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Ammonium chloride aerosols of submicron size generated by

condensation and dispersion methods were treated, shortly after aero-

sol charging, with shock waves originating from diaphragm pressure

ratios of up to 5.75.

The fraction of the particulate matter remaining in suspension

after a given time was measured as an indication of coagulation rate.

The coagulation rate increased with increasing shock strength, but

the rate of increase became gradually less as the shock strength in-

creased.

The initial particle concentration, the degree of dispersion, and

the polydispersity were three major factors that influenced the rate of

coagulation upon shock treatment. Organic vapors, i. e. , acetone,

carbon tetrachloride, and acetic acid, stabilized the aerosol but their

presence enhanced the coagulation process upon shock treatment. The



presence of water vapor resulted in a slight increase of coagulation

rate, but the rate became relatively insensitive to increasing shock

strength.

Analysis of the particles showed substantial increases in size

and a distinct change in their distribution after shock treatments. The

experimental results could be explained in terms of increased particle

collision probability. A model for the increased collision probability

among particles in the shock tube was proposed. The total number of

collision per unit volume per unit time was expressed in terms of

particle size, particle number, and differential velocity acquired due

to the differential acceleration of the particles.

A vertically arranged shock tube was recommended for further

investigation in order to minimize the problem of particle reentrain-

ment.
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AN EXPERIMENTAL INVESTIGATION OF
AEROSOL COAGULATION IN

THE SHOCK TUBE

I. INTRODUCTION

Statement of the Problem

Aerodisperse systems, or the aeroseol in the atmosphere are of

vital interest to us for their soiling and nuisance characteristics. They

enhance the toxic effect of pollution, reduce visibility, contribute to

disease, and promote photochemical reactions.

Numerous devices based on a wide variety of operating principles

are available for the control of particulate matter. Regardless of

what device is to be employed, the efficiency of precipitation of the

suspended particles is strongly influenced by the degree of dispersion.

A typical efficiency curve of particle collection equipment is distin-

guished by a sudden drop in collection efficiency as one approaches

the small size range. The efficient precipitators, some of which are

commercially available, may not be suitable under certain physical

conditions, i.e., explosive, sticky, or reactive nature, or high pres-

sure and temperature. Since the more dispersed the particles, the

lower the precipitation efficiency, the precipitation of particles of

submicron size, which constitute to some extent or other the major
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industrial smokes, dusts and fogs, is especially difficult due to their

high mobility.

One approach to deal with this problem is to increase the particle

size to the level where they can be precipitated by the conventional

method. High-intensity sonic and ultrasonic vibrations have been

tested to induce an artificial coagulation of the aerosols. Although

this has been proven technically feasible, such process is yet to be-

come a commerical success.

The reduction of visibility due to particulate matter is attributed

to scattering and absorption of light by particulate matter. For par-

ticles of a size comparable to the wave length of the incidnet light

(5240A for daylight), the extinction of light is practically dependent

only upon scattering. Total light scattered per gram of particles, or

the scattering area per gram of particles is substantially higher in

the submicron range. Therefore, submicron particles are more

effective, per unit mass, in reducing visibility than are larger par-

ticles. For example, an oil aerosol is most effective in reducing

visibility when the particle size is about 0.6 micron. In this case,

the scattering effectiveness is about four times greater than that for

1.5 micron particles (21). Visibility is, therefore, strongly influenc-

ed by the size range of the particulate matter.
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Nature of the Investigation

An initial exper=imental attempt was made in 19 62 by Gulyaev

and Kuznetsov (8) to coagulate aerosols by periodic shock waves.

Since then neither theoretical nor experimental investigation has been

made to explore the full potential of such a process. An investigation

of the effect of shock wave treatment on the aerosol coagulation pro-

cess, therefore, was felt to be timely and desirable.

A shock wave of short duration was applied to an ammonium

chloride aerosol in a shock tube in order to examine the degree of

aerosol coagulation. The factors that influenced the coagulation pro-

cess were also investigated.

The range of particle size of the original aerosol was between

0. 1 to 1 micron, which simulated both coarsely and colloidally

dispersed systems. The particles in this size range are not station-

ary and undergo changes in their behaviors and properties. We are

particularly concerned with particles of this size range because they

readily penetrate the pulmonary mucous, scatter light, and are most

difficult to control by conventional precipitation methods.

Kinetics of Coagulation by Brownian Motion

Theories of coagulation usually start with the assumption that

particles adhere at every collision. Except for large particles this



4

assumption has a firm theoretical and experimental basis (5, p. 288).

The kinetics of an assembly of small spherical particles which coa-

lesce on collision, to form large particles, was worked out by

Smoluchowski (20) who supposed that the particles in a coagulating sol

collide due to Brownian motion. It has been generally accepted and

supported by experimental evidence that the theory developed by

Smoluchowski for the rate of coagulation of colloids might be expected

to be equally valid for aerodisperse systems, after making allowance

for the difference in the properties of the two dispersion media. In

view of its fundamental importance in the study of the aerosol coagula-

tion, the Smoluchowski theory and general expression for kinetics of

coagulation by Brownian motion will be reviewed in the following

paragraphs.

Consider a space containing n particles distributed at random

and the space is large compared to the volume of the particles. A

concentration gradient exists between the sphere of influence of radius

R, which is considered to exist around the particle in the sphere, and

the particle itself. Therefore, particles will diffuse with certain

diffusivity D. Suppose that whenever a particle moves within this

sphere of influence the two particles would coagulate, then every

particle which diffuses to a surface of the sphere of influence would

stick to it. Smoluchowski (20) showed that if n is the number of

particles per unit volume the number removed per unit time by the
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sphere, or the probability of encounter between one particle and the

others in its neighborhood, will be 47RDn. Since all the particles act

as centers of spheres at which coagulation occurs, the rate of removal

of particles or the total number of collisions is:

dt
do

= 1 (4TrRDn)n
2

(1)

for particles having same values of D and R. Consider two particles

with radii r
1

and r
2

having spheres of influence with radii R1 and

R2, and diffusivities D1 and D2 respectively. Then

D = D1 + D2

R
1= 2 (R1 + R2)

(2)

where R is radius of the sphere of influence of the two particles.

From Equations (1) and (2), one can obtain,

-
nd

d
= Tr(R

1
+ R

2
)(D

1
+ D

2

2
)nt (3)

The process we have called diffusion is the resultant total effect of the

Brownian motion of the individual particles. The diffusivity is given

by Einstein, assuming Stokes' law for the particle mobility, as:

D -
ROT ROT

=
kT

N6Trp.r NB B
(4)
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where k, T, B, R0, N, p, are the Boltzman constant, absolute temper-

ature, mobility of particle, gas constant, Avogadro's number and the

viscosity of medium respectively.

Inserting Equation (4) in Equation (3) we obtain,

dn ROT
dt

= ( R + R2)
N r

1)n2

r2
(5)

If it is assumed that the ratio s of the radius sphere of influ-

ence to the particle radius is the same for each particle, i. e.,

RR1
2

=

rl r2

Equation (5) becomes

(6)

,2
ROT

1 (1.11- r21
n2 (7)dn 1 2 RTs

- = (r +r )s ( + )n
dt 1 2 N6 r

P' 1
r

2
6p.N rir2

For a monodisperse aerosol,

dn 2RTs 2
_ =

dt 3p,N
(8)

Therefore the rate of coagulation of a monodisperse aerosol is inde-

pendent of size. Assuming constant values of R, T, s, II, and N, the

integration of Equation (8) from time zero to t gives,

dnt ()
dt2 dt

2RTs dt
3p.N



1
=

1 2RTsnn0
311N

(9)

where n: number of particles per unit volume at time t

n0: number of particles per unit volume at time zero

K=2RTs/3p.N: coagulation constant (10)

If the particles unite only when they come into contact, then,

r1 + r2 = -2-1(Ri + R2) =

s = 2

Therefore the coagulation constant can be written as,

s (r
1

+ r 2)

2

K =
3p,N
4RT

or

(Smoluchowskif s coagulation constant) (11)

7

Three assumptions made by Smoluchowski for sols do not hold

for aerosol systems: (1) the mobility is not given by Stokes' equation

(2) the aerosols are not homogeneous, so one cannot assume a simple

value of

(r1 r2) 2

r1r2

and (3) particles in general are not spherical. Therefore Equation

(9) is applicable to sols but not to aerosols.



8

In a gaseous medium the molecular mean free path is the same

order of magnitude as the particles themselves and their mobility is

greater than it would be if the medium were truly homogeneous. In

this case the assumption that a gas behaves as a continuous medium

with respect to the particles is no longer valid. Under this circum-

stance, particles tend to move more quickly than is predicted by the

classical theory of Stokes and others, which assumes a continuous

medium. To take this effect into account, Cunningham calculated a

correction based on the kinetic theory of gases. The result is that

the mobility should be modified by the factor, C = (1 + r ) where

A is a constant and i is mean free path of the gas molecules. The

corrected particle mobility then is:

Consequently,

B C(-1 )
1 Ai

6- r (1 + )
91

TD = D + D [ (1 + Af
) + (1+Ai

)]
1 2 6TrRp,N r1 rl r12

r2

Assuming a mean value r for r1 and r2 in (1 + ) and (1 +
rl

RT (1 + A/ )(
1

+ 1 )
6 Tria,N r r1 r2

After this correction, Equation (9) finally becomes,



1
_

1 ZRTs (1 + Ai )t
n 3µN

nO

9

(12)

2RTs
(1 AQ

)This equation reveals that the coagulation constant K =
c 3p,N

is no longer a constant, but a function of the particle size.

Shock Tube

The shock tube is a device for generating gas flow of very short

duration. In its simplest form, it consists of a long straight tube,

generally of uniform cross section, which is divided into two sections

by a diaphragm. Each side of the tube can be filled with suitable gases

at differential pressures. The shock tube was used by Vieille as

early as 1899 for a flame propagation experiment (6). The ready

adaptability of the device for solving various problems in physics and

fluid mechanics resulted in its general use especially during the last

thirty years. The versatility of the shock tube is seen by it applica-

tion in studies of wave interaction, condensation, boundary layer, high

temperature gas physics, combustion, relaxation, and in general

chemistry. As a result, a considerable theoretical and experimental

information on the shock tube is available.

When the diaphragm is suddenly removed, either by mechanical

or differential gas pressure rupture, disturbances are propagated in

both directions, causing an expansion or rarefaction in the direction

of higher pressure and a compression, which rapidly transforms into
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shock, in the other direction. The disturbance which travels into the

high pressure end will eventually reach the closed end and be reflected

as a rarefaction., The shock front travelling into the low pressure

end will be reflected at the end of the section, if it is closed, and

migrate back upstream. In a finite length tube with closed ends, the

multiple reflections and the ensuing interactions cause a complex

pattern and it becomes increasingly difficult to predict the detailed be-

havior of the disturbances.

A diagram of an ideal wave system produced by bursting a dia-

phragm in a shock tube with the closed ends is presented in Figure 1.

Figure 2 shows a typical three dimensional model of flows in the shock

tube. Some characteristic physical values for five initial diaphragm

pressure ratios are also presented.
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Driver Section Driven Section

(4)
(t=9)

time, t

(1)

Diaphragm

(4)

0

(4)

.

