asymmetry -6h2a sini -3.0x10 -5.4x10 -€6.0x10

2.3 A SINGLE DROP MODEL

A single droplet numerical model is used to examine the motioms of
a8 drop within a sound field. As noted earlier this model simplifies the
problem of .ropiet behavior inm an acoustic field since it neglects the
presence of other droplets or particles which certainly force motions
upon the droplet under consideratior, But, this deficiency aside, it is
of interest to study the motions of differem. sized drops under the

influence of sound.

2.3.1 The Model Eguations

The sound intensity required for the agglomeration of gerosols is
high enough that distortion of the sound wave is cignificant. Thus, for

the purposes of this example, the radiatics rressutre, viscosity change,

...16..
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and vibrational phase forces are neglected based on the results
described in Table 1.

In the previous section it was shown that the motion of a droplet
due to the vibration of the air is givem by equation (2.16). To
describe the motion due to the drift forces it is acsumed the drop
relaxation times are very small while changes in the drift forces s&re
much longer. These sassumptions approximate sn equilibrium where the
drift forces are in a continuous balance with the Stokes resistive
fcrce. Thus the velocity due to each force is obtained by equating the

force to the Stokes drag force

o =
for 6ﬁnaud .

Then the approximate total velocity of the drop is giver by

h,sinl
~—— au E (2.28)
a

v, = U sin(kx-wt) -
d a
nn
where it is assumed that the phase shift of the second harmonic is n/2.
In order to examine the validity of the Stokes flow assumpti-n a

Reynolds number for a drop in an acoustic field is defined b;- the

expression

- g )
ReAC (2.29

where v is the Xipematic viscosity coefficient and Ud is the maximum

velocity of the droplet givem by Ud = dea. The Reynolds numbers for

drops at different sound intensity levels are piotted im Fig. 2. The
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solid curve in the figure is a plot for drops falling at their terminsl
velocities. The dashed curves, by increasing slope, represent sound
intensity levels of 100 db, 120 db, 140 db, ané 160 db, respectively.
As an example, the Reynolds nomber is Iess than one for drops up to 10 p
radius at a sound intensity level of 140 db. For sitnations in which
the Reynolds number is greater thanm one, an Oseen correction (Mednikov,
1965) is applied to the Stokes velccity by use of the equation
4v 4v 8v 1/2

w ==+ [ e — 012 (2.30)
oc 3a 3s 3a
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2.3.2 PResalts

A model bssed om equation (2.28) has been used to examine the
motions of variows sized droplets. In the examples discussed here the
values of the atmospheric and sound variables included p = 765 mb, T =
283 K, IL = 140db, and f = 1000 Hz.

In Fig. 3 through Fig. 5 plots of displacement vs. time are shown
for drops of 1, 10, and 20 u respectively. The scale of the giois is
the same in each figure. It is evident that thc greatest amplitude of
vibration occurs .n the case of the 1 u droplet while there 1is no
appsarent drift for this same droplet. Further, it is clear from these
figrres that as drop size increases, vibrational amplitude decreases and
drift velocity increases.

In this section the motions of isolated droplets were examined. In
the pext chapter the discussion focuses on the more important case where

zdjacent serosols induce motions omn one another,

-20-
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Chapter 1II

INTERACTIONS OF AEROSOLS IN A SOUND FIELD

The motions discussed im the previous chapter do not take into
account the presence of nearby aerosols which can have important and
eveun dominatipng effects on aerosol motion. In this chapter some of the
motions due to drop interactions in an acoustic field are discussed.

Mednikov (1965) classifies four types of motions due to interaction
as orthokinetic, parakinetic, attractional, and pulsational., In the
following description the interactions are more gemerally classified as
orthokinetic, hydrodynamic, and turbulent where the parakinetic aad
attractional interactions are grouped under the hydrodynamic
classification. The pulsational interactiom will be called turbulent

interaction in this thesis.

3.1 ORTHOKINETIC INTERACTION

The orthokinetic interaction is that which occurs between drops
whose centers lie along a line which is parallel to the direction of
motion. This motion may be the result of drift or some turbulent
pulsation but the most significant contributor is the vibrational motion
induced by the periodic sound wave. An expression for the relative
velocity of two droplets may be found by subtracting the respective

velocities given by (2.17) to get

_.24_




u* = pdansin(wt—gl) -~ pdzﬂasin(mt—ﬁz).

