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PRINCIPLE OF BALANCED STRESSES AND THE MECHANICAL 
FORMATION OF AEROSOLS 

W.  E.  Rani 

The Pennsylvania State University 
University Park,   Pennsylvania 

INTRODUCTION 

Sometime* a simple concept (a way of looking at a problem) makes 
a difficult process understandable.   Sometimes this concept provides a key to 
a complex analysis; sometimes it satisfies the research worker's physical 
intuition and common sense.    I shall attempt here to suggest such a concept 
for that exceedingly complex and difficult process, the mechanical formation 
of aerosols. 

A dynamical system,   such as the mechanical formation of 
aerosols,   can be analyzed in t^rms of characteristic stresses at work in the 
system.    By comparing stresses one can eliminate unimportant variables and 
establish the limits of variour stable dynamic states.    A stress analysis is 
one step better than a dimensional analysis in that mechanisms are postulated 
and Newton's law is applied. 

Examples of the principle of balanced stresses will be given for 
predicting drop survival diameter,   wave lengths of surface disturbances, 
conditions for electrostatic atomization,  and the effect of viscosity. 

Characteristic Stresses 

The best way to analyze a dynamical process is to consider 
characteristic stresses in the system.    Balanced stresses mark the limits of 
various stable dynamic states.    Unbalanced stresses define regions of accel- 
eration and deceleration.    Table I is a list of some of the characteristic 
stresses which are involved in the mechanical formation of aerosols. 



Table I - Characteriitic Streitet Involved in the 
Mechanical Formation of Aerosols 

Type of Strees Force Per Unit Area of Interface 

Phase Being Dispersed: 

Impact or Inertial Stress p   V2/2g 

Shear Stress Ml V/L 

Normal Stress of Elsctrical Charge qac2/8K 

Ambient Phase: 

c 
Impact or Inertial Stress pgV2/2g 

Shear Stress ugV/L. 

Surface Normal Stress Z(J/L 

In this table,   V is the characteristic velocity and L the 
characteristic length,  the velocity gradient V/L is assumed to be the 
characteristic velocity gradient for viscous shear,  and L is assumed to be 
the characteristic radius for the interfacial normal stress.    In a specific 
system,   such as the spray for an orifice noaxle,   L might become the 
radius or diameter of the orifice,  and V m^ght become volumetric ? -erage 
flow velocity,  both measurable quantities.    It must be remembered,  however, 
that the trick in analysis is obtaining the proper relationship between actual 
lengths and velocities and their characteristic values. 

Mechanical Formation of Aerosols 

To create mechanically a spray of large surface area one must 
force a liquid mass to assume an unstable free liquid configuration of even 
larger surface area.    This is usually accomplished by imparting to the 
liquid or gas sufficient kinetic energy to cause the liquid,  on flowing through 
some spraying device,  to assume the form of filaments or sheets or to 
create such inertial and frictional forces with the  gas phase as to tear off 
filaments or sheets originating at ripples on its surface.    Because of 
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■urface ten.ion the configuration of large ■urface areas is unstable,   and,   on 
undergoing random disturbances,   some of which are more probable and 
speedier than others,   it breaks up into a drop gystem of smaller surface a rea. 

The formation of the unstable intermediate state and the breakup 
usually happen in times of the order of one millionth of a second.    Because 
such times for microscopic occurrences are too short for known photographic 
and recording techniques,  the mechanism is not fully understood     Some 
kinetic energy imparted to the liquid mass appears ai surface energy in the 
■pray,  but the larger portion of the kinetic energy is retained by the spray 
dropi,  causing them to penetrate into and mix with the gas.    Because of the 
wide ranges of relative velocities and because of the innumerable types of 
disturbances which cause breakup, the drop sises in a spray are widely 
distributed. ' 

Minimum Drop Siaes Obtained by Mechanical Methods 

As an example of balanced stresses,  let us consider the maximum 
poisible relative air velocity which a   liquid drop can withstand before it 
breaks up or.   conversely the iurvival diameter of drops at a given relative 
velocity.   Air strikes the drop surface with an impact stress of the order of 
pgv /2gc.    The stress which the drop gurface can support by virtue of its 
surface tension is 407D.   Equating the two stresses gives a drop "survival" 
diameter for a relative velocity of V; or,  similarly,  their ratio,  a Weber 
number,  can be set equal to unity.   Thus 

80'«c ...(1) 

for the survival diameter.    One can say that the liquid mass break» up because 
the impact of the air equals or exceeds the ability of the drop surface to 
withstand the force.    One can also say that Eq.   1 specifies the minimum 
average" drop sises which can be produced by spraying devices Which develop 

relative velocities V. K 

Bye?:Periment Lane (2) and Hinse (1) have demonstrated that Eq    1 
holds for liquids with low viscosities.    However,  the disruptive impact stress 
was found to be about half again as much as the surface normal stress     For a 
more accurate Eq.   1 the critical Weber number should be given the value of 
1. 5 instead of unity. 



What are the comequencet of such % simple concept?   Since 
almost all "practical" spraying devices are limited to sonic velocities and to 
atmospheric air densities,  the minimum average sixe which one can expect 
from improvements in design is about five microns. 

In the same terms the inherent difference between liquid-pres- 
surised and gas-pressurised nossles is apparent.   An applied gauge pressure, 
which is a stress,   results in either a relative velocity of liquid inertia, 
pi Vz/2gc,  or gas inertia,  pgV^/Zgc.    Because of a relatively small gas 
density,   a gauge pressure of only one atmosphere is needed to produce a 
compressible flow of sonic velocity in a gas,  whereas a gauge pressure of 
around 3000   pounds per square inch is required to cause a velocity of half 
the speed of sound in a liquid.    The criterion for drop survival suggests that, 
at half the relative velocity,  the drop size is four times larger.    There are the 
approximate comparative results which one obtains from these two types of 
atomisation. 

Relative Importance of Stresses; Elimiiiation of Variables 

Having focused attention on the various stresses which cause, 
promote,  and retard breakup,  one has insight into the mechanism of aerosol 
formation.    For a given physical situation one can decide,  by comparing 
stresses,  whether a stress is important or unimportant.    Quantitatively 
these comparisons are ratios which are the pertinent dimeu^ionless numbers 
for any experimental analysis of the system. 

In high speed atomisation a stress comparison usually leads to 
the conclusion that the important stresses are the impact stress of the ambient 
phase,   the interfacial normal stress,   and,  to a smaller extent,   the shear 
stresses in the liquid. 

A comparison of stresses,  therefore,   leads to a logical elimination 
of unnecessary variables.    Such comparisons can also give semi-quantitative 
evaluation of novel forces and stresses which might be introduced into new types 
of spraying devices.    If the novel stress built into the device does not measure 
up to existing stresses,   it will not be effective in  producing   a smaller drop 
sire.    As in every branch of engineering there are few "miracles",   and those 
which do occur can usually be explained in terms of Newton's law. 
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Generation of Wavei; Initiation of Breakup Procesi 

In spraying devices relacive velocities between liquid and air 
occur between volumes of each phase which are very large in comparison to 
the final drop sixe.    Relative flow is side-by-side,  not head on.   Close 
observation has ihown that wavelike disturbances are generated on the surface 
between the phase» and that these waves grow into extended filaments and 
films which arc subsequently blasted apart by high relative velocities or, 
being extended to a dynamic stress balance at maximum surface area,  break 
up of their own accord. 

A surface instability analysis of the Rayleigh type consists of 
imposing known,  but infinitely small disturbances on a fluid surface.    Each 
of the infinite number of possible disturbances has a wave length and an 
amplitude with a time factor for growth,   eot.    If all the disturbances are 
excited simultaneously,  that wave length with the largest positive time constant 
a,  on its amplitude wiJl ultimately predominate.   If the time constant is 
positive,  the disturbance will grow.    If the time constant is negative,  the 
disturbance dies out and the system is stable to this particular perturbation. 
A Rayleigh jet is stable to varicose swellings with wave lengths less than the 
circumference of the liquid column.   Swellings with wave lengths equal to 
about 4.5 times the diameter of the liquid column have the largest time 
constant,  grow the fastest,  and represent the most probable breakup length. 
In this case,  instability is dependent only on the existence of surface tension. 

Let us now apply the principle of balanced stresses to the problem 
of the wave length of waves generated by a wind blowing over a liquid surface. 
Imagine for a moment a finite sine wave which has grown to such a size that 
the impact stress of the air pgV /Zgc,  on the side of the wave equals the 
interfacial stress maintaining the surface contour of the wave.    For the wave 
one can substitute two half circles of radius /^/4 and arrive at a critical 
Wnber number. 

pgV2/V8(rgc^l ...(2) 

for the minimum possible wave length (in this case the surface is cylindrical 
in snape). 

Elegant theoretical calculations by Taylor (4) show that the 
simple minded approach is not far wrong.    Instead of unity the right side of 
Eq.  2 should read Zrr/S for the minimum possible wave length.    Shorter 
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wavei damp out and do not grow with time.   For the "most probable wave 
length" the right tide of Eq. 2 ahould read 3»/8.    Wave lengths longer than 
the moat probable one alto grow with time but at increasingly «mailer rates 
of growth. 

The flaglike flapping of a liquid sheet was Investigated by Squiae 
(3).   In this case the right side of Eq. 2 should read 4«/S for the most 
probable wave length. 

Atomiaation by Electrostatic Forces 

A liquid mass will break up under the action of electrostatic 
forces when the electrostatic stress exceeds the interfacial streis.   The 
critical condition is given by the ratio. 

Uc^O-Kofl»! ...(3) 

where R is the diameter of a spherical surface with a surface charged 
density qac. 

If one were to increase the potential applied to a water drop until 
the surface charged density was about the maximum possible in air 
(2.65 x 10-5 columb/cm2),  an|r liquid radius larger than about 1.5 mm would 
begin to disintegrate.    The potential for these conditions is around 5000 volts. 

At an applied potential of around 5000 volts any disturbance will 
create a protuberance of small radius on the surface.    The surface charged 
density at the point momentarily will be inversely proportional to this radius. 
The disruptive stress is inversely proportional to the square of this radius. 
Since the opposing stress of surface tension is only inversely proportional to 
the radius of such a disturbance,  all disturbances are unstable and grow under 
a net stress which is inversely proportiorxl to the radius of the disturbed 
surface.   It is not surprising   that electrostatic spraying results under these 
conditions. 

Effect of Viscosity 

Experience teaches us that very viscous liquids are difficult to 
atomiae.    The principle of balanced stresses should be able to tell us how 
viscous the liquid must be before a particular noxxle fails to produce a spray. 

12 
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Correction Factor,   f 

Fi^. 1 - Effect of Llqxiid Viscosity on Stability 

A - Sinuous waves on a viscous liquid jet, Am/D0» föfCf 
B - Survival diameter of drop subjected to air blast 

(B    survival diameter),    pgv2 A^S^ «: 1.5 f 

C -Wind blown waves on viscous liquid, PgV^^m/8ö"gc«   (3ir/8)f 

(A - Ref. 5; B - Hef. If C - Ref. U) 
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Because liquid properties are usually based on shear stress as 
a function ox velocity gradient,   non-Newtonian liquids can also be treated in 
terms of a spray stress analysis.    For example,   breakup of ideal and psuedo 
plastics probably would not occur unless 

PgV2 

^1 2«oT0 

and viscous effects would not be dominant until 

Ms +ToWV 

Stress Analysis Compared with Dimensional Analysis 

Stress comparisons,   without careful analysis,   often lead to what 
appear to be contradictory results.    For example,  the liquid inertial stress 
is always of the order of one thousand tunes the gas inertial stress.   Super- 
ficially,   it is the dominant stress at all times.    However,   it is only the 
dominant stress with regard to penetration into the surrounding gaa and 
formation of a spray zone.    With regard to the bi «-akup process,  the liquid 
inertial stress,  based on the characteristic velocity,   is important only so far 
as the characteristic velocity represents •'relative" internal motions of the 
liquid itself. 

The principle of balanced stresses is not a substitute for analytical 
thought.    It is only a method of thought which seems to produce useful results 
and evaluations without a complete theoretical or experimental solution. 

A stress analysis is one step better than a dimensional analysis 
in that mechanisms are postulated and Newton's law is applied.    As with 
dimensional analysis one gets no more out of a stress analysis than he puts 
into it and the amount he puts into it is usually directly proportional to hiH 
previous experience with similar types of problems. 
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Table of Symbole 

O Drop diameter. 

gc Dimensional conversion constant for ute of engineering unite. 
gc x 32.2 (lb. mass/lb. force) (ft/sec2) 

- 1 (gm. man/dyne) (cm/eec2) 

L Characteristic length. 

qac Electrostatic charge per unit of surface area. 

R Radius of surface curvature 

V Characteristic velocity. 

KQ Permittivity of free space. K,, = 8.85 x 10"12 

(coulombs2/joule meter). 

A Wave length. 

u Gas viscosity. 

^i. Liquid viscosity. 

Ha Pseudo viscosity of plastic liquid. 

pg Gas density. 

p Liquid density. 

(7 Interfacial tension. 

T0 Yield stress of plastic liquid 
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BREAKUP OF LIQUID DROPLETS, THICKENED AND UNTHICKENED 

Jamei D. Wllcox 
Research Directorate 

U. ?. Army CW Laboratorie» 
Army Chemical Center, Maryland 

When con»idering «pray of chemical warfare agents from high 
■peed aircraft, the particle size and the time of fall to the target are 
necesearily important factors, for these factors directly affect the spread 
pattern of the spray.    If the particle size is very small the agent particle 
concentration will be of such value that it has very little effectiveness. 
Comparing the settling rate and cloud travel of small aerosols and that of 
drops, one finds that in order to place the agent on a target area one must 
use the larger particle sixes such as drops of 500/i  to 3 or 5 mm.  in diameter. 

If we wish to produce drops of liquid agents from a spray tank of 
a high velocity aircraft flying in the vicinity of Mach 1, we are faced with a 
problem entirely different from any other in aerosol formation.    That problem 
is the ovei- abuiu^c» *l uurgy to break up the agent.    The one main factor 
that controls the size of the breakup products of the liquid agent is the relative 
air velocity, and in the case of aircraft sprays this velocity is quite high. 
Surely, a pilot isn't going to reduce the speed of his plane to several hundred 
miles per hour in order to control the spray size.   So we must find another 
way of controlling the breakup of the agent. 

To start with first things first, one wants to know about the way 
liquids break up at these high velocities.    Then after understanding something 
of this breakup process, we may attempt to control the breakup to give the 
desired particle size.    In order to simplify and understand this breakup 
process our investigations were started with drops of 4mm.  diameter.    It 
was felt that understanding and controlling of the breakup of drops of this 
size would eventually lead to control of smaller particles; the smaller the 
particle the greater the energy required to break it up. 

Numerous investigators such as Richardson (1),  Lane (2). 
Miesse (3), a group from the University of Minnesota (4), and workers at 
the NACA (5), had observed drop breakup at velocities that were relatively 
low in comparison to velocities in the vicinity of Mach 1.    Some of these 
investigators were merely concerned with determining the velocity at which 
the drop broke up and referred to this velocity as the critical breakup 
velocity,  or the velocity at which the drop became unstable.    Other 
investigators were concerned with effects produced by these breakup products, 
such as in the atomization of liquid fuels. 

■ 
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When we consider a liquid drop in an airttreaxn there are mainly 
two groups of forces acting on the drop.    These are the forces tending to 
tear the drop apart, and the forces tending to hold it together; or, we might 
Kay the external and internal forces.    When the relative velocity is high 
enough to overcome the internal forces the drop becomes unstable and 
undergoes breakup. 

The mechanisms of breakup will depend on how great the velocity 
exceeds the minimum velocity required to produce instability. 

In our investigations air blasts and airstreams having a velocity 
in the vicinity of Mach 1 were needed.    Our initial attempts at high velocity 
breakup observation was by and large an extension of the later work of 
W. R.  Lane of Porton (6), in which he used a blast gun for producing subsonic 
air blasts.   However, we felt that we could improve on his techniques by not 
only operating at much higher velocities, but by suspending the drop on a 
column of air as demonstrated by Blanchard (7) rather than using crosshairs 
or Ilk« methods, which in themselves could start the breakup process as a 
result of the drops tearing away from these supports. 