(3)

1

I
i

1

(2) (1)

R (ti)

S: Shock waves

C: Contact front

U: Particle path

C S

R: Rarefaction wave

H: Head

T: Tail

Figure 1. Diagram of the (x,t)-plane of the ideas wave
system in a shock tube (6, p. 228).
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Driver section pressure p kg/c
2

4
m gage

Diaphragm pressure ratio, P41
41

P4 /P1

Shock wave pressure ratio, P21
P2/131

Shock Mach number, Ms

Density ratio, E21 = p2/pi

Mach number M2

Density ratio, 54 = p3/p4

Mach number M3

1. 4 1. 76 2, 8 3. 12 4. 2

2, 36 2. 7 3. 72 4. 4 5.09

1. 5 1. 6 1. 9 2. 0 2. 15

1. 2 1. 22 1. 32 1. 35 1. 39

1. 3 1. 37 1. 53 1. 59 1. 67

0. 3 0. 33 0. 44 0. 47 0. 52

0. 735 0. 7 0. 605 0. 58 0. 55

0. 3 0. 4 0. 5 0. 6 0.66

Contact Surface

Driver
Section,

Distance

Driven Section

Figure 2. Suggested model of shock tube flows as depicted by
a (p,x,t)-diagram (22, p. 587).
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General Description
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The literature dealing with the use of shock waves for agglomer-

ating smokes or other aerosols is scarce. An interesting observation

was reported by Gulyaev and Kuznetsov (8) in 1962. They observed

that coagulation of aerosol may be brought about by periodic shock

waves.

Earlier in 1952, Richardson (18) reported that a single shock

wave produced no appreciable effect in his study of aerosol behavior

in acoustical and turbulent fields. There is also a report by Billings,

et al. (2) who utilized shock waves successfully for cleaning air filters.

The idea of employing periodic shock waves in aerosol coagula-

tion does not appear to have caught on. Despite the large volume of

information available on acoustic coagulation and related processes,

no follow up study of Gulyaev and Kuznetsov's work (8) was found in

the literature.

The lack of interest is difficult to explain. It is perhaps because

the sonic or ultrasonic vibrations do not really render themselves to

commercial adaption, or because the difference between repetitive

shock waves and the sonic wave has not been fully appreciated.
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Experimental Observation by Gulynaev and Kuznetsov (8)

In the course of research on large-amplitude resonance oscilla-

tion, Gulyaev and Kuznetsov (8) found that shock waves caused the

accelerated coagulation of aerosols in a closed volume. A recipro-

cating piston was used at one end of a plexiglass tube with a blind

flange at the other end to produce oscillations of large amplitudes

with shock waves. As the frequency of the piston approached the

resonance frequency, the amplitude of pressure as well as oscilla-

tions of the gas medium inside the tube increased with the progressive

appearance of discontinuities. The motion of the gas medium was ob-

served to be turbulent. The concentration of particles in the mist, in

this case an oil mist ranging from 1 to 10 microns in diameter and

also tobacco smoke, was determined by the transparency of the sus-

pension. In a quiescent state, the time required for the oil droplet

fog to settle was measured. As shown in Figure 3, the appearance of

shock waves resulted in an abrupt increase in the rate of coagulation.

Even a weak shock was more effective at first than sinusoidal oscilla-

tions of larger amplitude. They reported that the same curves were

obtained for the tobacco smoke. They indicated that the mechanism

of the accelerated coagulation in the case of resonant oscillations in

the gas, accompanied by shock waves, was obscure and neither the

principal shock wave, the oblique shocks, nor the tubulence could be
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a: Shock wave

b: Sinusoidal oscillation
c: Weak shock

(4p: Pressure amplitude)

Time, Sec.

Figure 3. Disappearance of oil droplet fog in response to periodic
shock waves observed by Gulyaev and Kuznetsov (8,
p, 373),

considered as the main cause. The observation, unfortunately, was

presented in a brief communication and the description of the experi-

mental design lacked detail. Many factors could have been involved

which the investigators did not elaborate. Their work, therefore, only

served as an introduction to this intriguing phenomenon.

Experimental Observation by Richardson (18)

Richardson examined how a blast or impulsive turbulence could

affect an aerosol during his investigation on the effect of acoustic and

turbulent fields on the coagulation rate of aerosols. A one meter cube

box was connected to a "wind tunnel". An impulsion was produced by
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bursting a diaphragm at the entry of the wind tunnel or within a 5

centimeter wide tube which led to the chamber. Either methylene blue

or wax spheres were placed in the tube. As a long term process, im-

pulsive turbulence was not effective in influencing coagulation in the

chamber. Neither the particle size distribution nor the light-extinction

was changed. He concluded that the disturbance of the air was too

short lived to affect a phenomenon which required several minutes to

develop. In Richardson's system, the impulsive wave was diffused in-

to the chamber once it reached the entrance of the chamber and the

diffused impulse waves lost strength despite the strong initial impulse.

Literature on the Acoustic Coagulation of Aerosols

At present a considerable amount of theoretical and experiment-

al data are available on acoustic coagulation of aerosols and related

processes. The literature, however, is still fragmentary and con-

tains many contradictions. Among numerous materials published, the

most systematic and comprehensive treatment of the subject is found

in the text book written by Mednikov (15). Under the discussion of

mechanism and general laws governing the acoustic coagulation of

aerosols, he concluded that the mechanism of coagulation in response

to periodic shock waves observed by Gulyaev and Kuznetsov (8) is the

same as that of acoustic coagulation. His conclusion is quoted below:
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"Recently Gulyaev and Kuznetsov established the fact that
coagulation of aerosols may be brought about by the effect
of periodic shock waves (a single shock wave produces no
appreciable effect, as has been shown by Richardson). The
aerosol coagulation mechanism in this case is evidently
similar to that (acoustic coagulation) described. We come
to this conclusion from the fact that the amount of turbu-
lence for the pressure amplitude used by the authors (0. 3
atm) was of approximately the same value as in the acoustic
field (4-6%) and, hence, the amount of coagulation occuring
by the purely turbulent mechanism described by Levich* was
not sufficient to account for the good results obtained. There
does not seem to be any basis for assuming that any particu-
lar importance attaches to having had oblique shock waves
present" (15, p. 115).

Literature Survey on the Process of Aerosol Coagulation

The process of aerosol coagulation in a confined chamber has

been investigated by many research workers (4, 5, 7, 9, 10, 13, 24).

Both still and turbulent gaseous medium in which various aerosol

systems are contained were investigated. Although some discrepan-

cies exist among experimental data presented, they are in remark-

ably good agreement on the principal mechanism of aerosol coagula-

tion based on the theory of Smoluchowski (20) which was reviewed in

the previous chapter. In recent studies, Hayakawa (9, 10) investigated

the coagulation of ammonium chloride aerosols in still air with a

special interest in the effect of humidity and organic vapors on the

coagulation rate.

Levich, V. G. The theory of coagulation and precipitation of
aerosol particles in a turbulent gas stream. Doklady Akademiia
Nauk, S. S. S. R. 99: 1041-1044. 1954.
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The over-all layout of the experimental apparatus used in this

study is shown in Figure 4 and the schematic flow diagram of the

entire system in Figure 5.

Two kinds of aerosol generation methods of condensation and

dispersion were used. A shock tube which consisted of a 76. 2 mm

I. D. Pyrex tube as the driven section, and a cast iron A. S. A. stand-

ard tube as the driver section was constructed. The shock tube was

connected to either the exhaust hood or to the photometer through a

valve.

The accessory instruments were a Phoenix-Sinclair Aerosol

Photometer connected to a vacuum pump and a recorder, a Tektronix

Type 564 Storage Oscilloscope and an American Optical Microstar

series 10 Microscope. All flow connections in the system were made

with Tygon tubings of 6. 4 and 9. 5 mm.

Aerosol Generators

The ammonium chloride aerosol was generated by two different

methods; the dispersion method using a Wells-type atomizer and the

condensation method, a chemical reaction between concentrated (38%)

hydrogen chloride and concentrated (28%) ammonium hydroxide.
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Figure 4, Over-all layout of the
experimental apparatus.
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Generation of various size aerosols was accomplished by using gener-

ating solutions of various salt concentrations in the atomizer.

The ammonium chloride particulate had a spherical shape. The

particulate was translucent in color and had a specific gravity of

1.527 (3).

A. Condensation Method. Generation of ammonium chloride

aerosol by chemical reaction in a gaseous phase between hydrogen

chloride and ammonium hydroxide is essentially a condensation pro-

cess, for the product formed from molecularly dispersed gases by

intermolecular reaction must be in a molecularly dispersed form.

The newly formed molecules aggregate and condense to form

very fine liquid or solid primary particles. In the generation of hygro-

scopic like ammonium chloride aerosols, the condensation is initiated

by a vapor phase reaction with atmospheric water yielding hygroscopic

nuclei upon which further water vapor condenses until the vapor pres-

sure of the solution so formed is in equilibrium with the partial pres-

sure of the water vapor in the atmosphere (7, p. 27). Compressed

air at 0.71 to 0.94 1/min. in flow rate was passed into two flasks,

forcing gaseous the hydrogen chloride and ammonium hydroxide into

the reaction chamber. The aerosol thus formed was either passed

through supply line or passed beforehand through a series of water

bottles acting as an impinger or liquid filter. This treatment was
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effective in removing excess ammonia and hydrogen chloride as well

as scrubbing a part of the aerosol, especially the large particles (10).

The effectiveness of such a treatment was recognized when the gener-

ated aerosol was passed through flasks containing 150 ml. of water

each and the size distributions of aerosol systems were checked as

shown in Figure 6.

The level of the chemicals could be kept at reasonably fixed

levels since their consumption rates were very low.

B. Dispersion Method. A Wells-type atomizer similar to that

used by Hayakawa (9) was employed. This apparatus is illustrated in

Figure 7.

The ammonium chloride solution of different concentrations by

weight, prepared by dissolving ammonium chloride (Sal Ammoniac)

powder in distilled water, was supplied through the rubber stopper.

Compressed air with a line pressure of approximately 0.42 kg/cm
2

gage and 6. 3 f/min. flow rate was passed through a 1 mm diameter

nozzle to pick up the solution from the reservoir. Seven different con-

centrations, 0. 1, 0. 5, 1, 5, 10, 15 and 20% were used for generating

solutions in the atomizer. The lowest concentration was selected on

the basis of anticipated difficulty in size analysis with a light field

microscope while the upper limit was set due to the clogging at the tip

of the small nozzle.
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Figure 7. Construction of the Wells-type atomizer.
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This atomizer was satisfactory for operations of a few minutes,

but clogging at the nozzle opening rendered it unsatisfactory beyond

salt concentration of 20%. It has been shown by a number of investi-

gators that the size of the aerosol formed from ordinary atomizers

varied with salt concentration of the generating solution, regardless of

the nature of the dissolved material (9). The size variation is shown

as a function of salt concentration in Figure 8. Figure 9 shows the

consumption rate to ammoniumchloride solution for various concen-

trations under a fixed air flow rate. For concentrations above 5%,

the decrease was linear. In practice, the atomizer would not produce

an aerosol at a constant rate, owing to the steady depletion of the solu-

tion in the atomizer. The reproducible results, however, could be

restored by recharging the atomizer reservoir with given quantities of

solution at regular intervals.

Shock Tube

The shock tube used in this study consisted of two different pres-

sure sections; the high pressure chamber, or the driver section,

made of 76. 2 mm nominal diameter cast iron tube and the low pres-

sure chamber, or the driven section, made of 76. 2 mm nominal

diameter Plexy brand "Double-Tough" glass tube. The high pressur,:

section was 305 mm long, but two different lengths of low pressure

sections were used. For the driver section an A. S. A. standard tube
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28

and blind flange were used and a 40 8 mm thich rubber gasket was in-

serted between the tube and flange to prevent possible leakage of high

pressure air. To protect the inner surface of the high pressure sec-

tion, the walls were first smoothed and then sprayed with paint and

enamel.

Four different lengths of tube; 152. 4, 304. 8, 609. 6 and 762. 0 mm

long, were used to set up the low pressure section. By coupling these

short sections of similar construction, serveral different lengths of

low pressure channels could be achieved to provide flexibility in chan-

nel arrangement. This also eliminated the necessity of constructing

inlet and outlet openings for every low pressure channel. A disad-

vantage of using many short sections, however, was the increased num-

ber of joints which increased the possibility of leaks, waviness in the

tube, and interior steps in case of misalignment.