To find the maximum difference in speed the above equation is
differentiated with respect to time and set equal to zero to get an
expression for the frequency. Using equetions (2.18a) and {2.22) the

result is written

2 2

H - R
tanmto = d2 dl

Ha1Fe1 ~ Pa2ta2

where ty is the time at which the maximum differemce occurs. Now the

maximum relative velocity is termed U®* arnd is given by

* 3 - - 3 -
U pdanS1n(wto 61) pdzUas1n(mt0 &2)
or
C* = [udl(sinwtocosél - coswtosinél)
- udz(sinmtocosé2 - cosmtcsinéz)] U, .

Using (2.18a) and (2.22) gives

=

. 2 2
[sinuto(uyy=ngy) = coswtolugam haon )1 T, -
Thus,

U+

H12%

where

-25~
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2[ [3 (3.])

_ _ 22 -
Hyg = m(tl tz)(l + 21)

Equations (2.18) and {(2.22) have been used to rewrite Hyp in terms of
w and t. By taking the derivative of (3.1) with respect to w and
setting it equal to¢ zero, an optiminm frequency for agglomerating two

droplets by the orthokinetic mechanism is found to be

1
w T e tnn— o
GPT
11a2/u1
or, with (2.12),
9n
fOPT = ;~—~°-~— . (3.2)
P a8y8,y

While giving useful informatiom about the frequency to use on an initial
spectrum, this expression is of limited practical applicability because

the droplet sizes begin chauging as soon as coagulation beginms.

3.2  HYDRODYNAMIC INTERACTIONS

The physical basis for the hydrodynamic (attracriomal and
parskinetic) interactions is well known and bhas been described
tbcoretically by several authors ( e.g. Lamb, 1932). It coasists of the
motions introduced as & result of the superposition of the flow fields
around each droplet. In the simplest case there are two spheres of the
same dimensions located in a flasid and separated by some distance. If
the fluid flows past the spheres suck that the streamlines are parallel

to the line joiming the centers of the spheres, the spheres will move




toward one another. Thus the attractional interaction in a sound field
pertains to the approach eand cnllisjon of droplets whose centers ace
essentially aligned with the streamlines of the acoustically induced
fluid flow,

The parakinetic interaction, on the other hand, pertaims toc motion
that occurs between two droplets whose centers are along & line mnot
parallel to the streamlines. The idealized motion as described by
Mednikov (1965} is a zig-zagging of the smaller droplets in the vicinity
of a larger drop. The zig-zagging motion is such that droplets to the
front or back of the collector tend to become centered along the
collector’s line of motion. Those droplets whick are initially aloag a
flank of the collector tend to be moved transversly away from the
ccllector until they are caught up in streaming of the fluid past the
collector and are carried forward or aft of the collector where they may
begin the centering motions described previously.

Since the hydrodynamic interactions are important to the modeling
of tne sgglomeration process, an expression for the speed of apprcach of
two droplets ir an :z=coustic field is needed. Thz sagglomeration model
that will be discussed in Chapter IV is based on the work of Chou, et.
al., (1981) who nsed an expression derived from theory by Diamecv, et.
al., (1968). This is a genmeral expression for the relative wvelocity of
two spheres, not necessarily of the same size, under the conditions of

Oseen flow in an acoustic field. The relative velocity is given by

_27_.
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where s is the separation distance of the droplets. Other terms in

h (3.3) are defined by

1 ud M hpa
> q = "‘*‘-‘5- ,
%. (1 + hga)
1]
2
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where By and g are given by egquations (2.18) and (2.22) respectively.
The first three terms of (3.3) represeant the vzlccity due to the mutmual
distortion of the flow fields around the two droplets. The fourth term
represents the velocity due to the vibrational phase differemce of the
droplets.

Figure 6 shows plots of the relative velocities of variovs droplet
vairs due to gravitational sedimentation and the acoustic hydrodynamic
interaction. The relative velocities due to gravity were computed by
snbtracting the terminsl velocitics of the dra
relative velocities were computed from equaticen (3.3). For this
acoustic relative velocity calculation the droplet separation is 100 u,

the sound intensity level is 140 db, and the frequency is 1000 Hz. The

top pair of solid and dashed curves is for a droplet with a radius of 22

] The o+bla
i ing otke et

-

(L]

are for 1€ and 10 pn, respectively. Th: relative

o

velocity of two droplets falling at their terminal velocities apoproaches
zero the closer the droplets are to tke same size. However, in an
acoustic field the relative velocity increases as the ratio of the drop
sizes approaches unity. As can be seen in the figure, larger droplets
may be expected to approach one another in an acoustic field at a rate

significantly grester than experienced under the force of gravity alore.
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3.3 TURBULENT INTERACTIONS

The onset of significant zcoustic turbulence does not occur until
sound intensities reach a relatively high level. With respect to the

sgglomeration process the omset of the turbulence effect does not occur
until the sound inteansity reaches levels around 160 db (Chou, et.al,,
1981). Since sound intensities that high are generally not expected to
be present over large cloud volumes, the modesls discussed in this thesis
do not incorporate any turbulent processes. Hcwever, a short discussion
of the turbulent effects is provided for general background in the
subject of acoustic agglomeration.

