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ABSTRACT

ON DIFFUSION FROM AN INSTANTANEQUS POINT GROUND SOURCE
IN A NEUTRALLY STRATIFIED TURBULENT BOUNDARY LAYER
WITH A LASER LIGHT SCATTERING PROBE
The behavior of an instantaneous point source, as it disperses
in a thick, neutrally stratified, turbulent shear layer, has been
examined by a laser light-scattering technique in the Meteorological
Wind Tunnel. An aerosol-filled gas bubble was released in a column
of water to subsequently rise and burst at the floor of the wind
tunnel. This '"pseudo-instantaneous'" gas volume dispersed in the
turbulent shear layer. Time dependent concentrations at a point were
monitored by measuring the scattered light from a coherent light source
by a photomultiplier-fiber optics probe. Data consisted of a series of
concentration realizations downstream from the ground level source.
The distribution of concentration was described by selecting coeffi-
cients empirically in a Gram-Charlier series, Puff dispersion
characteristics were compared with prediction of the Lagrangian
similarity diffusion theory.
Wind tunnel results were also compared with field dispersion
studies conducted by Pacific Northwestern Laboratory at Hanford

Reservation, Washington.
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Chapter I

INTRODUCTION

This study is to examine the mechanism of turbulent dispersion,
from an instantaneous point source. The dispersion behavior of an
instantaneous point source in a turbulent shear flow is of interest
because it represents the initial building block in most point, line
and volume diffusion models. A puff may also be associated with
accidental breach of radioactive confinement, gas storage failure,
rocket engine accident, or missile take-off. Additional examples can
also be found in channel flow or rivers where tracer materials are
dumped for velocity measurements. Tracers are often injected instan-
taneously in pipes for velocity evaluation or trouble source detection.

An instantaneous point source by definition, is a source with
infinitesimally small volume but containing a finite amount of ''tagged"
particles which are released in a very short time period. Mathematically
speaking, it is a source with a Dirac-delta function shape in both time
and space coordinates. If the volume of a source is much smaller than
the cube of a characteristic flow length (say, the boundary layer thick-
ness) it can be considered a point source. If the release duration is
shorter than some characteristic flow time it can be considered an

instantaneous source.

The physical significance of an instantaneous point source can be
seen from its definition. The species distribution due to a continuous
source or even an unsteady release can be calculated by integrating
the behavior of an instantaneous source in time. In the same manner,

diffusion due to a volume source can be obtained by integrating in



space over a distribution of point sources. For a source with an
arbitrary release pattern and an arbitrary geometry the concentration
distribution downstream can be constructed by proper integration (on
time and space) of the result due to a distribution of instantaneous
point sources. This concept is very similar to the definition of
Green's function in potential theory.

Many measurements have been performed in the atmosphere to study
the puff diffusion problem. The most recent field test was performed
by Nichola, Ramsdell, and Ludwick (1970) in the Pacific Northwest
Laboratory. The test was conducted at U. S. Atomic Commission's
Hanford Reservation, Washington. The source was simply produced by
crushing a quartz ampule containing Kr-85 tracer gas. Other field
measurements for shell and balloon bursts and cluster behavior are
tabulated in Table 1.1.

A field study, however, requires a large detecting grid system
and many support personnel. The degrees of freedom of the mean wind
speed, direction and thermal stratification conditions are almost
infinite. To systematically survey a set of data for identical
conditions is usually an exhausting process. The current study
is prompted by the economics of time and resources associated with
wind tunnel laboratory measurements.

The feasibility of wind tunnel simulation of atmospheric flow
and its diffusion processes has been well studied (Cermak et al, 1966;
McVehil et al, 1967). However, to simulate an instantaneous point
source presents considerable additional difficulties.

Chandra (1967), Kesic (1966) have attempted to follow puff

behavior in the laboratory with little success. Difficulties are



generally associated with source generation, detection, time and space
scales, and the need for many realizations to provide significant
statistics.

In Chapter 11, a general review of diffusion theories is found.
The techniques utilized, in the present study, for source generation
and detection are discussed in Chapters IV and V respectively. The

details of the mathematical model will be commented upon in Chapter VIII.
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Chapter 11

GENERAL REVIEW OF TURBULENT DIFFUSION THEORIES

The theory of turbulent diffusion, like the theory of turbulence
itself, suffers from a lack of a validated physical model to act as
a foundation for further insight.

Mathematically the perturbation approach, originally established
by Reynolds, does not resolve physics of the fluid behavior. In fact,
the additional terms (Reynolds stresses, or correlations) merely
provide additional unknowns in an already complicated problem.
Nevertheless, many '"ad hoc' procedures have been developed to close
the equations and make the solution tractable. These procedures or
suggestions are generally assigned to the categories of: gradient

transfer theory, statistical theory, and Lagrangian similarity theory.

2.1 Gradient-Transfer Theory

With perturbation arguments, one may express the diffusion equation

as follows:

v 2%“527 (@67 1% L 2 5
i i
The terms E;ET' which result from the averaging process are
additional dependent variables. This implies that the dynamic equation
is not in a closed form. The earliest attempt to overcome this difficulty
was based on the assumption suggested by Taylor that

ac
i 9x.
1



The diffusion equation thus reads:

ac ac 3 ac
+

3t T Y A, T ax, (Ki 3X.
i i i

) i=1, 2, 3.

Unfortunately, introducing turbulent gradient transfer coefficients
Ki's does not solve the closure problem. This is because the
coefficients themselves are not universal functions. The functional
form of the coefficients are often based on the results of experimental
observation.

Due to the analytic difficulty, the governing equations have only
been solved for simple cases. For instance, in a infinite flow field,
with constant wind profile and constant diffusivities assumption, the
unsteady diffusion equation becomes a heat conduction equation by using

the following transformation:
x'" =x - Ut

This is the same as Fickian diffusion equation and has the following

solution (Carslaw and Jaeger, 1971)

_Ut)2 2 2
) [{x o)< . ¥y .. 2 ]

20 2 2002 20 2
X y z
c = e

where UE = ZKit = ZKi -%— (1i=1.2.3). Diffusion in an unbounded,

two dimensional flow with constant diffusivities and constant velocity
gradient T  was solved by Novikov (Monin and Yaglom, 1970). The

solution is



1

c = T 3 - 1
3 2 2 2
(@rt)3[(K_+ 12 K t /12)K K ]

=T 2 2 2
. exp (- (x-I'zt/2) i z

2 3
4th + 1 Kz t2/3

When a reflecting boundary condition is considered, the solution
for an instantaneous point source for constant diffusivities and
constant velocity in the half space (z > 0) is (Monin and Yaglom,

1970),

) [(x—Ut}2 A y? i 22 ]
2 4K t 4K t 4K t
B B & X y z

(4nt)3/2(KxKsz]%

In a shear layer, the simplified conditions such as uniform wind
profile and constant diffusivities will not be valid. The special
case of constant diffusivity assumption in a shear flow was examined
by Van der legge Zijnen (llinze, 1959). He measured the temperature
profile from a heated wire placed in a horizontal plane air jet.

The skewness of the measured temperature distribution was shown toward

the region of large mean velocity. This experimental result disproved

the validity of the constant diffusivity assumption in a shear flow
since this assumption would predict the opposite behavior.

In meteorological studies, the logarithmic profile was generally
accepted. However, this non-linear velocity profile presents great

analytic difficulties in solving the unsteady diffusion problems.



First, the trajectory of a diffusing puff is not a linear function of
time. Second, the integration of a logarithmic profile usually is
difficult to obtain. These difficulties were overcome by Chatwin (1968)
and Putta (1971) by applying the Lagrangian Similarity Theory. The
analytic efforts will be discussed in Chapter VIII.

Another method to limit the possible functional form of transport
coefficients is provided by the stipulation of dimensional consistency
and coordinate transformation invariance. Donaldson et al, (1968,1971)
have used this invariance technique to close the mathematical system of
equations. Results are quite promising; however, a number of empirical
constants remained unknown and the solution requires fairly extensive

numerical computation.

2.2 Statistical Theory

In 1921, G. I. Taylor (1921) presented his famous paper "Diffusion
by Continuous Movements.'" The statistical aspects of diffusion in a
homogeneous turbulence has turned out to be a major contribution. This
has been proven to be a useful analytic tool for modeling a turbulent
diffusion process. A similar analysis has not yet been developed
successfully for a shear flow condition. However, the statistical
features of a turbulent diffusion process are appreciated.

The merit of Taylor's statistical diffusion theory is that, in
certain geometrically symmetric flow, one can directly go to the physics.
However, the present state of art on statistical theory is still limited
in the infinite homogeneous flow. In this specific type of turbulent

flow, Taylor obtained,



10

t t1
2 _ )
o2(t) = 2 u} £ £ R, (6) dedt,

where o2, uiz are the variance of displacement and velocity

fluctuation, Rii(g) is the auto-correlation function of velocity.

Thus the solution for a instantaneous point source in a uniform

stream is
_[(x-Ut]2 T ]
2 2 2
@& & 3/')1 & 20x 20y 20z
V2 i7'° 60 0
Xy z
I
= 12
where o, = 2 ui £ i Rii(ﬁ) d&dt1

Sutton (1932) extended this theory to the atmospheric diffusion

and assumed:

a n
Ry 26—

12
ui £

a, n are both constants. The final form of the solution thus

becomes:

_ y2+ z2+ (x-Ut)?
c%’@‘ft)"‘

1
c = - e

T!3{2 c3 (agji)Sm/Z

where m = 2-n

4 an

and c2 = TTtEjTETET
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No work has successfully extended the statistical theory to the
shear flow and in the half space. This is because of lack of informa-

tion on the Rii[i) variation in a half space shear flow.

2.3 Similarity Theory

This theory is based upon the 'Lagrangian similarity hypothesis"
which was first suggested by G. K. Batchelor in 1950,

The hypothesis suggests:

"In the constant flux layer, the statistical properties

of the velocity of a marked fluid particle, at time t after

release from the ground surface, are functions of friction

velocity u, and duration time t."

The most attractive feature of this hypothesis is that it reduces
the turbulent diffusion equation to a mathematically tractable form.
This theory, in many ways represents a combination of the gradient-
transfer theory and the statistical theory. The linear diffusivity
assumption, originated from the mixing length hypothesis, falls into
the category of the gradient-transfer theory. However, the Lagrangian
approach to trace the statistical properties of a marked fluid particle
basically is the same as the statistical theory.

Generally speaking, a Lagrangian approach is superior to an
Eulerian frame in a diffusion study. This is because of the various
"eddy'" sizes which play the different roles in a diffusion process.

In practice a Lagrangian approach usually presents extreme experimental
difficulties. Analytically, however, one may apply a Lagrangian trans-

formation to the classical Eulerian diffusion equation. The detailed

mathematical description will be presented in Chapter VIII.
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Chapter III
GENERAL REVIEW OF CONCENTRATION MEASURING
TECHNIQUES IN A TURBULENT AIR FLOW

In turbulent diffusion studies, fluid particles are often imagined
to be ''tagged" such that the mixing mechanism may be carried out as if
no foreign particles were present, yet the dispersive effect of the
flow can be followed. Such idealistic particles are usually referred
to as '"passive particles."

Unfortunately, there does not seem to be any means to "tag' fluid
particles without interferring with the real fluid motion. In most
experimental diffusion studies, efforts have been directed to reduce
the distortion due to the tagging process to a minimum.

Tracers, or "tagged" fluid particles usually provide different
chemical or physical properties from ambient fluid particles. The
following sections discuss briefly the possible tracers and the general
measuring techniques in a turbulent air flow. Methods stated here may
or may not have been used in turbulent diffusion measurements. However,
the basic mechanism can always be recognized. The following table lists

the basic mechanisms for particle tagging.

BASIC MECHANISMS TO TAG PARTICLES IN AN AIR FLOW

Chemical
Method Physical Methods
Detecting | Chemical | Density | Sub-particle | Heat ]EMW Particu-
principle | reaction | gradient and i trans- :absorp— | lates
EMW emission | fer | tion or |filtering
scatter—]
ing

|
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3.1 Chemical Tracers

Tracers which have different chemical properties from ambient air
are classified as chemical tracers, for instance, NH40H, (Malhotra and

Cermak, 1964; Davar, 1961), HCI, (Thompson, 1962), NO (Gosline,

22
1972), SOZ’ (Gartrell, 1964; Cramer, 1957), and the hydro-carbon
family (Kitabayashi, 1967).

When chemical tracers are used for diffusion studies, concentra-
tion samples are drawn from the flow field. In order to minimize the
distortion due to the presence of a sampling probe and the process of
suction, the rate of drawing samples is maintained the same as the
mean background velocity. In a turbulent boundary layer where the
local mean velocity varies, different sucking rates are required. This
sampling technique is usually referred to as '"iso-kinetic sampling"
(IKS).

After required chemical pretreatment, the tracer materials are
presented in physically sensitive form which can be quantitatively
interpreted in terms of the final colors, mass of precipitants,
electrical voltages, turbidity, etc. Hydro-carbon family tracers,
such as propane, can be analyzed by measuring the flame temperature
of the combustion process from a drawn sample. This method can even
be used to scan a diffusion plume. However, good time resolution
cannot be obtained.

If concentration samples can be stored, the iso-kinetic sampling
method may offer a large capacity to average point concentration dis-
tributions. In a region such as near a solid boundary, where local

mean velocity is small, considerably long flushing time is required.
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In a closed test environment such as a recirculating wind tunnel, a
build-up concentration background may be caused by a long-time release
process.

The primary drawback of chemical tracers is the time lag associated
with the chemical conditioning prior to concentration evaluation. For
instance, for a turbulent flow with mean free stream velocity equal to
1.5 m/sec, the time period required for the drawn sample to reach a
steady value is of order 5.0 seconds. Hence the time constant of the
instruments for chemical tracer measurements is of order 10 seconds.
This does not include the period for chemical analysis which varies
from tracer to tracer. The chemical tracers cannot be used for instan-
taneous puff measurement because of the long processing time constant.
However, the chemical tracers and the associated processing equipments

are economical in general.

3.2 Physical Tracers

Tracers which have different physical properties from ambient
fluid particles, such as density, heat transfer rate, etc., can be
used to detect a concentration variation. In the following sections,
different physical tracers, as characterized by their detecting mechan-
isms, are discussed.