Pyrex brand conical tubes and fittings were used as the low pres-

sure channel because of their chemical resistance, smooth surface and

transparency, The maximum recommended pressure, 3.52 kg/cm

gage, was well over the final operating shock tube pressures.

Glass tubes and fittings were made with flared conical ends to

take a specially designed metal flange. The metal flanges were cush-

ioned from the glass by molded asbestos inserts. Gum rubber with

thickness of 3.2 mm was gripped between the grooved tube ends when

the four flange bolts were tightened. The connection of the Pyrex tube

2
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to the A. S. A. cast iron tube and to the downstream blind flange was

done with an "O" -ring to insure a leak-proof fit. The Pyrex tube

joint to itself and the cast iron tube are shown schematically in Figure

10. Since the joints were flanged; assembly and disassembly were

easy and quick. This rapid coupling or clamping at the diaphragm

joint and tube end plates, which were frequently removed to permit

loading of the diaphragm and cleaning of the tube, was a worthwhile

operating convenience.

The choice of the tube internal cross-section shape depended on

factors such as shock attenuation and boundary-layer development on

the tube wall. The most severe stress condition arose from transient

loading during operation of the tube. The shock tube was supported

127 mm above the testing table. However with the 76.2 mm tube the

axial impulse load set up in the tube structure and supporters, which

restrained axial movement, was insignificant. The shock tube with

its accompanying apparatus is as shown in Figure 11. The possibility

of misalignment was kept to a minimum with the aid of semicircular

grooves on each supporter. Some difficulties, however, were exper-

ienced with the small steps at the joints of the glass tubes, which was

due to stretching of the gasket into the tube, under tightening pressure.

As shown in Figure 10, a slight internal area discontinuity between

the driver and the driven section was inevitable with the two different

tubes commercially obtained,
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Two 7.9 mm openings were provided with glass fittings near the

diaphragm side of the glass tube to serve as the outlets to the photo-

meter and the exhaust hood. The downstream end of the driven section

was closed with a 9.5 mm thick aluminum plate. The inside surface

was painted and sprayed as in the driver section.

A three-way valve was connected to the end plate to faciliate

aerosol charging, to provide for filtered clean make-up air and also

to shut the shock tube off from the outside when the diaphragm was

ruptured.

Three threaded tube openings were provided on the driver sec-

tion end plate for the compressed air inlet, the diaphragm-breaking

plunger, and a tap for pressure sensing.

Aerosol Photometer

The major instrument used was a Sinclair-Phoenix Aerosol,

Smoke and Dust Photometer Model JM 2000 for the continuous meas-

urement of mass concentration of ammonium chloride particulate in

the shock tube.

The meter reading of this instrument is a function of the magni-

tube of a small-angle (3-20 degrees) forward-scattered light and cov-

ered a range of five decades. The reading of the instrument is approx-

imately proportional to the logarithm of the relative mass concentration
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assuming relatively constant physical characteristics of the particles.

The photometer was connected to a Bausch & Lomb Laboratory

Recorder, Model V. 0. M. -7, to continuously record the meter reading.

A1/4 hp. pump made by Gast Manufacturing Corporation, Model

0321-V30, was connected by means of a 9. 5 mm Tygon tube to the

fitting at the base of the light-source housing and used as the vacuum

source to induce flow through the aerosol photometer.

Pressure-Reading Apparatus in the Shock Tube

A Tektronix Type 564 Storage Oscilloscope, a pressure trans-

ducer and a transducer indicator made up the apparatus to trace the

pressure variation at the end plate of the driven section. The sche-

matic set-up is shown in Figure 12.

The triggering was provided by breaking of an aluminum foil

strip placed on or between diaphragms. At the moment of diaphragm

rupture, the breaking of the foil strip cut off the circuit and thus

triggered the oscilloscope to register a pressure history, sensed at

the end plate of the driven section, during the first 50 msec,

Sinclair-Phoenix Aerosol, Dust and Smoke Photometer, Oper-
ation Manual (OM-2000), Phoenix Precision Instrument Company,
Philadelphia, 14p.
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IV. EXPERIMENTAL PROCEDURE

General Procedure

The aerosol photometer and the recorder were calibrated accord-

ing to the operation manuals prior to each series of experiments and

checked again afterwards for any shift of the calibration. Double

checking was necessary because the particulate matter deposited on

the interior of the smoke chamber, which was painted black, could

introduce stray light or decrease sensitivity of the photometer. When-

ever high stray light was registered, the interior of the smoke cham-

ber was cleaned before the instrument was recalibrated. A typical

calibration curve for the photometer is presented in Figure 13. The

recorder was calibrated along with the photometer.

A warm-up period of approximately one half hour for the record-

er and the photometer was allowed to stabilize instrument circuits.

This was done at the beginning of each interrupted experiment.

The aerosol was charged into the shock tube for a given period

of time. A three-way valve was attached on the driven section end

plate. Besides letting the aerosol into the shock tube the valve also

allowed filtered clean air to flow into the shock tube as make-up air

when the vacuum pump was pulling the loaded test air from the shock

tube through the photometer. The valve was set at the neutral position

during the settling period and when the diaphragm was ruptured.
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During the aerosol charging period the pressure in the shock tube

was released through one of the two tube openings near the diaphragm

into the exhaust hood. This opening, connected to a four-way revers-

ing valve, allowed the Tygon tube connection between the shock tube

and the exhaust hood to be shunted out of the system and the shock tube

was connected to 11 hp Pullman Industrial Vacuum Cleaner, which led

to the exhaust hood through 44. 5 mm diameter flexible tubing. This

vacuum source was an effective means of displacing room air in the

shock tube with filtered air before aerosol charging and expelling con-

taminated air in the test tube into the exhaust hood after the experiment

instead of releasing it in the room.

The other opening was connected to the photometer through a stop

valve. After a given settling period, the valve was opened as the

vacuum pump started to operate. After rupturing the diaphragm, the

final equilibrium pressure in the test tube was always above 1 atm.

Therefore, a short period of time after opening of the valve had to be

allowed before starting the vacuum pump to keep the flow in the system

at a constant level. The reduction in mass concentration was continu-

ously recorded on the chart while the particulate matter was being

collected on a membrane filter (pore size 0. 8 micron) after passing

through the optical chamber. The filter was weighed before and after

collection in order to obtain the mass gain.
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A by-pass flow was set up to collect enough particulates on the

25. 4 mm diameter membrane filter for size analysis. The opening of

the by-pass valve did not significantly affect the total flow rate of the

system. For example, the total flow rate was increased by-12% when

the by-pass valve was opened. Since the valve was kept opened for

only a short period of time with respect to the total sampling time,

this increase was not regarded as significant.

The detailed diagram for mounting the diaphragm is shown in

Figure 10. Compressed air was supplied from a line available in the

laboratory to the driver section through a rubber hose. The pressure

was regulated and a pressure gauge was provided on the charging line.

After each run the interior of the tube was throughly cleaned.

Conditions of Laboratory Room Air

The airborne particulate in room air could affect the reading of

the sensitive photometer. The air conditioning and ventilating system

in the building was operated sequentially according to the time switch

schedule. The particulate level and variation of airborne dust was

checked for various "on" and "off" conditions of air conditioning and

ventilating system.

The operation of the air conditioning system in daytime reduced

the airborne dust level in the room regardless of the exhaust fan
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operation, indicating that the supply of outside air into the room re-

duced the dust level.

The effect of the exhaust hood fan was propounded both on the

dust level and its fluctuation. With the hood fan off, the dust level in-

creased regardless of the air conditioning system operation.

The room air motion contributed to the instantaneous wide fluctu-

ation of the dust level. This was most pronounded when both systems

were operating at the same time, a condition normal during daytime.

The traces of the photometer read-out under various conditions were

overlapped as shown in Figure 14.

In order to eliminate the high dust level and its fluctuations under

different room air conditions, a membrane filter was used to remove

airborne particulate in the make-up air. After this modification the

photometer reading became independent of room air conditions. The

filter effectively removed practically all airborne dust. Therefore

the exhaust hood fan was kept operating during the experiment.

Diaphragm and Method of Rupture

Selection of the diaphragm material was made according to the

diaphragm pressure ratio, tendency for shattering, petalling, and

availability.

Since the maximum pressure, which was the most important
2factor, was 4. 9 kg/ cm gage, nonmetallic material was preferred to a
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metallic one. Initially three kinds of nonmetallic materials, myler,

tetraphthalate, and cellulose acetate, 0. 0254, 0. 0762, 0. 0762 mm

thick, respectively, were tried. No shattering occured with tetra-

phthalate at 2. 8 kg/cm2 gage. My ler and acetate showed similar shat-

tering characteristcs. Excessive bending resistance at the petal roots

and the small size of the opening formed on tetraphthalate could act as

a flow obstruction. Acetate was selected taking consideration of the

above factors.

The bursting pressure difference of the acetate was approximate-

ly 2.7 kg/cm2 under normal condition, and several layers of diaphragm

were used to obtain higher bursting pressure differences. The burst-

ing pressure was roughly proportional to the number of layers for a

given thickness and tube cross-section. However, some discrepancies

were noted. The method of clamping and the moisture content were

suspected to be in the main contributing factors to the discrepancies

in the proportionality.

Scribing the diaphragm to produce a petalling effect as it opens,

thereby, preventing pieces of materials from travelling up and down

the tube and to control the bursting pressure to a certain degree by

varying the depth of the scribe, is often performed with a metallic

diaphragm. However, it was not practical to scribe the acetate mainly

due to the difficulty of controlling the depth of the scribe.
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The method of inducing the diaphragm to burst was by mechanical

piercing with a sharp plunger, which is a common practice for a non-

metallic diaphragm. The mechanism is illustrated in Figure 12. The

plunger, which was constructed with 3. 2 mm diameter steel bar, was

passed manually through a pressure seal. Rupture induction by

mechanical means was preferred to self-bursting under pressure as

regards to the precise control of bursting pressure and its variation

under different degree of clamping and moisture content.

Preparation of Particulate Samples for Microscopic Examination

A membrane filter was used for the size analysis of the ammon-

ium chloride aerosol. The particles could be directly observed on the

filter surface under essentially the same condition as when they were

collected. Two kinds of commercially available membrane filters

were used: Triacetate Metricel GA-4 with mean flow pore size of

0. 8 micron manufactured by Gelman Instrument Company and Milli-

pore filter with the same pore size manufactured by Millipore Filter

Corporation.

The membrane filter with the collected particulate was removed

from the filter holder and a circular piece 8 mm in diameter was

punched out and mounted on a glass slide, by means of gummed rein-

forcement ring. The upstream-side of the filter faced the glass slide,
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The filter was made transparent for the microscopic study with dioxane,

which matched the refractive index of the filter media.

The high power of magnification (1000X) required for the sub-

micron size range necessiated the use of oil immersion of the objective.

A drop of Cargille's non-drying immersion oil with a refractive index
oc

of ND = 1.5150 (+ 0. 0002) was added on the mounted filter and the

objective lens was immersed in the oil. The membrane filter had a

thickness of 140 microns, but the particles on the filter were very

nearly in a single optical plane.

Determination of each particle size was done by comparing the

particle with Porton graticule inserted in the eyepiece. Except for

those in Figure 44 and 46, which were obtained by size analyses of

counting 125 particles each, all other size analyses were obtained by

measurement of a minimum of 520 particles.

Since the degree of statistical confidence increases with the num-

ber of particles evaluated, the error in the measurement was less

significant as the number of particles increased. Standard error for

520 counts is below 4. 4% but it increases to 9% for 125 counts. It has

been noted that under identical particle evaluations a higher magnifica-

tion produces a somewhat greater mean size and a smaller standard

deviation (19).