The turbulent or pulsational interactions are due to motions
arising from the acoustically induced turbulence in the flow field.
There are essentially two interactions. The first is described as
inertial and is characterized by a turbulence 1length scale small
compared tc the aerosols. Thus, the droplets are not fully entrained in
the fluid motion and, since the motion field itself is inhomogenecus,
the droplets simply cannot follow the rapid fluctuations in the fluid
motion and collisions occur in a stochestic manner.

The second turbulent interaction is a diffusion process in which
the length scale of the turbulence is large compared to the aerosols.
Her. droplets become fully entrai;ed in the fluid motion, but, adjacent
droplets have collisions because they have differing relative velocities

due to the spatial inhomogeneities of tke tnrbulent motiom.
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3.4  SUMMARY

Though a1l the motioms and interactiomns described to this point
cextainly play some part in the process of acoustic asgglomeration a
complete theory of the process has not been fully developed. It was
first believed (Brandt and Hiedemann, 1936) t:t the orthokinetic effect
wvas the cavse of agglomeration but since that effect requires size
differences among the particles azd agglomeration occurs in monodisperse
populations as well as polydisperse, the theory requircd extemsion.
Mednikov (1965) proposed that the most significant <cause of
agglomeration was the orthokinetic interaction while ali the other
motions acted to refill the collision volmme. Shirokova (1570) argued
that the orthokinetic mechanism is not as importamt 2: the hydrodynamic
interaction of the particles. However, Cheng, et. al., (1382)
demonstrated that the orxthokiretic effect was dominant for the
agglomeration of submicron perticles when there was 1no acoustic
turbulenc2 present. In his review article Shaw (1978, states that the
hydrodyaamic intersction may be the most importaat <cause of
agglomeration particularly for relatively large sized particles, Shaw
and Tu (1975) demonstrated experimentally that the hydrodyremic
mechanism ic important for ae.osols greater thanm akout 0.5 p in radius.

In thre next chapter s model of the agglomeratio. process is
described and the results «f numerical experiments for atmospheric

conditions are discussed.
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Chapter IV

MODELING CHANGES IN CLOUD DROPLET CONCENTRATIONS

Recent work on acoustic agglomeration in the United States has been
done by Shaw and his associates at the Laboratory for Power and
Environmental Studies at the State University of New York at Buffalo.
They have developed numerical models which predict changes in aerosol
spectra in good acreement with their experimental observations. The
work to be described in this chapter is based on the work of Chou, Lee,
and Shaw (1981) in which the results of a numerical model designed to
simunlate the acoustic agglomeration process in an aerosol mixture are
compared tc the results of laboratory experiments. Their numerical
model was based on the theory of acoustic agglomeration and its results
were in good agreement with the experimental results. In the research
described here a similar numerical model has been used to examine the
effects of acoustic agglomeration in an environment more characteristic

of clouds.

The mouel used here is based on the stochastic collection equation

given by
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dn(x,t) 2/2
- =f K(x',z=x")n(z-x',t)a(x’,t) dx’
dt 0

-~ a{x,t) f K(x',x)n{x',t) dx' (4.1)
0

where K is & collection kernel, x and x’ are droplct volumes, and n is
the number concentration per drop volume at time t. The first R.H.S.
term represents the gain in number of droplerxs of volome x dume to
collisions between droplets with volumes less than that of x. The
second R.H.S. term represents a loss of droplets of volume x due to
collisions with drops of all other volumes resuliting im drops of volume
greater than x. The physics of the collection kermel will be discussed

in the next section.

4.1.2 The Collection Kernel

Previous work on acoustic agglomeration has been mainly corcerncd
with highly concentrated aerosols contained within small volumes over
which it is feasible to maintain high sound iotensities. Iz the Chou
study. which was comcerned with conditions such as those jusi listed,
four collection kermels were used. There was ome kernmel defized for
each of the following acoustic aerosol interactioms: orthekimetic,
hydrodynamic, diffusional turbulent, and inertial turbulent. Howevur,
practical lizmitations suggest that it is not feasible to maintrain high
intensity level (2150 db) sound over the volumes encountered in working

vith stmospheric ciouds. For this reason the model used in this work
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neglects the effects of turbulent processes which become important &t
sound intensity levels of saround 160 db. Thus, the acoustic
agglomeration kernels used in this work sre for tbe hydrodyr-aic and
orthokinetic processes. In addition, & kernel for gravitational
sedimentation is added to simulate the coalescen~e process that
ccntinues after the simuvlated sound is terminated.