3.2.1 Density tracers - Gases with differing molecular weights

will be called density tracers. Examples of tracers of this kind are
Freon and Helium (Meroney and Yang, 1969) and etc.

The basic detecting principle is based on the difference of
molecular weights between the tracer gas and the ambient gases (mainly,

N, and 02}. The sampled gases will be ionized by a gas discharging
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process and then the ions are accelerated by a potential difference
and allowed to enter a magnetic field. The tracer gas which has a
different electron charge-to-mass ratio (e/m) from N7 and 07 will
have a different deflection distance. (The instrument is called a mass
spectrometer). A pulse circuit is used to register the number of the
tracer particles after discriminating the signals from ambient air
molecules.

When using density tracers, one should consider the distortion of
the tracer paths due to the buoyant force. The time constant (> 10
seconds) is also limited by the time lag found in the case of using
chemical tracers. The cost of a mass spectrometer is usually higher by
an order of magnitude than the device used to analyze chemical tracers.

3.2.2 Sub-particles and electromagnetic wave emitter - Naturally

borne or activated sub-particles (a, B) and electromagnetic wave

(y rays, light rays) emitters are often used in concentration measure-
ments. Examples are -3, Kr-85 (Martin, 1965; Yang and Meroney, 1970),
Ar-41 (Islitzer, 1965; Steward et al, 1954).

Sample concentrations are determined by means of an electronic
counter to register the collision frequency of sub-particles, or the
electromagnetic wave intensity, on the surface of a detector. High
frequency Gamma rays have to be converted into a visible light spectrum
in order to be counted. This method is called scintillation counting
(Lapp and Andrews, 1964; Rodliffe and Fraser, 1971). The sub-particles
or EMW emitters can be divided into three major categories according
to different activation sequences. They are: natural emitters, pre-

activated emitters, and post-activated emitters.
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3.2.2.1 Natural emitters - Sub-particles or electromagnetic

wave emitters which exist without a previous artificial activation
process are called natural emitters. For the safety consideration,

low energy, non-chemically active B-particle emitters, such as Kr-85,
are preferred.

Iso-kinetic sampling techniques are usually applied to the
concentration sampling in diffusion studies. Concentration samples are
drawn into counter chambers such as Geiger-Mueller tubes., After a
period of flushing the counter chambers by continuously drawing sample
gases from a flow field a high voltage is applied across the chambers
to register the collision frequency due to the emission from the sample
gases.,

Care should be taken when using natural emitting tracers; the
half-life of the selected radioactive elements should be considerably
longer than the experimental period.

Natural emitters may be used to monitor the nonstationary diffusion
process: a semi-conductor detector can be exposed in an air stream to
accept the direct bombarding of sub-particles or electromagnetic waves
instead of drawing samples from a flow. The spatial resolution has to
be considered when radioactive tracers are used. This is because of
the finite travel distance of sub-particles and electromagnetic waves
in an air stream. It can easily be visualized that if one exposes a
semi-conductor detector to a radioactive environment, the output signal
is an integrated value over a penetrable space. For instance, Kr-85
(particle maximum B8 energy of 0.695 Mev.) can travel almost 2 meters
in air (Lapp and Andrews, 1965; Nickola, 1970). The spatial resolution

may be improved by using proper blocking devices. However, the
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counting geometry (solid angle) is usually very poor. Consequently, a
very concentrated source is needed. The time constant of analyzing
natural emitter tracers depends on the techniques used. When iso-
kinetic sampling is used, the period required for transferring sample
and flushing a counter chamber is of order 1 minute. The electronic
counting device costs in the order of $1,000. When a semi-conductor
is used as a detector, the time for converting the concentration to
electric signal output is almost instantaneous if proper block tech-
nique is used.

3.2.2.2 Pre-activated emitters - These kinds of tracers can be

considered when the safety of handling radioactive materials is con-
cerned during nonexperimental periods. Many elements can be radio-
actively activated by using fast deutron or neutron striking. By
proper designing, this method may be considered as an ideal 'tagging"
in diffusion studies. However, to activate a 'passively" radioactive
element, usually, is not a simple process, it requires a linear acceler-
ator or a special research reactor to carry out the activation process.
Fluorescent powders can also be used to serve the same purpose.
They can be premixed thoroughly with a air flow and activated to emit
visible light by shooting an ultra-violet light beam.
For diffusion studies, the pre-activated emitters are rarely used
due to the cost and the complication of the activation processes.
When radioactive emitters are used, the cost of facilities is very high.
When fluorescent powders are used, a completely dark experimental
environment is required. The time constant for concentration analysis

is the same as that in Section 3.2.1.
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3.2.2.3 Post-activated emitters - Often, for safety and publicity

reasons, tracers used in studying diffusion in a residential area have
to be harmless and not significantly visible. In additio~, in order
to distinguish a studied source from other sources, a specially selected

source has to be used. For instance, to study urban diffusion problems,

NO2 or SO2 will not be proper tracers because one may not be able to

distinguish the tracers from the background environment. Colbolt
sulphate {CoSod7H20) was often used for this specific purpose
(Islitzer and Slade, 1968). The collected samples can be evaluated
by a neutron activation process. Fluorescent particles and zinc
cadmium (Smith and Hay, 1961) are also used in a similar manner at
night with an ultra-violet activation analysis.

Another application of post-emitting tracers is to improve the
spatial resolution which is present when using a natural emitter. For
instance, a concentrated neutron beam can be used to activate the flow
only in a well confined region. An ultra-violet laser beam can also be
applied to the premixed fluorescent air flow.

In addition to being easily distinguished, the post-activated
emitters can offer a very fine concentration resolution, i.e., small
concentration is easy to be identified. Because of its special purpose,
the relatively long time constant of this method is not generally con-
cerned. The cost of the system depends on the complication of the

activation process.

3,.2.3 Heat transfer tracers - Gases, such as He (Ruff and

Gelhar, 1970; Exall, 1970), which have significantly different heat
transfer coefficients from air can be used as concentration measurements.

Local mean concentration can be detected by using a calibrated hot-wire
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probe. This method has not been widely used because of the difficulties
in separating the concentration signals from the signals due to convec-
tion. A similar operation can be achieved by releasing a pre-heated
gas tracer (Kesic, 1966) and using a cold wire as receiver. The local
concentration is associated with the local temperature in a mixing
process. The buoyancy force should be considered. Due to the limita-
tion of heating temperature, this technique can only be used in a very
short downstream distance. The time constant of heat transfer tracer
measurements is of the order 10-° seconds. However, using a hot wire
to detect Helium concentration usually suffers a "historical effect"
which distorts the hot-wire output signals. This was described by

Way and Libby (1971).

The thermal conductivity cell type gas chromatograph (Meroney,
1963) also belongs to this category. Time constant of using gas
chromatograph is limited by the period of drawing samples from a flow
field (~10 sec.). Costs for heat transfer tracer measurements depend
on the degree of complication and the resolution of the devices.

3.2.4 Electromagnetic wave (EMW) absorption or scattering tracers -

The presence of solid or liquid particles in an air flow causes EMW
(such as radio waves, light rays) to diffract, reflect, refract, and
extinct. These properties can be used to probe the local number
concentration of the particulates.

Two major categories of these methods can be specified as
absorption and scattering measurement. First, the EMW intensity
extincts in a negative exponential manner when it passes through a
uniformly distributed particle-present environment. This phenomenon

is referred to as absorption. For instance, by measuring the decreased
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intensity from a laser beam, one may evaluate an integrated concentration
over the light path. This can be used to monitor the aerosol pollutants
level over an urban area (Melngailis, 1971). This prospective concen-
tration measurement technique has not yet been used in laboratory
measurements. Second, the scattering phenomenon, which is a combina-
tion of diffraction, refraction, and reflection of EMW, can be used to
evaluate a turbulent diffusion process. This specific method will be
discussed in Chapter V.

The main application of using the EMW absorption or scattering
properly for concentration measurements is remote sensing. This tech-
nique has been most popular since the invention of laser. Due to the
extremely high transmitting velocity of EMW, the time constant of this
type of measurement is of the order 107® seconds. The cost of instru-
mentation also depends on the sophistication of the overall system.

3.2.5 Particulate filtering tracers - Particulates which have

larger physical dimensions than air molecules can be used as tracers.
Samples can be drawn through selected filter paper and analyzed.
Usually, the filtering process is combined with another prescribed

technique.

3.3 Tracers and Boundary Conditions

The boundary condition at the ground level is defined as a
reflection condition, i.e., 3c¢/3z = 0. This condition implies no mass
transport across the floor boundary, and no deposition on the floor.
When gaseous tracers are used, this condition is clearly true. When
oil droplets or solid particles are used, the deposition of the tracer

particles should be considered. This is especially important when
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release is conducted at the ground level where the highest concentration
is located.

In the field tests, for instance, with fluorescent particles as
tracers, the deposition will be very significant. This is the same
as the settling phenomena in a river bed. The main cause of deposition
is due to the impaction of airborne particulates on a solid surface.
The impactions are determined by the following factors:

1. Local turbulent iantensity.

2. Fall velocity, which depends on the density and the size

of particles.

3. The adhesive force of the particle to the solid surface.

These imperfect reflection boundary conditions for non-reactive tracers

may be generalized as:

ac
Kz = * E Vf C + yW=0

E 1is collecting efficiency which indicates the percentage of number

particles striking the surface, Vf is the fall velocity, y 1is an

entrainment factor, and W 1is the number of particles on a unit area
of solid surface. It can be seen that when E = W = 0, one has a

perfect reflection condition.
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Chapter IV

SOURCES OF DIFFUSION
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Chapter IV

SOURCES OF DIFFUSION

4.1 Classification of Diffusion Sources

In this section, the initial conditions utilized for different
diffusion processes are classified according to the release periods of
the source. The time dependent turbulent diffusion equation can be

written as:

ac ¢ _ 3B T
5t Y ax; T c'us)

in which j = 1,2 3,

37y

Boussinesq suggested that the correlation terms may be replaced by

eddy diffusivities, Kj's:

ac ac ]
Yy o

Usually, eddy transport coefficients are assumed to be only functions
of coordinates and turbulent structure parameters. Thus, the form of

a turbulent diffusion equation is a non-vectoral, 4-dimensional, 2nd
order of sum of 7, linear, non-homogeneous partial differential equa-
tion. If the diffusion process is time-independent, i.e., 23c/3t = 0,
the only conditions needed to solve the equation (of elliptic form) are
closed boundary conditions. The problem thus becomes a boundary value
problem. For a time-dependent process, this equation takes parabolic
form; an initial condition is required to solve the equation. The
detailed classification due to different release periods and geometri-

cal form will be discussed in the following sections.
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4.1.1 Instantaneous Sources - The mathematical descriptions for

various source geometries are as follows:
a. Point source:

t=0, ec= Ip ﬁ{ﬂ,ﬂ,ﬂ,ﬂ]

in which & is a Dirac-delta function, the source is at the origin of

the coordinates, and

Ip — { c{x,y,z,tnjd? at t = to > 0,
i o =] -]
where f dr = [ [ [ dxdy dz .
Vv N

b. Line source: (cross wind)

t=0, c=1, 80, y, 0,0

IE: concentration per unit length at y-direction,
or
el yg+1 ]
I, = f f f c(x,y,z,t Jdx dy dz at t=t_=>10.
') st ¥ B (] 0o —
o
c. Volume source:
t=0, c-= Iv §(x,y,z,0)
IV{x,y,z,t] is the initial concentration distribution
over a 3-dimensional space,
or

I = f c{x,y,z,tn]d; at t=t =>0.
v =

v
As mentioned in Chapter I, there are actually no real instantaneous

sources. For practical purposes, if a release time is relatively short

compared with an appropriate characteristic time, we may consider it
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as an instantaneous release. In a similar manner, if a release exit

is relatively smaller than characteristic dimensions in a flow, it may
be considered as a point release. Thus, we may claim that the blast

of a bomb in the atmosphere may be an instantaneous point source. The
crosswind jet-trail may be an instantaneous line source. A large scale
explosion, such as an atomic cloud, may be an instantaneous volume
source,

4,1.2 Continuous sources - As we have stated at the beginning of

this chapter, this is not an initial value problem due to 3c/3t = 0.
The mass conservation and boundary conditions are the only conditions
to be considered:
a. Point source:
c(0D, 0, 0, t) =T
’ P

Tp is the source strength (mass/unit time)

[edr=) T dt=T t at t=t_>> 0,
V o P p o

Usually, the mass conservation is written as:

T = [ Iuc{xﬂ,y,z]dy dz

P & =

in which x is the mean convective direction, wu is the local mean
convective velocity in the x-direction,

b. Line source: (cross wind)

c(0, v, 0, t) + Tz

TR is source strength per unit length at y-axis

I .J}; I c[x,y,z}d; - TR- tO at t = to >> 0
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or

i u c(xo,y,z)dy dz .

c. Volume source:

The boundary condition for a volume source cannot be
specified in a simple mathematical form. This is because, for a given
point where a source is located, the local concentration is the sum of
the local source strength and the concentration transport from the
upstream source. The transport of concentration is due to the convec-
tive motion and diffusion. These kinds of problems may often be over-
come by the superposition of point sources.

An appropriate example of a continuous point source is a continuous
release from an isolated factory stack. A crosswind highway at the
rush hour is an example of a continuous line source. Water vapor over
a sizeable lake or the forest fire provides a good example of a volume
source. The solution of a continuous volume source can be obtained
by integrating many instantaneous point sources over time and space.

Examples of non-stationary sources exist in daily life. Non-
stationary release at factory stacks, crosswind highways, and urban
regions would be good examples of point, line, and volume sources,

respectively.