V. RESULTS

Shock Tube Performance

43

The wave system actually obtained is different from that shown

in Figure 1 and is modified for real flow conditions. The shock wave

is well formed at some distance from the diaphragm. This distance

depends on the tube cross-section, the diaphragm material, and the

initial pressure difference across the diaphragm. For duct flows such

as in the shock tube, the theoretical analysis is greatly simplified by

assuming a one dimensional flow. Two additional assumptions usually

made in the shock tube flow are the instant removal of the diaphragm

and the inviscid fluid.

There are many factors which contribute to the deviation of a

real wave system from ideality such as friction at the wall, real gas

effects, nonideal rupture of the diaphragm, change of cross sectional

area, and curvature of duct axis. Existing theories concerning shock

wave attenuation and flow nonuniformities are based on the assumption

of a thin boundary layer. This produces a departure from ideal flow

quantities. Under favorable conditions, weak shock waves produce

experimental observations in fair agreement with the ideal theory, but

strong waves cause significant deviations from ideality, particularly,

at shock wave pressure ratios greater than 5. The maximum initial
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shock wave pressure ratio, P21, encountered in this experiment

reached Z. 15 (Figure 2).

Because it is known that the shock formation process is longer if

the diaphragm is not fully loaded, two methods of diaphragm rupture

were investigated. Improved shock velocity is obtained with proper

diaphragm loading (6).

The number of petals produced was found to be different depend-

ing on the position of the diaphragm and also the bursting method.

Typical effects are illustrated in Figure 15. More petals were made

on the driven side diaphragm than on the driver side. With the same

number of diaphragm layers, the number of petals produced as a posi-

tive function of the driver section pressure. The number of petals in-

creased linearly with an increasing initial diaphragm pressure ratio,

the rate being higher for the driven side diaphragm (Figure 16). The

proportion of torn off petals at the root was significantly high for the

driver side diaphragm.

For a fixed driver section pressure, the number of petals de-

creased with an increasing number of layers and this effect was pro-

nounced for the first one and two layers. There was no significant

difference among the positions of layers with respect to the bursting

pattern. The general trend observed was not altered by the shorter

driven section length.
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Figure 17 shows the actual diaphragm bursting patterns under

the same test conditions. The pressure histories sensed at the center

of the downstream end plate are shown in Figure 18 for two shock tube

lengths. During the first 20 to 30 msec. , the absolute pressure rose

and then the amplitude of the pressure wave diminished at various

rates. Comparison of the amplitude of the pressure waves and the

rate of diminishing amplitude was accomplished by over-imposing the

traces. Comparison of two and three layer diaphragm under the same

initial pressure ratio showed the latter to lag by 1 msec. The ampli-

tude of the pressure variations was essentially the same, but the amp-

litude decreased more rapidly for the three layer diaphragm (Figure

18).

Total Inflow of Particulate Matter to the Shock Tube

The inflowing total mass to the shock tube was found not to be

proportional to the total inflow volume. This was due to the fact that

the mass of aerosol generated in the reaction chamber was not propor-

tional to the flow rate through flasks containing chemicals, This was

exemplified by collecting the total mass generated by a 0,71 //min,

flow rate for 2 min. and a 0.94 I/min. for 3 min. A total of 2. 10 mg.

was collected under the former condition as compared to 3. 85 mg. for

the later. This gave a ratio of 1, 0:1, 8 in spite of 1. 0:2. 0 ratio in total

inflow volume.
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In view of the unique nature of the charging procedure employed,

e., releasing the pressure build-up during charging period, the lack

of proportionality between the inflow mass and the inflow volume makes

the total inflow volume a less significant factor as far as the total mass

entrapped is concerned.

Examination of Figure 19 reveals that the flow rate is the con-

trolling factor rather than the duration of charging. This is not sur-

prising, for the increasing duration of charging would mean an increas

ing aerosol discharge through the pressure releasing opening. In

Figure 20, it will be noted that the mean particle size increased with

the increasing flow rate for the same inflow volume, suggesting that

the initial mass concentration was higher with the higher flow rate.

Effect ofCharging Flow Rate

A preliminary indication that the flow rate of compressed air

through the reaction chamber was the controlling factor in determining

total inlet mass was checked by the concentration suspended in the

shock tube at various settling times. Higher flow rates showed more

rapid settling, the settling time being a more significant factor com-

pared to lower flow rates. The difference in the concentration between

the two flow rates decreased with longer settling times (Figure 21a).

The coagulation rate of aerosols was influenced by the concentration of

particles. This was due to the fact that the higher the concentration
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the smaller the volume of aerosol from which each of the aggregates

was formed. This implied that each particle had less distance to trav-

el to get to a coagulation center. The lower initial concentration was

relatively insensitive to shock strength and settling time. A gradual

decrease in the slope with increasing pressure with higher initial con-

centration implied that the aerosol settled rapidly due to a higher coagu-

lation rate (Figures 21b and 21c). The suspended concentration re-

mained unchanged, even after shock treatment with low initial concen-

tration.

Contrary to this case in which the condensation aerosol was used

alone, an aerosol atomized from a 1% solution was added to the conden-

sation aerosol. The mean particle size of samples taken from 10 min.

without shock treatment showed an increase from 0. 435 to 0. 612 mi-

crons by adding two aerosol systems but holding the flow rate constant.

The influence was also clear from samples taken just before charging

into the shock tube (Figure 22).

An increasing mean size with a higher charging flow rate was

consistent, regardless of aerosol systems (Table III). A higher con-

centration was consistently observed for the higher flow rate and was

sensitive to the shock strength, higher coagulation rate corresponding

to higher strength. An examination of Figures 23a and 23b reveal that

the rate of decrease in concentration was nearly a linear function of
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Figure 22. Particle size distribution of charging aerosol for different conditioning treatments.
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the initial high pressure up to 2. 8 kg/cm2 gage, regardless of the

settling time. A steeper concentration slope in consistent nature did

not change after shock treatment. This implies that more rapid coagu-

lation occurred in the early stage, which agrees with the theoretical

projection of Smoluchowski (20). A reading trace of the photometer.

for various shock strengths and settling time of 10 min. is shown in

Figure 23e. Plots of percentage concentration after a given settling

time with respect to values without shock treatment reveals how the

concentration diminished with shock strength and settling time (Fig-

ures 23c and 23d). It appears, regardless of charging flow rate, that

the increasing effect of the shock treatment was more pronounded

when more time was allowed.

After 5 min. of settling, still more coagulated aerosol was sus-

pended, but a longer settling time allowed the coagulated aerosol to

settle. This was the main reason for the steeper slopes for long

settling times. The proportion of concentration of suspended particu-

late matter dropped almost linearly with respect to the initial concen-

tration, regardless of the settling time allowed.

Effect of Particle Size-Concentration of Salt Solution

In a series of experiments using the atomized aerosol only,

particulate matter collected was in a magnitude of 10-4 grams during

sampling duration and this was actually the lowest limit which could be
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measured with the instruments in the laboratory. Therefore, when a

salt solution less than 0. 1% concentration was used, no change in

weight could be detected with accuracy.

Shown in Figure 24 is a comparison of histories of aerosol con-

centration reductions when the vacuum source was connected to the

shock tube. The chart readings were overlapped for three aerosol

systems atomized from 1, 5, and 15% solutions and each treated with

an initial pressure of 3.52 kg/cm2 gage. The concentration decreased

more rapidly after the first 10 min. than after the last 10 min. This

means that a great proportion of particles coagulated in early stages

and settled out rapidly. A distinct difference in concentration among

the three aerosol systems was noted, despite the fact that the atomizer

was operated for the s am e 3 m in. Very weak salt solutions of 1%

or less would produce very small particle sizes and, as a consequence

the settling time was not a significant factor. This is well illustrated

in Figure 25. The effect of shock strength on the coagulation rate was

compared for three aerosol systems with different particle sizes (Fig-

ure 26). Figure 27 was obtained after allowing 30 min. settling time

for the initial aerosol generated from a 15% solution. When this figure

was compared with the 10 min. settling read-out, it was noted that

more spread among the curves had resulted for the longer settling

time.
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Effect of Particle Size in the Short (914 mm) Driven Section Tube

The results discussed previously were all for the long (1, 675 mm)

driven-section tube. Since the formation of the shock wave or wave

pattern depended largely upon the physical dimension of the tube, ex-

periments were also conducted with the short driven section.

The atomizer was operated for 2 min. to charge the shock tube

with 1 and 10% solution. The aerosol system with smaller size parti-

cles was not sensitive to the settling time, as compared to the relative-

ly rapid settling rate shown for the larger size particles. This was

expected as shown in Figure 28. Based on the assumption that the

meter reading of the photometer is proportional to the mass concen-

tration, the initial concentrations detected on the photometer readings

as peaks were compared (Figure 29). The settling time was not signif-

icant for the small size aerosol system but the shock treatment accel-

erated the settling.

Effect of Impinger Treatment

The aerosol and the mixture of gas was passed through three

flasks containing water, before being charged to the test tube. The

water scrubbers were used for liquid filtration to take out extremely

large particles and excess ammonia or hydrogen chloride (10).
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The aerosol which passed through the three impingers experi-

enced a drastic reduction in total mass concentration and this was be-

lieved to be due to the removal of large particles by the inpingers.

Condensation aerosol was mixed with air from the atomizer containing

no solution before being admitted to the test tube. When the samples

were taken at the inlet and checked for size distribution, there was no

significant difference in spite of severe reduction in mass. In order to

investigate this point further, samplings were taken at the same spot

without mixing with the air (6. 3 //min) from the atomizer. At this

time, even one impinger reduced the large size particles substantially

(Figure 6). This result indicated that the small particles interacted

rapidly so as to form large particles. The evidence that the mixing or

dilution was an effective means of discouraging coagulation is presented

in Figure 30, though the higher flow velocity in the tubing increased

turbulence.

Little difference was detected in the size distribution for impinger

treated and untreated aerosol systems in spite of the large difference

in mass concentration. This suggested that any difference observed

with these two aerosol systems could be attributed to the difference in

the mass concentration. The aerosol which was not treated in the im-

pinger exhibited rapid coagulation and thus settled out rapidly. The

substantial difference in the slopes of the concentration curves for the

two aerosol systems as well as the level of concentration (Figures 31a
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and 31b) indicated that the concentration was an important factor.

When the data in Figures 31a and 31b were converted to the per-

centage of concentration after shock treatment, with respect to the

untreated at the same test conditions, results as shown in Figures 31c

and 31d were obtained.

Low sensitivities of the impinger treated aerosol to the shock

strength are attributed mainly to the reduced concentration, and also

to a possible change in the mechanism surrounding the particle and,

perhaps, even to the reduced excess ammonia or hydrogen chloride

levels. The last possibility, however, was not investigated.

Effect of Degree of Dispersion

The influence of the degree of dispersion on the coagulation rate

was investigated under the assumption that the shock treatment would

increase the collision frequency of the suspended particles. The dif-

ference in the degree of dispersion was created by the dispersing

medium; condensation aerosol was either charged directly without any

help of extra dispersing medium or with the help of dispersing medium.

The dispersion was done by supplying a rapid flow of air over the

aerosol after the aerosol left the reaction chamber or impinger. The

mean size of the blown smoke was 90% of the unblown, for both the

0.71 and 0.94 Q /min, flow rates through the reaction chamber (Figure

30). This was due to the fact that the particles of the blown smoke had



100

Ns

90

80

cd

4,(1) 70
Cd

C.)