The concept of a collection kernel is besed on the volume swept out
per unit time by a colliding droplet paiy, The volume is called a
collision volume and its cross section 1is the geometric cross section
multiplied by a collection efficiency. The length or height of the
volume is the distance traveled by the arproaching drops per umit time.
The most generally recognized <collection kernel is that for

gravitational sedimentation or geometric sweep out given by

_ 2 _
Kg = Egn(a1+a2) (vtl vtz) (4.2)

where Eg is the collection efficiency due to gravity and A is the
terminal velocity of the droplet.

The two acoustic collection kermels used here are the same as those
used in Chou, et. al. (1981). The orthokinetic collection kermei was
derived by Mednikov (1965). In this case the cross sectional area of
the collision volume is the same as described above. But the length of
the volume is twice the relative displacment amplitude of the drops

multiplied by the frequency or number of oscillatiocs per anit time.

The collection kermel may be written

K' = 2nE,. (a2, +a.)2
0K*'"1 7z A12I
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whexte A12 is the relative amplitude of vibratiom of the two droplets.
After ome complete vibration the large drop is assumed to have (ollecied
all the 1ittle drops within the agglomeration volume. Howevex,
additional small drops may move imto the volume doe to any of the drift
or intersction motioms discussed in earlier chapters. Therefore, aua
additional coefficient, called a refill factor, is necessary to account
for small droplets moving back into the volume after each oscillation.

Thus,
E = 2BnE. . (a8 .+a )2A f
Ok "1 "2 12

where P is the refill factor. Now, using A12 A and equations

H12%
(2.4) and (2.8) the orthokinetic kernel is written

N
_ 1 2 )
KOK = EOK\} (a1+az) plZUa (4.3)
“t

where Nl is the number concentration of large droplets, Nt is the total
concentration, and Byg is the relative entrainment coefficient given Dby
egquation (3.1). In this final form Chou has used B = NI/Nt to define
the refill factor, The wvalidity of this choice is assumed to be
empirically based since mno amalytical expression for the refill factox
has yet been found. Bowever, as mentioned before, the results of Chou's
model ag~ece well with experimental results,

The second acoustic kernel is the hydrodynamic kermel which is

given by

X = -
gy = Egyn(aj=ay)2, (4.4)
rel
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where Uel is the relative velocity given by (3.3). The paysical basis
of this kernel is directly analogous to that of the gravitationmal
kernel. Here the relastive motion of the two droplets is due to acoustic
forces rather than gravity.

It is appropriate to make a few comments about the collision
efficiencies in the collection kernel equatioans. As noted above each of
the collision efficiencies is different for each process. For the
gravitational kernel the collision efficiency is that used in ile
Leighton and Rogers (1974) version of the Berry and Reinhardt (1974e)

SCE model. That is the Shafri~ and Neiburger (1963) scheme for pairs

with 2, > 30 i and Hocking and Jonas (1970) for pairs with ) £ 30 p.

In order to find values for the collision efficiencies of aerosols
ir an acoustic field Shaw (Shaw, 1978y Shaw and Rajendran, 1979p Shaw
and Tu, 19791 and Chou, et. al., 1981) examined the dynamical similarity
of aerosols in close proximity in & gravitational field versus aerosols
in an acoustic field. He reasoned that. becaose of differences in
acoustic entrainment, aerosols in an acoustic field approach one another
with some relative velocity in much the same manner as aerosols falling
at their terminal velocities. By non-dimensional analysis of the
equations of motion of aerosols in the two different fields, he showed
that the collision process is similar as long as the actual radius of
the larger aerosol is replaced by an acoustically equivalent radius

given by

be 173 2% 176
a = a,(-—) (-—)
e 1
g"l p&c

(4.5)
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This formulation accounts for the fact that aerosols of & given size
have greater relative velocities in an intense acoustic field than due
to gravity alone. Thus, by using :he value of ae for the large drop in
an expression for the <collision efficiemcy due to gravitional
sedimentation, the collision efficiency due to acoustically driven
motion can be found. In particular, Chou (1981) uses the formula of
Langmuir (1948) for the orthokinetic collision et.iciemcy and the
formniatiorn of Scott and Chen (1970) for the hydrodynamic collision

efficiencies. The same formunlas are used in the model described im this

thesis.