4.2 The Laboratory Instantaneous (Point) Source

Considerable difficulties have been found when producing a
laboratory scale instantaneous (point) source. Again, it is not
possible to produce a Dirac-delta function source in both time and
space, yet the tracer materials should be enough to be detected reason-

ably far downstream in a dispersion process.
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4.2.1 Criteria of producing a laboratory instantaneous point

source - The criteria of producing a laboratory instantaneous point
source are described as follows:

a. Disturbance - Any mechanical device inserted into the
flow field to produce an instantaneous point source appears to generate
mechanical turbulence or vortex shedding. If the disturbance scale
is much larger than the original source dimension, the '"'point'" source
picture may be destroyed right after release. A short cylindrical con-
tainer has been tested (see Fig. 4.1) to produce an instantaneous
source. Unfortunately, significant vortex shedding occurred behind
the container.

b. Source strength - The source strength of an instantaneous

point source should be sufficient to provide detectable signals at a
desired downstream distance.

c. Release duration - The duration between the first tracer

particle released and the last tracer particle released into a flow
should be small in order to meet the criteria of an "instantaneous"
condition.

d. Shape - Few experiments have been conducted to study
instantaneous point sources. Usually fast injection of tracer materials
was used without considering the original source shapes (Chandra, 1967,
Exall, 1970). The actual resulting puff shapes are considered to be
mostly elliptical or long cylindrical. It is true that one cannot
conceivably find a perfect instantaneous point source to meet every
requirement. However, one may conclude from the linearity of the
diffusion equation that a spherical source is better than other shapes.

This can be argued in the following manner: concentration at a downwind
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distance is the sum of the contribution due to each instantaneous
source. From the linearity of the diffusion equation, one can claim
that the concentration distribution due to an instantaneous sphere

(not very sizeable, of course) is proportional to the concentration due
to an instantaneous source further upstream. In addition, the isotropic
diffusing pattern of a cloud in the downstream will not be confused with
the initial isotropic (circular) distribution.

e. Concentration distribution - For the same reason, as

stated in d., the concentration distribution in an instantaneous
""point source" should be nearly uniform. The fast injection type
release will cause an initially turbulent jet mixing.

f. Repeatability - In order to obtain a statistically

significant ensemble mean of a diffusion behavior, the source has to
be produced repeatedly.

4.2.2 Possible means of producing a laboratory instantaneous

point source - The first laboratory instantaneous plane source was due
to G. I. Taylor in 1954. Salt water was just 'dumped" into a fully
developed pipe flow as a plane source. Concentration samples were
picked up by a conductance gauge. This was the first attempt to pro-
duce a laboratory instantaneous source.

In the air flow, only a few attempts have been made. In a field
test, one can simply apply a small scale explosion as an instantaneous
point source.

There have been two laboratory scale measurements conducted at
Colorado State University. Kesic (1966) used a hot wire to generate
an instantaneous point thermal puff by pulse heating. The maximum

measuring distance (centerline) was four inches. The short measuring
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distance and the buoyancy effects limited the experiments significance.
Chandra (1967) used a bypass control to release a jet-like Helium source.
The samples were picked up by an iso-kinetic sampling probe. The
maximum detecting distance was four feet. With a mean free stream
velocity of 20 ft/sec, the source was only allowed to diffuse in the
order of 0.1 sec. It is questionable if the iso-kinetic sampling method
had sufficient resolution; it is also doubtful if turbulent jet effects
were still significant over the measuring distance.

There are advantages and shortcomings to different techniques in
generating a laboratory scale instantaneous point source. The writer
has summarized the following methods:

a. Neutron activation - A pulse neutron activation process

may offer a reasonable laboratory scale instantaneous point source.

b. Pulse UV illuminance - When a fluorescent particle has

been pre-mixed thoroughly in a (darkened) air flow, a pulse ultra-
violet laser beam can produce a well-defined instantaneous point source.
This needs a small light blockage device to limit the illuminance
distance in order to assume a point source instead of a line source.

c. Pulse heating - A pulse voltage can be applied to a hot
wire to produce a thermal puff. The limitation of this method is a
short measuring distance.

d. Bubble bursting - An aerosol filled gas bubble can be

used as an instantaneous source at the instant of bursting. This
method was used in this experiment.

4.2.3 Bursting of a tracer-containing, rising gas bubble as an

instantaneous point source - An aerosol filled gas bubble bursting at

ground level has been adopted as an instantaneous source. Various

aspects of this idea will be discussed later.
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a. Zero mechanical blockage - There need be almost no

mechanical device above the floor of the wind tunnel. This implies
that no mechanical disturbance will be introduced. A hot-wire probe
was used to measure the momentum injection due to the bursting process.
There was no appreciable added upward velocity to be observed when the
probe was only 5 cm above the bursting location. This is probably due
to intense turbulent motion near the floor and the strong vertical
shear which actually suppresses the bursting near ground level.

b. Source strength - With a laser light scattering method
(will be described in Chapter V), the maximum measuring distance in
this experiment is extended to 4 m from the source.

c. Instantaneousness - To the authors' knowledge, there is no

literature to be found on the bursting process of a rising gas bubble
at the surface of a liquid. An estimate of vertical velocity of an
injected puff has been made by a hot-wire probe when there was no
convective velocity above the water surface. A hot-wire probe was set
2 cm above the water surface. When a gas bubble bursted, a sudden rise
from the hot-wire anemometer could be seen on an oscilloscope screen.
The magnitude of the signal fell into the range of 10 miliseconds.

In the presence of a shear flow, no significant signals could be
observed due to the high fluctuation near the wall.

4.2.3.1 The mechanics of gas bubbles rising through water - The

rise of gas bubbles in liquids was first studied by Allen in 1900,

But most studies deal with very small bubbles (<10 ecm?®) which do not
behave similarly to large ones. Davies and Taylor (1950) were the
first to investigate large bubbles which varied from 1.5 to 200 em® in

volume. (The original study was related to the phenomenon of submarine



explosion). Davies and Taylor's work also motivates the design of
the bubble generator which is used to produce the 'pseudo-
instantaneous' point source.

The bubble generator utilized in this experiment is shown in
Figure 4.2. It consisted of a plexiglass cylindrical tank, a plastic
cup and a manual rotating mechanical device. The basic procedure of
producing a single large bubble is as follows: An upside-down cup
was set to accommodate a gas-aerosol mixture which entered from the
bottom glass valve. The cup was filled with aerosol cloud by dis-
placing water. The cup was suddenly pivoted to expel the aerosol
cloud. It has been found that tilting the containing cup to a right
angle was sufficient to displace all the gas out of the cup. An
angular speed of 1/2 cycle per second would offer enough acceleration
to form a single bubble without disturbing the water. Several cup
shapes were tried, and it can be concluded that the original shape of
the container, whether semi-spherical, short cylindrical or beaker-like
was not critical. Figure 4.3 plots the consecutive movement of a bubble
rising in the water.

In order to measure the mean rise velocity and monitor the arrival
of a gas bubble two wires were mounted in the bubble generator to form
a capacitance gauge. Two wires were placed at different distances
beneath the water surface. As gas bubbles pass each wire, the capaci-
tance shifts between the two wires and can be determined from the
output of a capacitance meter. Since the distance between the two wires

is predetermined (10 cm), the rising velocity can be easily found:

_ 10 cm
R At
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At is the time (sec) between the peaks of the capacitance variation
due to the passing bubble.

The results from 150 samples are plotted in Figure 4.4. The mean
velocity from the 150 samples is 57.2 cm/sec. This result can be com-

pared with Davies and Taylor's (1950) empirical formula:

Uy = 24.8 y1/6

in which UR is rise velocity and V is volume of the bubble. From
a graduated glass cylinder, the volume of the bubble used in this

experiment is 157 cm®. Davies and Taylor thus predicted:

U, = 24.8 x (157)Y/6

R = 56.9 cm/sec.

The consistency appears excellent.
The radius of the upper surface of the rising bubble can also be

obtained from the semi-empirical formulas by Davies and Taylor:

Uy = 2/3 (g gy *

in which g 1is gravitational acceleration, and r is the radius of
the surface of the upper part of a bubble. Therefore, the radius r

of a bubble while reaching the water surface is:

U2 2
R _9 (5h.d)% .
Sl 980 * 7.5 cm.

This is very close to the observed size of the rising bubbles. Thus,
the initial shape and behavior of this laboratory scale instantaneous

point source was approximately defined.

4.2.3.2 Experimental observation on bursting of a gas bubble -

A shadowgraph was made from a laser Schlieren system (Fig. 4.5). Due
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to the limited light field, only a burst due to a smaller size gas
bubble was observed (see Fig. 4.6). The observed shape of the burst was
almost semi-spherical when there was no flow over the water surface.
There was no observation made when there was flow present due to the
fact that the optical system could not be moved.

The light-scattering probe (Chapter V) was set 5 cm above the
water surface to measure the instantaneous injection at the bursting
instance. When there was no flow over the water surface, one could
clearly observe a sharp output signal at the moment of bursting. When
there was a flow, no significant signal could be seen; hence, all
aerosols passed beneath the probe. The strong shear evidently
suppresses the upward movement during the bursting.

Therefore, the characteristics of the source may be summarized as
follows:

(1) It was a ground level source because the upward momentum was
suppressed by the shear flow. This was very similar to the phenomenon
of a short smoke stack: if an injection rate was small compared to
the local mean flow, the plume had only a small tendency to rise. The
free stream velocity used was 1.17 m/sec. The rising velocity of the
gas bubble has been shown to be 0.57 m/sec. If the bursting speed is
isotropic over the water surface, a value less than 0.57 m/sec was
expected. (This was due to the kinetic energy lost against surface
tension during the bursting process). Thus, it is reasonable to assume
it behaved as a ground source.

(2) The shape was circular at the ground level. This was due to

the original circular shape of the gas bubble.
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(3) It was instantaneous. From the hot-wire signal, the bursting
process was in the order of 10 milliseconds (measured when no mean

wind was present).
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Chapter V

LASER LIGHT-SCATTERING PROBE
(L.L.S.P.)
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Chapter V

LASER LIGHT-SCATTERING PROBE (L.L.S.P.)

Due to the time-dependent characteristics of an instantaneous
puff diffusion measurement, a unique laser light-scattering probe was
developed. The following sections describe the theory, construction,
and response of the instrument.

In physical science one of the most important achievements in
the later 19th century was Maxwell's electromagnetic theory of light.
Based on this theory, optical scattering and EMW scattering could be
linked together into one coherent theory. The classical problem of
light scattering from a homogeneous sphere has been treated by many
great mathematical physicists such as Poisson, Cauchy, Green, Stokes
and Rayleigh. However, electromagnetic wave scattering theories did
not draw much attention in applied physics until the recent development
of the quantum theory. Until advances were made in the scattering
theories the systematic design of a light-scattering probe was difficult

if not impossible.

The history of using light scattering for concentration measurement
is rather short. Rosensweig, Hottel and Williams (1961) were the first
to use scattered light as a dynamic concentration measurement. This
study of air free jet mixing was conducted in the Massachusetts
Institute of Technology. The basic experimental arrangement is shown
in Figure 5.1. It is interesting to note that in this experiment the
positions of the turbulent jet were adjusted rather than adjusting the
optical system. This was due to the large dimension and the clumsy

nature of optical devices.
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Subsequently, work was also done in the same facility at M.I.T.
to study a confined jet (Becker et al., 1963). In 1966, Becker,
Rosensweig and Gwozdz applied the method in studying turbulent mixing
in a pipe. In the study, a fully developed situation was assumed.
Therefore, diffusion source positions could be translated along the
pipe instead of moving the optical probe. Later the same facility was
again used to study the mixing mechanism of a turbulent flame by
Gurnitz (1966). A general discussion of the prescribed measurement
techniques can be found in the paper by Becker et al, (1967).

Due to its clumsy nature, the light-scatter equipment developed
by Becker et al, is not suitable for concentration measurements in a
wind-tunnel or in a confined flow field. Liu (1972) built a compact
probe by using two pieces of long fiber optics as both incident and
scattered-light transmitters. The schematic arrangements of Liu's
probe is shown in Figure 5.2. Liu was the first to map an entire plume
for both local mean and fluctuating concentrations for an elevated
continuous source over a wind-generated water wave,

All light sources used in the measurements described above provided
chromatic light. In classical optical theories, monochromatic and
plane waves are usually assumed. Before the birth of the laser (first
ruby laser built by T. H. Maiman, Hughes Aircraft Co., 1960) many
classical light scattering experiments based on the assumption of mono-
chromaticity were difficult to perform. In 1964, Yeh and Cummins used
laser light scattering for velocity measurements. This technique is
usually referred to as the ''Laser Doppler Velocimeter'" (LDV). In LDV
measurements, the frequency shift (Doppler principle) due to the

scattered light was of primary interest. The particulates which cause
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the light scattering can be either naturally borne or artificially fed.
When an optimum signal to noise level is desired, the latter techﬁique
is used (Rolfe et al, 1968; Witte et al, 1972). To the authors'
knowledge, there has been no laboratory concentration measurement by

using laser light-scattering method.

5.1 Summary of Light-Scattering Theories

The basic assumptions of all classical light scattering theories
are as follows:

a. The incident light is a plane, monochromatic (temporally
coherent) and a spatially coherent electromagnetic wave; hence, the
advantage of a laser as a light scattering source.

b. The scattering light has the same frequency as the
incident wave; hence, the choice of an optical filter if discriminating
other frequencies from the scattering wave is necessary.

¢. When a light wave travels in a perfectly homogeneous
medium, it will not be scattered; thus when a light beam traverses a
""clean" standard composition of air, there will not be any scattered
light. A light scatterer is thus defined as matter with a different
refractive index from standard air.

d. Scatterers are homogeneous spherical particles, which is
true when particulates are liquid aerosol particles instead of solid
particulates.

e. The total scattered energy is the sum of the scattered
energy due to each particle; this is called independent scattering.
Thus the scattered light waves due to different particles are incoherent.

No scattered waves will be enhanced or destroyed due to phase lags.
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This assumption implies that if the number concentrations of the
present aerosol particles are small, no significant second order
scattering will occur. A crude estimation has shown that a mutual
separation distance of three times the radius of aerosol particles is
a sufficient condition for independent scattering. The linear calibra-
tion curve discussed in Chapter VI has shown that independent scatter-
ing conditions did exist in the experiments discussed herein.

The phenomenon of radiation scattering is actually a consequence
of the interaction between electromagnetic waves and electrons within
the matter. When the size of scatterers is greater than the incident
wavelength, the macroscopic arguments, such as the refractive boundary
conditions, are adequate to describe the scattering phenomena.