Cd

41. 60

O
4,

CU

ict50

30

Condensation Aerosol (0
D-1

Condensation Aerosol (0
1)-2

O 0 P4=0 kg/cm
2

gage

P4 =1. 4 kg/cm2 gage

V P4=2. 8 kg/cm
2

gage

O 0 P4=4, 2 kg/cm2 gage

5

71 Q /min, ), no impinger,

71 Q /min. ), three impingers,

10

Settling Time, Min.

Figure 31c. Effect of impinger treatment on the coagulation rate.

20

77



100

90

80

70

60

0

''.. `\, \\.... \

-
0 _-e

Condensation Aerosol (0. 71 Q /min. ), no impinger, D-1

Condensation Aerosol (0. 71 f/min. ), three impingers, D-2

0 0 5 min, settling
A 4 10 min, settling
0 CI 20 min. settling

30 1

0 1. 4 2. 8

2
Initial Driver Section Pressure, kg/cm gage

Figure 31d. Effect of impinger treatment on the coagulation rate,

4. 2

78



79

less chance of coagulation.

The comparative experiment was conducted for both impinger

treated and untreated aerosol systems. When the aerosol was charged

into the shock tube, without using a dispersing medium, a stream of

aerosol jet was clearly seen, which collided at a spot 114 mm from the

end plate, and dispersed along the bottom surface of the tube in a man-

ner similar to that of propagating waves. In this instance the reentrain-

ment appeared to be a direct function of shock strength. An exact

functional relationship of this effect was not determined however due to

the difficulty in making the necessary measurements.

As the shock strength increased, the corresponding concentration

of the particles at a given time increased (Figure 32). The coagulation

activity, however, could not be neglected entirely. The poor disper-

sion of particles in the tube did not provide an optimum chance for

collisions. Furthermore, the particles bounced off the bottom surface

from the start, and this possibily contributed to the breaking of aggre-

gates already formed. On the other hand, the suspended particles

settled in the tube.

The condensation aerosol was passed through three impingers

and then observed by the procedure previously mentioned. The results

were then compared in Figures 33a and 33b. Since the impinger treat-

ed aerosol was better dispersed than the untreated aerosol in the shock

tube, the effect of reentrainment was less significant in this case.
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For lower shock strength, however, the reentrainment was a more

predominant factor than coagulation. The reverse was true for higher

shock strength (Figures 33a, 33b, and 33c).

After the impinger treatment, the coagulation rate was higher

than that obtained for the previous untreated case. Apparently the

reentrainment was reduced and, at the same time, the coagulation

activity increased, owing to better dispersion as- a result of improved

mobility.

Effect of Combining Two Aerosol Systems

Identical shock wave treatments were applied to aerosols, from

the atomizer, the chemical reaction chamber, or their combination.

Using a 0. 1% solution, the atomized aerosol was added to the conden-

sation aerosol. Figure 34 shows how the combined aerosol system

increased the intial charge concentration, and was more sensitive to

the shock strength. The substantial difference in the concentration

levels in Figure 34 indicated that the contribution of the atomized

aerosol to the total mass was insignificant.

With the given weighing accuracy, the total mass suspended was

too low to permit direct comparison without introducing a significant

error. For the combined aerosol system, the sensitivity to shock

strength was nearly linear, decreasing with the pressure increase.
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Another comparison of the two aerosol systems was made be-

tween the condensation, and atomized aerosol added to the condensa-

tion aerosol. Aerosol generated at a rate of 0.71 I/min. was mixed

with either air from the atomizer or the atomized aerosol (1% solu-

tion). A comparison of Figures 35a and 35b with Figures 31a and 31b

shows that the combined system was more sensitive to shock strength

and that the change in concentration was nearly linear. Even though

the combined system had a higher initial concentration, it decreased

substantially with high shock strength.

The effects of the settling time and that of increasing shock

strength on the percentage of particulate matter still suspended after

shock treatment, with respect to that without shock treatment, are

shown in Figures 35c and 35d. The particle size distribution showed

that the combined aerosol system contained particles of 0. 44 micron

compared to 0.37 micron in mean size for the condensation aerosol

alone. A slight increase in geometric mean deviation was also noted.

(Figure 36).

In order to test a hypothesis that two aerosol systems obtained

by combining the condensation aerosol with different atomized

aerosols would affect the coagulation process, 0. 1% and 10% solutions

were dispersed and mixed with the condensation aerosol. It was

assumed that, under identical conditions, the same condensation

aerosol mixed with different size aerosol systems dispersed from the
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atomizer, would result in two different aerosol systems having differ-

ent size distributions.

The system with small size particles should have a greater colli-

sion probability with the large particles. Since the size of particles

for condensation and atomized aerosol (10%) were similar, a less

active coagulation process was involved for the system with the large

atomized particles. This is shown in Figure 37 for the size distribu-

tion of inflowing aerosols.

Smaller size particles combining with the condensation aerosol

gave considerably higher coagulation rates th.an the larger size particles

(Figures. 38a and 38b). Consequently, the 0. 1% solution provided

more positive results (Figures 38c and 38d).

The influence of the shock treatment was clearly seen on the

photometer read-outs. The shock treatment with 4.2 kg/cm 2 gage

initial pressure was compared to the untreated in Figure 38e.

Effect of Foreign Vapor

The effect of foreign vapors on aerosol coagulation with shock

treatment was investigated using water vapor and three organic com-

pounds selected on the basis of difference in polarity. They were

acetic acid (acidic polar), carbon tetrachloride (nonpolar) and acetone

(neutral polar). This was done in order to compare the shock tube

results with that obtained by Hayakawa (9) in still air, There are
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Figure 38a. Effect of different size atomized aerosol mixed with condensation
aerosol on the coagulation rate.
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Figure 33d. Effect of different size atomized aerosol mixed with condensation
aerosol on the coagulation rate.
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wide discrepancies concerning the effect of foreign vapors on aerosol

coagulation. In some cases, opposite experimental results as well as

contrasting theories have been advanced. The purpose of this portion

of the experiment was to determine qualitatively the effect of foreign

vapors on the coagulation in the shock tube, thereby, determining

whether the foreign vapors act as a stabilizer or as an aggregant.

For this series of experiments the aerosol was generated by a

chemical reaction and foreign vapors were dispersed with the atomizer.

The atomized aerosol was also used for another series of experiments

while organic vapors were dispersed by passing compressed air of

0.94 //min. flow rate through a flask containing the test compound in

liquid form.

The concentration of organic vapors was varied by regulating the

air flow rate through the atomizer or flask. A comparison was made

in Figure 39 in which the suspended mass concentration after 10 min.

settling was plotted against charging flow rates of organic vapors.

This shows that acetone had the least stabilizing effect and the stabil-

izing effect increased in the order of acetic acid and carbon tetra-

chloride. As the concentration of organic vapor increased, less

particulate matter was collected on the filter. This was because more

aerosol was expelled through the pressure release opening: during

aerosol charging as the flow rate increased. In general, the active

roles of three vapors as stabilizers for the coagulation process
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decreased with shock treatment. The effectiveness of increased shock

strength in promoting the coagulation rate was most pronounced in the

presence of carbon tetrachloride.

In the presence of acetone vapor the effectiveness of the shock

strength on coagulation diminished as the strength increased. The

coagulation rate was relatively insensitive to the shock strength over

1.4 kg/cm2 gage, although the shock treatment increased coagulation

(Figure 40).

For the other vapors, the increase in the shock strength did not

necessarily result in an increase in coagulation (Table II). After the

shock treatment, acetone vapor changed its role from a stabilizer to

an aggregant.

The presence of water vapor improved slightly the coagulation

rate (Figures 41 and 42). Hayakawa (10) investigated the influence of

humidity on the coagulation process in a confined chamber with ammon-

ium chloride aerosol. He reported that water vapor decreased the

stability slightly when the relative humidity was 50% or less, and

greater aggregation was observed when the relative humdity was higher

than 55%. As a possible mechanism, he suggested that water vapor

lowered the vapor pressure of the aerosol constituent, which resulted

in the increase of the collision probability by removing the vapor

cushion surrounding a particle.
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Direct comparison of the photometer read-outs in the presence of

different foreign vapors, other than the same vapor system is risky.

This is because the amount of forward scattering of the light is depend-

ent on the physical characteristics of the particle, i..e., humidity,

size, shape, refractive index and color.

Recently Lundgren and Cooper (14) reported their observation on

the effect of humidity on light scattering methods of measuring parti-

cle concentration. They suggested that the aerosol samples could

best be compared by light scattering if they were dry or were dried to

a reasonably low relative humidity below 30%. According to this re-

port no different aerosol systems can be compared directly unless

they are both brought to the low humidity levels. At present, the

level of relative humidity at which light scattering begins to increase

for ammonium chloride aerosol is not fully known. Hayakawa (9),

however, observed no measurable changes in the amount of light

scattered for relative humidity ranging from 30% to 80%.

Quantitative information needed to compensate for the variation in

the scattered light in the presence of different vapors is not available.

For this reason no attempt was made to compare the photometer read-

outs directly and the comparison was restricted within the same vapor

system (Figures 43a, 43b, 43c and 43d).
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Figure 43a. Percent of light scatter vs. sampling time in the presence of
carbon tetrachloride vapor. Effect of shock strength.
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Size Variation of Aerosol in the Shock Tube

The variation of the mean particle size in the shock tube without

shock treatment is shown in Figure 44. There was a distinct change

in the shape of the curves between 5% and 10% salt solutions. For

aerosols formed below 5% concentration, the build up of particle size

proceeded more rapidly than size reduction due to settling.over a 15

min. period. After this period the particle size was gradually re-

duced. When the geometric mean deviation, which corresponded to

each point of Figure 44, was plotted (Figure 45) it was noted that the

shape of the curves changed gradually as the concentration of salt

solution increased.

The aerosol formed with higher concentrations settled more

rapidly from the beginning than the particle size built up. Figures

46a and 46b show the variation of size distribution with settling time

before and after shock treatment. It should be noted that the particle

size build-up was substantial after shock treatment as was the change

in size distribution.
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VI. DISCUSSION

Factors Influencing the Coagulation in the Shock Tube

Factors that influence the coagulation of aerosols in the shock

tube can be classified into two categories: (1) the factors affecting the

probability of collision, and (2) the factors that affect the effectiveness

of the collision, i. e. , how effectively the particles stick together upon

collision.

Included in the first category are factors such as particle size,

particle number, polydispersity or size distribution, physical proper-

ties of the gaseous medium, electrification, differential settling, and

the wave system formed in the shock tube. The second category in-

cludes the shape and structure of particles, and the foreign vapors

absorbed on the particles. Besides these factors, factors such as

the reentrainment of particles induced by the diaphragm burst should

be considered in determining the total net outcome.

The following is a theoretical discussion of the experimental data

presented in the preceding chapter.

Particle Size

The increase in the coagulation rate with decreasing particle size

has been proven experimentally in the shock tube and this is in agree-

ment with the theory of aerosol coagulation discussed earlier. The
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experiment with two different size aerosols, controlled by the concen-

tration of salt solution in the atomizer, showed the same tendency

after shock treatment. Using the atomized aerosol only, this tendency

was shown to exist after shock treatments as well as without shock

treatment. The higher coagulation rate for smaller particles is pre-

sumably due to their higher mobility or their greater velocity of diffu-

sion resulting in greater frequency of contact. On the other hand,

larger particles with slower rates of diffusion coagulate slowly. This

is due to the fact that they are further separated from each other in a

given concentration.

Suppose that an aerosol system is composed of n1 particles of

radius r1, n
2

particles of radius r2, etc. where r
1

> r
2

> r
3

> ,

and the n1 large particles of radius r1 act as coagulation center.