Figure 1 shows graphically the blaut gun equipment which was 
made as an extension of Lane s work.    The drop is supported in front of the 
blast-gun barrel by a column of air.    The contoured screen and the funnel 
act to reverse the regular velocity profile of the air coming from the 
drop-support air column.    The blast gun is divided into two chambers which 
are separated by a frangible diaphragm.    The closed chamber is a compression 
chamber and i» pressured with nitrogen to the pressure required to give 
the desired velocity.    The open ended chamber is the expansion chamber. 
Breaking of the frangible diaphragm, by dagger attached to the solenoid, 
causes the shock front and high velocity airstream to proceed up the 
expansion chamber.    The shock front and high velocity airstream emerge 
from the end of the blast gun and strike the drop of suspended liquid.    The 
action of this high velocity airstream upon the drop is recorded 
photographically.    The passage of the shock front is sensed by a crystal 
pickup on the blast gun barrel.    This signal is electronically delayed and 
fed into the trigger circuit which in turn causes the high intensity spark 
gap to fire.    The light emission from this spark gap causes exposure of 
photographic film and the event is recorded as a spark shadowgraph.    The 
delay circuit enables recording of the event at any desired time interval 
after the drop is initially struck by the shock front. 
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Figure 2 it an enlarged double spark shadowgraph of liquid 
drop breakup from the blast gun.    The picture contains two exposures of 
the event.    The end of the blast gun barrel is seen on the left with the 
high velocity airstream emerging and traveling from left to right.    The 
first exposure shows the drop, the spherical expanding shock wave, and 
the high velocity airstream which is emerging and in the process of 
expanding from the end of the blast gun barrel.    One can see the beginning 
of a vortex ring in the airstream at this point.    The second exposure shows 
that the airstream has struck the drop, and has caused disruption of the drop 
which is seen by the shaded areas around the original drop.    The turbulent wake 
downstream from the drop can be noted and a standing wave,  "bow wave, " or 
reflected wave can be seen formed around the drop. 

One is able to observe just whkt is taking place by these clear 
shadowgraphs. ; However, it was apparent after several observations that 
there were a number of undesirable features to this setup which were built 
into this method.   The vortex ring on passing around the test drop caused 
radial disruption of the drop.    This disruption maybenoted in Figure 2. 
The formation of various turbulences and extraneous reflected »berk wmven 
were undesirable.    The pressure around the drop was not atmospheric and 
was difficult to estimate because of the rapidly expanding airstream.    The 
velocity of the airstream striking the drop was diificult to measure and hard 
to keep constant from test to test. 

A« a result of the difficulties with the blast gun tests, the 
possibility of doing controlled laboratory experiments with a small shock 
tabe wer«/ studied.    This study resulted in the construction of a 2 in.  H) 
Shock tube for the production of controlled airstreams of high velocity. 

Figure 3 is a block diagram of the shock tube and jts> associated 
equipment     The shock tube is divided into two chambers,  the compression 
chamber which is pressured by nitrogen, and the expansion chamber which 
is partially evacuated     The two chambers are separated by a frangible 
diaphragm.    The pressures in the chambers govern the airstream velocity, 
and the value of the pressure ratio controls the pressure in the test 
region at the time of testing.    By varying the pressure a wide range of 
test conditions are available.    The test liquid is introduced into the top of 
the vertical shock tube through a hypodermic needle.    The drop falling from 
the hypodermic needle breaks a light beam,  which triggers the series of 
events needed to photographically record the drop breakup.    The light beam 
signal is delayed, amplified,  and sent to the shock tube solenoid,  which 
cause rupture of the diaphragm.   Rupturing of the diaphragm m turn causes 
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Figure 3

BLOCK DIAGRAM OF SHOCK TUBE



the formation of the shock front and high velocity airttream which progress 
up the shock tube.    Passage of the shock front is sensed by a barium 
titanate crystal pickup located below the photographic observation window 
in the «hock tube.    This signal is delayed and used to fire the spark source. 
The two delay circuits enable synchronisation of the event,  so that the 
portion of the drop breakup process that is desired to be recorded takes 
place in front of the photographic window.    The firing of the spark source 
causes exposure of a photographic plate at the observation and results in 
the photographic recording of the event as a single spark shadowgraph. 

Figure 4 is a seris« of spark shadowgraphs of drop breakup by 
the shock tub« technique.   The drops are 3 mm. in diameter and are the 
liquid agent simulant, bis 2-(ethylhexyl) hydrogen phosphite, known as Bis. 
The velocity of the airstream acting upon the drop is 1200 ft./sec. , or just 
slightly greater than Mach 1.   The pressure at the time of the air action 
was 1 atmosphere.   The time referred to below each picture is the time of 
the air action upon drop, or the time after the passage of the shock front. 
At Op sec. Is shown the spherical drop with the shock wave approaching 
the drop, 70/*  sees,  show* the development of surface ripplei on the drop 
and some Initial downstream turbulence.   At 150/i sees, flattening of   the 
drop occurs and the initial surface stripping of the drop commences.   In 
the 250 and 490/1 sees, pictures continuation of breakup and surface stripping 
is shown.   At 850ß sees, the drop has sjsnost undergone complete 
disintegration with the pieces broken ol'f from the drop undergoing surface 
stripping themselves. 

Altering the physical properties of the liquid is a most versatile 
method of controlling the breakup process.    The particle size range may be 
adjusted, by altering the physical properties of the liquid, to fit the 
particular needs. 

It was known that retarding of drop breakup can be accomplished 
by agent thickening.    In this work the agent thickeners were evaluated by 
subjecting test drops of thickened liquid to h^gh velocity airstreams.    The 
actual effect of thickener materials is to act as a damper to retard breakup. 
A drop subjected to a high velocity airstream has the maximum velocity 
forces acting on it during its first moment of exposure to the airstream. 
From the first moment the drop is accelerated, the relative velocity is 
decreased continuously until both airstream and drop are traveling at 
approximately the same velocity.    This is what would happen to a solid 
particle.    However, in the case of the liquid drop, if the damping effect 
of the thickener is great enough then the drop could decelerate to a 
velocity below the critical breakup velocity and remain as a single particle. 
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THE AERODYNAMIC BREAKUP OF DROPLETS 

John W.   Corcoran 

The George Washington University Research Laboratory 

and 

U. S. Army Biological Wsrfare Laboratories 
Fort Detrick,  Maryland 

Since the subject of my talk is an analog experiment for studying 
the formation of aerosols,  I think it is pertinent to sketch a little background 
information to show how a laboratory interested in explosives became involved 
in "bath tub" engineering. 

The scope of our contract includes the investigation of the factors 
affecting the explosive dissemination of aerosols.    Mathematically this may 
be written: 

B(t) « Rp(t) RCT c -at 

where B(t) represents the fraction surviving of a disseminated bacteriological 
agent at any time,  t; Rp(t) represents the physical recovery and depends 
chiefly on aerosol size; Rex i* t*ie fraction surviving the thermal and 
cavitation effects of the explosion; and the   exponential represents the normal 
bacteriological death rate of the organism.    The last term is completely 
determined by the organism.    R^T depends on the type of organism and its 
location with respect to the explosive.    Rp(t) depends on the physical 
properties of the liquid,  the geometry of the charge and the strength of the 
shock.    It is in connection with this term that we are interested in droplet 
breakup. 

In this regard our laboratory has primarily based its work on that 
of Dr.  Boyd, formerly chief of Applied Research Branch of M Division,  and 
h s paper,   "Theory of the Sedimentation and Decay of Aerosols" (BLIR  7). 
He shows that for a continuously stirred aerosol,  as in a closed chamber 
where most biological testing is carried on,   the fallout due to Stokes' Law 
settling from an aerosol of uniform particle size leaves a remainder given by 

Rr(t) = exp     - -^ (pj  - p2) ^   r2t 
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Thu term ^ is the ratio of the cham'ur    area to ill volume, p. and p, are the 
demitiee of the droplet and the medium, q the riecoeity of the medium, g 
the acceleration of f ravlty, r the radiue of the droplet and t is again time. 

For an aerosol with a range of particle sixes.  Boyd points out 
that it is necessary to sum Klu: recoveries from the various sise classes. 
Thus, the total recovery from all sine classes is given by 

-hr^t -kr2
2t 

Rp(t)  *  Cj € ♦ C2 c 

-kr32t 
+ C3 c + .  .  . etc.. 

where Cj,  C2 and C3.  etc. represent the fraction of the totsl mess of each 
radius.    This series may be represented more concisely by the integral 

RpW "  f f< 
-kr2t 

r)€ dr 

where f(r) is a distribution function representing the fraction of the total mass 
in the sixe interval dr.  of sise r. and the integration is carried out over all 
sise classes. 

While this is a complete mathematical expression it is not very 
useful until the function f(r) is defined.    In order to use this equation, two 
things are necessary.    First a form of distribution must be found which fits 
the aerosol, and second it must be of such a type as to permit the integration 
to be carried out. 

Boyd himself suggests the Rossin-Rammler type of distribution 
primarily because it can be integrated.    This is 

-br2 

f(r)  - A (v) rv c 

Figure 1 shows a normalized form of these distributions.    All 

curves contain a unit area.    A generalized abscissa   ~   is used,  where   r 
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ia the mats median.    Thua, v ia the only parameter.    It may be aeen Lhat low 
valuea of v imply broad, flat diatnbutiona, whereaa for high valuea of y the 
aeroaol particles approach mmiimam sine.    Integrating the Rosain-Rammler 
type of diatrlbution givea a recovery function of the form: 

■[■ *ah  ] 2 

(2« ♦ v)Tj 
R(t) -14 

Figure 2 ahowa the form of theae recoveries, again with v aa a 
parameter.   Ik may bo soon that for equivalent mass median radii low^y 
distributions decay less rapidly than high ? distributions.   (Considerations 
of surface energy indicate a y of aero can only be approached since this would 
require aa infinite surface energy.) 

I hare gone through this to give you an idea of why we are interested 
in knowing what the droplet distribution f(r) is; how it dictates the physical 
r«rr»veryt and the necessity for knowing a scaling factor, the mass median 
radius,  F, and y, the spread parameter.    The principal object of the teat to be 
deacribed ia to Juatify the aasumption of a Roasin-Rammler diatribution or to 
find a better one. 

Our atudiea indicate that there are two types of aerodynamic 
breakup: one involrea an increaaing velocity, and the other a decreasing 
velocity.    To give you aome idea of how theae ariae, let me ahow you thia 
chart of pictures taken of our conical devices.    (Note by Editor:   Unfortunately, 
it waa not feasible to reproduce theae picturea in thia report.    However, the 
explanation which followa ia rather complete.)   We have the complete expansion 
proceaa for aeveral maas ratios, that ia, the ratio of the maaa of fill to the 
mass of explosive waa varied.    Succeaaive picturea in each row vere taken ai 
different times during the expanaion.   In all of theae picturea the charge ia 
ailhouetted againat a bright field of light to permit Simultaneous observation of 
the prcfile of the fill and the position of the shock wave aa a schlieren.    In the 
larger maaa ratioa the shock wave ia always observed in front of the fill.    The 
air behind the shock has a maaa velocity, u,  and the aerodynamic forcea acting 
on the fill may be conaidered to be proportional to the difference between the 
fill and maas velocities (v - u).    Thia difference,  initially aero, increaaea 
throughout the expanaion.    As an approximation it can be assumed to be due to 
the uniform acceleration of the fill: 

(v - u) s- Vt. 
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Now. on the other hand, in the low maee ratio«, the shock wave 
doei not appear until late in the expansion. The fill has initially penetrated 
the shock and is moving with a high velocity in «till air. 

Intermediate mas« ratios display an alternation of these effects 
with first   the shock in front, then the fill and finally the shock. 

AU of the experiments in the literature that I have encountered 
imply a study of either one or tha other of these two types of breakup.    Thus, 
Bond and Richardson have investigated the stability of drops under the 
acceleration of gravity and their experiments correspond to the first case, 
where there is a gradual increase in velocity and breakup with time.   As a 
criterion of stability they use the Bond number, a dimemsionless ratio of the 
hydrostatic head within the drop to surface tension pressure 

PD8d      Pgd2 

B*    07d'=     0" 

When the hydrostatic head becomes much larger than the surface 
tension pressure the drop becomes unstable and breakup will ensue.    They 
have found that for values of B greater than 15 this will probably occur. 

Studies of the second type of breakup were made in an experiment 
by Volyneki and in those just described by Messrs.    Wilcox and Cohen.    In 
these the drop is suddenly subjected to an abrupt change in its relative velocity 
with respect to the medium.    In this case the stability criterion may be given 
as a ratio of the aerodynamic pressure to the surface tension pressure 

W _ pM V\ PM V2d 

ö7d (T 

In the second case the velocity decreases to a terminal value and the breakup 
occurs most *upidly at the start rather than at the end as in the first case. 

The direct measurement of an aerosol distribution is a difficult 
process.    Even assuming that^ sufficiently refined sampler exists,   one is 
plagued by the necessity for correcting for evaporation,  coalescing and 
perhaps drop spreading.    Direct observation of the breakup of a droplet in an 
explosion is also difficult.    The high magnification required to see the droplet 
necessarily results in motion blur on the film of the order of the drop sise. 
To avoid the difficulties which are inherent in the measurement of aerosols, 
it was decided to study an analogous physical problem subject to the same 
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■UWllty limiUtion« and the same dyn*mic Uw« but with magnified fise« and 
time scales. 

To study the first type of breakup an experiment similar to that 
of Bond and Richardson using gravitational forcrs was chosen.   However, it 
was found that considerably shorter falling dA-uances would produce the same 
breakup if a dense liquid such as msncury was dropped through watsr.    Thus, 
two feet of drop with mercury and water would be equivalent to a drop of 
more than IN feet for water falling through air.   This also had the advantage 
of eliiiusting the problem of evaporation. 

A method was also sought for solidifying ths droplets to permit 
sine determination fron droplet mass.   Ths complete setup for such a test is 
shown OK figure 3.   A drop of molten Wood's metal of known weight was held 
at ths top of the teak in water heated to 65»C.   11 was released and allowed to 
break up in hot water and than was chilled while still falliag to the bottom of 
the teak.   Around the bottom you will see aa ice brine bath which cooled the 
water to 4aC.   Fragments were collected in tke bottom to be assayed by weight. 
Figure 4 shows ths fixture for releasing ths drops.   The experimental 
technique here is one of the more difficult problems involved in the test.   Since 
the drops used are inherently unstable the release device must operate quickly 
enough to avoid any premature breakup.   The actual release process is shown 
in Figure 5.    The drop here is 40 grams of mercury, which was used in 
preliminary tests.   Figure 6 shows the breakup process more completely 
using a drop of 38. 6 grams of Wood's metal. 

The breakup of large and small (the terms are used relative to 
the critical Bond number) drops appear to actually differ in mode.    With the 
large drop you can see the process occur on the periphery, where the velocity is 
high, and the pressure vector im outward from the drop.   Figure 7 shows that 
the shrpe of a drop near critical eise (4 grams) changes several times before 
breaking up.    (It is well known that small stable drops oscillate between oblate 
spheroidal and ellipsoidal shapes.) 

Figure 8 shows some samples of recovered fragments.    The 
larger pieces are concave convex discs whereas the small fragments are 
spherical.   After enough tests were made with one drop size to give 300 or more 
fragments, they were assayed by weight and fractional mass distributions were 
determined.   Figures 9 to 12 show the distributions obtained for four different 
drop eases.    It will be seen that with smaller initial drops the spread of the 
distribution narrows.    Carrying this process to the limit, one would expect 
drops much smaller than critical to give infinitely narrow distributions. 
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It was found that these d^ta were generally fitted by a diatribution 
called the Beta function 

f(r) - A1(y) rv (1 - prz) 

the general claeses of which are shown on Figure 13. 

Thie is very similar to the Rossin-Rammler, particularly for low 
values of v.    The major distinction is that this function implies an upper sine 
cutoff whereas the Roe sin-Rammler does not.   Since a critical sine is 
hypothesised this is more realistic. 

The dependence of v on the initial drop diameter is shown on 
Figure 14. 

A simple modification of the water tank technique made it possible 
to study the other class of breakup.   Instead of releasing the drop in the water 
the release fixture was held three to six feet above the surface.   A small dropt 
0. 5 gram» known to be stable in air was used.    Upon reaching the water surface 
the drop had a velocity considerably greater than its terminal velocity in water. 
The Weber number was thus suddenly changed from below to above that 
critical for this drop because of the change in p_. 

Figure 15 illustrates this breakup process and the resulting 
distributions are shown in Figures 16 and 17 for two initial velocities. 

While the study of this type of breakup has not been carried far 
enough to thoroughly understand the effects of various parameters, it may be 
seen that the mass median sine decreases and the distribution broadens as the 
initial Weber number increases.    There is also evidence here of a multi- 
modal distribution which we expect to smooth out with higher velocities. 
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CWL TECHNICAL MEMORANDUM 5- 1 

CARAMU NOTE # 1 

IMP ACTION ErnCXENCY OF AEROSOL PARTICLES 

15 January 1958 

S.  J. Magram 

The information in this memorandum is issued for 
temporary or limited use only, and it may be superseded. 