There are two major categories in scattering theories, namely,
Rayleigh scattering and Mie scattering. Rayleigh scattering theory
was derived by L. Rayleigh in 1871. In this theory the light wave is
treated as charges of a linearly oscillating dipole or arrays of
dipoles. Mie scattering was first derived by G.‘Mie in 1908 based on
electromagnetic wave theory. The latter is the most general thoery
for scattering phenomena.

5.1.1 Rayleigh scattering - The result of Rayleigh's law of

scattering states:

2y2 2_
S X (E—-EJZ (1 + cos? 9)
2 R%x4 m2+2

I8 = Io

in which I incident light intensity

—
[}

scattered intensity in the direction 6

<
]

volume of a dielectric sphere
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=
1

distance between the sphere center and point of
obscrvation

A = wave length of incident light

m = refractive index of the spherc.

This scattering thecory only applies to the situation where the

scatterer is reclatively small comparcd to the incident wavelength.
The effect of this limitation has been evaluated by lloll in 1948 (Green
and Lane, 1964). The upper size limit of the scatterers is 0.06 micron
diameter for the visible light range, i.e., the size of a scatterer is
at least one order smaller than the incident wavelength. This type of
scattering has very limited effect on signal strength for the scattering
experiments studied herein. This is because the scattered energy would
be on the same order as instrumentational noise. However, this theory
laid the foundation for the more general Mie theory.

5.1.2 Mie scattering - The Mie theory is the most complete

analytic solution for the general scattering theory. Corresponding

to Rayleigh's law, the Mie theory can be stated as:

A2

. 5
L, = (i2 + i%) I
8 gp2gz 1 2 o
in which i1 = scattered light perpendicular to the plane of observation
and 12 = scattered light parallel to the plane of observation. i,
and i2 are defined in terms of coefficients of electric and magnetic

waves, namely, a and bn (n 1is arbitrary integral). a and bn
are usually expressed in a complicated infinite series involving Bessel,
Hankel and Legendre functions and parameters o and m. (o 1is the
ratio of the scattered circumference to the incident wavelength, viz.,

a = 2nr/r, m 1is the refractive index of the scatterer).



42

Until the invention of the high speed computer, the Mie theory
did not receive much attention since when A < r, the series converges
extremely slowly. Many efforts have been made to find an apnroximate
solution. For instance, one investigator assumed the scattered energy

was to correlate with the diameter in the following form:

I P
scattered = *

by keeping other variables constant. Such methods have failed due to
the strong fluctuation of the exponent p (Von de Hulst, 1957).
Especially, when an incident light is chromatic, the i2 component
will vary its maxima and minima due to different wavelengths. Standard
tables (Denman et al., 1966) are available to evaluate the coefficients
an's and bn‘s for different length parameter o and refractive index
m. For o > 20, the results of Mie theory can be shown by the classi-
cal ray optics (see Figure 5.5), i.e., the scattering process is the
consequence of reflection, refraction and diffraction processes. The
detailed Mie theory and discussion can be found in Von de Hulst's (1957)
"Light Scattering by Small Particles.'" This is a standard reference
book on light scattering theories. The results of the Mie scattering
theory as they apply to the laser scattering probe design will be dis-

cussed in their appropriate following sections.

5.2 Light Scattering Probe

The following table summarizes the light scattering system. Each

part will be discussed separately.
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L.L.S.P. Components

Name Function Remarks

a. Incident light system

Laser Light 5 my. Spectral Physics model 120,
source 6328A, polarized, Model 256 exciter.

Reflecting Light 12™ dia., 0.15™ thickness,

mirror deflector front-surfaced

b. Aerosol particles

Di-octyle Light Cumulative mass = 98%, d < 10p
phthalate scatterer atomization principle: air blast
particles

c. Receiving system

Optical Increase Scattering angle

aperture spatial 6 =120
resolution

Fiber Scattered Transmission 4000 A ~ 8000 A,

optics light Dolan-Jenner Industries, BXL-36
transmitter 3 ft long

Photo- Light RCA 7265, 14 stages

multiplier sensor operating voltage: 2800 VDC

S - 20 response: 3000 A to 8000 A

5.2.1 Incident light source: GSMW, He-Ne Laser - The important

parameters of an incident light source for scattering purposes are
amplitude, polarization, coherence, and frequency. The amplitude is
an indication of total power per unit area. Polarization determines
the orientation of the electric-field vector as a function of time in
a plane perpendicular to the direction of propagation. This implies
that a polarized wave forms a straight line lissajous figure on the
plane. This can be done by passing unpolarized light waves through a

Brewster's window.
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The most important characteristics of a laser light source are its
coherence and limited frequency range signal. This is the same as
saying spatial coherence and temporal coherence. Spatial coherence
allows the laser to be radiated in an extremely narrow beam. In the
light scattering theories, this spatial coherence, which causes a per-
fect plane wave, is highly desired. The monochromaticity of the laser
makes the scattering easy to evaluate. Actually, laser output can be
composed of several discrete frequencies depending on the optical cavity
length and power output. These are called the modes. In most lasers,
many axial cavity modes may exist so that the overall output consists
of radiation at a number of closely spaced frequencies. Due to the
extremely close spacing, the total output can be considered as a mono-
chromatic light source. (For instance, the laser electromagnetic wave
is of order 10!“ Hz, the axial mode spacing is of order 108 Hz).
Generally, random variations of the laser medium together with non-linear
effects cause the modes to change in an unpredictable manner. (An
acousto-optic mode-locker has been recently developed for stabilizing
this mode shifting). The consequence of modes shifting is a change of
overall power.

The dimensions of the Spectra-Physics Model 120 and the Model 256
exciter are shown in Figure 5.4. The manufacturer's description is
found in Table 5.1. The maximum total power variation of the laser,
after 40 minutes' warming up, is about 5%. Due to the imperfection of
the hemispherical resonator, a diffraction pattern is always found.
This diffraction for the laser is shown in Figure 5.5. This picture
was taken by blocking the main laser beam with a 1 cm wide black strip.

A focal plane shutter was used after removing the lens system in front
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of a Polaroid camera. In this wind tunnel diffusion experiment, the
diffracted light was used as a monitor of the stationarity of the
incident light intensity.

5.2.2 Light deflector: the mirror - Currently, a front surfaced

mirror is the only means to direct a laser light beam without suffering
loss of coherence. Theoretically, a coherent light could be directed
by 2 layers of constantly flowing fluids which have different refractive
indexes (llellman, 1969). At the present time, the deflection of a
coherent light beam relies on a front surface mirror.

In this light probe, a 12mm diameter front aluminum surfaced
mirror was used to deflect the laser beam to the desired degree. The
thickness of the mirror was 0.15"". The possible distortion on upstream
flow due to the mirror is thus negligible. By proper construction of
coating and incident angle, a mirror may reflect more than 95% of the
incident energy. (The reflectivity of this mirror, however, is about
70%) .

5.2.3 Light scatterers: DOP aerosols - Desirable characteristics

of aerosol are as follows: First, the size of the aerosol particles
will be large enough (compared with the incident light wavelength
6328 RJ to provide detectable scattering light. Second, the size
should be small enough that the aerosol does not settle significantly.
Third, the aerosol should be monodispersible, easily generated, and
repeatable in preparation.

The aerosol substance used throughout this experiment was di-octyle
phthalate (DOP, C, I, -1, 2 - [co2 (€ 11,), ¢ 143]2, Aldrich Chemical

Co., Milwaukee, Wisconsin, refractive index = 1.44, molecular weight =
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390.56, specific density = 1.48). The aerosol generator utilized is a
type of '"Collison atomizer." A Collison type atomizer (see Figure 5.6)
is actually a conventional air-blast atomizer. The difference is that
a collison atomizer has a baffle to remove most of the coarse aerosol
particles. Air-blast atomization is a very complex process. The
mechanism of generating droplets from the bulk liquid has not been fully
understood. A possible conceptual procedure may be as follows: First,
small disturbances on the liquid surface are initiated from the air-
liquid interaction when compressed air is applied. The strong shear
due to the turbulent jet thus drags out fine ligaments from the bulk
liquid stream. The ligaments finally collapse into droplets under
surface tension.

There is no information on the real size distribution of these
DOP particles. However, the same type atomizer was used on a similar
aerosol liquid DBP (Di-butyle phthalate) with total pressure of 30 psi.
The cumulative size distribution is shown in Figure 5.7 in both linear
and logarithmic scales. One can see that almost 80% of the total
aerosol particles range from 1.5 to 5 microns. In the aerosol industry,
this type of distribution can be considered as monodisperse in aerosols.
(The mean diameter is about 2.7u). The operating pressure in this
experiment is 10 psi which may cause a slightly larger mean droplet
diameter. However, the characteristic size distribution may still
remain the same. A mean diameter of 4u will be used in subsequent
calculations. In Appendix C, the aerosol size distribution is examined
under a photographic microscope, the aerosol particles show a remarkably

uniform distribution. The average size is about 4u in diameter.
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The fall velocity Vf of these aerosols in still air may be

estimated by applying Stoke's law for falling spheres, i.e.,

V = (p_p') gd
f 18q

1.48 x 980 x (4 x 10-*)-2
18 x 1.91 x 10-*

6.96 x 10-2 cm/sec

where p = density of the DOP (1.48)
p' = density of the air (negligible compared to DOP)
g = gravitational acceleration
q = viscosity of air at 20° C.

This relation is limited to those conditions where the ratio of inertia
to viscous force parameter Re(vfp'd/u} is < 0.05 or d < 1.96u.

For a particle size comparable to the mean free path of air, the aerosol
fall velocity will be underestimated by using Stoke's law. This phe-
nomenon is due to the ''slip" of the aerosols between the air molecules.
Cuningham (Green and Lane, 1964) has introduced a formula for the

fall velocity correction. The corrected fall velocity is

2A)
1)

Ve, = Vex (1 +

A

constant approximately equal to 1,

A

mean free path of air for standard atmosphere 6.53 x 10-% cm,
Thus, the corrected fall velocity for a 4u diameter particle is esti-

mated to be

6.53
Vfc = 6.96 (1 + 2 x-jﬁﬁﬁ = 7.18 x 10-2 cm/sec.
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The maximum total travel time is about seven seconds. The above
calculation implies the maximum mean fall displacement will be 0.5 cm.
Another characteristic property of the aerosol part.cles is their
"mobility'" in a turbulent flow. This can be evaluated (Becker, et al.,
1967) by assuming an aerosol ''riding" on a sinusoidal motion with fre-

quency (Becker, et al., 1967) and the rms value u'. Then the following

relationship can be found:

(i)z = 1
g (1 + 2nfv__/g?)
cf
f_"""""""”'_"_‘_ 1
or f = \/(E.,-)Z -1 —2— | if 2 -0.9, f= 1050 cps.
u ZHVCf u

The calculation indicates that the aerosols can follow 90% fluctuation
amplitude up to 1050 cycles per second.

In practice, coagulation, sedimentation, and absorption of aerosols
on the wall are complicating factors. DOP is a physically nonvolatile
substance, thus it will persist for a long time in a state of non-
equilibrium of vapor pressure between aerosols and the ambient. There-
fore, the variation of aerosol sizes by change of phase is very slow.

Aerosol particles may be lost after generation when they are
transported through channels or tubes. The effects are due to two
factors; namely, diffusion and sedimentation. The combined effects
have not yet been treated simultaneously. Such a loss of aerosol can
be estimated by assuming that the deposition of particles is due to the

collision of aerosols with the tube wall (Green and Lane, 1964).
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K2
W

2rov

n/n_ =4 [0.1952 exp (-7.313

+0.243 exp (-44.5 —%) + ... ]
2rv

where K 1is the diffusivity and & 1is the radius of the tube, V is
the mean velocity and r 1is the diameter of the aerosols. When V2 >>
K¢, the loss due to such deposition is negligible. In this experiment,
V2 approximately exceeds K¢ by the order of 2.

Coagulation of aerosols may be the most important aerosol sink in
practice. When particles strike each other and stick together, the
average size will gradually increase with time. A useful method to

estimate the rate of coagulation is as follows:

k is called the coagulation coefficient which varies with the aerosol.
Usually, for small particle concentration, k 1is very small (~ 7 x
10-8 cm3/min). Thus, a decrease in number concentration takes several
minutes to reduce by one order. In these experiments, the maximum
duration of the diffusion process is less than 8 seconds. Thus, the
number of particles may be assumed to be constant.

5.2.4 Optical aperture - An optical aperture was mounted at the

very end of the fiber optics. The main purpose of the optical aperture
was to increase the spatial resolution of the sample volume. The real
dimension is shown in Figure 5.8.

The inside surface of this optical aperture was coated with a

least-reflective black paint (optical black paints, Edmund Scientific
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Company, No. 606 08) to minimize the undesired light. This also
maximized the solid angle for the given sample volume.

5.2.5 Scattered light transmitter: fiber optics - The

combination of optical aperture and fiber optics is equivalent to a
lens-aperture system as shown in Figure 5.9. The advantage of using
fiber optics is its flexibility and light weight. The light conducting
property offers a prospective future for constructing a compact light
detection probe.

The transmission of the scattered light is based on the internal
reflection in each glass or plastic fiber (diameter is of order
10-3 inch). Like any other light transmitter, fiber optic transmission
also involves transmission losses which are always frequency dependent.
This loss in light transmission efficiency may be attributed to end
losses and line losses:

a. End losses - These are due to the Fresnel losses from
reflection at both entrance and exit faces. Other losses at both ends
are due to the voids between fibers. Thirty percent of the incident
light is unavailable as a result of such end losses. (Fresnel losses
may be reduced by a special optical coating).

b. Line losses (or line attenuation) - These losses are due

to absorption during the process of transmission through the fibers.
The fiber optics used herein are shown in Figure 5.10. Figure 5.11

shows the light transmission characteristics versus wavelength. The
percentage transmission for this fiber optics at 6328R is about 50%.

5.2.6 Scattered light sensor: RCA photomultiplier tube 7265 -

A light sensor is a device to convert light energy to electrically

measurable signals such as resistance drop or current variation. A
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photomultiplier is actually a combination of a light sensor and a low-
noise amplifier. The energy conversion is from photon kinetic energy

to an electrical current. A load resistor is usually applied to convert
current into a voltage mode.