For the convenience of analysis, let us assume that n2 small parti-

cles of radius rz coagulate with n1 large particles to form n1

particles of radius of r
12

and these coagulate with n.3 particles of

radius r
3

to form n1 particles of radius r123 etc. The total num-

ber of resulting particles of radius r12, r1z3, r1234, . ' r123 k
will be still the same as that of original coagulation center. Since it

is assumed that the density of particle remains unchanged after coagu-

lation, the material balance would give:

4 4 4
3 Trr

3 pni + 3 Trrz 3 pnz = -3-Trr123pn1 or

3 3 3r12 n1 = r1 n1 + r2 n2



In the same manner,

3 3 3

r123 n1 r12 n1 4- r n
+r13n1 +

r2
3
n2 r3

3
n3
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3 3
+ 3

3 3 3 3

r1234 n2 r123 n1 r4 n4 rl n1 r2 n2 r3 n3 r4 n4

The general expression is,

r 123 k n 3
3n + r

2
3n

2+ r3 n3
3 3

'1.123 (k-1 n rk nk rl n1

Therefore,

+ + rk3nk

3
1

r r3
[n +() n + (3 n + + (rk )3n ]123.- k= r

1
n1 1 r1 2 r 3

1

31 k

3

r

k

-12)j (-2)r1 n1
P-

(13)

The total number of particles will be reduced from n or En
k at

the start to n
1.

If the number of small particles np is significantly

high, or in other words, the weight concentration of the small parti-

cles is much greater than that of the large particles, then the number
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one in Equation (13) can be neglected. If we know the total number

of particles at a given instant, then we can calculate the size of the

coagulated particle at that instant. This is however only possible

when the size distribution at that instant is known. For the truly

monodisperse aerosol, it is simple but it becomes complex for poly-

disperse aerosols. In fact, the instantaneous change in the size dis-

tribution during the coagulation process, makes the problem even

more complex. The result of size analysis for the condensation

aerosol mixed with atomized aerosol from 0. 1 to 10% is given in Fig-

ure 37.

Particle Concentration by Weight

The experimental result have shown that the highe.r concen-

trations were highly susceptible to shock wave treatment. On the

other hand, low concentrations were neither sensitive to shock

strength nor to the settling time. Coagulation theory predicts that the

larger particles resulting from the higher concentrations decreases

the coagulation rate with increasing concentration, assuming the

same number of initial particles. This is attributed to the fact that

the larger particles coagulate more slowly than the smaller ones.

This was proven experimentally without shock treatment. The fact

that the higher concentration resulted in a higher coagulation rate

after shock treatment indicates clearly the deviation of the experimental
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results from the Smoluchowski's theory of coagulation in terms of

collision efficiency. This can be explained by the difference in the

collision probability. The coagulation tendency increased with higher

concentrations because the collision probability increased. The de-

crease in the coagulation rate due to the slower rate for larger parti-

cles was apparently overwhelmed by the effect of increasing collision

probability after shock treatment.

In order to examine the effect of concentration on the change in

mean distance between particles, let us imagine that a unit volume

contains n particles. In order to distribute n particles uniformly

in the volume so as to contain only one particle in each cube, the

1/ 3volume should be divided into cubes with sides 1/ Nrn. The mean

distance between particles dm is given by dm = 1/ [n. The particle

4number is then n = m/3 Trr 3
p , where m is the concentration by

weight.

m
1 1

=
3n

m
4 3

3
Trr p

For polydisperse aerosols,

3p
= 0.621 r (for monodisperse

aerosols)
(14)

3 44-rrp (n,r, + n2r2 3 + n3r3 3
+ + nkrk3) = m = 7.Trp nr03

3 pll 3 p

k

where n = n1 + n2 + n3 + + nk = k .

k=1



Let

nr
0

3

k

k=1

nkrk3
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(15)

3 3 3 -rrp r03
3 3

PEnk rk 'dm = 1 / 'fn =
p

= 1.61( )n

(for polydisperse aerosols)

From Equation (15) it will be noted that for the same size distribution

the term (Enk rk
3/n) will be a constant, leaving only the particle den-

sity and weight concentration as variables. Assuming that the particle

density remains unaltered after coagulation, the mean distance be-

tween the particles will be decreased by the cube root of the concen-

tration. According to the results of impinger treatment, the shape of

the size distribution at the inlet of the shock tube had remained the

same, but with a 5% reduction in the mean particle size after treat-

ment in the impingers (Figure 6). When the ratio of the concentration

of untreated and impinger treated aerosol, before shock treatment,

was plotted from Figure 31a, the resulting curve indicated the ratio

of concentration at the start to be 5.7. Therefore the mean distance

between particles was decreased by the factor of 1.79 as compared to
31.0 for the low concentration. The term (Enkrk /n) in Equation (15)

is reduced to r, for monodisperse aerosols, giving an equation the

same as Equation (14), which states that the mean distance d is
m

proportional to r.
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For a polydisperse aerosol, however, the term will have a differ-

ent number for vaious size distribution. It can be assumed that the

change in particle density is negligible. For the noncompact particles

or loosely aggregated particles, the particle density will be decreased.

However, the contribution of this change to the mean particle distance

will become negligible because of the manipulation involving the cube

root. In other words, the mean distance between particles is gener-

ally governed by the size distribution and the concentration by weight.

Particle Concentration by Number

It is obvious that a higher number of particles present in the

chamber would increase collision probability. When the concentration

by number is high, coagulation takes place so rapidly that the particle

number per unit volume present after a short period of time is prac-

tically independent of the initial number. To illustrate this, let us

suppose that there are two aerosol systems which have the concen-

trations of 5.x 1012 and 5 x 108 particle/cm3 respectively, and O. 6 x

109 cm3/sec. as the coagulation constant for both systems. The

time required to form a system containing 2.5 x 106 particle/cm 3

by coagulation turns out to be 667 sec. and 663 sec. from Equation

(12).

The shock treatment would make the two times even closer due

to the increased collision probability. It was suggested by Whytlaw-
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Gray (24) that at the very early stages, the coagulation would proceed

so fast that the coagulation constant at this stage would be difficult to

follow. The shock treatment applied shortly after aerosol charging

was designed to maximize the collision probability while the particle

number was still high.

Polydispersity

The effect of polydispersity on the coagulation rate should be

considered since no coagulating aerosol system can be truly homogen-

eous, although initially it may be nearly so. The theory of coagulation

predicts that heterogeneity leads to a greater rate of coagulation and

this can be explained by the fact that the collision probability between

particles of different size must be greater than that for particles of

the same size. This has been demonstrated in still air and under

acoustic coagulation (15), Any small particles will coagulate at a rate

much higher than the normal.

The Equation (9), after the Cunningham correction becomes
2

do RTs
(1 + )

Af
(r

1 r 2) 2

dt 6µN r rir2

The factor (rl r 2)2 /r
1
r2' which appears in the equation, has the

minimum value of 4 for the homogeneous aerosol, and becomes

greater than 4 for the heterogeneous aerosol. The calculated average

value of this term as a function of the range of radii is given in Table
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5.2 (7). This was based on the assumption that equal numbers of

particles of various radii were present, and that the Cunningham cor-

rection factor has the same value for each particle size. Particle

size analyses done for the inflowing aerosol to the shock tube showed

that the range of radii was 1: 2 for the particles of the same order of

magnitude, and from 1:4 to 1:6 for the whole range of radii with few

exceptions. It should be safe to assume 1:7 as the average range of

radii for the aerosol systems studied. This accounted for the possi-

bility that some small particles could have escaped detection by the

microscope. This range of radii corresponds to an average value of

1.24 for the factor (r
1

+ r 2)2/r1 r2 if each size has an equal parti-

cle number.

If we only consider the same order of particle number, the value

will be even lower. The average value of the factor for an aerosol

system, which has a different number for each radius, is not available

at the present time,

According to the study done with oil mists, tricresyl phosphate

and sulphuric acid by Tikhomirov, Tunitskii and Petrjanov (22), as

cited by Green (7), the increase due to polydispersity in the coagulation

rate amounted to only a few percent (at most 10%). However, the co-

agulation process observed in the presence of foreign vapors indicated

that the polydispersity and particle structure became the controlling

factors when an aerosol system was treated in the shock tube. This
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will be discussed in the following section. A model for the increased

collision probability by shock treatment, as will be proposed later in

this study, indicates that the polydispersity should be an important

factor in determining the coagulation rate in the shock tube, due to the

differential velocities acquired by the shock treatment.

Foreign Vapor

At the present time, no doubt exists regarding the assumption

that the probability of coagulation on impact between particles is 100%

(9). The Smoluchowski's theory is based on this assumption and this

has been supported by the experimental evidence to date. It appears

that there are two main theories in regard to mechanism of aerosol

coagulation in the presence of foreign vapors.

It was often suggested that a thin layer of vapor or liquid adsorb-

ed on the aerosol particles might alter their surfaces in such a way

that, on collision, the particles would not readily stick together. Many

experiments have been carried out to examine this, but the results

presented are inconclusive (5). Another theory proposes that the

effects of foreign vapors can be explained by the influence of the vapors

on the shape and the structure of aggregates.

Besides these two, there is a suggestion which states that there

is no effect on aerosol coagulation. It claims that an adsorbed mono-

or polymolecular layer on the particle surface can not lower the
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molecular force potential between the particles in contact, at least not

enough for it to become. comparable to the energy of Brownian motion.

However the experimental results clearly indicate the effect of foreign

vapors, either as a stabilizer or an aggregant, for the foreign vapors

tested in this study. Hayakawa (9) who studied the effect of foreign

vapors on the coagulation of an ammonium chloride aerosol, concluded

that the stabilizing effect of some foreign vapors were due either to the

formation of a molecular layer around the particle, which made the

particle more elastic and reduced the efficiency of the collision, or to

the vapor cushion surrounding the particles as a result of the decreased

surface tension. While he observed that the nonpolar and the neutral

polar compounds had the stabilizing effect, the polar compound in-

creased the coagulation rate. Since the same theory of the effect of a

vapor cushion, due to decreased surface tension by surface active

acidic polar compound, would result in opposite conclusion for the role

of the vapor, a different theory was proposed to explain this contra-

diction. He stated that the particle would adsorbe the acidic polar

compound, as it contains groups of atoms that dissociate into ions, and

the polar water molecules have a certain affinity to the ion-dipole

attraction force. Therefore, the decreased vapor pressure in the

vicinity of the particles made it easier for particles to collide.

Contrary to this observation, the acetic acid vapor had a stabil-

izing effect in this study rather than an accelerating effect. However the
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concentration of vapors in this study was approximately ten times

higher than that used in Hayakawa's (9) study. This stabilizing effect

was pronounced both with and without shock treatment. So his theory

certainly did not apply in this case and the theory should be further

investigated with other similar vapors having different ionization con-

stants as suggested in his statement.

The experimental data and microscopic analysis suggested that

the effect of the foreign vapors in still air could be explained by the

polydispersity, shape and structure of the particles. The relative

significance of above factors, however, is not known.

The microscopic observation revealed that with carbon tetra-

chloride vapor, which was the most sensitive in reducing the stabiliz-

ing effect by shock treatment, the particle size distribution had a geo-

metric mean deviation of 1. 620 compared to 1. 396 in the presence of

acetic acid vapor. Dispersing the organic vapors by passing com-

pressed air at a flow rate of 0.94 I/min. through the flask which con-

tained the compound in liquid form, and combining it with the atomized

aerosol from a 10% solution, resulted in geometric mean deviations of

1.571, 1.505 andl. 491 for acetone, carbon tetrachloride and acetic

acid vapor respectively (Table III). Considering the fact that the

amount of vapor dispersed was only 1/15 of that dispersed by the atom-

izer, a high value of geometric mean deviation was expected for the
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acetone vapor, since acetone vapor gave a substantially high polydis-

persity, compared to the other two vapors,

Microscopic examination revealed also that the shape of the

aggregates was changed in the presence of organic vapors. The aero-

sol in the presence of acetic acid vapor was spherical but, in the pres-

ence of acetone vapor, it no longer was a perfect sphere. A substan-

tial amount of chain-like aggregates were observed in the presence of

carbon tetrachloride vapor. After shock treatment, the diaphragm

petal root was examined under the microscope and the same chain-like

aggreates were observed as shown in Figure 47. As discussed in the

previous chapter, the change in the stabilizing effect after shock treat-

ment was pronounded in the presence of acetone vapor.