It is of some velme to examine the sensitivity of the acoustic
collection kernels to variations in the esnvironment. It shouwlid be kept
iz mind that the discussion does not describe the extremeiy complex
agglomeration process. The intent of the following is to comnstruct some
framework for understanding the complete process by examining very
limited interactioms. The relative effects of environmental variables
on each kernel are illustrated in Fig. 7 through Fig. 13. These curves
were calculated for the following environmental and sound field values: p
= 765 mb, T = 283 X, a = 12 g, var = 1.0, IL = 140 db, f = 1000 Hz, and
L =1.0g m—s‘ Each of ¢hese parameters was varied in turn to obtainm
the kernel values depicted in the figunres. The radii of the droplet
pair for each kernel were selected arbitrarily and the results depicted

vwvould change only in magnitnde for different droplet pairs, In the

gravitational and orthokinetic kernmels a; = 4 p and 8, = 20 p for all

cases. In the calculation of the hydrodynamic kermels 8, = 8, and 8y =

0.780. In all of the diagrams the solid 1line represents the
_3 8..
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orthckinetic xermel and the dashed line represents the hydrodynamic
kernel. For reference purposes the value of the gravitational kermel
for 8, = 4 p and 8, = 20 u is Kg = 6.14x10—6 cm3 s~1 and is relatively
insensitive tc the environmental variations studied here.

Fig. 7 shows that botk the orthokinetic and hydrodynamic kermels
increase with increasing sound intersity. Both of these effects can be
attributed to the increase in the amplitude and velocity of the medium's
oscillations as shown in equatioms (2.8) aad (2.10). In the
orthokinetic interaction the displacement of each aerosol increases
thereby increasing the size of the collision volume. Also, the relative
velocities of the collision pairs are greater. For the hydrodynamic
interaction the relative velocity of the pair increases due to the
increased speed of the fluid past the aerosols.

The sencsitivity to sound frequency changes is shown in Fig 8. For
the orthokinetic effect the kermel increases to a peak around 200 Hz and
falls off asymptotically from there. The response of the orthokimetic
kernel to changes in frequency is explained in terms of the entrainment
of the drops which is governed by equation (2.19). For example, the
decrease in magnitaude of the kernel with increasing frequency arises
because both droplets are less fully entrained in the air motion. The
increasing followed by decreasing b:kivior of the curve occuss since
there are also relative entrainment effects, The maximum value for a
droplet pair occurs at the frequzucy givem by equation (2.27). Dianov,
et. al., (1968) show how the hydrodynamic relative velocity increases
asymptoticelly with increasing frequemcy. Since the hydrodynamic kernel

is proportionsl to the relative velocity it increases in the same

menner.
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Is Fig, 9 it can be seen that Loth scoustic kermels decresse with
increasing pressure and in Fig. 10 both kerpels are seen to increese
slightly with increasing temperature. The effects of temperature and
pressure changes on both the hydrodynamic and orthokinetic processes arxe
& complex combination of viscosity and sound wave properties, For the
range of atmospheric values these effects are not very significant.

In addition to the sound and envirommcntal variables discussed so
far, the acoustic collection kernels are also semsitive variations in
the serosol spectrum. In the orthukinetic case the kernel is a function
of 8 concentration term as can be seen in equatiom (4.3). Recall this
term parameterizes the refillirg of the agglomeration volume with small
droplets. The hydrodynamic kernel given by equaticn (4.4) is 2 function
cf the relative velucity which is a function of droplet separsation as
shown in equation (3.3). Average droplet seperation is a functiom of
dropiet concentration. Thus, both aconstic kermels are dependent on the
gerosol conceuntration.

The aerosol concentratiom is depemdent upon the specification of
the intial serosol spectrum. Ia this research work the spectra used are
all of s gamma or Pearson Type III distribution and are specified by
liguid water content L, initial mean radius L and shape factor or
variance oze In Fig. 11 through Fig. 13 the effects of changes in the
paremeters that specify the initial aerosol spectrum are illustrated.
In Fig. 11 it is shown that when the init:al mean radius is increased
the orthokinetic effect ipcreases and reaches a maximum around 15 p and
then falls off toward larger sizes. lo terms of equaticn (4.3) this

behavior results from the relative concentration term reaching & marimum
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at a_ = 15 p, Here the hydrodynamic kermel behavior is an artifact of
the method of calculation, i.e., the radius 8y in equation (4.4) is
equal to a . In general, for a given droplet pair, the hydrodynamic
kernel will decrease with increasing initial mean radius because the
droplet concentration will decrease thereby increasing the mean
separation of the droplets.