CARAMU Office 
U. S. Army Chemical Warfare Laboratories 

Army Chemical Center, Maryland 
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Abftract 

Previou.ly publish««! data on impaction of particulate matter on 
cylindrical targets have been traneformed into a form more useful for field 
evaluation for the range of parameter! of interest for CW effects     These 
parameter, are particle sises 5-500 microns,  wind speeds 2-20 miles per 
hour,  and targets of 2.   10,  20,   35 and 50 cm. diameter (approximating the 
finger,  arm, leg, torso and entire body of an average man).   Curves of 
impaction efficiency for these values are given as Figures 2-7, for use in 
evaluating sampler and man data from field and wind tunnel experiments 
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Table of Symbol« 

A area of target - projected area to the wind direction 

C concentration of agent in cloud patting target 

Dc characterittic linear dimention of impaction tyttemt 

D particle tise 

ND 5 <PpV^18M Dc)       D    - »i«« parameter repretenting dimentlonlett 
particle tise 

• 

Nj -   fraction of total number of particlet of tise D   which impact on the 
collecting turface 

NRe5 DpPf U/M " Reynoldt number of particle 

Np   B 9Pg yDJppu    '   P******** accounting for gat inertia effectt during 
thote timet and under thote conditiont when Stoket1 

retittance law doet not apply to the particle't motion 

t - time 

V - characterittic gat velocity in impaction procett 

H - gat viscosity 

p - gat dentity 

p - particle dentity 
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I. Introduction 

The purpose of this study is to employ the principles of inerti»! 
impsction to calculate the impaction efficiencies that could be expected on man 
in various situations for use in evaluation of wind tunnel and field data. 

It is quite apparent that it would be impractical to obtain direct 
experimental data on the impaction efficiencies of human targets over all 
particle sise distributions of droplets,  all wind velocities,  and all effective 
sises of targets of chemical warfare interest.   It is therefore desirable to 
determine to what extent theoretical calculations can be relied upon and 
whether it is possible to characterise the arms,  legs,  body fingers,  and head 
of man as being equivalent to cylindrical objects of certain diameters. 

II.       Theoretical 

In a cloud of any given concentration the amount of liquid particles 
that will impact on a given surface depends on a variety of parameters.   Be- 
fore listini A« possible factors the following problem is presented.   Assume 

r~% cloud with a distribution of particle sisss moving at a given wind speed.   If 
the projected area of the target is A, the wind speed V, the concentration of 
the liqiad particulates C (including all particle diameters), then in time t there 
will be U grams passing through the area A so that 

M = AVCt 

However,  the mass of liquid actually impacted on a target is m,  and the 
impaction efficiency ™L may vary from aero to one.   Actually the impaction 

efficiency is greatly dependent on particle diameter and this value öf ÜL 

is the integrated value over all particle diameters in the cloud for any specific 
target.    A more detailed discussion is given in the Appendix. 

It is the common practice to characterize an aerosol by 
determining the mass median diameter (MMD).    However,   in many cases as 
will be pointed out in this report,  the impaction efficiency is markedly 
dependent upon diameter.    There are many cases in the literature, 
especially in the region of particle diameters 5-20 microns,   where a very 
■mall impaction efficiency is reported,   and the particle sise distribution of 
the aerosol is such that a significant fraction of the particles is very much 
larger in diameter than the MJ40.    In such cases it is highly likely that the 
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entire impaction it du^ to theie larger particles and not to those at the 
reported MMD.    It is therefore a mistake to report an aerosol cloud in terms 
of a single constant such as the MMD.    Rather the entire distribution should 
be determined in order more fully to elucidate the relative behavior of the 
various fractions thereof. 

Anume that by some independent measurement the particle sise 
diitribution has been determined: 

Mass 
Fraction 

Particle size distribution 

Particles impacted on 
target 

Diameter 

Usually the distribution gives an asymmetrical curve such as area 
A in the above sketch.    A given sampling device or impaction target will trap 
a distribution as characterized by curve B.   Since the impaction efficiency 
increases with the particle diameter,  the over-all impaction efficiency,  which 
is the ratio of area B to area A,  will receive the greatest contribution from the 
larger diameter side of the MMD.    One can see from this sketch that the 
contribution by particles equal to the MMD may be very small under such 
circumstances.   However,  the ratio of the crdinate B to the Ordinate A for 
any given particle size should be equal to the impaction efficiency for the 
given target size and wind velocity. 

The main purpose of this report is to produce graphs that will give 
the theoretical impaction efficiencies on cylinders as a function of particle 
diameter and other pertinent parameters,   so that we will be able to calculate 
curve B if we know the initial distribution in the aerosol cloud as indicated by 
curve A.    Curve A will vary with any given means of dissemination of agent 
and with time and meteorological conditions   but this can be calculated or 
estimated.    The problem then resolves itself into listing the factors that 
affect curve B,  and calculating impaction efficiencies based on certain 
assumptions discussed below. 
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The following contldorationt may affect th« amount of agent that 
will impact on man. The relative importance of these factor■ are discaesed 
in Section IV. 

• 

1. Particle tine dietribution in a given concentration. 

2. Wiud velocity. 

3. Over-all size of target. 

4. Shape of target and roughneai of surface. 

5. Activity and position of personnel. 

6. Nature of the agent (such as viscosity and surface tension) 
in relation to the surface of target. 

The first three factors appear to be the most important for large particles but 
the last three factors may become increasingly more important for smaller 
particles (5 to 20 microns). 

III.     Results 

A.    Theoretical Impaction Curves 

Calculations of impaction efficiencies of liquid particulates on body 
collectors,  recessed collectors,  ribbons,  rectangular half-bodies cylinders, 
spheres and ellipsoids of various fineness ratios are available in a pamphlet 
entitled "Principles of Inertial Impaction" (1).    Here the fraction impacted on 
an object for a given particle mass is given as a function of a dimensionless 
sise parameter (a function where the particle diameter wind velocity and target 
diameter are the main variables),  and a function of a dimensionless turbulence 
parameter (a function where the wind velocity and the target diameter are the 
main variables).   From ref.   1 Figure 14 is reproduced as Figure 1 of this 
report.    Detailed calculations are given in the Appendix.   However, the curves 
presented in Figure 1 are not conveniently interpreted for use in chemical 
warfare,.    For this purpose,  Reynolds numbers,  sise parameters,  and 
turbulence factors were calculated so that the impaction efficiencies on 
cylinders could be given as a function of particle diameter, wind velocity and 
sise of target of interest.    Other factors such as air viscosity and density of 
particles may be considered approximately constant in comparison to the 
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wider varUtioas encountered in the other variables (tee Appendix).   The 
recalculated values for impaction are given in Figs. 2 through 7 and the 
numerical values are given in Table 1 in the Appendix.   As shown in the 
Appendix, the sixe parameter for a particle may be expressed as follows: 

V      W2D 
NDS-0118(FC

)        P 

where V is the wind velocity in miles per hour. Dc is the target diameter in 
centimeters, and 0» the particle diameter in microns. The parameters are 
expressed in these units instead of the e.g. s. units because data on velocity 
and particle diameter are usually expressed in the above units. 

The value for the turbulence factor or gas inertia effect is 
N     =3.22 VDC where V is in miles per hour and Dc is in centimeters. 

As a first approximation,  it was assumed that the target diameters 
might be 2 cm. (fingers),   10 cm. (arms),  20 cm. (legs),  35 cm. (body),  and 
55 cm. (width of body and both arms at side of body so that no air moves 
between the arms and the body).   This assumes that the cylinders have a large 
length-to-diameter ratio and that the edge effects do not markedly alter the 
over-all impaction efficiencies. 

Wind velocities between 2 m.p.h. and 20 m.p.h. were chosen. 
However the narrower range between 4 m.p.h. and 10 m.p.h. covers most 
of the situations. 

The particle diameter for liquid droplets is assumed to vary from 
5 to 500 microns.    This covers the range from almost zero impaction 
efficiency on the smallest target (2 cm. diameter) and highest wind speed 
(20 m.p.h.) up through over fifty per cent impaction efficiency on the largest 
target (55 cm. diameter) and lowest wind speed (2 m.p.h.) 

In Fig. 8 a recalculation is made of Fig. 4.    Here the impaction 
efficiency for a given particle diameter is multiplied by the diameter of the 
cylinder to give comparative values of the total quantity of liquid droplett 
impacted as a function of diameter of the cylinier (if we assume that the 
lengths of the cylinders are the same). 
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B.    Compariion of Calculated Impaction Efftciencies with Experunentfcl 
Data 

Some impact ■tudiea by the Chemical Corpi Medical Laboratonei 
(ref.  2) covered the deposition of triphenyl phosphate aerosols on human atmi 
at low wind velocities.   In Table III of ref. 2.  it was reported that the efficiency 
of impaction of triphenyl phosphate aerosol,  velocity 5 m.p.h. and MMD 6. 5 
microns was 0.08 * 0.14% cm a hairless surface and 0.63 t 0. 14% on a hairy 
surface.    However,   reference to Figs.  3 and 4 of this report discloses that 
particles smaller than about 38   microns  at 4 m.p.h. and particles smaller 
than about 28 microns at 6 m.p.h.  show no impaction on a cylinder of 
10-cm. diameter.    One would expect then that if a hairless arm could be 
considered equivalent to a cylinder of the order of 10 cm.,  then impaction of 
6. 5 microns particles should be negligible.   Actually,  even though the MMD 
was 6. 5 microns there was still 5% of the mass of the aerosol above 2o 
microns.   In ref. 2,  work with the Sinclair-LaJ4er Generator (which is 
designed to give uniform particle sises) still shows that 5% of the mass of the 
aerosol has a diameter about three times the M140 and in another retort 
generator this ratio goes above 6 to 1. 

In view of the fact that low impaction efficiencies are given in 
aerosols where over 5% of the mass had diameters 3 to 6 times the MXID, it 
appears likely that the impaction data cannot be interpreted from MMD data 
unless the particle size distribution is known or car. be calculated. 

Other reports such as those for field tests at Fort Belvoir and 
Camp LeJeune do not have sufficient data on particle size distributions to make 
any reliable comparisons with theoretically expected contaminations. 

Tests on the impaction on man ol large particles in the 100-to- 
500-micron range have been covered by a Porton report (ref.  6).    In reference 
6 it was reporled that the collection efficiency for 100 micron droplets was 
approximately 0. 1 in a wind speed ol 5 m/sec (11 m.p.h.).    Reference to 
Figs,  6 and 7 of this report shows that a 100 micron droplet would have a 0. 1 
impaction eliiciency on a cylinder of 55 cm.   in diameter and 0.2 impaction 
efficiency at 20 m.p.h.    Since the variation is roughly linear with wind 
velocity in this range,   then at  11 mph the impaction efficiency would be 0. 11 
for a 55-cm.  cylinder.    Since the size parameter varies inversely as the 
square root of the target diameter,   then for an efficiency of 0, 10 the target 
diameter would be (1. lp X 55 cm. ,   or 66 cm.    The Porton report give** 35 
cm.   radius,   or 70 cm.  diameter as the equivalent cylinder to man 
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Actually,  however,  from the standpoint of impaction.  man is s 
composite of cylinders of several sisea from 2 cm. to 55 cm.,  and it is 
obvious thst the over-all effectiveness will vary with psrticle sise and wind 
velocity. 

With both arms by the torso so that no air passes between the arms 
and torso,  and with both legs together so that they art roughly as a • ingle 
cylinder,  the upper limit of the composite target would appear to be equivalent 
to a 40-to-45-cm.  cylinder.    However,  if we can consider that the arms are 
outstretched so that they act as individual cylinders apart from the torso and 
that the legs are spread apart enough to act as two cylinders, then the average 
effect over the total projected area would have the same impaction efficiency 
as a cylinder approximately 20 cm. in diameter.   Under most situations, 
conditions are usually somewhere in between these two extremes.   In 
reference 6, the estimate of man as equivalent to a cylinder 70 cm. in 
diameter meant than man,  whose projected area is roughly equal to a cylinder 
of about 45 cm.,  hat a higher impaction efficiency than a cylinder of 45-cm. 
diameter,  and we must go to a cylinder of roughly 70-cm. diameter so that 
the total quantity on the projected   rea of the 70-cm. diameter cylinder will 
be equal to the total quantity impacted on man.   Hw*ever,  in view of the fact 
that examination of Figs. 2 through 7 shows that the impaction efficiencies on 
cylinders from 10 cm. to 55 cm. are functions of the particle sise and wind 
velocity,  it appears that we may not be »b)*5 to take a given cylinder diameter 
to represent man and that we should consider that the amount impacted on man 
will be some functions of the particle size distribution,  the wind velocity,  and 
the position of man.    This subject requires further study to determine whether 
a more detailed mathematical relationship is required to describe the 
impaction on man. 

IV.      Discussion 

The parameters mentioned in Section II are discussed,   based on 
the calculations in the body and Appendix of this report. 

1.    Particle Size Distribution 

Inasmuch as impaction data require knowledge of the particle size 
distribution and the MMD is not a sufficient criterion, it appears desirable to 
determine and record particle size distributions and to determine whether the 
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diatributions encountered for UUD from five to several hundred microna can 
be deacribed mathemntically by the a*me type of equation.    From independent 
atudiea on aerosola and finely divided matter,  it appears that there ia a trend 
for the atandard deviation to increaae a« the UUD increases,  but it is not at all 
certain whether there ia any quantitatively uaeful correlation.   However,   it is 
clear that the impacted particlea come mainly from that half of the mass which 
has diameters larger than the MMO.  and that this distribution must be known 
for quantitative evaluation of impact ion data. 

2. Wind Velocity 

The importance of wind velocity cannot be divorced from the aise 
of the target and the particle diameter.   Since all impaction efficienciea ahow 
an S-shaped curve, this meana that at aome low velocity the fractional change 
in impaction with velocity ia amall for any given particle diameter; that at 
aome intermediate range there ia a marked increaae with increaaing velocity; 
and that beyond a certain velocity range the fractional increaae again becomes 
amall (aince it ia near complete impaction). 

3. Over »all Siae of Target 

A amaller target   will alwaya have a greater impaction efficiency 
than a larger target for the aame external conditiona.    However,  under certain 
circumatancea the ratio of the impaction efficiency of the amall target to the 
large target may be greater than the ratio of the diameter of the large to the 
amall target.    In thia caae,  the amall target will actually have more material 
impacted on it.    The comparative impaction take-up is given in Fig. 8.    One 
could interpret this as showing that under certain circumstances a free arm 
could have more impacted agent than a torso and that a small animal,  due to 
size only and not to fur,   could receive more agent by impaction than a larger 
animal. 

4.    Shape of Target and Roughness of Surface 

The condition of turbulence around irregularly shaped objects can 
alter the impaction of particles.    However,   reference to Fig.   1 shows that the 
departure from Stokes' law behavior means a factor of not more than 2 to 1 in 
the impaction efficiency on cylinders between the lowest and highest Nn 
values.    However,   a variation in shape could mean a departure from tnl use 
of cylinders as a proper descripticn.    Reference 1 contains graphs on 
impaciion efficiencies with other shapes,   and the most marked variations 
come in the impaction efficiencies of recessed collectors and inverted troughs 
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In the«e case«,   impaction efficienciei of 0. 10 to 0.20 occur with size 
parameter valuee of 0. 1 to 0.2,  whereat impaction efficiencies on cylinders 
with these size parameters are negligible.    From reports (refs.  2,   3,   5), 
variation in surface,   such as a hairy or hairless arm is more important for 
small particles in the 5-to-10-micron range.    For larger particles, the inertia 
effect becomes more important.    Here again,  a more critical evaluation ol 
particle si*e distribution could clarify the data. 

5.   Activity and Position of Personnel 

The activity of personnel could conceivably affect impaction in two 
ways.    A person who is working is more likely to have his arms extended,  and 
the arm acting as a cylinder of smaller diameter is a more efficient impactor 
than when the arms hang by the side of the body.    Furthermore,  a group of 
people standing exposed to a cloud moving at,   say,  5 miles per hour could show 
a different impaction than a group moving in various directions at 5 miles per 
hour.   In the latter case, there would be a range of effective velocities from 0 
to 10 miles per hour. 

People kneeling or lying on the ground would be more exposed to 
contamination through settling of particles.    However,  if the particles do not 
show any appreciable settling,  then people on the ground may receive less 
agent by impaction because the wind velocity near the ground is lower. 