Figure 47. Photomicrograph (450X) of particles deposited
on the diaphragm petal root in the presence of
carbon tetrachloride vapor.
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The increased effectiveness in aerosol coagulation after shock

treatment which increased collision probability, and the above-men-

tioned microscopic observations, indicate that the polydispersity and

structure or shape of the particles played an influential role. It is

assumed that the acceleration of the particles did not alter appreciably

the physical conditions of particles. However, no definite conclusion

can be drawn from the experimental data as to whether one factor was

more predominant than the other.

Artemov (1), as cited by Green (7) showed that the coagulation

rate for an ammonium chloride aerosol depended largely upon the rela-

tive humidity of the gas phase. He observed that the coagulation rate

decreased under 30% to 40% relative humidity, but it increased when

subjected to higher relative humidity. This should be investigated

further.

The microscopic examination showed that the aggregates were

compact and spherical in the presence of water vapor. The shock

treatment increased the coagulation rate in the presence of water

vapor, but the coagulation rate became relatively insensitive to in-

creasing shock strength.

Particle Shape

In the review of the coagulation equation, it was assumed that the

coagulating particles were spherical. This holds true for the liquid
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droplets, but does not apply in general for solid aerosols. Millikan

(16) showed that the slight irregularities in the shape made little differ-

ence to the rate of fall of a particle, so that the mobility, and conse-

quently the rate of coagulation should be little affected. This was

proven to be true in acoustic coagulation. The irregularity in the

shape might be a factor, in the case that chain-like aggregates are

formed after coagulation.

Since ammonium chloride aerosols absorb water rapidly, the

irregulatities would have been decreased. The microscopic examina-

tion verified this point even after shock treatment. Therefore, the

error due to the assumption of spherical shape in the coagulation

theory, would be small if not negligible. The chain-like aggregate,

which was observed in the presence of carbon tetrachloride, should

have a pronounced effect upon shock treatment.

Physical Properties of Gaseous Medium (T, P, )

The expression of coagulation predicts that the coagulation rate

increases with increasing absolute temperature, mean free path of the

gas molecules and decreasing visocosity. Dander and Winkel (13), and

also Cawood and Whytlaw-Gray (4), carried out experiments on ferric

oxide aerosols at various pressures, and showed that the coagulation

constant increased with reducing pressure. The mean free path is

inversely proportional to the pressure under which the gas is confined



131

and consequently the rate of diffusion. Other things being equal, the

coagulation rate should decrease with increasing pressure. The viscos-

ity should remain the same except at very low pressure. The kinetic

theory of gases predicts that the viscosity is proportional to the density,

the average velocity of the molecules, and the mean free path of the

molecules.

Experiments reported here were done at fairly constant tempera-

ture. Even if the temperature had increased the coagulation rate would

not increase proportionally because the viscosity would also increase

with temperature under constant pressure. Therefore the pressure

was the only significant factor.

After bursting the diaphragm, the pressure inside the shock tube

increased. The consistent trend throughout the experiment was that

as the pressure increased in the shock tube, the rate of increase in

coagulation rate experienced some decrease. No attempt, however, was

made to distinguish the contribution of the pressure during the coagu-

lation process. It may be assumed that the coagulation rate could be

improved by any attempt to reduce the equilibrium pressure inside the

shock tube.

Electrification

The particles in smokes produced at a high temperature are, as

might be expected, lightly charged but usually the smoke as a whole is
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electrically neutral. As a rule the condensation aerosols, generated

at moderate temperature, are uncharged, but they become gradually

charged by gaseous ions diffusing to them until a steady state is reach-

ed (7, p. 74). At first the aerosol system has only a few percent

charged particles and the fraction of the charged particles increases as

the coagulation progresses and ions are captured from the surrounding

air.

During the first 30 min. of the coagulation process, no measur-

able effect should be encountered. In fact Patterson (17) detected no

clear difference in the coagulation rate of an ammonium chloride

aerosol which was not charged and one highly charged in the presence

of x-rays. There appears no reason to assume that the shock treat-

ment alone would charge the particles.

Gravitational (Differential) Coagulation

Relative motion due to different speed acquired and the influence

of gravity between different size particles leads to collision and coagu-

lation. The gravitational coagulation becomes insignificant for particle

diameters below 1 micron (5). Therefore in the size range studied in

the experiment, gravitational coagulation is considered negligible.
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Reentrainment and Wave System Formed in the Shock Tube

It is obvious that bursting a diaphragm ind-u..ces reentrainment of

settled particles from the tube surface, but how the detachment of

particles begins is not fully understood (7). Particles may be torn off

under the direct action of hydrodynamic lift normal to the wall, or they

may begin rolling along the wall under the action of tangential drag and

bounce away from the tube surface after collision with other particles.

The actual amount of reentrained particles could not be measured sep-

arately at the time of diaphragm-bursting. When an aerosol, charged

into the shock tube, was allowed to settle long enough for particles to

completely settle: the operation of the vacuum pump at 11.7 L /min.

did not induce any reentrainment of settled particles. After the burst-

ing of a diaphragm, however, the photometer could sense the reen-

trained particles. The effect of particle reentrainment may be mini-

mized if the shock tube is set up vertically, the driver section being

placed on top, in order to minimize the deposition of particulate matter

on the vertical wall.

No correlation between wave system and coagulation rate can be

specified in this study since it is not considered that the wave system

was controlled precisely enough to distinguish the possible significance

of the principal shock wave, or the oblique shock waves. Therefore

the way which the actual wave system has affected the ideal model for
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increasing collision probability is not known.

A Model for Increasing Probability of Particle C311isions

In order to set up a model of the increased collision efficiency by

shock waves in addition to the Brownian motion, let us suppose that

each unit volume of an aerosol system in the shock tube contains spher-

ical particles in a number of size groups of radius r1, r2, r ,1, 2, 3,

with n1, nz, n3, , nk in number respectively at random.

The relative motion between particles of unequal size, due to the

different velocities acquired under the influence of shock waves, leads

to collision and hence coagulation. While the enlarged particles are

passing through the particle cloud, they continue to grow as a result

of collision.

If the particles acquire velocities of V1' V2' V3' , V
k

due to

the shock waves at a certain moment, the difference in the velocities

would cause relative motion between the particles. Among many possi-

bilities let us begin with the particles of group 1 and group 2. A class-

ical approach is to use the volume swept out in a unit time by the mov-

rk

ing particle. Two groups of particles moving with velocities of V1

and V2, respectively, can be considered as the same case in which

the group 2 particles move with velocity of (Vz -V1), while group 1

particles are stationary.
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The number of collisions between group 2 particles and group 1

particles in a unit time can be examined by considering the volume

sweptout by particle 2 in unit time as shown in Figure 48.

r +

Figue 48. Volume swept by a particle in unit time.

If the center of any group 1 particles are within a cylinder of radius

r
1

+ r
2

and (V2 -V1) long, they will collide with particle 2. The vol-
2

ume of the cylinder Tr(r1 +r2) (V2 -V1) contains all the particles which

will collide. The total number of collision made by one group 2 particle

in unit time is Tr(r
1 +r 2)

2
(V2 -V 1)nl and the total number of collisions

made by the group in unit time must be n2 times the number made by

one group 2 particle; Tr(r1 +r2) (V2-V1)n1n2.

There are also similar relationships for collisions among all

other types of particles. However, the total number of particle im-

pacts made by the n2 particles in unit time is different from the

corresponding total number of collisions by the factor of 1, because

each collision involves two impacts. Therefore the total number of

collisions of all groups of particles per unit volume per unit time is
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N= (r,+r.) 2(V.-V.)n.n
J 1 j 1 j
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(16)

The exact size distribution at a given moment should be known in order

to evaluate the total number of collisions among the whole particle

population and, this makes the problem quite complex. At the same

time, the average distance travelled by particle 2 between collisions

can be readily obtained as:

1 =

V2 -V1
1

(17 )
2 2

r +r 1) (V2 -V
1

)n
1

Tr(r
2

+r
1
) n1

Due to the current interest in erosion experiments, several

investigators have considered the acceleration of dust by means of

shock tubes (11, p. 1218). Hoenig (11) examined the time required

for a dust particle to reach a certain fraction of the velocity of the gas

which is carrying it along. He considered the case of a shock wave of

constant strength moving down a straight tube and a dust laden gas.

To simplify the problem, let us assume that the presence of the

aerosol does not significantly alter the fluid properties behind

the shock wave. Equating the force accelerating a sphere with the

aerodynamic pressure force of an airstream gives the following force

balance,
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(18)

where p, m, V, A, CD, represent density, mass, velocity, projection

area and drag coefficient respectively, the subscripts p and g are

for particle and gaseous medium respectively.

The transfer of momentum to spherical particles maybe consider

ed as a unsteady-state momentum transfer since the difference between

the gaseous medium and sphere velocity varies with time. It is pre-

ferable to use the drag coefficient obtained by Ingebo (12) rather than

that of steady-state, for it is questionable whether steady momentum

transfer rates are directly applicable to the unsteady momentum trans-

fer. The accelerating drag coefficient for submicron size particles

is not available at this time, but Ingebo (12) investigated for size

range of 20-120 microns and for 6 <Re< 500. His experimental result

for the instantaneous unsteady-state drag coefficient, based on linear

acceleration, was given by the following empirical expression:

where

Re

27
CD --

(Re)0,,
84

p D (V -V )

(19)

(20)
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From Equation (18) and (19) the velocity difference (V.-V.) at a given
J 1

instant can be calculated (Appendix I) and this facilitates the evaluation

of the total number of collisions. The evaluation of the total number

of collisions is, in fact, not a simple form as it appears in the equa-

tion. The complexity is introduced in several ways such as: the instan-

taneous change in the size distribution and in the number of particles

in certain size range, and the complexity in wave system due to com-

plex wave interaction in the shock tube.
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VII, CONCLUSIONS

The experimental results obtained in this Study indicated that the

coagulation of submicron size aerosol can be accelerated by shock

treatment of very short duration in the shock tube.

Two different methods of aerosol generation, condensation and

dispersion were used to obtain various conditions of the initial ammon-

ium chloride aerosol. The atomizer used for dispersion was also used

to dilute the condensation aerosol, and to disperse foreign vapors.

Due to the pressure relieving opening provided on the shock tube

during aerosol charging, the controlling factor in determining the total

mass entrapped in the shock tube and the particle size distribution was

not the charging duration but the flow rate in the reaction chamber.

Shock waves were generated shortly after aerosol charging, while

particle concentration by number was still high. Diaphragm pressure

ratios of up to 5.75 were used. The particulate matter remaining in

suspension was collected on the filter, after passing through the

aerosol photometer, in order to determine the fraction of the original

particulate matter that remained in suspension.

In general, the higher diaphragm pressure ratio increased the

coagulation rate. The effectiveness gradually decreased as the ratio

increased. This is suspected to be attributed to the fact that higher

pressures in the gaseous medium hinders the coagulation process
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after shock treatment.