Wken the initial spectrum variance is increased the orthokinetic
effect increases as seen in Fig 12, Physically, increasing the vzziiance
increases the relative numbers of large collectors and small collectible
droplets. Fcr the orthokinetic interaction there are more droplets with
different relative entrainment in the fluid motiom reculting in more
collisioas, Again, in terms of equation (4.3), the relative
concentration term is increased. The hydrodynamic effect shows no
significant change. In terms of equation (4.4) any changes are dae to
variations in the relative velocity which is inversely dependent on the
separation of the droplets.

The effect of increasing the liquid water content is demonstrated
in Fig 13. This effect 3ic a dropiet concentration effect since
increasing the liquid water proportionately increases the number of
droplets. The orthokinetic kermel varies directly with the r lative
concentration, Once again the <concentration effect onr average
separation changes the relative velocity and thus the hydrodynamic

kernel.
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ACOUSTIC XKZRNELS AS A FUNCTINN OF
SOUND FREGUENCY
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Figere 8: Eernel- as 2 Function of Sound Frequency. {Solid curve is for
orthokinetic, aashed for hydrodynamic.)
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ACQUSTIC XERNELS AS A FUNCTION OF
AMBIENT TEMPERATURE
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Figure 10: Kernels as 2 Function of Ambient Iemperature. (Solid curv-
is for orthokinetic, dashed for hydrodynamic.)
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ACOUSTIC KERNELS AS A FUNCTION OF
INTTIAL MEAN RADIUS
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Figure 11: Kernels as & Function of Initial Mean Radius. (Solid curve
is for orthokimetic, dashed for hydrodynamic.)
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ACOUSTIC KERNELS AS A FUNCTION OF
INITIAL SPECTRUM VARIANCE
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«~nereTic KERNELS AS A FUNCTION OF
LIQUID WATER CONTENT
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4.2 BESULTS

Methods for evaluating the SCE are discussed in Pruppscher znd
Klett (1980) including the method of Berry and Reinhardt ( Berry (1967),
Berry snd Reinbardt (1974), and Leighton and Rogers (i974)). The range

of sizes from cloud droplet to precipitaticn is apnrciimately 10‘-4 cm to

10“1 cm. In order to kesp the number of size classes of the discrete

spectrum to & ressceable number Berry devised an expomential subdivision

so that the jth drop radiuva is given by
(j) = 3, expl[(j-1)/71 . (4.6)

In the present work the model code used is that of Leighton and Rogers

in which J = 12/1n 2 . There are 130 size classes ranging from

3.94»:10"4 cm to 6.79:10-1 cm. For esch simulated cloud there is an

initial droplet density function as s function of droplet xass wkich is
specified by & mean radivs and variance in a gamma or Pearson Type III
distribution. The values selected for the atmospheric vaxichles for the
tests described in this work were p = 765 mb, T = 283 K, =u?* . = 1.0-2.0
g m-s.

The model code wes modified to inciude the two collection kermels
defined by equations (4.3) and (4.4). At each time step the collection
kernel used in integrating the SCE is the sum of equatioms (4.2) through
(4.4). During the time that a simunlated sownd is being applied to the
cloud the time step is ome sscond. After the sound is turned off the
acoustic collection kernels are set equal to zero and the time step

remains omne second. For the rest of the run the oanly process being

modeled is coalescence due to gravitatiomal esffects. The ‘t*ests

-4 9.—




Lbhrate
A"

Claad 44 Iﬁv

discussed Lere are limited to 14 to 15 minutes of simulated time because
numerical instabilities set in after that., Bowever, there is a high
degree of confidence in the results becsuse the graphical results using
only the gravitational collection process have been compared to the
results of Berry and Reinhardt (1974b) and were found to be in excellent
agreement. Also, the process modeled is one of constant mass &and mass
checks show gains or losses of less than two percent throughout the
ruas,

The remainder of this chapter will be devoted to discussion of the
model rums, All of the results are presented graphically in plots that
show the mass density functicns of the droplet spectra. The advantage
of this methcd is taat it shows how the water mass is distributed over
droplets of various radii and the area under the curve between two radii
represents the water mass contained in drops of those diameters. Also,
in this type of biot equal areas represent equal amounts of water mass.
It should be noted that the mean radius of the spectrvm is the radius of
the droplet with mass equal to the liquid water content divided by the
droplet number concentration. The predominant radius is that of the
droplet category containing the most mass. The predominant radii of all
the cases discussed occur at the peaks of the spectra. The
characteristics of the cases discussed in the following pages are
ouztlined in Table 2.