6.   Nature of the Agent in Relation to the Surface 

The impaction calculations in this report assume that every particle 
touching the surface of the target will adhere.    Data from some reports (ref.  5) 
indicate that small particles may not wet the surface well,   and may give 
smaller impaction efficiencies than calculated.    There are not sufficient data 
available to determine the quantitative significance and reasons for such 
deviations from calculated efficiencies.    For example,  the nature of the surface 
may be important in relation to the droplet to determine whether a drop will 
wet the surface,   but it is not clear from this observation whether the viscosity 
of the droplet is also important,   since the viscosity determines the amount of 
deformation of a droplet due to mechanical impact. 
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Appendix 

A.    Generalized Impaction Calculation! 

In a cloud of concentration C.  moving at velocity V.   the total mass 
pa«8ing through an area A.   in time t.   ia 

M = AVCt 

Thii value of C covers the total concentration over all particle lU«.     Since 
impaction efficiency on any given target and wind velocity i. greatly dependent 
on particle .ize,   any quantitative calculation on the total quantity of agent 
impacted will require knowledge of the particle size diitribution.    Let 
dC ^ 
C     ■■ «! (D) dD.    Here ^   it the fraction of the total concentration represented 

by particle diameters between D and D + dD. 

anH n     ^n  ^u Md = ^V dC ' i- the m*" of particle, between diameter. D 
and D + dD which pa., through the area A in time t. 

The theoretical impaction curvee given in Figs.   2 through 7 give 
NI =Mj :r f2 (ND.  Np   , •    Here md i8 the mas. of particles impacted divided by 

the total mass of panicles passing through   an area equal to the projected area 
ol the target   (for diameters between D and D + dD). 

Multiplying the impaction efficiency for each diameter by the 
concentration of particles between D and D ■♦- dD gives 

f2(ND,NpJ dC = Cfl <D)f2 ^ND'   ND   ) dD. 

The amount impacted on a given target is then 

m -- AVCt p f, (D)f2(NDI   Np  ) dD 

1 o 

Th^i integral as written covers diameters from 0 to co but under 
most cases almost all the mass from the smallest diameter to the largest 
diameter is covered by a factor less than ten. 
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B      Calculation of Parametera in Range of Intereit to Chemical 
WarfarT  —  

In Fig 1 the fraction impacted is given as a function of the size 
parameter and the curve relating these two numbers consists of a family of 
curves which depends on a third parameter,   the non-Stokes' law behavior. 

Nj = fraction of the total number of particles of  size D    which impact on the 
collecting surface. ^ 

N0«(ppV/18MDc) l/*0p 

ND is called the size parameter and is dimensionless.    It is equal 
to the square root of the ratio of the Stokes' law stopping distance to a 
characteristic linear dimension of the target upon which impaction occurs. 
The stopping distance is the distance a particle of diameter D   and density 
p    at an initial velocity V will travel until it comes to rest in still air.    Nn is 
also the ratio of the force required to stop the particle with initial velocity V 
in the distance Dc/2 to the Stokes' law fluid resistance at a relative particle 
velocity of V. 

By substituting M «  1.8 X ICT4   poise (gm/cm sec). 

Velocity       = Vm.p.h.   X 44  70cm/sec. m. p. h 

pp =  1 gm/cm3 

Diameter particle   = n     microns X lO-4 cm/micron into th 
P 

formula for the size parameter the following expression is obtained: 

ND-  .0118(§1/2D 

Here V must be given in miles per hour,   Dc in centimeters,   and D. 

e 

p in microns 
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This is the parameter accounting for gas inertia effect« daring 
those times and under those conditions when Stokes' resistance law does not 
apply to the particle's motion.    This third parameter describes the condition 
of turbulence of the air and is not dependent on particle sise. 

Substituting p     = 1. 2X10"3 gm./cm. 3 

P«   ■ Igm. /cm. » 
P 

and /i   = 1.8X10"    gm./cm. sec. 

the following expression is obtained: 

Np    = 3.22VC   . ^g c 

Here V is in miles per hour and D   in centimeters. c 

With NQ and ND    now expressed in terms of V,   D_ and Dn in Kg c p 
m.p.h.,    centimeters   and  microns,   we can now insert the values of chemical 
warfare interest into the formulas and obtain the values of the impaction 
efficiencies from the curves. 

For velocity values, most meteorological conditions are covered 
by wind velocities between 4 and 10 m.p.h., but this is broadened to a range 
of 2 m.p.h. to 20 m.p.h. to cover the complete range of probable velocities. 

For Dc, the target size,  approximate diameters of cylinders ot 
2 cm.  (fingers),   10 cm.   (arms),   20 cm.  (legs),   35 cm.  (body) and 55 cm. 
(body and both arms at side of body so that no air moves between the arm:; 
and the body) were taken.    Many of the conditions are idealized.    Ordinarily 
fingers are not spread so that each finger acts as a target and the hand is 
not usually held in a manner that would give the maximum projected area 
perpendicular to the wind velocity.    However,   the average effect of man in 
various positions may be able to be characterized as equivalent to cylinders 
of the assumed diameters. 

The particle size range is taken between 5 microns and 500 
microns.    In the large particle size range,   a large fraction of the particles 
on the target may be due to settling rather than impaction caused by the 
momentum acquired through wind velocity.    This is an additional 
complication which has to be considered but is not covered in this report. 
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C-    V^idity of Impaction Curves in Rw of Chemical Warfar« l«Ure«t 

Tig.   1 as taken from rel    1 cannot be applied to ayatems where the 
Reynolda'   number of the gaa flow. 1$. ßYj  ,   t. !«„ than lO^.   In thia paper 
the loweat Reynolda'number ia 2 cm. JTl. 2X10*3 ,„,./„„. 3 x 2 m.p.h   X 
44.7cm./aec.m.p.h.  r  2.3:«103.    Thia appliea to a cylinder of 2 cm.  in 
diameter at 2 milea per hou •.    Therefore,  we are in the range where the 
curvea are applicable aa giv^n in Fig.   1. 

D-   Aaaumption of Conatant Viacoaity of Air and Denaity of Particlea 

The viacoaity of air at 20-C.  (WF) ia LSXIO"4 poiae.    Thia 
variea from KTXIO"4 poiae at 0*C. (32-F.) to 1. 9X10"'* poiee at 40'C 
(104'F.).    Thia variation ia approximately 5% of the vklue of 1. 8X10-4 poiae 
which ia   valid under moat conditiona.    The correction for temperature could 
be put in but it ia queationable whether turbulent conditiona are known with 
aufficient accuracy or impaction meaaurementa made with autticient accuracy 
to juatify thia correction. 

A apecific gravity of one for the particlea waa taken for 
convenienca.   Impattiona for particlea of any other denaity can be determined 

' alnce the impaction efficiency ia directly proportional to the aquare root of the 
denaity of particlea. 

E.    Tabulation of Impaction Data 

By inaerting the valuea of Dc.   V and Dp into the formulae for Nn 

and Np  . the dimenaionleaa size parameter and parameter for gaa inertia 
effect «ere calculated.    The valuae for the impaction efficiency were then 
read from the curvea in Fig.   1.    In many of the caaea the value for various 
Np    valuea had to be obtained by interpolation.    This waa conaidered 
saflsfactory since an interpolated value of.   say,   21% could have been 20% or 
22%.    In view of the uncertainties in the quantitative validity of the formulas 
to describe a condition of turbulence under experimental conditions, this 
interpolation was considered adequate.    Table 1 gives the values ofNr, and 
Np    calculated from the formulas and also the values of N, which were read 
fr<fn the curves directly or by interpolation. 
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EVAPORATION OF LIQUID DROPLETS FALLING AS A CLOUD 

Albert Pfeiffer 

Research Directorate 
U. S.  Army Chemical Warfare Laboratories 

Army Chemical Center, Md. 

I. INTRODUCTION 

The evaporation of particles falling as a cloud is important in the 
application of insecticides and herbicides in the form of spray clouds, and in 
studies in meteorology, as well as in the field of chemical warfare. 

The term "falling as a cloud" is used in this paper to describe the 
behavior of particles falling under the influence of mass subsidence.   Mass 
subsidence occurs when a population of particles falls faster than the single 
particles would fall under the same conditions. 

The basic condition required for mass subsidence is expressed by 
the equation for the velocities of two adjacent particles: 

v, 5   (v    +v      ) s   V a       Hay 
(1) 

where Vj is the velocity of fall of particle I relative to the earth, va is the 
velocity of air following particle I relative to the earth,  and v..    is the 
velocity of particle II relative to the moving air.    These relationships are 
shown in figure 1. 

The evaporation of particles falling as a cloud can be considered 
by assuming, first, that vapor stagnation exists,  and second,  that air streams 
carry away the stagnated vapor.    The problem is complicated by the different 
values of vapor stagnation at different levels of the falling cloud in which the 
particle is located and other special conditions of evaporation existing in a 
falling cloud.    Therefore the subsiding cloud is studied first in order to 
permit subsequent calculation of the evaporation rate of the particles falling 
as a cloud. 

U.       EVAPORATION CONDITIONS IN THE FALLING CLOUD 

1.        The wind velocity relative to a particle falling with other 
particles in a cloud is the normal velocity of fall of the particul5»r 
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v.o.;-, /r^?x=^.r^^t^L 
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the complete cloud .re rdat^ to e«ch other. T - »u •« 

produced by,ä^f.Ve^b■ü?r• *• "T11" P"ttcl" ^ » the .ir .tre«, 
cload Ml     «T        ,*     par,icle••   Th' l»«-f «et perticl.. rem.imng u, the 

in the cload in «till a^     r- , orgeat particles remamin« 

the velocT^ r   rZtZtoZTTl' t ^ *?*** ClOUd air mo— -i^ ci*y va ruatire to and ist the direction of the earth and therefore 

ra ' V " vi (2) 

Experiences with clouds falling in the manner of -ma.« 
.ub..dence" .ho» that not mfreqUently the'ollo,!,*^"^ Äled 

r.lOOyj (J) 

An extreme example of the effect of a foil««. ,.-     J 
is availahl* i« fk r        , faUrng c^oud upon the atmosphere 
Wow ai" 

Caae 0f avalanch" of stone which can cause such 
violet axr movements near the avalanche that houses are destroyed 
as experiences in the Alps have shown. aestroyed. 

as a cloud    If ÜJ" Pr!8ent pr°blem of ^poration of particles falling 
11 11 f   Ti 0f Vi ^ be calcttlat^ ''«■ (2) smce v and v    cfn 
be measured.   Alternatively,  if one W.. the size of the largest plr'le. 
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remaining in a cloud, th« velocity of the fall in itUl air (^hich is equal to vj 
can be calculated from Stoke'• Law. 

4.        Becaue« im every case 

Vj < v 

an air stream moves parallel to the bottom of the cloud and at the side of the 
cloud opposite to the direction of fall.   It is easy to see that this air stream 
causes a circulation stream ia the cloud as figure 2 shows.   This circulation 
stream is important for the evaporation of the particles in a falling cloud 
because it almoet completely and continuously mixes the particles with the 
air in the cloud.    Thie mixing process is accompanied by another which is 
caused b/ particles fallini with different velocities relative to the cloud. 
Still another mixing effect is produced by whirls in the cloud eatablished 
by the different velocities of fall of ths particles relative to the cloud and 
by the winds of velocities v. and v. 

HI.      THE EVAPORATION PROClgg 

1'       Temperature Lowerini by Evaporation of Particles 

The rate of evaporation is proportional to the rate at which the 
particle surface ie heated.   The amount of heat going to the evaporating 
particle per unit time at normal temperature and under normal conditions 
is not significantly influenced by radiation if the particle is heated by contact 
with the surrounding air and the air around the particle is in motion.    The 
diffusion of heat from the surrounding air to the particle obeys the same 
law as the diffusion of vapor from the evaporating particle to the surrounding 
air.    Therefore an equilibrium exists between both heat transfer and evapora 
tion. and the tempersture at the surface of the evaporating body has an slmost 
constant value during the evaporation if radiation can be neglected.   In this 
paper it is proposed that the influence of radiation upon evaporation car be 
neglected. 

The overall evaporation process can be considered to occ^r in 
3 steps, namely,  ejection, absorption, and diffusion, as presented in the 
following paragraphs. 

2.        Ejection 

From a very thin zone under the surface of the liquid drop 
which is called "subsurface" (figure 3) liquid molecules are ejected at a 

dniip 
rate -^ which is referred to as    ejection rate ".   This rate is equal to 
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CIRCULATION STREAMS IN FALLING CLOUDS 
FIGURE   2 
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f dm A mAX 

the "maximum possible evaporation rate"i :plL) because the mass of 

molecules which evaporates in a certain time cannot be larger than the 
amount of particles which is ejected in the same time.    This "ejection 
rate" or "maximum possible evaporation rate" can be measured using a 
new method which will be described in a separate paper.    The ejection rate 
is a typical molecular constant of the particular evaporating material, as 
is, for instance, the vapor pressure. 

For liquid drops the "ejection rate" equals the "maximum possible 
evaporation rate" developed by Penner (1947): 

/dm 
\ dt/ 

.max TTÄH^r.    . [-^pp] 

RTY ue 

It was mentioned that 

and therefore 

dnxi 

dt 

dm 
E   x a«2\ 

dt ~     N 

[  ^Hvan 1 
MAH^p].   ue RT 

RTY 

The ejected vapor molecules of course, stop in a zone lying directly at the 
surface of the evaporating particle.    This zone is called the "stopping zone. " 

3.        Absorption 

From the zone in which the ejected vapor molecules stop, somf 
vapor molecules are moved by normal gaseous molecular motion directly 
back into the subsurface of the liquid drop and into the zone of van der Waals 
forces.    Only molecules having a distance from the zone of van der Waals 
forces of the drop surface smaller than about two times the mean free 
path of the vapor molecules in the "stopping zone" can move back directly 
into the "subsurface" or into the zone of van der Waals forces. 

In the subsurface, vapor molecules coming back from the 
"stopping zone" are completely or partly absorbed and therefore become liquid 
again. The rate at which vapor molecules are absorbed is without doubt propor- 
tional to ths rate at which vapor molecules strike the zone of van der Waals forces 
at the surface of the evaporating particle.    How many of these molecules 
striking the zone of van der Waals forces enter the subsurface and stick 
there can be expressed by an absorption constant, R«.   Using .Langmuir's formula 
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(1915) for the mam of gas moleculet itriking a »urface fituated in the gat. 
ard RR, one obtain« the following equation for the absorption rate ilülfi.- 

dt 
*£** R  P slTIiäl 
dt R    1    |[  2ffRT 

RR is described in more detail in a separate paper and is defined 
a8 -V—5 = RD 

whe»-e P3 i« the partial pressure of vapor in the zone of 
pl R 

van der Waals force at the evaporating surface.    RR is a typical constant of 

t   e evaporating substance but dependent on the gas in which the evaporation 
takes place. 

RR can be calculated from the measured ejection rate fü^E ^ 
dm dt 

evaporation rate-^- as will be shown later when the formula for ^ i, 

developed. 

In the "stopping zone" the partial pressure of the vapor is almost 
uniform because of the rapid motion of the vapor molecules (average velocity 
in the order of about 600 meters per second) and the very small depth of the 
"stopping zone" (about 2 mean free paths of the vapor molecules).    P   is 
the "average value of the partial pressure in the "stopping zone. "       1 

4. Diffusion 

From the stopping zone,  the vapor molecules diffuse into the 
atmosphere of the surrounding space, forming a "vapor cloud".    The 
partial pressure Pl varies of course with the radius r of the vaoor 

■     j      T-, max K 

cloud.    For a constant or almost constant rmax and a stationary or 
quasi-stationary diffusion,  the following equation,   expressing the first 
diffusion law of Fick in a new way,  is valid: 

The constant L is defined by 

L = 6 • ß 

6  is the mean free path of the diffusing molecules in the path of diffusion 
and ß is a constant of proportionality.    L has therefore the dimension of 
iengtV.    Between L and the normally used diffusion constant D exists the 
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following relation: 

IRT 
L72wM 

where D n the diffunon coefficient,  L U the diffusion conductivity of the 
vapor, and the remaining .ymbol. have their usual meaning.    The develop- 
ment of the new diffution equation i. described in a separate paper entitled 

Diffusion Seen From a New Viewpoint" to be published in the near f-iture 
in which it is assumed that a part of the molecules striking an imaginary 
lamina may penetrate and another part may return.    The diffusing molecules 
are the penetrating portion. 

For ralatively highly volatile substances it is proposed that the 
diffusion is non-stationary, because there is a delay in establishing the 
dynamic vapor concentration equilibrium in the diffusion path.    These 
delayed equilibria caused by continuous decrease of the particle surface 
by evaporation delay the decrease of the P-values of the P-Radius curve 
The reason for this delay is that the diffusion path contains a certain amount 
of vapor which requires a finite time to diminiah to the new P-values along 
the radius of the vapor cloud.   Therefore, the real values of the decreasing 
^ are higher than they would be in the eaaa of sUtionary diffusion.    But 
because the evaporation experiments show that the surface-time curve of 
a particle is a straight or almost straight line for relatively high-volatile 
as for low-volatile materials, the mathematical law of the P-Radius curve 
for the vapor cloud around a single drop cannot be changed significantly 
by the continuous decrease of the magnitude of the particle surface.dunniz 
evaporation.    Therefore the P-values calculated using the formula for 
stationary diffusion have to be multiplied by a delay factor 6 > 1 to express 
the higher P-values for the non-stationary diffusion.    In this way the delay 
factor 6 does not change the mathematical law of the P-radius curve     These 
considerations,  of course,  cannot be applied without some limitation upon 
the evaporation of extremely small particles, for instance for particles 
smaller than 0. 1 micron,  in which the curvature of the particle surface 
influences the ejection rate. 