An RCA - 7265, 1l4-stage photomultiplier was used to probe the
scattered light after transmission through the fiber optics. Figures
5.12 and 5.13 show the dimension outline and basing diagram. Figures
5.14 and 5.15 show the typical spectral response characteristics and
sensitivity diagram. The sensitivity A and B in Figure 5.15 are
due to the two typical circuitries which serve as voltage-divider
arrangements. These are shown in Figures 5.16 and 5.17. The circuitry
in Figure 5.16 was used in this experiment. Arrangement B is essen-
tially for "low' light level experiments incorporating photon counting.
The operating voltages in this experiment were 2,000, 2,500 and
2,800 vDC.

5.2.7 The overall system

a. Overall system construction - Total probe configuration

is shown in Figures 5.18 and 5.19. The laser was stored in a 7.6 Xx
10.2 x 71.1 cm wooden box. The main scattering probe was mounted on
the laser with a 2.54 cm x 32-in thread adapter. The supporting frame
was made of 1.27 cm - OD and 0.63 cm - OD brass tubes. The 12"
diameter mirror was carefully glued on the gradually tapered end of
the brass-tube truss.

The relative position between the reflecting mirror and the
optical aperture was so constructed that the scattering angle was

small (~12°). Only a small fraction of the diffracting light was
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allowed to enter the fiber optics receiver. This small portion of
diffracting light was used to monitor the stability of the laser light.

Since the laser output was vertically polarized, the scattered
energy was maximum on the plane perpendicular to the polarized plane.
The sample volume was slightly in front of the system so that the
blockage effect would be minimal. In Liu's probe (1972) the %" gap
between two fiber optics might have a significant blocking effect.

The RCA - 7265 pM tube was covered by a dielectric magnetic shield
(Millen, No. 80802E, J. Millen Co., 150 Exchange St., Malden 48, Mass.).
The shield was directly connected to the metal collar which is at a
high negative potential, (~2500V). The major purpose of the shield
was to prevent the path of the secondary electrons from deviating due
to the presence of any external electromagnetic fields. High caution
is needed in handling the magnetic shield because of the high negative
potential.

In this experiment, the shield was well insulated. The shield
also served as a support to mount the pM tube to the wooden case in
which the laser was located. In front of the pM tube, a blackened
plexiglass cap was mounted on the magnetic shield (see Figure 5.21).

A guide tube was used to position the outlet of the fiber optics.
This forced all the transmitted scattered light to fall uniformly on
the cathode surface. The whole system was thus in a compact, movable,
and rigid state.

b. Spatial resolution - The spatial resolution was examined

by injecting aerosols through a small diffuser (~0.07 cm I.D.) into
the laser beam, The result was shown in Figure 5.21. The cross section

of the laser beam was ~2 mm (from instruction manual). The sample
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volume was slightly greater than that of conventional hot-wire probes.
However, the real sample volume is not critical since concentration is
a scalar quantity.

c. Overall frequency response - The time constant of the

pM tube (with a 30 ft operation signal cord 4659, of capacitance about
10 pf/ft) was calibrated by using a strobe light and a pulse light
input and shown to be 0.8 m sec or 8 x 10~" sec.
Another characteristic of a scattering probe is frequency response.
For a high frequency square wave input, a probe may not be able to record
the peak value. This was examined by passing a laser beam through holes
on a fast rotating plate as shown in Figure 5.22. The maximum peak
values for a given frequency were recorded and plotted in Figure 5.23.
The overall-system frequency response is the minimum between the
optical system frequency response and the frequency response of the
aerosols. For aerosols with diameter greater than 1 micron, the
overall system frequency is usually dominated by the aerosol frequency
response. This has been shown to be about 1050 cycles per second in

section 5.2.3.

5.2.8 The possibility of measuring Eggr - The undefined term
GIET in Reynold's diffusion equation has been very difficult to measure
in the laboratory. Using Boussinesq's assumption, one usually assumes
the correlation term is directly proportional to the mean concentration
gradient, but the need for measuring the actual correlation is apparent.

Way and Libby (1971) were the first to conduct such a measurement
in a turbulent helium jet. They used a hot film and a hot wire deli-

cately precalibrated for various concentrations and velocities. Since
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in certain concentration ranges the hot film is relatively insensitive
to the velocity variation. The velocity signals from the hot wire
could thus be separated by using the referenced concentration signals
from the hot film. The process was carried out with a cubic-spline
fitting of the calibration curve and separating the concentration out-
put from velocity signals by a digital computation.

A complication of the hot wire experiment is that both velocity
and concentration signals are due to heat transfer. It is more desir-
able that velocity and concentration signals be due to different
mechanisms. It is proposed that the term ufc' can be measured by an
optical system. A laser Doppler velocimeter may be developed to detect
instantaneous velocity variation, but before the signals enter the
signal processor, the DC variation actually indicates concentration
variation. Typical Doppler frequency shifts are greater than 10 k Hz,
The concentration fluctuation is usually below 3k Hz. The signals can-
not be confused due to the different frequency ranges. To obtain
the quantity ETET, one can simply correlate the signal directly from
the pM tube and the signal frequency tracker.

Another relatively simple technique is to use the present laser
light-scattering probe coupled with a conventional hot wire probe. Of
course, the spatial resolution will be crucial. If a hot wire is
placed very close to the sample volume and does not reflect the light,
the local velocity fluctuating signals can be directly correlated with
the concentration output. Using this method, one has to assume that
the presence of aerosol particles will not distort the real velocity

signals. Extremely high frequency signals may be detected from the
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velocity signals due to the aerosol impaction on a hot wire. However,
these high frequency spikes can be discriminated by using a low-pass

electronic filter (Sandborn, 1972).
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Chapter VI

EXPERIMENTAL EQUIPMENT CALIBRATION
AND LABORATORY TECHNIQUE
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Chapter VI
EXPERIMENTAL EQUIPMENT CALIBRATION
AND LABORATORY TECHNIQUE
The experimental measurements were carried out in the Meteorological

Wind Tunnel at the Fluid Dynamics and Diffusion Laboratory, Colorado
State University. The primary purpose was to determine time and space
variation in a concentration field produced by ground released, instan-
taneous point source releases in a neutral turbulent shear layer. The
calibration of the measuring apparatus and the experimental procedures
are discussed in this chapter. A description of the light scattering
probe and the puff release mechanism can be found in Chapter IV and

Chapter V, respectively.

6.1 Calibration Procedure

Critical to the use of the light scattering probe as a quantitative
measuring device is the assumption of a linear voltage output with
respect to the number concentration. In Chapter V, it was proposed that
for a relatively low aerosol concentration the scattered light energy
is linearly proportional to the number concentration (for a fixed
scattered angle and relative distance, of course). In the following
calibration process, we verify this linear relationship.

6.1.1 The linearity of photomultiplier output versus input light

energy - The linearity of the photomultiplier tube response was checked
by using a set of 3.67 x 3.67 cm precise optical filters. These
variable band-pass interference filters were supplied by Optics
Technology, Inc., Palo Alto, California. The principle of checking

the linearity is based on two known factors. First, the output light



58

beam is monochromatic (A = 6328 R). Second, the laser is a light source
of constant power. The transmission percentage for each optical filter
is known versus wavelength. The filters were of multilayer dielectric
design; they reflect rather than absorb. Of course, the light inten-
sity of the laser beam was much too high to shoot directly into a photo-
multiplier tube. A double scattering from two pieces of photograph

black paper was so adjusted that the input light intensity would not
saturate the pM tube (maximum current = 1 ma). The output was plotted

in Figure 6.1. Based on the results of these measurements, we confirmed
the linear relationship between light energy and output voltage.

6.1.2 Linearity of pM output versus concentration - The next step

was to examine the aerosol concentration versus pM output. These cali-
bration processes were carried out in a 14 cm I.D. cast iron pipe. The
pipe was 14 m long through which air was driven by a 1 hp fan. The
experimental arrangement is shown in Figure 6.2. The DOP aerosols were
injected into the far inlet. A set of screens (grid sizes >> aerosol
sizes) were used to encourage mixing. The principle of this calibration
is based on the mass conservation law, measured velocity profiles, and
the same aerosol emission rate:

r
o
Q=2rf r . C(r) V(r)dr, r, = 14 cm.
0
After a perfect mixing process,
C(r) = Co;

hence,

2n | ° r+V(r)dr
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Since the emission of the aerosol was constant when applied pressure
(10 psi) was constant, from the mass conservation law, one could simply
change the total flow rate in order to change the diluted aerosol
concentrations.

Figure 6.3 displays plots of E - E0 vs. 1/V The upper part

max’
of the figure shows the corresponding operating voltages of the motor
and the mean velocities. The results show the excellent linear

correlation between the pM output and the concentration.

6.1.3 Various applied voltage calibration - Different levels of

aerosol concentrations can be measured by varying the applied voltage
of the photomultiplier tube. The voltage may be varied within the
limitation that the maximum yield of current from the pM tube is 1 ma.
If the input light, or the concentration in the sample volume, produces
more than 1 ma, the tube will be '"saturated."

The pM (photomultiplier) tube was calibrated for three applied
voltages; namely, 2.0, 2.5 and 2.8 KDV. These results are shown in
Figure 6.3. Because the mean velocity could only be adjusted over one
order of magnitude, only one data point was taken for the case where

applied voltage is equal to 2.0 KDV. The data shows the following

relationship:
(E - EO) = 13.3 (E - EO]
2.0 KDV 2.8 KDV
(E - E) = 2.59 (E - E)
2.5 Kpv 2.8 KDV

The results could also be obtained approximately from Figure 5.15.
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6.2 Measurements

6.2.1 Wind tunnel - The Meteorological Wind Tunnel (Figure 6.4)
at the Fluid Dynamics and Diffusion Laboratory, Colorado State Univer-
sity, was primarily designed to simulate atmospheric shear flows. A
25 m long test section provides a well-developed turbulent boundary
layer. The pressure gradient along the test section can be controlled
by a height adjustable ceiling. The air speed can be regulated to values
from -2 to 35 m/sec. The source location was set 1.0 m from the alumi-
num plate or 11 m from the entrance contraction.

6.2.2 Velocity - To provide maximum diffusion time, the free
stream velocity was set at the small value of 1.17 m/sec. A hot-wire
anemometer was used to measure the mean and rms values in the fully
developed turbulent boundary layer. The mean velocity profile plotted
on semi-log paper suggested that the values of roughness parameter

Z, and shear velocity wu* in

R ()
u, « z
0

are 0.94 x 107> m, and 0.0582 m/sec, respectively. Figure 6.5 displays
the mean velocity, rms velocity, and turbulent intensity in the boundary
layer region utilized.

Velocity measurement was taken at 4 meters from the source. The
boundary thickness (~28 cm) growth in this region is relatively
small. In this study, the flow is assumed to be fully developed and
stationary.

6.2.3 Puff measurements - Puffs were produced from the bubble

generator (see Chapter IV). The applied pressure of compressed air
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was maintained as 10 psi. The first T-valve was used to exhaust the

aerosol cloud to the ambient. The sequence of test operations was:

1.

)
“ .

#s

8.

Flipped the cup in the bubble generator face upward.
Switched on the glass valve and exhausted the aerosol for

3 seconds, |

Flipped the cup upside-down.

Filled the cup with aerosol cloud.

Waited for approximately 5 seconds to assure that all the
exhausted aerosol passed downstream, then started the FM
tape recorder. Flipped the cup about 90° to release the
aerosol cloud.

The capacitance gauge output, which indicated bubble passage
was examined on the screen of the oscilloscope to make certain
that the bubble released uniformly. Six releases were
recorded for each station.

Moved the L.L.S.P. to the next station.

Repeated the entire process.

The measuring stations were:

x(m) = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 m

y(em) = 0, 5, 10, 15, 20, -10, -20

z(ecm) = 0, 7, 14, 23,

A schematic diagram of the experimental arrangement is shown in Figure

6.6.

6.2.4 Short period plume measurements - The schematic diagram

for the short period plume measurements is shown in Figure 6.7. Time

triggering was controlled by a 1-volt power supply monitored by an

Ortec - 482 electromechanical timer.
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The sequence of operations were as follows:

1. The aerosol cloud was exhausted to the ambient through the
T-valve.

2. The FM tape recorder was started.

3. The T-valve was opened.to pass aerosol from the source and the
timer set. Tape recorder Channel 1 recorded a square-wave
signal of 1 volt. Channel 2 recorded the concentration signal
for a given station.

4. After 1 minute, the timer shut off the square wave to Channel 1.
Simultaneously, the aerosol supply was turned off.

Note that all operations, except the automatic shut off done in

step 4 by the electromagnetic timer, were manual. The time lag due

to human reflex is in the order of 0.1 sec. In step 3, for instance,
to switch on the aerosol supply and set the time, the accuracy in time
lag is adequate, compared with the delaying and decaying period. These

periods were in the order of seconds. The measuring stations were:

x(m) = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 4.5, 5.0, 5.5.

b. x = 4.0"

y(cm) = 0, 5, 10, 20.
z(em) = 0, 7, 14, 23, 30.
At the stations (y = z = 0) x = O.Sm and x = 1.0m, due to the

higher concentration, the applied voltage used was Z.SKDV. At the

station (y = z = 0) x = l.Sm, the applied voltage was 2.5KDV at all

other stations, 2.8KDV was applied.
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Chapter VII

METHOD OF DATA AVERAGING
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Chapter VII

METHOD OF DATA AVERAGING

7.1 Problems of Analyzing Puff Data

Since the purpose of this Study is to obtain the mean puff shape
with time and space, only the '"instantaneous mean' is of interest. As
a result of the inherent randomness of turbulent processes we found that
for a given flow condition and measuring location the sample outputs
did not fall onto an identical trace. Hence, one must rationalize a
data averaging process.

One may take a given signal trace as a realization of a random
process for each defined t = to' If a large amount of data is avail-
able, i.e., when the amount of data approaches infinity, all of the
traces at the defined time t = t should converge to the local
ensemble mean. For a small amount of data, however, we may not perform
the same process of ensemble averaging. One must avoid smoothing to
the point of losing information of the characteristic shape of the
output signals. This problem frequently occurs in the construction
of a hydrogram which indicates the time dependent discharge of a reser-
voir (see Figure 7.1). Since the number of these records is generally
few, the averaging process conventionally applied is to take the
"analog' average of the average peak p and the average peak arrival
time tp' The final output still contains the mean values of the
important parameters of the hydrogram, i.e., p and t_.