The results for cases 1 and 2 are shown in Fig. 14 through Fig. 23.
The droplet concentration for the original spectrum is 166 cm”3. This
spectrum exhibits little change due to the effects of gravity and by 15

minutes shows no indication of the development of precipitation sized
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TABLE 2

Ciond Spectra Csses

Spsctrum Sound
Case Mesn Var. Freq. Intensity Time
fpl) (Hz) (db) (s)
LVC = 1.0 g m >
3 10 0.25 300 140 5
2 i0 0.25 300 140 10
3 16 1.00 300 140 5
4 i0 1.00 300 149 10
5 10 1.00 300 150 5
LWC = 2.0 g = >
6 10 1.00 300 140 5

drops. In case 1 the application of sound or 140 db and 300 Hz for §
seconds at the start of the rum causes & shift in the predominant radius
sud an increase in the mass dispersion of the spectrum. However, even
with some larger sized droplets and greater dispersion the new spectrum
does not produce precipitable drops in 15 minates. Case 2 is similar to
case 1 except the sound is spplied for 10 seccads. The result is an
even larger predominant radins but the acoustically altered spectrum
still does not produce precipitation sized drops withinm 15 minutes.

The results for case 3 are shown in Fig. 24 through Fig. 28. This
spectrum is initially more disperse than in cases 1 and 2 but the sound
fregquency and intensity are the same. The droplet concentration f{for
this case and cases 4 and 5 is 225 cm—s. Again, the effect of gravity
alone is not sufficient to develop large drops during the fifteen minute

run. When sound is applied there is a shift of mass up the scale to

~51-




TECYTY v YT T

Y

‘T_Y_'Wr"""' oy
- N

lazger radii. In Fig. 28 it is evident that some larger drops have
developed but a2 secondary maximum has yet to appear. It is not clesr
from this case if precipitable drops would develop if more time was
allowed for contimmed gravitational sedimentatiosn.

In case 4 the conditioas are similar to case 3 except tLe sound is
applied for 10 seccnds. At the end of the sound application the new
spectrum has a larger predomimant radius than was seen in case 3. Now
at the end of the 15 minute run it can be seen that & defimite tail bhas
formed for droplets of precipitation size. Berry asnd Reinhardt (1974b)
showed in their numerical cases that once 2 large drop signature began
to develop, mass rapidly moved up the scale to the precipitation regime.

The results for case 5 are shown in Fig.24 through Fig.38. Here
the effects of gravity are the same as in case 3. The effect of the
higher intensity sound is to shift mass even further up the scale with
an even smaller mass variance after the sound is turmed off. However,
it becomes clear by ten minutes that a secondary maximum is forming for
drops of precipitable size. The process is well under way by fifteen
minutes.

Case 6 is illustrated in Fig. 39 througk Fig. 43. Here the liguid
water content has been increased to 2.0 g m"3 and the sound parameters
set to 140 db and 300 Hz applied for 5 seconds. The droplet
concentration is 450 cm-3 which is around the lower 1limit for
continental camulus clouds. The beginning of a precipitatioa tail is
seen after 5 minutes and by 14 minuvtes a well formed precipitation hump
1s evident. It can also be seen that a precipitatiom tail begins to

form by 14 minutes due to gravity alone, However, the acoustic
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agglomeration has produced significant enaancement of the precipitatiuxm
process.

The model has been run with some other initial spectra which will
be discussed only qualitatively here. When the initial spectrum has &
larges mesn radius with the same liquid water comtent, precipitation
sized diops form in about the saz +ime with or without the simulated
application of sound emergy. Im cases where the initial mean radius is
smeller than 10 p the curr ant model does not initislize correctly so it
has not yet been possible to study some potentially interesting cloud
spectra. The important point is thet the resuits shown in this section
strongly suggest that modification may take place for spectra with
concentrations and liguid water contents less than those found in clouds
over the continents. Since tkeory and experiment show that acoustic
agglomeration is strongly concentration dependent, then the process may

be ecxpected to be even more efficient for continental type spectra.
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SPECTRUM AFTER S SECONDS
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SPECTRUM AFTER 10 MINUTES
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SPECTRUM AFTER 10 MINUTES
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SPECTRUM AFTER 15 WINUTES
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SPECTRUM AFTER 15 MINUTES
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SPECTRUM AFTER 5 SECONDS
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SPECTRUM AFTER 5 MINUTES
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SPECTRUM AFTER 10 MINUTES
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JPECTRUM AFTER 14 MINUTES
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4.3 SOURCES OF ERRORS

There 8re mainly three potential sourcez of srror in the SCE model
discussed in this chapter. The first inmvolves ths extrapolation of the
two acousticsl collectior kernmels to the conditions associated with
atmospheric clouds. As stated earlier, Chcu's numerical model of the
agg.omeration process was verified by experimental work but for
conditions significantly differeat from those under consideration here.
In this research effort no experimental data is yet available for
verification., Therefore, the formulation of :he SCE model used here is

based on the assumption that extrapolation of the collection kernels to
conditions similar to tkose irn the atmosphere is valid.