Based on the considerations above one obtains for P    the equation: 

dm 1 
1 "IT 

4«L 

p, .A i i^J e 
i    JJ-~ n (a + 26 ) 

ZirRT 
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Thia value of P   inaarted in the equation 

1 EwR 
^S.±ü£ - P    • SiU-S-- R 

dt       dt i EwRT R 

if S for a sphere ia replaced by 4«a2 givea the following equation for the 
evaporation of spheres under the assumed conditions: 

dm     (imE 1 
dt   *    dt     ' |n - 1) **   ♦ 6  • RD 

1 + n •  L (a+ 26) R 

n ia related to the diameter rmAX of the vapor cloud around a single particle 

and to a + 26 by the following equation: 

„ .  rm*x 
a ♦ 26 £ 

5.        Vapor Stagnation 

In the case of vapor stagnation the value of the partial pressure 
is P    + P,.    The value P7 ia the partial pressure which is caused by 

stagnation.    Therefore the equation for qmc ia 
dt 

^£-'pI + p
2'•s■\&■R, 

If one inserts into this equation the expression found for P, , the following 
equation is obtained for a sphere with vapor stagnation: 

M       R. 4Sfi - p,4wa2J^ dm       dt 2 y 2yRT        R 
dt a    ~    (n- U*EZ . eRp 

Ln(a + 26) R 

6. Influence of Wind 

The influence of wind changes the size of t'.e vapor cloud and this 
effect can be expressed by the wind factor, f,   of Froessling.    For f, t^ese 
equations are used: 
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1 + k f- 

w 
The wind factor expresaes the change of the evaporation rate by wind and is 
used by Froessling in connection with Langmuir'« formula.    Langmuir'i 
formula proposes r        ^>a (compare the form factor in the development 

of the Langmuir equation).    Therefore     n      has to be replaced by 

SLZ±. F=f 
n 

n 
where F is the wind factor correcting—^— for n^-l.    When the particles 
are closer than two times the thickness of the boundary layer of vapor 
atmosphere around a single falling particle at the given wind speed, 
FroeseHnr's wind factor f is no longer applicable and has to be either 
calculated for the special conditions or experimentally determined. 
Inserting the corrected wind factor £   into the evaporation equation for 
stagnating vapor produces the following evaporation formula for a single 
drop in a vapor cloud with the stagnation pressure P^: 

E . p    .  4a2l/—ü- •  Rp dm 

dm _    "aE" 
dt   " a2 

+    f    •   L (a+ 26) R 

c 

7. The Stagnation Pressure P, 

dP2 
From the preceding formula the value <>*-g^   m a differential 

thin lamina of the airstream Bituated perpendicular to the direction of the 
airstream and moving with the airstream can be calculated (figure 4). 
The stagnation pressure P^ in the moving lamina increases in time 
proportional to m;   therefore,  „I2 ^   dm.    The formula 

dt V      dt 
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VENTILATING AIRSTREAM THROUGH A CLOUD 

FIGURE  4 
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dt V      / iZ  R„ 
'-l       fc •  L •  (» + 26)     R 

is valid for every location in the cloud because the cloud can be considered 
as almost completely mixed.    The value of V is  I if one takes for V a unit 
volume of the cloud.    From the   above   equation can be obtained the value 
of t by integration.    In the eise of mono-dispersed aerosol and a particle 

dmp« 
number N,  one obtains the following integral because-j^—   is constant. 

 V   •»2 RR ;  dP7  
t = 

iW^S • RR)'c • L ' <* * "' 
the value of a is assumed to be constant during the time the lamina is 
moving through the cloud (almost complete mixing).    In this time the 
airstream moves & distance 

h = v^ 

through the cloud.    The height of the cloud required to give the stagnation 
pressure P    in the air coming out of the top of the cloud is h.    The mass 
of vapor coming out of the top of the falling cloud in time t,  is: 

. yi • t •  P2 • Q 

m = 3 2  

Therefore, the evaporation rate of the cloud is 

A                  , vi *  P2 ' Q 
-)   cloud = 3-1 -f  
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GLOSSARY OF SYMBOLS NOT EXPLAINED IN TEXT 

i 

radius of «vaperatlaf »phere 

averag• Yaloclty of vapor moloculoa 

•pociflc hoat ratio of ovaporatinf liquid 

diffuolon coafficioat 

moan firao path of vapor molocolo« 

heat of ovaporation 

base of nataral logarithm« 

viscosity of air 

mass of molecules evaporated 

mass of evaporating molecule 

mass of absorbed vapor molecules 

mass of molecules ejected 

average value of the partial pressure of vapor in the stopping zone 

horiKoatal cross section of the cloud 

R m universal gas constant 

Re  :> Reynold's number 

p  * density of air 

S « surft.ce of evaporating particle 

D 
cr «r 

t = time 

T  « temperature,  *K 

u  « velocity of sound in the liquid 

U  « relative velocity of drop and air 
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TRAVEL OF DROPLETS IN TURBULENT STREAM 

by 

Gabnelle Aaset 
Directorate of Reirarrh 

U.  S. Army Chemical Warfare Laboratone« 
Army Chemical Center.   Maryland 

Particle travel in the atmotphere is influenced by ieveral factor». 
The path of the particles depends upon gravity,   wind velocity,  wind profile, 
convective currents and wind turbulence.    If the path of particles were known 
it would be possible to compute downwind concentrations of an agent 
disseminated from a plane or by means of an explosive on the ground. 
Equations have been derived by Sutton (1) and Gifford (2) to predict downwind 
concentration of aerosols of droplets.    These equations take into account wind 
velocity profiles,   and also turbulence to the extent that a coefficient for 
turbulent diffusion appears as a factor.    Tank (3) (4) derived equations to 
predict the area and the shape of the surface deposit of droplets dispersed 
through the atmosphere and deposited on the ground.    In this derivation 
diffusion parameters due to turbulence are employed,   but their values are 
estimated. 

In this paper we shall discuss the effect of turbulence on particle 
travel.    Turbulence is present in the atmosphere nearly all the time.    It is 
characterized by the presence of randomly fluctuating velocities  superimposed 
on the general wind velocity.    Figure  1 is a graph of wind measurements made 
by Gill and Cramers (5) over a period of 2 minuteti.    The fluctuating nature of 
the wind velocity is apparent.    The velocity in such measurements is denoted 
by a mean,   and the measure of the fluctuation by the root mean square of the 
fluctuations,   i.e.,   the standard deviation of the average.    It has been shown 
experimentally that the frequency of occurrence of these standard deviations 
is the same as that of a random phenomenon.    In the atmosphere these 
fluctuations take place in all three directions even though the mean wind 
trajectory is horizontal.    The ratio of the  root mean square of the fluctuating 

velocity to the mean wind velocity. VV2"/ T,   i" a measure of intensity of 
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FLUCTUATIONS OF WIND VELOCITY (FROM CRAMERS AND GILL) 
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tarbalence.     The fluctuating velocitiei at two different points in space are 
correlated to each other if the two points are sufficiently close together. 
The correlation coefficient of the fluctuating velocities is expressed in th*» 
usual statistical way. 

Rx 

The correlation coefficient is unity when XQ and xj are close together, but it 
fallt to aero a* they become farther apart. The integral f K dx is a length 
which defines the Eulerian scale or the size of turbulence. 

According to the modern vie*f,   a turbulent flow may be considered 
as the movement of parcels or eddies of air,   irregular in shape,   size,   and in 
angular velocity.    The average distance by which these parcels are displaced 
is given by 

where Y is average distance,   V is the average of the fluctuating velocities of 
the parcel in the direction of the displacement.    R is the Lagrangian correlation 
coefficient.    This correlation coefficient is different from the one which has 
been previously mentioned which is commonly measured     Figure 2 shows the 
position of a parcel of air at times,   T.    The correlation between the velocity at 
time T = 0 at some other time T = Tn,   is the Lagrangian correlation.    To 
obtain this correlation we must study the fluctuating velocities of the parcel 
along its path.    The Lagrangian correlation is a difficult one to measure,   as it 
is impossible to follow a parcel of air and probably it keeps its velocity only 
a short time.    Some workers have used tracers and measured their velocities 
and their positions at successive time intervals in the air.    Smoke puffs,   soap 
bubbles,   thistledown and spores,   have commonly been used. 

What are the effects of turbulence on the travel of aerosol? 
Turbulence causes a cloud of aerosol to spread in all directions and to become 
dilute.    A continuous cloud such as generated by a smoke generator spreads 
laterally,   vertically,   and longitudinally as it moves down stream and becomes 
more dilute.    Figure 3 illustrates the spread of the cloud.    Smoke issuing 
irom a smoke pot spreads vertically and laterally. 
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FIGURE 3

AN ILLUSTRATION OF THE LATERAL AND VERTICAL SPREAD
OF A SMOKE CLOUD



Now let ui consider the motion of individual drops or particlef 
■uepended in a parcel or eddy of turbulent air.   Figure 4 shows s diagram 
of a particle suspended in an eddy.   As the eddy moves in an irregular path 
small droplets of one micron will probably follow the motion of the parcels 
as they twist and turn under the influence of the fluctuating velocities of the 
other parcels.   However,  large heavy droplets will not be able to follow the 
changing fluctuating velocities.   If the parcel moves or twists too fast the 
heavier particle continues to move at its own velocity, thereby developing a 
velocity relative to that of the air.   Another parcel or eddy may catch up with 
it.   On the other hand, if the parcel slows down the drop moves relatively 
faster and slips lato another eddy.   From these considerations it is obvious 
that the drop may not necessarily follow path motion of the parcel or eddies of 
air.   Friedlander estimated the relative velocities of asrosol particles in 
turbulent flows.   Figure 5 shows soms of his results.   According to these 
estimates particles of 5 microns acquire very little relative velocities and 
therefore follow the motion velocities of the eddies, whereas particles of 
100 microns move at large relative velocities and therefore are independent of 
some fluctuations. 

These values indicate that data from field studies done with 5 
micron particles will not apply to particles of 100 microns.    Ths smaller one 
will be spread laterally at the same rate as gases but drops of 100 microns 
will spread to a lesser or greater rate.   It is necessary to know the 
relationship of ths rats of spread of the aerosol or drops with the particle 
sise and with the properties of turbulence.    With this kind of knowledge more 
accurate predictions may be made for the diffusion of aerosols and the ensuing 
concentration and deposition. 
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MODELS FOR COMPUTING CONTAMINATION EXPECTED 
FROM AIRCRAFT SPRAY 

John Rosinski,  Richard H.   Snow,  and Fred D.   Smith 

Armour Research Foundation, 
Illinois Institute ol Technology, 
Chicago 16,  Illinois 

The work leading to this paper was performed under several task 
assignments of Contract No.  DA 18-108-CML-5507,  entitled Analysis of 
Selected Dissemination and Design Problems.    Technical supervision of the 
contract was provided by the Weapons Research Division, Research 
Directorate,  U.   S. Army Chemical Warfare Laboratories.    Since reports 
covering all task assignments have been issued,  this is neither a summary 
of work performed,  nor a presentation of  results.    We discuss equations 
describing the motion of particles through the atmosphere,  and indicate how 
simplifying assumptions influence the fit of physical models to experimental 
data. 

I.      DRIFT EQUATION 

When a liquid is discharged into the atmosphere,   droplets are 
formed.    These droplets will drift with the wind during the time that it takes 
for them to fall to the ground.    The simplest case is when the dispersion due 
to atmospheric turbulence is unimportant.    For this case,  the effective 
density of droplets on the ground is: 

De = Q   dM 
d(d) 

^d] 
dy (1) 

where 

De = effective density of droplets at a point on the ground,   g/m^ 

Q    = mass of agent released per meter,   g/m 

(d) = droplet diameter,  mm 

y    - distance from release point measured on the ground,   m 
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/ 

I dM/d(d) * drop •»• distribution,  g/mm «ise range - g released,   in the 
•i«e range (d) + d(d) 

d(d)/dy   = «ise range of droplets falling in an increment of distance from 
the release point, mm/m 

This equation shows that the spread of droplots is determined by the drop sixe 
distribution, dJ4/d(d), and the drift. d(d)/dy. 

The meaning of Q becomes apparent when the method of releasing 
the liquid is considered.    If the liquid is released in a plume from an aircraft 
flying a straight and level path across wind,  Q represents the mass released 
per meter of plume length. 

Previous speakers in this symposium have indicated the extreme 
complexity of the mechanics of breaking of liquids and formation of droplets. 
At present, it is necessary to resort to empirical investigations to ascertain 
the drop sise distributions which may be expected from operational spray 
devices. Applicable experimentally determined drop sise distributions were 
not available for our study. Therefore, an arbitrary sixe distribution fitting 
an equation of the form proposed by Nukiyama and Tanxsawai,  and by Mugele 
and Evans2, was assumed. 

dM = 0. 046 (d)3 exp .1.47AJW 
^6-(d)_ d(d) 

This distribution is shown in Fig.   1. 

(2) 

In the absence of atmospheric turbulence,  droplets of one sixe 
fall at the same rate,  and encounter the same winds.    That is,  droplets of 
the same sixe,  released from the same point,  at approximately the same 
time, would arrive at the same point on the ground.    Sknaller droplets would 
drift greater distances than larger ones,  but there would be no overlapping 
of droplet sixes. 

Droplets of one to three mm diameter quickly attain their 
terminal velocity in air.    These terminal settling velocities may be computed 
from the empirical equations derived by Best3.       For the International 
Commission for Air Navigation standard atmosphere: 

vz 
T r 1. 147-Tj 

9.32 A - exp|_- (J1L) jUxp(4.05x 10-5z) 
I 

(3) 
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For the Summer Tropical standard atmosphere 

)exp (3.54 x 10-Sr) (3') 

z      - hsight,  m 

v,   - terminal velocity of drop,  m/sec 

(d) ■ drop diameter,  mm 

The horisontal component of droplet displacement is determined by 
the wind velocity profile.    Under usual conditions, the wind velocity at any 
level up to 400 meters in height is approximated closely enough by the empirical 
equations developed by Chapman, by Hellman,  or by Ekman.    Chapman's 
equation   was used in this work.    It is: 

vy=alog10z+b (See Fig.  2) (4) 

The variation of wind velocity with height above 400 meters changes 
with synoptic and local meteorological conditions,  terrain,  latitude,   season, 
etc.    This   is a subject being continually studied by meteorologists,  and is one 
of the areas being intensively investigated during this Geophysical Year.    Means 
exist for determining wind profile above 400 meters by direct measurement. 
Statistical surveys have been conducted for some areas.    For comparing 
munitions,   it is reasonable to assume that winds above 400 meters have the 
same speed and direction as the wind at 400 meters.    This assumption was 
made in our analyses. 

Combining the expressions for wind velocity and settling velocity 
gives the expression for the drift distance of a droplet: 

From 400 m height: 

y . -L(867a + 400b) (5.v 
vz 

From 5000 m height: 

067a ♦ 400b ♦ 4170vx (5') 
v 

vz 
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where 

y = drift,  m 

Since these equations «re functions of droplet diameter,  we 
differentiate with respect to y to find the size range of droplets falling pei 
meter at a distance y from the release point. 

From 400 m height: 

d(d) 

W 
0.165vl

2 

(867a + 400b)(-i^) 
1. 77 

0. 147 
(exp -JHL 

1.7: 

From 5000 m height: 

(6) 

d{d) 
dy 

0. 165v,.2 

(867a + 400b + 4170vx)( 
(d)    0.147 

—) (eXP 
LilL 
L   1.77 

1. 1471 
) 

(6') 

) 

Equation (1) has been programmed for the IBM 650 digital 
computer,  and a number of cases have been solved.    Fig.   3 shows the time of 
fall of drops through the ICAN atmosphere,  and Fig.  4 «hows the drift of drops 
falling through the same atmosphere.    The model represented by the drift 
equation,   without consideration of turbulence,  is useful for estimating ground 
contamination caused by large drops disseminated from low heights, when the 
spray is horizontal and normal to the wind. 