The degree of dispersion, i, e., how uniformly the aerosol was

distributed in the shock tube initially when it was charged, was found

to be a very important factor. However, its influence became less

pronounced for the low initial mass concentrations, partly due to the

imporved dispersion characteristics resulting from treatment in the

water impingers. When the condensation aerosol was combined with

the atomized aerosol, it showed a higher sensitivity to shock treatment,

even though the contribution of the atomized aerosol in the mass con-

centration was insignificant. In this case, the increased concentration

by particle number was the influential factor and this was confirmed by

microscopic observation, which showed little difference in particle

size and size distribution.

The difference in the particle size, when the condensation aerosol

was combined with the atomized aerosol, was an influential factor.

The condensation aerosol combined with the smaller atomized

aerosol was much more sensitive to shock treatment compared to the

condensation aerosol combined with an atomized aerosol of equal size.

Particle size analysis showed a substantial increase in the par-

ticle size and more distinctive changes in size distribution curves after

shock treatment.

The presence of the organic vapors: acetone, carbon tetrachlor-

ide and acetic acid, stabilized the aerosol system. The shock treatmeni
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in the presence of these vapors, however, increased the coagulation

process. The presence of water vapor resulted in a slight increase on

coagulation rate, but the rate became relatively insensitive to increas-

ing shock strength.

The coagulation process observed in this study was, in general,

in conformity with the modified Smoluchowski's theory for aerosol

systems. The particle concentration, both by weight and by number,

the initial degree of dispersion and polydispersity, along with the

structure of aggregates, however, became more influential factors

upon shock treatment.

The experimental results indicated that the increased coagula-

tion rate observed after shock treatment could be explained in terms

of increased collision probability of particles. A model based on the

increased collision probability, due to the differen/tial acceleration of

particles in the shock tube, was proposed.

It is believed that a vertically arranged shock tube, the driver

section being placed on the top, might give a better picture of the

aerosol coagulation process, mainly due to the fact that a vertical

glass wall would minimize the particle deposition and therefore parti-

cle reentrainment,
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APPENDIX I

A SAMPT.F, CALCULATION OF RELATIVE AEROSOL
PARTICLE VELOCITY INDUCED

BY A SHOCK WAVE

The force accelerating a sphere was equated with the aerodynamic

pressure force of the airstream in deriving Equation (18) in the text:

dV
p 1-dt gpD g p

)z
P

A C(V -V (18)

Using the empirical expression obtained by Ingebo (12) for instantane

ous unsteady-state drag coefficient:

where

CD -
(Re)0.

84
27

Re -
p D (V -V )gP g

g

Inserting Equation (19) and (20) into (18):

dV
1

27(V -V )7/6
g Pm p dt r A

2 g p PgDp 5/6
)

1-Lg

5/6
___pdV 1/6 I 2 1:i_ (V )7/6

6 p lip dt Pg 4 p
D

5/6 g p

13

(19)

(20)



dV
1/6 5/6

11
g (v -V )7/62 = 20. 2 gdt 11/6 g p

PP P

Integrating from V = 0 to V = V and from t = 0 to t = t:
P P

7/6

V
1

C P dV P
1/6 5/6

V7/6
V

= 20.2 g g

g 0 (1 _21
D 11/6 dt

V ' P p 0

g

1/6 5/6
6V V P II

1 1 P g
7/6 [

g
_1 = Nt where N - 20.2 g

V 11/6
V

(1
_21i

1/6 0 p D
g P P" Vg

Then :

t - 6 1 -1]
[1/6 V

NV i<211/6
g V i

g
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The time t corresponds to the time required to reach a certain Vp/Vg

ratio. To illustrate a sample calculation, consider the following

condition:

1. 2 x 10-3 gm/cm3

-1. 81 x 10 4grn/cm sec
g

V = 1. 32 x 343.8 m/sec = 40 54 x 104 cm/sec
g

1. 527
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D = = 4. 5 x 10-5 cm
P

c
2Slicik Mach number = 1. 32 (Initial driver pressure = 2. 8 kg/cm gage),

Reynolds number when V = 0 is:
P

p D (V -V )gP g P (I. 2 x 103)(4. 5 x 10- 5 )(4. 54 x 04)
Re - 13. 5

1. 81 x 10-4

Figure 12 (12) gives CD = 3 for the Reynolds number 13. 5.

5 1/6
20.2 ( 1 . 2 x10-3)(1. 8x10) 1/6

20. 2
[

Pg
1 1.527 IP 11

p D 4. 5 x 106
P

2 0.
17

-
(4830 x 10 )

1/6
= 0. 5441.52

12

)1/6 4 1/6
N(V ) = 0. 544(4. 54 x 10 ) = 3. 24

g

Figure 1 (11) gives:

At sec.

O. 05
0. 1
0.2
0. 3
0. 5
O. 6

V /V
P g

0. 1
0. 2
0. 3
0. 4
0. 5
0. 6

From this data the particle velocity at a given time after diaphragm

rupture can be obtained. The velocity following the same procedure

for smaller size particle will give a differential velocity acquired at a

certain instant when it is subtracted from the previously-obtained

velocity.
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APPENDIX II

CONVERSION OF WEIGHT CONCENTRATION TO
PARTICLE NUMBER CONCENTRATION

FOR POLYDISPERSE AEROSOL

Since the aerosol dealt with in the experiment was heterogeneous,

which is the usual case, the simple relation involved in the conversion

of concentration by weight to concentration by number cannot be applied.

Suppose an aerosol system has a size distribution such that there are

nk particles which have rk radii. Assume also that each particle

has the same density and spherical form. Thus:

Cw 0. 239 Cw C
n

[particle/cm3]

Cn or Cn =
4 3 3 C [gm/cm 3]

r pTrr p
r: [cm]

p : [gm/cm ]

where Cn is concentration by number and Cw is concentration by

weight.

Or expressing in other way:

Cw Cw
Cn 1,91

3
4 d d

3p
in (2°) p P

where d is expressed in cm.

For monodisperse aerosol,
C 8

Cn 1. 91
w x 104 where Cw: [10 gm/cm3]

p
P d: [micron]
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However, for polydisperse aerosol, we have to find d from the follow-

ing relation:

m =
6

p (n d
1

3 + n2clz
3 + n3d3 3

+ + nkdk 3)
p 1

n n
+ ( )d

2 n+ (-3 )d
3

+ +
n

where n = n1 + n2 + n3 + . + n .

Therefore d can be calculated from size distribution analysis assum-

ing that the ratio nk/n can be replaced by the corresponding ratio in

the size analysis. In fact, the conversion is not readily performed be-

cause the size distribution of the highly disperse aerosol system is

very unstable, changing at every instant,
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Table I. List of testing conditions,

Experiment
Run

Number

Chemical Reaction Atomizer
Number
of Water
Impinger

Flow
Rate

( i /min, )

Operating
Duration

(min,)

Concentration
of NH 4C1

Solution ( %)

Flow
Rate

( f/min, )

Operating
Duration

(min. )

A - 1 0,1% 6,3 3

2 0. 5% 6, 3 3

3 1, 0% 6, 3 3

4 5, 0% 6, 3 3

5 10, 0% 6, 3 3

6 15.0% 6,3 3

7 20, 0% 6, 3 3

**
8 1, 0% 6, 3 3

**
9 10,0% 6 3 3

B - 1 None 0. 71 2

2 3 0, 71 2

3 3 1,18 2

C- 1 None 0, 94 3 0, 1% 6. 3 3

2 None 0, 71 2 1, 0% 6, 3 2

3 None 0. 94 2 1, 0% 6, 3 2

4 None 0, 94 3 10, 0% 6. 3 3

D- 1 None 0. 71 2 (Air) 6. 3 2

2 3 0, 71 2 (Air) 6, 3 2

3 None 0, 94 3 (Air) 6, 3 3

4 None 0, 94 3 0%(H20) 6, 3 3

5 None 0. 94 3 (CH3COCH3) 6. 3 3

6 None 0, 94 3 (CC1
4) 6. 3 3

7 None 0, 94 3 (CH3COOH) 6, 3 3

*
Line pressure: approximately 0. 42 kg/cm

2
gage

**
914 mm long driven section. All other driven sections are 1,675 mm. long.

Sampling flow rate: 6, 3 1/min.
Diaphragm rupture at 30 sec. after end of aerosol charging, Setting time was reckoned from end of

aerosol charging. All diaphragm ruptures were done by using piercing lancer,



Table II, Suspended particulate mass in the shock tube as functions of shock strength and setting time, (x 104 gm )

P

Settling 4

Time
(min. )

Experiment
Run No.

0 kg/cm
2

gage
21. 4 kg/cm gage 22. 8 kg/cm gage 24. 2 kg/cm gage

S 10 20 5 10 20 5 10 20 5 10 20

B- 1 9 5. 5 3. 5 14. 5 11,5 3. 5 16 12 7 23 20. 5 9

2 8 5 3,5 11 5 4 9 5.5 3,5 8 5 3,5
3 25 20 11 20, 5 16 10 10. 5 9. 5 10 6 6 5

C- 1 23. 5 17. 5 12,5 19 9,5 5 17 8 3 14 5 2

2 41 27 16 35 22 12, 5 27 14 7, 5 20, 5 9, 5 5

3 4S 32 15, 5 38 24 13 33 16 10, 5 30 14 8

4 25 20 10, 5 23 17, 5 9. 5 22 10 6, 5 18 10 6, 5

D - 1 34 26 19 30 16 15 25 15 13 20 14 8

2 7 6 5,5 7 5,5 5 5 4,5 4,5 5 4,5 4,5
3 23, 5 14 11 18 12, 5 8 16, 5 10, 5 8 11, 5 9 6

4 23 13 10, 5 19 13 8 13 11 7 11 9 7

5 26 21 8 13. 5 10 6 12 7 6 11 5. 5 3

6 33 28. 5 17. 5 22 19, 5 14, 5 17 14 11 13 9. 5 8, 5

7 29 25, 5 23 31 15 13 20 20 16

2
Number of diaphragm: One-layer for P = 1. 4 kg/cm, gage

Two-layer for P44=2. 8 kg /cm gage
Three-layer for P4=4. 2 kg/cm2 gage
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Table III. Sampling schedule and size analyses of charging aerosols.

Sample
Number

Chemical Reaction Atomizer
Mean
Size

(Micron)

Geometric
Mean
Deviation

Number
of Water
Impinger

Flow
Rate

(Q /min,)

Concentration
of NH4C1

Solution (%
by weight)

Flow
Rate

( / /min. )

# 1 10 0.43 1. 479

2 15 0, 53 1.617

3 None 0. 71 0.41 1. 366

4 None 0, 94 0. 50 1. 480

5 1 0, 94 0. 41 1, 329

6 3 0, 94 0, 57 1. 474

7 None 0, 94 0, 1 6. 3 0. 48 1. 458

8 None 0, 94 0, 5 6, 3 0.40 1, 500

9 None 0. 71 1.0 6, 3 0.44 1. 400

10 None 0. 94 1, 0 6, 3 0. 62 1, 419

11 None 0, 94 5.0 6, 3 0, 51 1. 529

12 None 0, 94 10. 0 6, 3 0. S8 1. 655

13 None 0. 94 15. 0 6, 3 0. 45 1. 467

14 None 0, 71 (Air) 6. 3 0, 37 1. 378

15 3 0. 71 (Air) 6. 3 0. 35 1. 371

16 None 0. 94 (Air) 6. 3 0. 45 1. 367

17 None 0, 94 (H20) 6. 3 0, 58 1. 457

18 None 0. 94 (CC1
4) 6. 3 0, 60 1, 620

19 None 0. 94 (CH
3

COOH) 6. 3 0. 444 1. 396

20 (CH3COCH
3)

0. 94 10. 0 6, 3 0. 49 1. 571

21 (CC1
4)

0. 94 10. 0 6. 3 0. 485 1. 505

22 (CH3COOH) 0. 94 10.0 6. 3 0. 53 1. 491

Contained in a flask and dispersed by air (0. 94 Q /min. )