Important parameters which describe the character of a diffusion

process are the moments. The author has investigated various possible
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frequency distributions to approximate the puff dispersion output
traces. An optimum distribution function should contain the following
properties.
a. An integrated dosage which is equal to the estimated mean
integrated dosage,
b. An average arrival time, which is equal to the estimated
mean value, and
c. Characteristic shape factors, which are represented by the
estimated mean shape factors.
We shall use the concept of statistical estimation from given samples.
The difference between this situation and the usual statistic is that
one does not perform an estimation on data which belongs to the same
process. On the contrary, we are estimating six groups of distribution
curves. We are weighing six groups of continuous distribution functions
instead of weighing numerous discrete data points. From the prescribed
three conditions, we shall attempt to construct a unique representative
curve from the estimated mean statistical moments. If we examine the
commonly utilized skewed distribution curves, such as gamma, beta, etc.,
we find it difficult to satisfy the mutually-correlated statistical
parameters. Hence, one seeks a generalized distribution function which

has independent statistical moments.

7.2 Curve Fitting by Gram-Charlier Distribution

Most distribution functions are unimodal, i.e., the derivative
vanishes only at one point. These types of curves may be fitted by
various methods; namely, power series, Fourier series, Hermite poly-

nomials, etc. These are so composed that the coefficients may be found
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by using the relationship between orthonormal sets. In this situation
we intend to retain primarily the statistical moments of a concentration
profile, hence, a Gram-Charlier series is the proper choice. In the
past it has been the general practice, in diffusion investigations, to
find only the second moment of concentration distribution. The skewed
shape of a plume has been of concern only when the diffusion process
was in a flow where strong shear was present. Since the diffusing
aerosol studied herein underwent strong shear, one must calculate higher
order moments. Characteristics of such distribution functions are
discussed in the following paragraphs.

n

If one starts with a random variable s = | S5 where the si's
n=1

are sets of independent random variables, then for each set 5i with

the mean mi and standard deviation Ui, we can obtain the similar

expression

n

m =
e ™
i=1
n

o2 = ] o
i=1

De Moivre's theorem (Cramer) stated that if si's have the same
distribution, the asymptotic trend of the distribution function
f(s-m/o) approaches a standard normal, i.e.,
e s a L FUR G |y
V2
This result can also be obtained by using the central limit theoren.
If we use the '"standardized variable" =z = s-m/o, then any
distribution function can be written as the sum of a standard normal

plus a perturbed function or residual r(z), i.e.,
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for 1z e C2

any f(z) = f (EéEJ = ¢(z) + r(z)

We can extend this idea to the statistical distribution families, i.e.,
any standarized distribution function, can be approximated as perturbed
normal distribution functions. Thus, we may write the approximated
function as

a, M ()
f(z) = oAy

nr-18

il it

Note that there is an identity which plays an essential role in

this error function-like series, namely
o () = (D', @ e

where Hi(zj is the Hermite polynomial of degree 1i. The first six

terms are:
Hy = 1
H1 = zZ
H, = z2 -1
H3 = z3 -3z
Hy = % -622 + 3
H5 = 25 - 10 z3 + 152z
He = z6 - 15z% + 45z - 15,

The orthogonal relationship of Hermite polynomials is

[n! for m =n

f H ¢(z)dz =
s o' 0 for m#n
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Using this identity, one can find the coefficients

aO = ] from the definition of a distribution function
a, = 0
I from the normalization
a = 0
2
a; = - f f(z) z3 dz = - skewness (sk)
a, =+ | f(z)z"dz - 3 = Flatness - 3 = Excess (Ex)
ag = - f £(z)z5dz + 10 sk
a, =+ [ f(z)2%dz - 15 Ex + 15,

-0

Therefore, one finally obtains the following expression

£(z) = 0(2) + 3 ¢ (@) +

Ex

= 3@ ()

The cumulant function can thus be written as

o(4) )

Fz) = o(2) + 35 o) (1) + X

¢ 1is the cumulant function of ¢. The explicit form is obtained by
using the identity,
i i
o = (0l n @ e

and one obtains £(z) = (2) (1+ %;-Hs(z) ,» EX

HHd + -..)
The convergence of this series is also discussed by Cramer (1957).

If the integral

o0

i
j e? /4 dF(z)

or )
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is convergent, the series is always convergent. As a matter of fact,
only a very small class of functions do not converge. In the general
practice the convergence property of the expansion will not cause any
serious difficulty. This is because it is usually sufficient to use
only a few terms to give a good approximation.

The order of magnitude of the terms of the Gram-Charlier series
is not steadily decreasing as 1 increases. That is,

i = 3 (4,6) |[(5,7,9)| (8,10,12) (11,13,15)

order of magnitude w2 5t e i M

where n is the number of data points.
The power series can thus be arranged in a manner so that terms with
the same order of magnitude are grouped. (This type of expansion was

also given by Edgeworthe.) The expansion of the order n-1 reads:

] S O -
£(2) = o1+ 1, + B, v L sk

The average number of digitized data points for each concentration
trace is in the order of 50. Thus, one can obtain the following

estimation:

o % - p.1s

0 (n'l) ~ 0.01

In order to express characteristics of the time-dependent signal,
the first 4 moments have been listed for each location in Table 7.1.
There were 6 tests for each station. The mean and the variances for
each moment for each station were also calculated. The integration

of the total signal was listed under MO which indicated the Oth
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moment. k1, k2, k3, k4 are called the first four cumulants. The

cumulants are directly related to the estimated moments, i.e.,

o

ki1 = [ c(t) tdt

0]

k2 = [ c(t) (t-k1)? dt
(8]

k3 = [ c(t) (t-k1)3 dt
0

o0

[ e(t) (t-k1)* dt .
0

k4

1]

The mean values of MO, mean, sigma, skewness and flatness can
be used to reproduce the original analog signals. Typical examples
for the puff distribution are shown in Figure 7.1 through Figure 7.3
for ground level concentrations on the center line. Note that the
measurable '"ground level' was about 8™ above the wind tunnel floor
due to the physical limitations of the probe. a, b, c, d, e, f
indicate the digitized points for the six different tests.

In order to examine the correctness of the computed moments, a

standard normal together with the given moments,

Mean = 0.0

g=1

Skewness = 0

Flatness = 3. (Ex = 0.)

was used to confirm the moments computation. The explicit form of the

computation formula is:

2
-24/2 1 Ex 1
e (1 + — sk H + H4 + ﬁ

el = 6 37 24

1
S sk? H)
Van
In other words, the formula which is used to "reproduce" the original

output would be:
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MO -1/2 1 Ex
f(t) =— e 1+ =5k H,(t) + = H, (1)
Nors [ 6 3 24 4
1 2
v 35 sk2 Hg (7]
t-t mean

where T = 3

7.3 Illustrative Examples

A computer program was used to verify the ''goodness of fit'" of the
Gram-Charlier series for a given standard distribution. Obviously,

for a standard normal, where

plzy = L T2
/2m
with the skewness = 0 and the Excess = 0, then the Gram-Charlier series
is identical to the exact functional form of ¢(z). (Here we only
consider the accuracy up to the order of n_l.)

Table 7.2 provides a listing of computer program (CHARLI) and its

results. Consider the three curves in Figures 7.4 and 7.5. The solid

curve represents the exact form of a given gamma distribution, i.e.,

Eiss  w [f te,. =, 1)] = F?r) T ™

-Az

where TI'(r) = f xr-l e ? dx. The dashed line indicates the Gram-
o
Charlier series of 3 degrees of Hermite polynomials, or to the order

of n_llz. The curve indicated with the dots provides the result from

the Gram-Charlier series of the order of n_l.

One can see that even in the order of n—l/z, the fitting curve

-1

is very close to the true gamma distribution. For the order of n
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the fitting is slightly better. Note the comparison was carried out
in the original coordinate x instead of the normalized coordinate.

This was done by applying the transformation pair:
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Chapter VIII

MATHEMATICAL ANALYSIS OF TURBULENT DIFFUSION
FROM AN INSTANTANEOUS POINT SOURCE
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Chapter VIII
MATHEMATICAL ANALYSIS OF TURBULENT DIFFUSION
FROM AN INSTANTANEOUS POINT SOURCE
From the law of mass conservation and the incompressibility

condition, the diffusion equation in a convective flow field reads:

ac ac

] ac ;
—*+u'_—_ﬁ'._DM§—}: i=1.2: 8

i i i

==
=
=+
-

in which DM is molecular diffusivity. In a turbulent flow, when a

perturbation theory is used to represent the turbulent behaviors, one

obtains:
c=c+c'

u, = u, + u!
i ;i i

After applying Reynold's averaging process, the equation becomes:

c 3 — 3 ac
. S % * 3x Oyoax
1 s 1 1

3¢ . — 3ac¢
. Y T

Based on the observation, that the molecular diffusion is at least

three orders less than the turbulent diffusion terms;

3 ac
5%, M 3x <° 3%, i

the molecular diffusion terms can thus be neglected. By means of the
same order-of-magnitude analysis, the longitudinal diffusion is at

least 2 orders less than the convective term:

2 Frar ac
% << u =



75

and the longitudinal diffusion term can also be neglected. (This is

true for both continuous plume and instantaneous puffs.) In a fully

developed turbulent flow, Eé = Uy = 0. The final equation utilized

for diffusion in a turbulent field is:

3 , g & _
at i 9x.

—i— c‘u", +
i 3X2 - 3

For the sake of clarity, the bars which indicate the averaged quanti-
ties will not be used hereafter; thus in meteorological coordinates,

the governing equation is:

a_c a_c = a_ Ty ! 3_ Tyg!
5 * By = 5y c'vl + = c'w (8.1)
If one introduces the eddy diffusivities concept, i.e.,

ac
y 3y

equation (8.1) can be written as:

ac " ac 3 ac 9 ac

3t ua—t'=—a-);(ya—y-J+'§-z—(Kz'§E (8.2)

The justification of introducing eddy diffusivities has been briefly
discussed in Chapter V.

The functional form of the mean velocity profile in a turbulent
boundary layer was discussed by Prandtl in 1925. He introduced the
concept of "mixing length," &, and assumed 2 1is proportional to the

distance from the wall, i.e.,

where k 1is Von Karman's constant. The turbulent stress pu'w' thus

becomes:
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2
Yol = 2 au < 2 231.12
pu'w p 2 (Szﬂ p k* z CSEJ

Prandtl, again, assumed a constant shearing stress across the boundary

layer, i.e.,
0 Yy
- — = constant
K

where « 1is Von Karman's constant and is equal to 0.4 in the air flow,
u, 1is the shearing velocity. After all these assumptions, the famous
logarithmic profile is obtained. In a neutrally stratified turbulent
flow, the turbulent Schmidt number Sc may be assumed equal to unity.

Thus, the diffusivity in the z direction Kz can be written as:

This was suggested by Ellison (1959) and confirmed by Pasquill (1966).
The functional form of Ky is still not known. There have been

many hypotheses. The most common ones are to assume a simple constant

relationship (Rao, Nee, and Yang, 1971):

For most applications, instead of seeking the functional form of K
and Kz the variations of standard deviations, Oy and o, are

mainly concerned.
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8.1 Prior Solutions for the Statistical Behavior of Instantaneous
Line Sources

An analytical solution for line puffs (with linear diffusivity and
a logarithmic velocity profile) was first examined by Chatwin in
1968. He applied the Lagrangian similarity theory and Aris' moment
transformation to the instantaneous line-puff analysis. The exact
solution for the first moment was found by Chatwin. Putta (1971) per-
formed a complicated analysis to obtain the second moment of the two-
dimensional diffusing cloud, and he estimated the 3rd moment of the
cloud concentration at the ground level. Note that all the previous
mathematical solutions are only for instantaneous line source. The
results will be summarized as follows:

The governing partial differential equation for the diffusion
process from a two-dimensional, ground released, instantaneocus line

source is:

Ll
BL * Z HL_Q_
o ¥ ﬁ“z—u}ﬁ“az (k u

AL
5 52 (8.3)

(Note: It is essentially the same as integrating equation (8.1) over

y domain.}
Initial condition: L =4 (t, x =2z = 0}
g s aL
Boundary conditions: K_ — =0
Z o2
z=0
X + *=
L, YL =10 as y =+ to
zZ + @

By integrating equation (8.3) over x and substituting the proper
boundary conditions, one can reduce the sum of the orders of the

differential equation by one:
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Let
L (X; 2, t) =L, (2,8) £ (x|2,t)

then,

oo

L, (2,8) = [ L(x,z,t)dx . (8.4)

Equation (8.3) thus becomes:

3L oL
= 8 (x u *
dz

7z —

at * 9z

In statistical terms, L, is called ''marginal concentration distribu-

tion." One thus readily obtains the following solution (Carslaw and

Jaeger, 1959) for L,:

o

z
ku,t

L ,(z,t) = exp (- )

Ku,t

The next step is to seek the concentration distribution in the
x-direction f(x|z,t) which is lost in the integration process (8.4).
At this point the Lagrangian similarity theory is involved. The con-
centration distribution L is assumed to be dependent upon two simi-

larity parameters as suggested by Batchelor (1957); namely,

K= z

B = au,t ’ "= ku,t (8.5)
and
Oy Uy’ g, = u,t (8.6)
therefore,
1
Li EX:2:E) & =——— F (B;n] . (8.7)
ak (u,t)

By using the similarity theory, the sum of the order of the governing

differential equation was reduced by one.
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The trajectory of the center of gravity of the cloud is obtained
by taking the first moment of equation (8.3) and substituting the result

into L,. The result reads:

z
e u m T oku,t u ku_ t
dx * z 1 * * ®
w5 oe de = o B~
0 0 z.e
0
where X = [ x+L(x,z = const.,t)dx
where  y(Euler's constant) = 0.5772 -
and ut (0
f— * r *
%X = | &n - 1] . (8.8)
2 z ef
0

The height of the center of gravity of the cloud 2z can be

obtained in the similar manner. It reads:

- ku t

Z (2n L. - y - 1) = k2 x = ku, In : 5 (8.9)
z ¥

(o] zoe

Thus the trajectory of a puff can be described as:

- z z
x = L |an —2—| . (8.10)
K2 [ Z.O eY+1 ]

Using the given trajectory, one proceeds to seek the functional

form of F(B,n). The partial differential equation in g-n space is:

32F 9F 1 Y, 9F ~
) =g 4 (FL) 3 & (B-E-K-Rnne)-ﬁs-+2F~0 (8.11)

an
Aris' moments method is now used to evaluate the moments from the
transformed dynamic equation (8.11) instead of seeking an exact solu-

tion form. The sum of the orders in equation (8.11) is, again, reduced
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to one less order in the integration process. This is demonstrated

as follows:

let B_(n) = [ 8"-F(8,n)ds

—

which is the nth moment about the c.g. of the cloud in the transformed

x-direction £. The transformed boundary conditions are

Bn[n} + 0 i for n+ o

and

F(B,n) = 0 as Byn + =

n— =+ 10 as n=+0.