II.      DISPERSION CAUSED BY TURBULENCE 

When the liquid is ejected in a plume parallel to the wind direction, 
the segregation of particle sizes by the mean wind is not important.    Th. s is 
quite apparent when we consider that drift alone will cause no increase ia 
width of pattern over the width of the initial plume.    Segregation due to drift 
with the mean wind occurs only at the end« of the contaminated area.    At 
intermediate points,  there is a complete spectrum of particle sizes.    However, 
particles of different sizes originate at different points in the plume.    When 
the liquid is discharged in a plume parallel to the wind direction,  the density 
of contamination on the ground may usually be represented by: 

D'(Z) 1^ 1 
exp 

d(d) TJT CL"1'2 L   C2Lmj 
!A(d) (7) 
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where 

D^Z) ■ density of droplet« on the ground at Z,  g/m2 

Z   = distance from the center hne of the contaminated area,   m 

H   = height of fall,  m 

C  = empirical constant, m^* '" 

m = empirical constant,   1. 75 

The summation is carried out over all effective particle sizes in increments 
of diameter,  A (d). 

Equation (7) is very similar to equation (1),   but it includes a factor 
to account for atmospheric dispersion,  and omits the factor d(d)/dy that 
expresses drift.    This expression is summed over the increments of diameter, 
because all droplet sizes are found at each increment of area on the ground. 

This dispersion factor was first used by Davies^,  who presented 
experimental values of the coefficients C and m.    He derived equation (8),   for 
computing the density of contamination at a point on the ground produced by 
the instantaneous release of droplets of the same size from a point in air. 

D'(Y, Z) = ( 9 ) exp 
w C2Lrn 

Y2 + Z2 

C2Lm 
(8) 

Davies identified m with the exponent in the equation relating relative wind 
velocities at different heights.    For adiabatic conditions m has the value 
1.75.    He presented a chart giving values of C for various drop diameters 
and heights of fall.    In some of our work,  the average values of C between 
the height of release and the ground were obtained from Davies' chart by 
graphical methods.     We have converted the units of C to the 0. 125 power 
of meters. 

IK.      COMBINED DRIFT AND DISPERSION OF DROPLETS 
« 

A.        Example 

In this example,   it is assumed that 350 gallons of liquid is 
released at a point in the atmosphere from a tank or device that sudaenly 
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opens.    We «hall not attempt to define this device otker than to make general 
remarks about eome of its attributes.    Tke device is designed to release the 
liquid as a coherent mass.   It does not impose surface forces or accelerations 
which tend to disrupt the liquid body.    It does not deflect,  support,  or cause 
flow after it   functions to release the liquid.    Its net effect is to provide a 
body of liquid at rest or falling freely through the air. 

The liquid mass will break from stresses caused by drag forces 
between the air and the liquid,   stresses set up by motion within the liquid, OT 

both.    We know that the large body will accelerate until pressure differences 
cause appreciable deformations, which tend to increase pressure differences, 
arid cause internal circulation of the liquid, thus increasing total internal 
strains.    In short, this is an unstable situation in which stresses build up until 
they are released by fracture.    Fractures and separation of parts of the 
system set up further oscillations in the resulting pieces.   So, we have the 
formation of filaments, the separation of droplets, the impingement and 
capture of material,  etc. which were discussed in yesterdays sessions.    These 
processes may be ignored for a first approximation to the solution of this 
problem.    It suffices to know that there is a maximum drop sine which is 
stable in free fall through the air.    Droplets larger than the maximum stable 
sise will eventually break up.    Large droplets acquire a greater terminal 
velocity than small droplets, and they are subjected to greater drag forces as 
they fall through the air.    The ratio of surface to mass is greater for small 
droplets than it is for larger ones. 

As a gross result of these phenomena not clearly understood nor 
adequately described, the mass of liquid will produce a column of spray which 
drifts down to the ground.    The larger unstable masses of liquid will fall much 
faster than droplets small enough to be stable.    A whole column of stable 
droplets will be formed before the droplets at the top at the column have time 
to drift very far.    Relatively large masses of liquid will shatter at all heights 
of the column,  leaving a spectrum of small stable droplets that are quickly 
slowed to mere drift velocities.    There will be impingements and collisions 
until the complete sine distribution in a column falling through the air is 
produced.    The sise distribution function that describes the number of droplets 
produced is not known.    The variation of concentration with height or the 
resulting concentration at each height in the column is also unknown.    The 
problem is estimate the contamination produced on the ground by this device. 

In an actual case, the sise distribution pattern produced on the 
ground,   and the ground contamination density pattern would be measured. 
The height of column and concentration of liquid at each height would also be 
determined in these experiments.    Suitably designed experiments conducted 
under measured conditions would yield the important information. 
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In this exainpl.-.   it is assumed that the height of the column ot 
drops is 300 m and that the concentration is uniform throughout this heignt. 
At the time the column of spray is formed,  the top of the column is at height 
Z = 1000m,   and the column extends downward to height Z = 700 m.    This is 
shown in Fig. 5.    The wind is in direction y.    As the droplets settle,  they 
drift with the wind and are dispersed m directions x,   -x,  perpendicular to 
the wind by atmospheric turbulence. 

The size distribution of equation (2) is assumed.    This is shown in 
Fig.   1.    The distribution on the ground can be calculated by dividing the 
column into increments of height,   and making the assumption that all agent 
from each increment falls from the center of that increment.    Then we sum 
the contributions from each increment at each unit area on the ground.    By 
medns of this approximation,   the i olumn problem is reduced to a number of 
point source problems. 

B.     Equation of Drift and Dispersion of Droplets 

The equation for the density of droplets on the ground contains the 
factors for both drift and dispersion,  which were discussed when we considered 
the previous models. 

D(x,y) ^Q' ilM 

d(d) 

d(d) 

dy /^CLm/2 
exp 

2T m CCL 
(9) 

whe r e 

D(x, y) = density on the ground at (x. y),  g/m^ 

Q"   = quantity of liquid in an increment of column,   g 

L      ~ position along column height 

Dispersion also occurs in the direction parallel to the wind,   although it has 
been neglected in this equation.    In the derivation of this equation,   it was 
assumed that spreading from drift in the wind direction is far more important 
than dispersion in this direction due to turbulence.    This simplification may 
be justified if the height of fall is small,   and only if the fraction of liquid of 
interest is contained in the large drops.    A more refined solution,   applicable 
to distributions containing a larger mass fraction of fine particles by 
including the factor for atmospheric dispersion in the wind direction.    How- 
ever,   additional work is required to add this correction. 
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IV.     DISCUSSION 

The models preiented are useful for studying the influence of some 
important variables upon the distribution of ground contamination produced by 
some spray processes.   It i« necessary to distinguish between primary 
variables which exert a major influence on density at ground level,  and 
secondary variables which may be neglected without altering the essential 
features of the problem.    Considerable judgment must be exercised in 
determining what factors may safely be neglected.    The final justification can 
only be in experimental results.   Refinement may be achieved by including 
secondary variables, but the practical value of refinements is limited by the 
uncontrollable elements in the problem:   for example, transient variations 
in meteorological conditions, variations in functioning of the device which 
alter jet breakup, unpredictable motions within the fluid caused by uncontrol- 
lable operational factors,  etc.    The main difficulty in selecting descriptive 
models for evaluating devices or selecting operating conditions, is the lack of 
complete experimental data on previous test of similar equipments.    These are 
of some use to those responsible for establishing operating criteria and 
selecting design characteristjrs. 
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TECHNIQUES FOR THE DETERMINATION OF 
DROPLET SIZES IN SPRAY 

A. L.  Woolridge 

Development Directorate, 
U.  S. Army Chemical Warfare Laboratories 

Army Chemical Center,  Md« 

Spray «yetemt are developed largely from certain basic assump- 
tions and theoretical considerations, and from the performance of laboratory 
models constructed to conform to these considerations. In the final analysis 
those systems must be field tasted to achieve a complete evaluation. We have 
heard from several speakers here that the droplet sises produced by a spray 
system are of paramount importance. Therefore, it is necessary to have some 
method of estimating the drop eise distribution in a spray. 

There are many metliods in the literature which deal with the 
determination of the sises of air-borne or falling droplets.    Some of these 
work well in the laboratory where conditions can be readily controlled.    They 
may invülvü the use of intricate apparatus requiring rigid controls which make 
them impractical for field use.   However,  there are less complicated methods 
whereby drop sises are estimated from the spots they produce on surfaces of 
contrasting colors.    These methods are more specific for the agent being 
sampled and we have found that they lend themselves more readily to field 
testing. 

The purpose of this presentation is to describe to you some of the 
techniques we use here at the Army Chemical Center to determine the sises 
of droplets in sprays. 

Our usual starting point is the particular agent or simulant to be 
disseminated,  and our first consideration is the discovery of a suitable 
surface on which the droplets can be collected and examined. 

i 

The agent must,  on contact with the surface,  make an easily 
visible spot whose diameter is proportional to the diameter of the drop.    This 
spot should spread but it should reach a limit of spread in a relatively short 
period of time.    The ratio of spot sise to drop sise should be large enough to 
give the desired accuracy of measurements but not so large as to produce 
tremendous over-sampling from moderately concentrated clouds. 
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In selecting a sampUnf surface the characteristics of the agent 
ittelf must be considered.    Certain surfaces will require that Lhe agent be dyed 
in order to make the spots visible,  or the surface may require a solvent effect 
from the agent to produce a spot, or the surface may be sensitised so that a 
color change takes place on contact with certain liquids. 

Four sampling surfacet are most promineni la our work here. 
They are: 

1. Jump cards, made of compressed paper, usually white, for 
which the agent must be dyed.   The drop falling on the card is absorbed and 
spreads, producing a colored spot which can be seen and measured,   figure 1. 
shows a 6" x 6" jump card with spots produced by 225-mAcron droplets of 
bis»(2-etliylhoxyl) hydrogen phosphite (BIS) dyed with FD&C No.  32. 

2. A plastic film (polyvinyl chloride) apprfsdsuttely 8 to 9 mils 
thick.   Here the agent must also be dyed, but there is a solvent effect of the 
agent on the plastic which produces a permanent spot.   Figure 2 shows 
6" x 6" panels of polyvinyl chloride with spots produced by 290 to 590-micron 
droplets of dibutyl phthalate dyed with FO&C No. 32. 

3. hf 6 detector paper, which was developed as a vesicant 
liquid detector, produces a red spot on contact with certain solvents.   Figure 3 
shows a 5M x 5M panel of M 4 detector paper with spots produced by 250-micron 
droplets of undyed BIS. 

4. A plastic-dye coated glass microscope slide.   Figure 4 
shows plastic-dye coated microscope elides with spot» produced by 80 to 125- 
micron droplets of undyed BIS.    These slides are prepared by dipping them 
into a solution of polystyrene and OuPont oil red dye in a mixture of etnylene 
chloride and acetone.    This coat dries very quickly,  leaving a red plastic film 
on the slide.    The solvent »rtion of a drop of agent on this film produces a 
clear spot which is proportional in sixe to the drop diameter.    Figure 5 shows 
the apparatus which was designed for applying uniform coatings to the micro- 
scope slides.    We found that it was necessary to devise such an apparatus 
because there was an annoying variation in the thickness of the coatings on 
hand dipped slides.    This variation in the coatings seriously affected the spread 
factors. 

All of these methods have teen used for sampling fall-out from 
airplane sprays or other dissemination systems,  where the Bxze of the drops 
reaching the ground is of chief interest.    The M fc defector paper and coated 
slides are of great value where it is not desiralle or practical to dye the agent 
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FIGURE 1

Jump Card (6"x6") with spots produced by 225 micron 
droplets of BIS dyed with 2% FDbC No. 2



FIGURE 2

Polyvinyl chloride panels (6”x6") with spots produced by 200 to 
500 micron droplets of dlbutyl phthalate dyed with 2% FDI«C No. 32
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FIGURE 3

M6 Detector paper (5"x5") with spots produced by 250 micron 
droplets of undyed BIS
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FIGURE 4

Plastic dye coated microscope slides with spots produced 
by 80 to 125 micron droplets of undyed BIS.



FIGURE 5

Apparatus used for applying plastic dye coatings to 
microscope slides.



being disicminated since tk« «pat produced is not dependent upon n tracer 
being present.    I might mention here that these surfnees hare been used for 
sampling agents V, G, and H and simulants BIS, dibutyl pkthalate and ethyl 
scetoacetate among others.    Howerer, these four surfaces are not being 
presented as universal samplers.   The jump c^rd comes closest to being 
universal, but hare the liquid mast be dyad.   At present we are attempting 
to develop a surface for samphag droplets of ethylene glycol, which does 
not produce satisfactory spots on aay of these four.   Als« there is a aaed 
for a flexible surface to accamplish saaipHag of drops impacting oa 
cylinders. 

Having a surface for collecting samples af a droplet cloud, the 
next step is the determinatiaa af the drop siaes represented by the spats.   To 
do this we must have what w« call a spread factor.   This is the ratio of the 
spot dismeter to the drop diameter.    This determiaatioa can be divided into 
four (4) separate steps as follows: 

1. The production of uniform sine drops. 

Z. The determination of the diameter of the drops produced. 

3. The measurement of the spots on the sampling surface. 

4. The evaluation of the data. 

Two techniquea for producing uniform sine drops are being 
employed here.    The first makes use of a device we call the "spinning tip" 
which was developed here in these laboratories.    This device (Figure 6) 
consists     of a small glass reservoir mounted in the chuck of a variable 
speed motor.   An arm projecting from tkis reservoir contains a small 
capillary tube with a tip which has been ground to a tapered point.    The other 
end of this capillary extends down into the liquid in the reservoir.    When 
this device is rotated at high speed the liquid travels up the capillary and is 
thrown from the tip in the form of a small droplet.    The sine of the droplet 
can be varied within a certain range by varying the r.p.m.  of the motor. 
The range of drop sines is dependent on the internal diameter of the capillary 
tube.   For any given capillary being rotated at a constant r.p.m., the drops 
produced are very uniform and they all impact on the horizontal plane in a 
narrow circular band around the apparatue.    Figures 7 and 8 show the 
spinning tip in operation and the drops as they are thrown from the capillary. 

The other technique used for the production of uniform drops in 
our laboratories makes use of a vibrating wire (Figure 9).    This wire is 
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FIGURE 6

Spdtming Tip apparatus used for producing uniform size 
droplets.
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FIGURES 7 fc 8

The Spinning Tip in opt ation showing the droplets 
leaving the tip.
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FIGURE 9

Vibrating wire apparatus used for producing uniform size 
droplets.



attached to the «ad of a strip oi «pring «teel which it made to vibrate by 
paaeing alternating current through a OC coil which if held in close proximity 
to the eteel strip.   An intermittent magnetic field is thus created and the 
vibration is transmitted to the wire.    The tip of the wire oscillates in and nut 
of a gap in a fritted glass disc.    This gap is kept full of liquid from a 
reservoir above.   By careful manipulation« the wire is adjusted so that the 
tip enters this pool of liquid at the peak oi its travel to one side.   As it leaves 
the gap goiag in the other direction it carries with it a small amount of liquid. 
This is thrown off at the opposite side of its oscillation in the form oi a small 
drop.    This action can be very clearly observed using a stroboscopic light 
synchronised with the frequency oi the wire.   These drops leave the end of the 
wire in a constant stream and are very uniform in sise.   Figure 10 shows the 
stream of drops as they leave th» end of the wire.   The eise can be varied by 
varying the voltage applied to the ceil, which increases the intensity of the 
vibrations, or by varying the depth to which the wire eaters the gap or the pool 
of liquid. 

With one of these methods in operation« the sise of the drops 
being produced must be determined.    This is done by collecting a number of 
drops on a clear glass microscope slide.   Using the spinning tip, the slide is 
placed horinontally in the area where the drops are falling and is allowed to 
remain until a sufficient number of drops is collected (Figure U).   With the 
vibrating wire, the slide is passed through the falling stream of drops.    This 
is done as many times as is necessary to collect a sufficient number of drops 
to give a weight detectable by chemical analysis.     These drops on the slide 
are counted and waahed off into a known volume of solvent.    Thic is done as 
quickly as possible to minimise the losses due to evaporation.   A subsequent 
chemical analysis of this solution will give the total weight of agent present. 
Dividing this weight bv the number of drops gives the weight per drop. 
Knowing the specific gravity of the agent under investigation the drop diameter 
is determined by simple mathematics. 

Simultaneously with the collection of these drops for weight 
determination, the surface being calibrated is placed in position for sampling 
these drops.    Figure 12 shows the technique for collecting drops produced 
by the vibrating wire.    The spots produced are allowed to spread to their 
maximum sine and are measured accurately by a prescribed method.    The 
dyed slides and the plastic films are transparent and therefore can be 
projected using a Wilder Micro projector.  Figure 13,  and measured on the 
projection screen.    Figure 14 shows how these spots appear on the projector 
screen.    The spot under the scale was produced by a 75-micron drop of BIS 
on a plastic-dye coated slide.    They may also be placed in a photographic 
enlarger and printed on enlarging paper.    The spots on jump cards or M 6 
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FIGURE 10

Close-up of the vibrating wire in operation showing the 
droplets leaving the wire.
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FIGURE 11

Spinning Tip apparatus with samplers in position for 
collecting droplets for calibration purposes.
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FIGURE 12

Technique used for collecting droplets produced by the 
vibrating wire.
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FIGURE 13

Wilder Micro-Projector used for measuring and 
counting spots on transparent surfaces.