The second potential source of error invclvse

o +tha ralenlatsinan nf
S a2 CR.LCT.LAT i C2

the collision efficiencies used in each of the collection kermels. Tha:z
use of the Langmuir formwlstion in the orthokinetic collectinm kernel
leads to collision efficiencies on the order of wuwaity for all the
droplet pairs considered in the model. In the hydrodynamic kerpel the
use of the Scott and Chen formuwlation leads to collisiomn efficiencies
which range from about .2 to .7 for the various droplet pairs. In
agdition, the coalesence efficienmcy is assumed tc¢ squel unity im all
cases.

Thirdly, it has been assumed that the collection volume of each
collector continues to be refilled by some small droplets. If, im fact,
some process, such as condensation or aerosol arift, is not providing a
continuous supply of small droplets, the orthokinetic mechanism rumns out
of collectible droplets at the end of the first cycle of the sounnd wave.

In that case the model would overestimate the orthokimetic contributicn

_84_




to

4]
<]

the collection process. The accuracy of these formulatioms will have
remzin an unanswered question until the sappropriste experimental work

water droplets in acoustic fields is performed.
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Chapter V

CONCLUDIRG REMARKS AND SUGGESTIONS FOR FURTHER RESEARCH

In tkhis discussion and in many of the referemces, theoretical and
experimental work has been presented which demonstrates that suspended
seroscls undertake motioc dne to the propagation of sound waves through
the medium. More importantly it has been demonstrated that, 83 & result
of the acoustically induced motion, serosols can be made to agglomerate.
Under the right conditioms 2n aerosol spectrum can be significantly
modified and precipitation of the aerosol initiated. This agglomeration
process can be very efficient for the concentrations and dispersions
associated with industrial pollutants. The purpose of the work
described in this thesis has been an initial examination of the
pessibality that scoustic agglomeration can alsc be an efficient process
ir the etmosphere. A final determinstion orn the matter will not be made
until the experiments are ac.aally performed om clouds. However, the
resulis of Chapter IV indicste that if the physical processes lzading to
the agglomeratior of waver droplets in a sound field are adeguately
represented in the numerical model used kere, then acoustic
egglomération can bte anm efficient process in the atmosphere.

The first extensiocn of this woxk% should be to modify the STE model
to eliminate the numerical instabilities that limit the 1iquid water
contents ano lengths of the model rums. This ucsun be accomplished by

revising the <code to the origirel spzcificstions of the Berry and

-86 ~
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Reinbardt model. The sscond extension should be to modify the code cof
the model to eaellow computation of the initisl gpectrum fros
specificaetion of the c¢loud 1liquid water coatent and droplet
concentration. To numeiiczlly exsmine the effect of acounstic
aggiomeration on continental cumulus clouds will require intislization
with spectrs that are narrower with higher comcentratiomns. These clouds
typically bave concentrations of 500-1500 cm~3 with 1liquid water
sontents of 1.0-3.0 g mus.

There sare two areas of meteorology in which acoustic agglomeration
may play a significant role, The first is &s a mechanism for artificial
weasther modification. [Experimental work should be designed to test
acoustic agglomeration of water droplets in a cloud chamber, if
possible, or under field conditioms. This would help verify the
extrapolation of the acoustic collection kermels used in this modeling
study. It would also provide imsight into the pessibly adverse effects
of scoustically induced evaporation, an cffect which has been reglected
1o this study. Additionally, field studies could provide information on
the distznce limitations imposed by the attsunuationm of sousd im air
whezeby the high intensities required for agglomeraticn are reducid.

The second area of interest is the study of the effect of thunder
on clouds. In addition to studies of the fundamentals of cloud droplet
interactions with acoustic energy and the exploration of the technical
fea<ibility of artificial applications, the role of thunder as an
augmentor of the mnatural precipitstion process deserves attention.
Extension of the piesent work to the study of thunaer shouid include

expanding the model to simulate a mnlti-frequency sound spectrum similar

-87~




to that produced by thunder. Also, since thunder is initiated as &
shock wave, investigation of that typs of wave behavior should bs

studied.
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