A series of ordinary differential equations can be obtained by

taking moments from equation (8.11) together with the assumption of

similarity:
dEBG dB_
n=10 n + (n+l) =— + B =0
dnz dn (s}
2
i (PG R P
dn2 dn ax
d232 dB, 2B "
n=2 === % (n+l) - < B2 =-—=—14fnne
dn
d?B dB -kB
_ k k _ k-1 Y
n =k n ﬁ + [n+l) B = (n-1) Bk = inne
Applying integration by parts, Chatwin obtained BD(n} = e and
e'ﬂ EIE“}
Bl{n] i (&n n + y-1) + (8.12)
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@ 7
where El[n) = f —— dn. The function El(nJ can be found in a
n

n
standard integration table.

The difficulty of solving the set of differential equations increases
as n increases. Numerical intégration is made difficult by the singu-
larity at the ground level. Putta (1971) performed a tedious integration
by using the identity:

1im

=T 'Y
o Eq(m) + e an (ne’) >0

He obtained the vertical distribution of the standard deviation of the

cloud. It reads:

B(n) = —— 2E.(n) 1+ 22 e (n+2) - 2nE, (n)
2 2 2 1 1
amK
+ 3¢ o ()P (I,n) + 2400 (1,n) + y2 7" (8.13)
52 = -
where TI'''(a,n) = gL (a,n) [ (en t)" et e 4t
ya? 0

(incomplete gamma function)

2 =4n (n e'Y). The predicted variation of the standard deviation is
so small in the vertical that it may be approximated by a constant,

Putta also investigated the value of the third moment at the ground
2.267

a3¢3
the skewness, is about -1.02.

level, B3(n = 0) & =

The normalized third moment, i.e.,

8.2 Present Contribution

8.2.1 The gamma distribution approximation - Three moments of the

concentration distribution are sufficient to approximate a distribution.
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Following the same arguments as found in Chapter VII, the Gram-Charlier
distribution is appropriate. The distribution in the x-direction thus

reads:
82
3

e
V2n

£(8) = [1+é—a3 e (s)+---]

Therefore, if one used the calculated three moments, one may approxi-

mate the distribution function at the ground level as:

82
1 3
f(B) = — |1 - 1.02 H,(B)| e
/2n [ )
82
17 1.02 3 T2
3B o 8 33)} e : (8.14)

Putta has indicated that the variation of oy is not sensitive
to height z and neither is A,. One may thus claim that the overall

distribution is,

82
r - R e = T
Wl v sty ([ o DR (83-38)] e 2 (8.15)

ku,t /E; ¥ &

+*

where n 1is a normalized variable in z-direction defined as z/xu,t.
The distribution is plotted (dashed line) in Figure 8.1. One may
ask if the distribution could be classified as a specific standard
distribution since the Gram-Charlier distribution only gives a general
form. There are several advantages to the use of a standard distribu-
tion function. First, one can obtain a better functional feeling for
the behavior of the distribution curve. Second, the moments are always

available and defined. Third, the negative exponent is reduced to the
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first order. PFourth, the intermittent "'negative concentration' can
be avoided.

To approximate a distribution function is a proble.. of estimation
in statistics. For a distribution which does not show great skewness,
a moment estimate method is appropriate (Kendall and Sturt, 1963).
Several things must be considered in selecting a standard distribution
function:

1. 1In the normalized coordinate system, B and n, the standard

deviation should be one.

2. The definite termination trend for the measured puff is one-
sided. One can see the trend of termination is definite for
positive £ but not for negative £. The long tail in the
downstream side was due to the presence of strong shear. The
upstream side has a definite trend toward termination because
of the finite convective velocity and finite diffusion
transport.

A gamma distribution has been selected to approximate this function.
Its choice is based on the above two arguments.

Now let one examine the basic gamma distribution:

-1 -
G(x) = F%‘ﬁ U\X)Y e % 0 <x <wm (8.16)
oo -1 _
where T (y) = f 2 e ? dz . From the moment generating function

o]

(A\/x-1)7 we can obtain the first three normalized moments, namely:

mean =

>|=
I

standard deviation =
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skew s = ﬂmlm
nes = yl/z

Examining the general shape of a gamma distribution, one has to apply

the following transformation:
x' = mean - X

in order to fit the longitudinal distribution. This is actually an
inverse gamma distribution. From Figure 8.1 the value of the positive

termination is about 2.3. Therefore we have three equations to be

satisfied:
mean % = 2.3
standard deviation u%i S |
K .
skewness YI/Z = y

If we have three equations with two unknowns, one is dealing with
an overdetermined system. (If there is no equation linearly dependent
of any others, we may also call it inconsistent.) Since not all of
these equations are linear equations, we cannot apply linear programming
techniques to seek the optimum point. However, a least-square principle
can still be used.

Now we are seeking a point {Yo, Ao} in the set (see Figure 8.2)
[y 2 2.3%, &> A2, Y > 4] which satisfies the following condition

< _ 2 _ 3232 ~ P = wewd .
that E (yo 2.3 lo) + (YO Ao) + (yo 4) minimum, i.e.,

=—=0 ; 6y,- 222 - 4.60 -8 =0
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or
2 _ S
3y, A2 - 231 -4=0, (8.17)
9B _pa 2.3(8. 233 )% B = %N =0 (8.18)
EY) g 0 : 0 0 o ? ]
> A3 2.3 4

Substituting equation (8.19) into equation (8.17), one obtains
A3 - 1.732% + 0.63x_-2.3=0
0 0 0
The only real root of this cubic equation was calculated by using

IBM's Subroutine POLRY. (IBM's scientific subroutine package.) The

root is:

Xo = 1.9859 and ¥ & 4.1704

The result of the inverse gamma distribution is shown (solid line) in

Figure 8.1. The author has chosen to use the values:

A= 2.0

_<
1l
=
o

for convenience. The inverse gamma distribution was plotted in
Figure 8.3. The similarity profile was plotted as a dashed line.
Note that one cannot justify which distribution, the Gram-
Charlier series, or inverse gamma, is a better estimate of the exact
cloud concentration distribution, unless higher moments are obtained.
The reasons for choosing the inverse gamma distribution have been

stated at the beginning of this section. In addition, one may claim
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that the solution is in a closed form if a standard distribution is
used. By 'closed form'", we mean the integrated value is exactly unity
(definition of a distribution function).

Using the chosen values {Ao = 2, Ny 4), one can immcdiately

write down the similarity profile as:

G(B) = 2‘2) {2 « (2-B) (4'”} e 2(2-B)  (g=-,2) (8.20)

~

e

where T(4) 2o 20%1 =28

8

G(8) = 5 (2-p)7 2P

If we use the explicit form, the function will read:

r -x1B - *
Glx,t|z) = %L2~ EXP o e (B=-=,2) (8.21)
* )
au t
_ou,t ku,t
where x = [ﬁn - I}
K Y
z e

Hence, the complete approximate solution for a ground released,

instantaneous line source must be

x."; Z
-, -2 - BN (=5
8 . 3 t 1 t
L(x,2,t) =3 (2 - =2 e T e — e WY (822
* *

8.2.2 Instantaneous point source - In Monin and Yaglom's book

(p. 641), "Statistical Fluid Mechanics," it is stated that

'""No single explicit analytical solution of a non-stationary
diffusion problem in a half-space Z>0, from an instantaneous
point source, has apparently yet been obtained in any case of
a wind velocity which varies with height."
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Here we shall use the consequence of similarity theory and Hermite
polynomials to approximate the solution. In section 8.2.1 we have
already obtained the approximate analytical form of L(x). The infor-
mation concerning lateral dispersion from an instantaneous point source

has been lost due to the integration:

oo

Bl 2,03 & elnyet)ey

-0

Using the concept of separation of variables, we may assume an infinite

series solution, i.e.,

p.w, (&L (8.23)

C{x;¥;z;t) = L(X;2:t) = " Gix
*

i

=18

0

If we again use the normalized coordinate (y-?)/gu*t (as a con-
sequence of similarity theory) as the variable in the Gram-Charlier

series for the expression of Wi then the approximate solution reads:

= Y-y
cx,y,z,8) = Lixuz,t) ¢ G @+

o PR o
5 Hy (@*Lt) ) (8.24)

(¢ 1is an unknown constant).

From the symmetric flow condition and plane homogeneity, the mean
coordinate y equals zero and the skewness (of the concentration pro-

file on x-y plane) vanishes. This is equivalent to a normal distribu-

tion.

(%3
c(x,y,z,t) = L(x,z,t) NN - e SUit (8.25)

/2r gu,t
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From turbulence measurements over a flat plate, the turbulent

quantities tend to have the following relation:
u' > v' > w'
Therefore, one can estimate, the magnitude g should be:

(0.4) k < g < a (1.5)

In this study, g-value would be estimated from the measurements and is

suggested to be ~1.
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Chapter IX

EXPERIMENTAL RESULTS
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Chapter IX

EXPERIMENTAL RESULTS

9.1 Puffs

9.1.1 Mean arrival time of puffs - Figure 9.1 shows the

arrival time of the center of gravity of the puffs at the ground level.
The standard deviation of the arrival time for a measuring station is
also plotted. The delay time between the triggered signals (the peak
of the second pulse from the capacitance gauge output) and the actual
probable starting instant was about 0.3 seconds. The mean transport
velocity is about 0.9 m/sec (regression coefficient = 0.994).

The arrival time based on the Lagrangian similarity theory has also
been plotted, that is

ut . ku t
* f *

= L

- 1] (9.1)

X
Z e
0

]
I

in which « 0.4 and y = 0.577. In the measurements, u 0.0582

*

m/sec and z_ = 0.94 X 1073 m.

One then obtains

X = 0.14t 2n t + 0.9075t

and for

t = 0.5 x=0.048 + 0.4537

while

4 sec, x = 0.77 + 3.63.

t
1]

One can see that the second term, i.e., the linear term is actually

the dominant term in the computation. One can conclude that for a
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short release period the mean arrival time of puffs can be approximated
by using the local mean convective velocity.

Figures 9.2 and 9.3 plot all the arrival times for different
stations. Figure 9.3 shows the significance of a slightly higher
transport velocity when the measuring stations are off the ground level.

9.1.2 First arrival time and departure time of puffs - Due to

the finite transport velocity aerosol puffs will not be detected by
the L.L.S.P. for an initial time lag. The time delay between release
and the first detectable concentration is called ''the first arrival
time of a puff."

The first arrival time can be estimated by using the similarity
profile. From the inverse-gamma profile there should be a definite
time where the concentration becomes detectable, i.e., (x—i)/au*t = 2.
Therefore, for a certain downwind distance XO, the first arrival

time is the root of the following equation:

u*t Ku*t
X - — [ﬂn - 1] = 2au,t
o K
z e
0
or
Xo u u Ku u,
— - —* gnt- (= 2¢n - — + 2au,) =0. (9.2)
t K K
z,©

Apparently, the exact root of t cannot be expressed explicitly.
The numerical solution was obtained by means of Newton's iteration
method, (S.S.P., p. 226 subroutine RTNI). The numerical equation

in this experiment is:

X
—Ecl - 0.145 ¢n t - 1.0821 = 0 . (9.3)
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The accuracies of the roots are 0.0001. The results are plotted in
Figure 9.4.

The departure time in this problem is defined as the time when
the puff concentration drops to a negligible level after the puff passes
a measuring station. From Figure 9.4 one can see that when [x-;)/au*t
< -6 the concentration will not be significant. The numerical values
have also been obtained by applying Newton's iteration method. In
Figure 9.4, departure time (I) indicates the roots of (x—?)/au*t < =6,
departure time (II) indicated the roots of (X-i)/au*t < -10. The
observed first arrival time and departure time can also be seen in
Figure 9.4. The discrepancy between measurements and predicted behavior
is most likely due to the fact that the sources were not perfect point
sources.

9.1.3 The statistical moments of puffs in the longitudinal

direction - The longitudinal standard deviation Ty and the skewness

of the aerosol puffs has been estimated analytically by Putta (1971).

The predictions are

t

]

o = au

- £ 1.5 u,t -

at the ground level .

skewness -1 J

Since the variations of both oy and skewness for different heights
are small, the data for the different heights can be compared against
the prediction. Only the data within 8 cm from the wall was used
because of the strong intermittency in light scattering signals beyond
8 cm. Figure 9.5 displays the Ux's for different coordinate loca-

tions. An extrapolation indicates a non-zero value at t=0. This must

be due to the fact that the source was not a 'point' source.
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Because of the relatively small diffusion rate compared to the
mean convective velocity the puffs can be considered as '"frozen" in
pattern when passing through a measuring station. For a longer diffu-
sion time, the frozen pattern will no longer exist. This will be dis-
cussed further in section 9.3.3. Thus at the ground level o, can be

transformed (for short time periods) into the following form:

g_=au,t = au
% * L Ku -
* *
Gl e
Z:
o

Figure 9.5 plots the measured Ux'S. The regressional line shown
in Figure 9.5 shows the predicted a-value of 1.5 as being excellent
(the regressional coefficient is 0.614). This is the first time that
the a-value was ever examined in the laboratory.

The skewness estimated by Putta (1971) for such puffs is -1. 1In
time domain, the skewness must then be +1. Figure 9.6 plots the skew-
ness for the measured concentration distribution.