Ik
€

,^1.
ft •'



FIGURE 14

Spots on a plastic dye coated microscope slide as 
they appear on the projection screen of the Wilder 
Micro-Projector.
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detector paper are measured through a binocular magnifier with a calibrated 
reticule in one eyepiece. 

These operatioas are repeated for drops of several sixes and a 
plot is made oa rectaagular graph paper of drop diameter versus spot 
diameters.   Figure 15 is a plot of V-ageat spread on M 6 paper, polyvinvi 
chloride film aad oa plastic-dye coated slides.   Spot sises in millimeters 
are plotted along the horiaoatal axis against drop diameters in microns on 
the vertical axis.   A straight UM is produced passing through the origin 
from which a simple ratio of spot diameters to drop diameter can be obtained. 
This is the spread factor. 

Having a surface for collecting droplets and a spread factor for 
the liquid oa the sui 'ace,  samples of an aerosol cloud or a spray can be 
taken aad evaluated for an accurate estimation of the drop siae distribution. 
This involvss the collection of a large number of samples over a wide area 
downwind from the source of the spray and the subsequent measuring and 
counting of vast numbers of spots.    This is a very laborious and tedious 
process but it is necessary for an accurate statistical evaluation of the drop 
sise distribution produced by a spray system. 
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FIGURE 15

Graph of V-agent spread on M6 paper, poly­
vinyl chloride and plastic eye coated slides. 
(The units on the vertical axis are microns)
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DEVELOPMENT OF A CAMERA TO PHOTOGRAPH HIGH SPEED PARTICLES 

John A.  Hinckley.  and Aaiociatet 
10316 South Throop Street 

Chicago 43,  Ulinoii 

A number of severe problems have limited the success of attempts 
to photograph aerosol particles. 

An f2 objective with ordinary light has a resolving power of about 
1 micron.    An fl6 objective has a resolving power of 9 microns.    Therefore, 
if one is interested  in studying aerosol particles down to a siae of 5 microns, 
a lens aperture not smaller than about f2 is indicated.   At iZ the circle of 
confusion at the limits of a field of 4 microns depth,  is 1 micron.   As here used, 
the term 'circle of confusion' refers to the apparent sise of a point of light 
lying at either boundary of the defined field.   In photomicrography we have found 
that depth of field is independent of the focal length of the lens, practically 
independent of the magnification end is directly proportional to both the aperture 
of the lens and the circle of confusion. 

A 5 micron particle would require a magnification of about 200 
diameters,   if its size were to be measured within 20%.   At 200 diameters 
magnification,  the total volume photographed would be about 0.01 cubic 
millimeter.    If an aerosol had S particles per cubic millimeter,  the probability 
of obtaining an image of one particle in a photograph would be about one in 
twenty.    The Stanford Research Institute developed an ingenious camera which, 
by repetitive flash,  obtained images cf many particles on each plate. 

Another important problem is that movement of the aerosol 
particles must ordinarily be avoided.    Thus,  a 5 micron particle should not 
move more than about 1 micion.    If the flash duration is of the order of 1 
microsecond,   the maximum tolerable velocity of the particle is one meter per 
second.    Unfortunately one has to go to extraordinary lengths to obtain such 
low velocities of these small particles. 

Another important problem is the difficulty of obtaining adequate 
illumination.    Microsecond flash output is relatively low.    If it were attempted 
to obtain 200 diameters magnification directly,  the exposure requirements 
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would be greater,  by a factor of 40, OOfttkan norm») photographic 
requirements.    Even if the initial magnification wrre 20 diameter«,  the 
exposure factor is 400 times.    These requirements have made necertsary the 
use of ivome unusually powerful light sources. 

The study of the mechanics of aerosol formation would be greatly 
aided if photographs of the various stages of formation and Jife of the particles 
could be made.    It did not appear to us that we could hope tc accomplish this 
objective within photographic methods that have been developed,  bees use of the 
particle velocities which may amount to several hundred feet per second.   A 
5 micron particle traveling at 200 ft. per second moves 12 times its own 
diameter in 1 microsecond; at the best,  a streaked imag« would result. 

An old photographic trick for photographing rapiJJ/ moving objects, 
if one has free choice of viewpoint,  is to photograph the object coming directly 
toward the camera or going directly away from the camera.   Since aerosol 
particles traveling toward the camera would inevitably impinge on the lens,  we 
attempted to direct a fast moving stream of particles away from the lens.    We 
failed to get any photographs because we could not straighten the flow lines out 
before the focal plane was reached.    We then directed the stream of particles 
toward the lens and prevented impingement by a high velocity ribbon shaped jet 
of air traveling at right angles to the axis between the lens and the focal plane. 
Thus,  the particles traveled through the focal plane and wera then deflf cted 
away from the lens.    We did not obtain any photographs by this method. 

Our flash duration had been of the order of 4 or 5 microseconds. 
We reasoned that if we could provide a curtain of light, the thickness of which 
was of the order of the depth of field,  the light could be of long duration since 
the camera would see the particles only a« they passed through the curtain of 
light.    Therefore,  if the flash duration w;:s 1 millisecond,  ihe depth of field 
would be effectively increased from 4 microns to 1000 micron«,  and the number 
of particles passing through the curtain would be increased by a factor of ^50 
tmiej.    We used a variety of spherical and astigmatic lenses to effect light 
concentration in the xocal plane, but were unable to obtain photographs.    We 
then o**d a V shaped 200 watt second flash tube,  placed so that the focal plane 
lay at the center of curvature of the tube.    Inasmuch as the level of illumination 
from a source varies as the square of dijtan  e,   we increased the illumination 
level several hundred fold by this means.     We immediately obtained photographs 
of dosens of pa-tides in each exposure.    We interposed a diaphragm between 
the flash tube and th* air jet.  so that iliuminanon from the tube would not fall 
directly upon the camera lens.    This diaphragm improved matters further 
by the Bernoulli effect of reducing the pressure upstream in the aerosol jet so 
that good streamline flow occurred through the focal plane. 
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Wr next undertook attempt! to confine the illumination to a thm 
curtain     We n ade dosena of xenon discharge tube« in which the illumination 
wa. colllmatec by alita.  aperturea.  and varioua forma of thin aectiona of 
glaai a;d plaav c.    Efforta to obtain photographa by these meana were 
• ucceatful.    "V    .eem to have achieved the not uncommon result that the 
crude apparatc i was much better than the refined veraion.    It finally 
occurrei to ua that we were aimply reducing the illumination below a uaeful 
level by our va -ioua collimating devices. 

On   of the important reasons that we wanted a thin curtain of light 
was that we fel   a very serious flaw in the method would result from a wide 
oand of Mumin.tion. namely,  ar inaccurate image sise would be obtained. 
We belie/ed th .t particle traveling through the focal plane in a broad area of 
illumination wr old give an inaccurately large image because of the large 
circlea of conf. aion.    We found on calculation that theae out-of-focua effects 
should nut be s irious,  because the contribution of a point of light very far 
outaide tie foc.vl plane ia email becauae of the diffuseness of the reflected 
beam,  an 1 that the contribution of the particle,  as it passes through the focal 
plane,  ia so hi, h from the periphery that no aerioua error ahould reault.   This 
theoret:c, I con luaion waa completely contrary to the usual concepts of food 
photogrupaic pi actice.   It indicated that if one has a collection of objects in 
spice to photofraph. lying inside and outside the focal plane, more accurate 
reaulta are Obi .ined if theae are photographed while moving axially,  than if 
they were phott graphed while atationary. 

In i ji attempt to check thia concluaion.  we performed a model 
experimen. in which a glaaa sphere of about 3/4" diameter was photographed 
using for i lum nation a circular fluorescent tube surrounding the sphere 
The sphert  wai  moved uniformly through the focal plane to*ard the camera 
A photograph .*i. obtained which had a bright circle,   with inner and outside" 
flare.    The six.   of this circle,   while somewhat diffuse,   waa the true 
diameter o: the aphere within +2%.    The aphere.   when photographed in a 
atationary ^osi     »n.   somewhat outside and inside the focal plane,   uave imaees 
which were ins.   curate. K 

\t   he present time,   our efforts are directed to the use of larger 
apertures t.   ob am increased resolving power,   to the use of lower levels of 
illumination a-nl to increasing the duration of the flash.    These latter 
objectives are ralte eaaily attained ' ; th    use of low voltage and high 
capacitance  vit ^ the necessary modification of the discharge tubes      We believe 
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that we will achi«v« • quite •r>ell *al ■xmple unit,  which can obtain relatively 
accurate photograph* cf particles do im to 1 or 2 micron eise with hundreds of 
particles appearing la each ea>oeuri.    The lower limit of resolution can 
probably be usefully Increased so th-1 particles of less than 1 micron sine 
can be studied by the use of ulTravio.et flash illumination with quarts optics. 

U2 

I 



■• 

DISPERSION VS. DIFFUSION PROCESSES 

WillUmG.  Tank 

Cloud Physics Division 
T«st Design and Analysis 

U.S.  Army Chemical Corps Proving GrounCi 
Dugway, Utah 

INTRODUCTION 

Qualitatively, the prohlem of atmospheric diffusion is not a 
particularly difficult one.   The spreading of a smoke plume, for example. 
proceeds in a manner that is not surprising, agreeing as it does with an 
intuitive idea of what ought to take place; e. g., higher concentrations of 
smoke are found at the center of the plume, diminishing in Intensity with 
increasing radial distance.   Furthermore, it is readily noticed that the 
windiress and degr«« of thermal stability in the lower layers of the 
atmosphere markedly affect this process, again procseding in a manner that 
is qualitatively very reasonable; i. e. , high winds and unstable thermal 
stratification favoring rapid diffusion.    The real problem remaining then li 
to express these facts quantitatively in a theory so that predictions can be 

made. 

The search for a precise,  quantitative theory of diffusion has 
received much attention in the past, and many notable contributions have 
been made by various authors.    Historically, the earliest meteorological 
theory of difluslon was presented independently by Taylor1 and Schmidt   , 
who based their derivations on a statement of Fick's law of molecular 
diffusion,  viz. ,  "diffusion of material is in the direction of decreasing 
concentration and is proportional to the concentration gradient. "   Since that 
time,  there have been many restatements of the problem,  evidencing a 
multiplicity of approaches,  which lead to various ramifications of the 
original theory.    Roberts presented perhaps the first concise mathematical 

1 G.  I.  Taylor. Diffusion by Continuous Movements,  Proc.   London Math. 
Society.  20:  196(1920). 

2 W.   Schmidt, Der Massen austausch in freien Luft,   etc. ,  Hamburg,   1925. 
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model of diffusion h**od directly on Taylor «ad Schmidt* origia&l work3. 
Noting then that this origiAoi Fickion or   "K-theory ' of diffution is not able 
to cope directly with the increaaing ecale of turbulent agitations which 
comes into affect as diffusion proceeds. Sutton*, and mare recently 
Frenkial5, developed their so-called "statistical theories of diffusion," 
following Taylor's statistical theory of turbulence*.   Calder^ presented a 
modification of the original K-theory designed to take into account the 
effect of varying surface roughness on diffusion processes by recourse to 
the mixing iangth hypothesis. 

It might be argued that a scientific theory has acquired a certain 
amount of accepUbUity, or at least of notoriety, when the number of papers 
on applications becomes much larger than the number of fundamental contri- 
bution« of which the theory consists.   Certainly the ahoy« holds true for the 
previously meatioaod theories and ramifications of those theories.   However, 
it must be emphasised that in spite of the many contributions that have been 
made to the problem, aa enact theory of atmospheric diffusion does not exist. 
All theories of atmospheric diffusion contain certain parameters and 
coefficients which have to be evaluated by recourse to some hypothesis or 
else by direct or indirect measurement, usually the latter.   To this extent 
then, all existing theories are partially empirical, at least in actual practice. 
It is truethatCalder's extension of the K-theory via the mixing length 

3 O. T. T. Roberts, The Theoretical Scattering of Smoke in a Turbulent 
Atmosphere, Proc. Roy. Soc. (London), lOiA: 640(1923). 

4 
O. G. Sutton. The Problem of Diffusion in the Lower Atmosphere, Quart, 
Jour. Roy.  Meteorol. Soc, 73: 257(1947), 

5 F. N.  Frenkiel, Application of the Statistical Theory of Turbuleat Diffusion 
to Micrometeorology,  Jcur. Meteorol. , 9 (4): 252-259 (1952). 

G.I.  Taylor, Statistical Theory of Turbulence, Proc. Roy. Soc. (London), 
151: 421(1935); 156: 307(1936). 

7 
K.   L.   Calder,   Eddy Diffusion and Evaporation in Flow over Aerodynamic ally 
Smooth and Rough Surfaces, etc., Quart.   Jour.  Mech.  Appl.  Math. 
2:  153 (1949). 
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hypotheti« can be evaluated independently of direct physical measurements. 
Nevertheless, in practice, some empiricism will nearly always be employed 
in determining the appropriate parameters. 

In light of what has been said previously then, there can be no 
a priori statement made concerning which theory presents the best 
mathematical model of diffusion for practical use.   All theories have their 
own particular advantages and shortcomings.   The ultimate choice then 
of which model to choose rests upon the consideration of a multiplicity of 
factors such as the degree of accuracy desired, the scale of the phenotnena 
under investigation, the availability of meteorological instrumentation, etc. 
A detailed discussion of this problem is, to some extent at least, beyond 
the scope of the present paper.   However, it should now be stated that 
regardless of which mathematical model of diffusion is selected as being 
an appropriate working equation, the chosen equation will still be applicable 
strictly to describing the subsequent behavior of gaseous material which is 
released to the atmosphere.   When one deals with airborne aerosols or 
particulate natter, some factors must be considered that «re not common 
to uninfluenced diffusion.   For example, fall-out, wash-out, and rain-out 
represent three such factors, all three of which would result in the depositing 
of the aerosols, for example, on any horiaontal surface. 

Such deposition of material from an aerosol cloud can be divided 
into dry weather and precipitating weather elements; 1. e. , fall-out is used to 
designate deposition during non-precipitating weather, and includes the effects 
of both gravitational settling and impaction.    Wash-out is used to designate 
removal of material from the air due to capture of the particles by 
precipitation elements, while rain-out may be defined as removal due to 
association of the particulate (or for that matter,  gaseous) material with 
the precipitation element prior to its descent.    The problem then,  in dealing 
with aerosol clouds, is to find methods whereby existing diffusion equations 
can be modified to consider the aforementioned effects.    The scope of the 
present paper will include only the fall-out effect, and its purpose will be 
to find and discuss appropriate modifications to a given diffusion equation 
such that this fall-out effect may be considered in estimating both air and 
surface concentrations of particulate agent. 

THEORY 

In attempting to ni^UlTy a giv**! tMCf1   ^«n eq-jRtion f uch that the 
effect of fall-out may be accounted for,  «r'» ^.attt tacii-l^  rrv1 i  a distinction 
between "diffusion'   and   "dispersion'  processes.    Although m^se two terms 
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are commooly \x—4 interd^agMbly. A dlttlnctlon ahould be niMie between 
the two; i. e. , diffueien proceeeee« applicable to gaeeoue matter, depend 
•olely upon the nature of turbulent atmoepberic air metlont, whereas 
dispersion processes, applicable tc particulate matter, depend not only 
on such air motions, but also on the dynamic properties of the particle« 
themselves.    Of course, when the particle sise decreases below a certain 
threshold value, which depends on such variables as eddy sise end 
kinematic viscosity, the particulAtes will truly drift with the air mwtion. and 
the process may thfcn be considered as being truly diffusive.   However, in 
general, whenever particulate matter must be considered, a diffusion model 
will at best yield only a first approximation to actuality. 

To proceed then, a diffusion model expresses the concentration of 
gaseous material as a function of space.   It is reasonable to suppose that the 
theory of eddy diffusion represented by a given diffusion equation is applicable 
to the dispersion of falling particles, since ths corralation between the 
velocity of particles at successive small intervals of time is likely to be of 
the same functional form as that used for the diffusion of gas molecules, once 
the Farticles have attained their terminal velocities.    Therefore, in order to 
apply a given diffusion equation to the cafe of aerosol clouda. it will be 
assvmed that the particles are small enough such that, for all practical 
purpose«, they take up their terminal velocities immediately upon release. 
Moieover, it will further be assumed that not only do the particle« reach 
their terminal velocities immediately, but alto that they immediately take up 
the lateral eddy velocity.    This a««umption, in effect, ignores the inertia 
effect of the particles.   The«e two above mentioned as«umption« then, 
repreeent the theoretical basis of the derivations now to be pre«ented. 

Having assumed then, that the "classical" diffu«ion equations 
yield «uitable backgrounds upoh which modification« may be made to consider 
dispersion processes, it remain« then to «elect one particular diffu«ion 
model as the baai« for what i« to follow.    A« «tated previou«lyf  such a choice 
may be governed by many factor«.    However,  «uffice it to «ay here, that in 
the intereet« of «implicity and applicability. Robert«' diffusion equation 
will be u«ed a« the basi« of the «ubeequent derivation.    The reasoning 
behind this choice will be «omewhat elaborated upon later, but it shovld be 
recognised that the Robert« equation can be expre««ed in terms of other 
theories of diffusion by recognizing the relationship between the various 
diffusion parameter« expre««ed by the various diffusion theories.    In other 
words,  the derivations to follow are independent of the mathematical 
model of diffusion upon which they are based. 
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The Robert« equation fur a continuous point source under 
conditions of Isotropie turbulence msy be written as follows** 

X(x.y,.)=i9        e     L ^ K     J 
4ITIC>C (i) 

whereX(x,y,z)= concentration of gaseous material measured In units of 
mL0, 

Q * amount of material emitted measured in units of rnt" l, 
ü « mean wind speed, measured in units of Lt"1, 
K « coefficient of eddy diffusiylty measured in units of lA"1. 

Although equation (1) expresses the concentration as a function of 
space resulting from a continuous point source, it also represents the total 
dosage equation for aninstaatcnsous point source, since the technique used 
in deriving both is the same; i.e., the concentration equation for an 
instantaneous source is integrated from Üme t « 0 to t = oo.   The only 
difference between the total dosage equation for an ^nutantaneous source 
and the concentration equation for a continuous source lies in the specification 
of Q.    For an instantaneous source, Q is measured in units of m, while for a 
continuous source Q must be measured in units of mt"1.    Thus, according to 
equation (1), when Q is measured in units of m, the equation yields the usual 
dosage units, mtL-3, while a Q expressed in units of mf l applied to equation 
(1) yields the usual units of concentration, mL"3. 

As stated previously then,  equation (1) represents the total dosage 
equation applicable to an instantaneou- point source.    It can be shown 9 that 
the analogous solution for an instantaneous volume source may be written 
to read 

8 O.  G.  Sutton,   "Micrometeorology,   "McGraw-Hill Book Company, Inc 
New York,   1953. 

9 
W.  G.   Tank,  Multiple Source Prediction Equations,  Dugway Proving Ground, 
to be published. 

147 

t 



■ 

a(T* 11!) 
4Kx"fab-l 

D = 
»PKx + ab-l] (2) 

where b"1, measured in unit» of L2, has the characteristics of the variance 
of anormal distribution, and is presented by Oifford10 as a function of the 
radius of the initial cloud. 

The factor 2 appearing in the numerator on the right cide Of equation 
(2) appears when one considers that the surface of the earth acts as an 
impervious boundary for gaseous material.   In this sense then, the ground 
acts as a perfect reflector, and the net effect is that the concentration at 
any point is twice that found in a cloud formed in an infinite medium. 

If the source is elevated, the effect of the boundary is more 
complicated.   Following Sutton, the reasoning employed in analysing fcuch a 
case is  as follows1!: if the height h of the source above ground is sufficiently 
great, the cloud near the source will behave as if the boundary were absent, 
but as distance downwind, x. increases, the influence of the boundary becomes 
increasingly evident as the gas diffuses downward.   The solution, therefore, 
must behave like that for an infinite medium for small */h but for large x./h 
must resemble the solution for a source placed at ground level. 

This problem can be solved by the method of images.    The semi- 
infinite medium z > 0 is replaced by the infinite medium - oo < s S oo, and 
the boundary z = 0 is abolished.    The effect of the impervious surface is 
introduced by considering not only the real source atx^ysO, B*h but 
also its image in z = 0; i. e., a source of equal strength at x =• y * C, z-s-h. 
The required concentration at any point in the space z > 0 is then equal to 
the sum of the concentrations from the i^ro sources,  since the condition of 
no net flux across the fiance z = 0 is automatically satisfied because of 
symmetry.    The required solution th«n, analogous to equation (2).  is thus written 

10 p. Gifford* Atmospheric Diffusion from Volume Sources,  J. Jdeteorol. ,   3, 
245-251 (1955). 

Sutton, Op.  cit.  pp.   139-140. 
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4J« + üb-i 

•D-   Qe 
«»■ • 

(3) 

where,  as before stated, h represertt the height above the ground surface of 
release. 

Equation (3) thus represents the total dosage equation applicable to 
determining the downwind total dosage distribution resulting from the release of 
gaseous material, in the form of an instantaneous volume source at a height h 
above the ground.   If this equation is to be applied to aerosol clouds then, under 
the previously mentioned assumptions, the only effect that must be considered is 
how the finite settling velocities of particles may be included in the diffusion 
model. 

The vertical distance of fall due to the finite settling velocities of 
the particles may be superimposed on the vertical spreading of the cloud. 
This may be accomplished mathematically by a translation of axis at each 
point downwind so that 

z  = z+^i x 
fl (4) 

The second term on the right side of equation (4) thus takes into account the 
change in the height of the cloud at successive points downwind due to the 
settling of the cloud particles. 

One further modification, however, becomes necessary.    When 
dealing with gaseous material,  the ground surface was treated as being a 
perfect reflector of the gas.    Hence, the total amount of the gaseous cloud 
remains airborne at all times,  which permits the writing of equation (3). 
However,  when dealing with aerosol clouds consisting of particles having 
finite settling velocities,   some of the particles of the initial cloud will 
continue to be deposited at successive downwind distances.    Hence,  the 
"image" of the initial source will in effect be continually decreasing in 
strength as the initial cloud continues its downwind travel.    To allow for the 
deposition of the particles at the plane E = 0 then,  the strength of the image 
must be multiplied by a factor k which is a function of the fraction of the cloud 
deposited at any point downwind from the source. 
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A« a result of equaiion (4) and th« change in image strength 
then, equation (3) may be modified ai follows to account for the dispersion 
of particulatc matter, the particles of which have finite settling velocities. 

u y * 

D = 

4kx + Ob'1 

Qe  • 
TT^kx + nb"1] L e + ke 

(s ♦— x -h)Z (r+^x + h)' 

4kx + ab-i - 4kx -t- ren 
.(5) 

For a gas cloud, k & 1 and vt ■ 0.    Under these conditions equation 
(5) reduces to equation (3). 

Equation (5) thus represents a dispersion equation stating the total 
dosage as a function of space.   In order to apply the equation, however, it 
remains to determine the strength of the image, k, as a function of downwind 
distance x.   As a first approximation, however, it may be assumed that the 
total dosage at the surface is the same as that which would be given by equation 
(3) when z - 0 and k ■ 1; i. e. , 

u y ' u h "  
e 4kx + üb:T e 4kx + üb"1 

/v 2Q 
D' irBkx + äb-lJ (6) 

Now then, near the surface of the earth, there is an effective 
stagnant film in which the effect of turbulent diffusion is negligible and through 
which the particles pass by virtue of free settling only.    Consequently, the 
total amount deposited on the surface is given by the product of the total 
dosage established by the aerosol cloud adjacent to the stagnant film and the 
free settling velocity through this film; i. e. . 

__     u y''  ü_h^  
4kx + üb*l 4kx + üb-l 

e e 

A^        ZQv* 
ir[4kx + üb^J . (7) 

where As amount of agent deposited per unit area. 

150 



The amount of agent deposited per unit downwind distance would thu» be, 
according to equation (7). 

oo 

F=-J    Ady = 
-oo I 

e 

üh2 

'I 
iQVa 

4kx ♦ üb' 

*[4kx + üb" \- 

+ oo 

4kx + üb"l 

dy. (8) 

or, performing the integration. 

üh^ 

TCr 
2QV, 4kx + üb -I 

(9) 

Fin*Uy, the total dosage as a function of space would be, according to 
equation (5) when k ■ 1 

u y ^ 
4kx + üb'l 

r ,.* 
D-        Q e 

irljüoc + üb-1] 

 ft. 

-h)2 

4kx + ub"l 
+ e 

(■ +^t x+ h)2 

- u 
4k x + ub-l 

(10) 
Thus, equation (7) permits the determination of the amount of 

agent deposited on the surface,  and equation (10) permits the determination 
of the total dosage established at any point in space due to the passage of the 
aerosol cloud. 

As stated previously,  equations (6 through 10) represent 
approximations, based on assuming a strength of the image equal to unity. 
Such an approximation will,  of course,  yield more credible results for the 
smaller sized particles, implying a smaller rate of deposition.    However,  a 
second approximation may be obtained by recourse to a material balance in 
order to obtain a more precise estimate of the image strength, k.    Such a 
material balance states that the undeposited fraction of the aerosol cloud 
remains airborne; thus, in mathematical terms, 

+ oo 

•oo 

d « dy 

(ID 

ISl 
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where D0 represents tke teul 4ee«f• at grmmä level (i. e. , s ■ 0).    Kquation 
(11) thus etetet that tke cuireletlve frection el the cloud thet it deposited 
must equal the fraction of the ialef rated volume total doeage per unit length. 
Thus, substitution of oqnotion (5) appropriately into equation (11) yields 

x 

I (ira[4kx4üb-l^l/4 

C^x-h)^ (%   x + h)2 

« 1 — NTS'  

{V[Vkx*ib-qyi/2 

1ST^"1        fk. -    4kx^b-l 

^•♦Ä « 'h)2       (• -»-It * +^) 
cr u 

STsTIPI ' 4kx4üb-x 

• + ke 

dx 

da 

Since k is a function only of x, it may be removed from the right 
side of equation < 12).   However, on the loft side of equation (12), since the 
exact functional form of k is not known, an average value of k between 0 and 
x must be used.   If equation (12) is divided through by kav, and the assumption 
made that k/k.    = 1, an approximate value of k av 

av 
may be obtained. This 

kav can.thOn boused in. the left side of equation (12) to determine the cumulative 
fraction of the cloud deposited as a function of x.    The slope of this curve then 
yields the fraction deposited per unit distance, which in turn can be used to 
determine k.   Such a procedure will of course repreeent a better approximation 
to actuality.   However, the method is quite cumbersome , and therefore, in the 
interests of simplicity, the assumption will be made that kcs 1 in order to 
permit at least a qualitative analysis of the implications of the dispersion 
model. 

,   THEORETICAL IMPUCATIONS 

Having arrived at a dispersion'model, it now remains to examine 
the implications of the model in order to show the effect of particle size, 
release height, and the turbulence regime on the > deposition of aerosols. 
Consider first the expression yielding the cumulative relative amount of the 
cloud deposited per unit downwind distance; i. e. , 

x u h 
^s 

£KiC4kx + ub-lj3.1/2 
4kx + üb-1 

dx. 

(13) 
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If a change of variable ii introduced such that 

T  = 4kx t üb"l    , (14) 

then it follows that 

Gh^ 
4kx + üb-1 

x 

5 Zv. 

&üt4kx + ub-ij) 1/2 dx = 
1 u h 

^b-i (15) 

Now let 

P * 
(16) 

From the second change of variable as stated by equation (16), 
it can be seen that 

P T 
0 

2k(Tm)i/2 
1 

ub-l 

uh 
e       T       dr  = 

~üh2p2 

k(Tru) 1/2 
1     e 
"2 
P 

(üb-iri/2 (17) 

Integration by parts finally yields 

Fd= 
vi 

Q      k(im)1/2 

uh 

(4kx + {Ib-l) 1/2   e      lkx + ub-1     -  (ub-1,1/^   e-b^T 

vsh 
erf üh 

4kx + üb'l 
erf     Ji£V 

b-1 

(18) 

Figure 1 below represents the plot of the cumulative relative 
amountof the cloud deposited against downwind distance as determined by the 
application of equation (18),  when the following arbitrary parameter values 
were assumed. 
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v, =  1. 14 m »ac -1 

u   > 5 m tec -1 

h   =  100 m 

b"1   *  125 m2 

K = 6m2 «ec*1 (Upae) AndK=lm2«ec* 1 (invertion). 

The two curve« ehown in the figure indicate that the atmoapheric 
turbulence   haa a conaiderable effect on the depoaition of the aeroaola.   First 
of all, it is to be noted that more deposition occurs closer to the release point 
under highly turbulent conditiona than for inreraion conditiona.    The cumulative 
amount deposited is greater under inversion conditions than under lapae 
conditiona at greater downwind distances.   With regard to the first point of 
interest, deposition occurs closer to the release point under lapse conditions 
because of the greater vertical flux of mass being brought about due to the 
more turbulent nature of the atmosphere.   He /ever, the greater the turbulence, 
the more rapidly will the dilution of the aerosol occur; thus, at greater 
downwind distances more deposition occurs under inversion conditions than 
occurs under lapse conditions. 

To proceed then, according to equation (9), the relative amount 
of material deposited per unit downwind distance is given by 

JL = i Vs 

Q       f™^ + üb-1]J1/2    e 

uh^ 
ikx + ub-l 

(19) 

The rate of change of the relative amount deposited with respect 
to downwind distance will be given by 

üh2 
dF a      4k u vs  
d^    (im) W2 (4kx+ üb~M3/2   *    ^kx + ub-l 

2h 1 
(4kx + üb'1 ü 

(20) 

Equating to zero and solving for x,  it is seen that the downwind distance of 
maxinrmm deposition is given by 

max 
Ü (2h2 - b-1) 

4k (21) 
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Equatioa (21) inAlcatct tkat tue fmint mi nuudnuun deposition U 
inversely proportional to tho dog re« of turbulence «ad directly proportional 
to the height of reloose; i. e. , the greater the turbulence and/or the smaller 
the release height, the closer to the source will the maximum deposition 
occur.   Again, the inverse relationship between the degree of turbulence and 
the point of maximum deposition it due to the greater net vertical flux of 
mass in evidence under more highly turbulent conditions. 

Figure 2 shows the total dosage at the center line of the dosage 
diitribution calculated from Opuntien (10). 

In the ease of an aerosol cloud, the dosage at ground level at say 
diitance, on the eao band, tonde to decrease due to deposition.   On the other 
hand, the effect o#iree settling in the air tends to increase the dosage at the 
ground.   The relative importance of these two effects detsrmines whether the 
value of the maximum total dosage of an aerosol cloud at ground level is 
greater or lees than that for a gas cloud under similar conditions. 

fUMMART 

The modification of Roberts' iHffusioa equation in the manner 
prescribed above gives a reasonable and intuitively correct description of the 
behavior of an aerosol cloud rsloosed to the atmosphere.   Briefly, the results 
presented above may bo qualitatively stated ae follows:   whereas the value 
of the maximum total doeago of a gae cloud is largely independent of 
atmospheric turbulence since there is no deposition or free settling effects 
to be considered, a decrease in turbulence greatly increases the maximum 
deposition and the maximum total doeage of an aerosol cloud at ground level. 
A decrease in turbulence shifts the point of maximum deposition and total 
dosage downwind from the source.   Furthermore, an increase in release 
height decreases the deposition and ground total dosage, especially at the 
maximum values, and shifts the points of maximum deposition and total 
dosage downwind. 

Thus, on the basis of intuition alone, the predicted implications 
of the chosen dispersion model appear reasonably correct.    The logical 
question at this point would then be,  "why worry about such prediction at 
all? "   The basic consideration here is that any weapons system is no 
better than the predictability of its results.    There is nm real "prediction" 
problem connected   with the more conventional munitions, since their 
effectiveness is usually restricted to the immediate time and area of impact. 
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Therefore, the hum« elemeet has a g—d deal of cootrol over such muaitioa« 
and can thus, to a large extent, predetermine the results of their «ee. 
Chemical or biological muaitioa« on the other hand, are unique in that they 
are designed to be most etfectire after impact; i. e., after the time the 
human element can effect its control orer the weapon.    A gaseous or aerosol 
cloud is released to the atmosphere rla oxplosire or other means; henceforth, 
atmospheric proceesee are the sole moaas whereby the agent may be 
disseminated further to accomplish the desired results.   In other words. 
the atmosphere itself muat be considered as being one of the most fundamental 
compononts of any chemical or biological weapons system.   Therefore, it 
must be emphasised that in line with recent improrements in the fabricating 
of new devices for releasing CBR agents« plus the development of improved 
agents themselves, more attention must be given to understanding the 
atmospheric processes that determine the subsequent behavior «£ gaooous 
and/or aerosol clouds after their release if a truly effective CM. weapons 
system is to be developed.   For, after all. if, after an agent cloud has been 
released to the atmosphere, one has no Idea of where that cloud is going to 
go, then there really is not too much point in releasing it in the first place. 

WILLIAM Q.  TANK 
Cloud Physics Branch 
Ougway Proving Ground 
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