The predicted skewness appears to be slightly greater than the
observed values. This may be because of the finite resolution of the
L.L.S.P. Due to the presence of the strong shear near the ground level,
the analytic concentration distribution tends to have an extremely long
tail. This long tail with its small concentrations may not be detect-
able. However, this long tail will contribute a greater amount to the
skewness than the standard deviation. (If one assumes a truncation of
the signal to 1/50 of the local maximum, the adjusted predicted value

would be 0.65 which is very close to the observed values.)



94

Figure 9.7 plots the measured flatness value from the
concentration signals. The data suggests a quite constant value
with time.

Note that the higher the calculated moments are, the larger the
errors are due to both truncation and the limitation of concentration
resolution.

Figure 9.8 plots the dimensions of AY and A These values

were obtained from the representative curves at t = t The values

mean’

Ay and AZ have been defined as in the distance between cmax and

9.2 Plumes

In the short period release study, the arrival time of a plume
has been defined as the period between the release time and the time
when the L.L.S.P. detected ten percent of the local mean concentration
value. The departure time is defined as the period between the shut-off
time and the time when the L.L.S.P. detected ten percent of the local
mean concentration.

Figure 9.9 shows the plots of the arrival time and the departure
time. One can see that the longer departure time also results from the
growth pattern due to the longitudinal shear.

Figures 9.10 and 9.11 display the local mean concentration values
and concentration iso-pleths at x = 4.0 m. These results show similar
patterns to those detected by Chaudhry and Meroney (1969). Figure 9.12

shows the arrival time of the plume at the y-z plane for x = 4.0 m.
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9.3 The Upper Limit Condition of a Puff - Continuous Source

For a fixed point in a stationary flow field, the integrated
concentration rates due to a puff through time t should be equal to
the local mean concentration for a continuous source. This relationship
exists when the initial source geometries are identical. Malhotra and

-1.4
X

Cermak (1964) have demonstrated that ¢ @

for a continuous
max

ground released source. However, the experiment was conducted in a
somewhat -.thinner boundary layer still undergoing relatively rapid
growth.

Chaudhry and Meroney (1969) obtained

i hal8 (for neutral case)
max

for ground released continuous sources in the same wind tunnel used
herein. The results for the integrated puff outputs and the continuous
plume releases are plotted in Figure 9.13. This is probably the first
experimental evidence to prove the long accepted integration relation-
ship between an instantaneous puff and a continuous release.

9.3.1 Numerical integration of the similar puff profile - The

numerical integration of the proposed similarity profile has been

accomplished on a CDC 6400 digital computer. The equations integrated

are
ta
Xcontinuous line source { L(x,z,t)dt (9.4)
a
t X-X
d - ~2(2 - )
& 8 _ X=X .3 au,t 1
{ ye~Ze ¢ .t 9t (9.5)
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t

X

d
: . = x
continuous point source { c(x,y,t)dt
a

The numerical values for the experimental conditions studied
herein have been substituted under the integral. The resulting

expressions are:

t X-X
] I8 . xx 3 PCroam 1

Xcontinuous line L 3 0.873t 0.0235t

source at ground “a

level (9.6)

t
Xcontinuous point source J "4 ult » L{x,2z=0,¢t)dt (9.7)
P t, /o

at ground level

in which x, arrival time b and departure time ty can be
obtained by Newton's iteration method described in section 9.1.
Figure 9.14 shows the integrated curve and a comparison with previous

measurements of continuous sources. The results are summarized in the

following tabulated form:

Continuous Continuous
Line Source Point Source
Malhotra § Cermak (1964) ¢ ~ x—O.SS c 5 3ol
max max
. .-0.75 . .-1.78
Chaudhry & Meroney (1969) -~ X Coans ¥ X
Iptggrated ;éiue from . . ,-0.80 . ,1.63
similar profile . C e

9.3.2 Determination of the lateral diffusion constant g - One

of the most important assumptions in the similarity theory is that the
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puff dimensions, in terms of plume standard deviations O Oys O

v

are linearly proportional to the products of shear velocity u and

* 3

travel time t , i.e.,

Qe & ay,t
o, = bu,t
o_ = gu.t .
y - 8%

The values of a and b have been estimated analytically. For
the logarithmic velocity profile and linear diffusivity profile, the
estimated values are 1.5 and 0.4 respectively. The lateral diffusion
constant g has not yet been evaluated. This section will be devoted
to this investigation.

As we suggested in Chapter V, the complete solution for a ground
released puff is equation (8.25). A sensible estimation for g might
be b < g < a. This is suggested since the lateral spread of a puff
is usually greater than the vertical spread. The large longitudinal
spread is due to the dominant shear effects. Since the constant g
will not change the slope of a log Chax VS* log x plot, the only means
to estimate its value is to examine the value of a local measured
concentration relative to a given source strength Q.

A convenient set of experimental data is the work of Chaudhry and

Meroney (1969) for a ground released, continuous point source where
Q=20 uci/c.c.

¢ = 3x 103 pci/c.c. at y=2Z =10 .

x=1m

From equation (8.25), we obtain:
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Q _20x126.7 _ 5. 103

x=1m &

o]

g~ 0.854 ~ 1.0 .

Figure 9.8 shows the good agreement of the puff data with the value of
g = 1.0.

9.3.3 The Eulerian-Lagrangian relationship in puff measurements -

An identifying feature on Lagrangian similarity theory is that one
conceptually follows the center of gravity of a puff. Experimentally,
more than one probe would be necessary to find the relationship between
the Lagrangian mode of the puffs behavior and the Eulerian signals of
our measuring devices. However, if only one probe is available, there
is need to find the transformation which relates a Eulerian output with
Lagrangian behavior.

In the experiment the actual signal outputs appear in the time
domain (from the realization records). The obvious question to ask is,
"If one obtains a standard deviation from a concentration signal
measured at a fixed distance, what can one say about the spatial dimen-
sions of a puff at a time to?" In Appendix A, a computer experiment
has been developed to demonstrate the characteristic signal distribu-
tions caused by measuring at a fixed point in time. A simple forced
diffusion model was chosen: isotropic growth of a one-dimensional puff
in a homogeneous flow. In the space domain, the functional form of C
is designed to always have a Gaussian distribution. However, in the
time domain, the signals will be skew (dependent upon the rate of
diffusion). In other words, after a long diffusion period, a linear

time-space transformation may introduce errors.
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It is of interest to recreate the L.L.S.P. signals by means of a
similarity model. We shall assume that: the descriptive fun:tion

_ u*t Ku t
x(u*,t) = = (4n

- 1)
z e
0.

is correct. For this study, the description function is
x(t) = 0.14t n t + 0.90t

We must also assume the descriptive function of concentration,
equation (8.25), is correct.

As a consequence, then the descriptive function {c(x,y,z,t) and
x(t)} is correct, which implies finally: for y =z = 0, the
transformation t = h(x,c) is correct. From the syllogism, the rela-
tion t = f(x) could be obtained from the function c¢(t,x) = 0.

In order to compare the outputs for standard deviation and skewness,
the process of numerical integration has been performed by using a CDC
6400 digital computer. Thus, the explicit form of f(x) is not essen-
tial. The predicted functions in time space are shown in Figures 9.15
and 9.16. The calculated standard deviation (in terms of seconds) and
skewness are shown in Figure 9.17. These figures show a very important
result, i.e., for a short travel distance (corresponding a short travel
time), the distribution space and time can be transformed according to
Taylor's hypothesis: X = Ut without risking great errors. When the
dimension of a puff is small, the period required for a puff to pass a
fixed point is short. In a short period, the diffusion is negligible
compared to the mean convective motion. However, for a longer travel
distance, the standard deviation in time space should not follow a

simple linear transformation.
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In Appendix A, the equivalent situation is to increase the diffusion
velocity a. This effect must be considered in interpreting field data
where the dimensions of puffs are usually large. For instance, in the
study at Hanford Reservation, Washington (Nickola, 1971), the total
period for a puff to pass a measuring station is of the order of 100

seconds. The direct transformation

9% (space) - Ulocal g 9% (time)

should overestimate the real spatial standard deviation by a factor of
two. This type of transformation was also used in evaluating the mass
dispersion in an open-channel flow by Sayre (1968). The transport
period of order 90 seconds also makes the direct transformation doubtful

in the latter case.

9.4 Comparison with Field Data

The most recent field study for instantaneous puff behavior is
reported by Nickola (1970, 1971). He used 64 Geiger-Muller tube
sensors to measure the concentration profiles of a Krypton-85 puff at
distances of 200 m and 800 m from the release point. Only those
releases under neutral or near neutral stratification conditions, i.e.,
Run No. P3, PS’ and P6’ have been selected for comparison. Values
of u, for these conditions were not reported. However, the vegetation
is reported to be primarily sagebrush and steppe grasses; hence, 2,

is assumed to be 5 cm (Pasquill, 1962). From the provided velocity

profiles the friction velocity u, for each case is estimated to be
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Run No. P3 i u, = 0.364 m/sec
Run No. P5 3 u, = 0.690 m/sec
Run No. P6 3 u, = 0.625 m/sec.

The mean arrival times are computed by using the mean transport
velocities at 1.5 m as reported by Nickola.

Standard deviation values predicted by similarity theory and the
field data are plotted in Figure 9.18. One can see that the standard
deviation increases at a similar rate to the prediction. Figure 9.19
plots the ratios of Ay to A . The predicted value of 0.66 is appar-
ently too high as compared with the observed data. This may be because
the test grid did not fully cover the full dimensions of the puffs.
Figure 9.20 displays the integrated concentration (or dosage) due to

puffs. The slopes predicted by numerical integration (see section 9.3.1)

are also plotted. The comparison appears reasonable.
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Chapter X

CONCLUSIONS
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Chapter X

CONCLUSIONS

The behavior of an instantaneous point source, as it disperses in
a thick, neutrally stratified turbulent shear layer, has been examined
by a laser light-scattering technique in the Meteorological Wind Tunnel
at Colorado State University. An aerosol filled gas bubble was released
in a column of water to subsequently rise and burst at floor level of
the wind tunnel. This "pseudo instantaneous source' was proposed as a
means to obtain optimum source geometry, repeatability, and avoid
mechanical blockage to the flow field.

Time dependent concentrations at a point were monitored by
measuring the scattered light from a coherent light source by a
photomultiplier-fiber optics probe. This lightweight mobile probe
provided extremely fast response to a rapidly changing signal. Future
modification to permit concentration flux measurements are very prom-
ising.

Data consists of a series of six concentration realizations per
point tested downstream from the ground level source. The distributions
have been described by selecting appropriate moments of a Gram-Charlier
series by using analog averages. Puff dispersion characteristics have
been compared with predictions of the Lagrangian Similarity Diffusion
Theory. It has been demonstrated that the inverse-gamma distribution
demonstrates all the significant behavior variations of the measured
plume or puff. Substitution of this standard distribution function for
the functionally more complicated Gram-Charlier series may provide a

major simplification to future statistical analysis.
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The Eulerian-Lagrangian relationship in a time-dependent convective
diffusion process was examined. It was shown that for a laboratory
scale diffusion process (<7 seconds), the error of assuming a frozen
puff is insignificant. However, in the field study, this error usually
is appreciable. The spatial geoﬁetric shape distortion in a time record
was demonstrated in a simple computer experiment.

The field data collected by Pacific Northwestern Laboratory at
Hanford Reservation, Washington have been compared with the similarity
solution and found to be of the same order.

The theoretical analysis and the experimental results discussed
earlier lead to the following significant conclusions:

1. The Lagrangian Similarity Theory provides a good approximation
to the behavior of an instantaneous puff diffusing in a shear layer from
a ground level.

2. The coefficients ¢ and a suggested by Chatwin and Putta
through integration of the diffusion equations are substantially sup-
ported by experimental measurements. Data suggests b = 0.4 + 0.1, and
a=1,3%0.4.

3. The lateral dispersion constant, heretofore unpredicted or
measured was found to be g = 1.0 £ 0.1.

4. Similarity Theory has been used to predict mean arrival time,
first arrival time, and departure time. Puff behavior in the laboratory
was essentially identical.

5. Integrated puff concentration measurements do agree with the

results for continuous releases previously prepared.
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APPENDIX A
A Simple Stochastic Model for Describing the Functional
Form of a Time-Dependent Diffusion Process
in a Convective Field

From the typical skewed nutpﬁt curves in this experiment, one is
able to deduce that the long tail of the curve in the time coordinate
is due to the longer diffusion time and the presence of strong shear,
The following analysis is to demonstrate the characteristic signal
behavior which results from the difference in various diffusion times.

We shall assume the cloud from a one-dimensional instantaneous
source grows in such a manner that the standard deviation of concentra-
tion distribution is a linear function of time t, i.e., o = at.
This assumption is consistent with the suggestion that the diffusion
occurs in a constant flux layer. (Taylor, (1921) proved that o is
proportional to the vt for long dispersion time in a homogeneous
turbulence).

Next a simple model of isotropic diffusion is assumed, i.e., the

spatial distribution is a normal distribution function. Thus we obtain:

C(t,x) = exp (-

Notice that when
X #£0, C[t,xﬂ] =

1lim

trg C(1,0) > =

In a homogeneous flow field, the distance between a measuring

point and the center of the cloud can be obtained by a simple coordinate
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transformation such as X = Xo - Vt. Where XO is the original
probing distance, V 1is the mean convective velocity. Thus the

observed concentration at any instant t reads:

C(t) = ¥ exp
/2r at

(X_-Vt)?
g ) (A.1)

2a2t2

The mathematical properties of this distribution are described

as follows:

lim

(1) X #Vt, o C(t) =0
N lim o &
(2) xO - vt; t_'_o C(t) - 3

0: otherwise.

The distribution reaches its maximum value when,

dc _
= 0
or
XO XO
t = < _V_

v V2+2a2

This delay time is due to diffusion effects.

If V =0, the concentration distribution may be transformed by

using
1
g = 5
£ X
5
Y% 1/2 2a2
C(E,X) = gl g (A.2)
av2m
Notice that a standard gamma distribution has the form of
3 (lx)Yﬂl e™* | Thus the concentration distribution in a

r'(y)
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stagnant flow is a gamma distribution with two degrees of freedom (3/2
and KGKEaZ} (Parzen, 1967). For V # 0, or in a convective flow field,
the statistical properties of the concentration distribution cannot be
obtained in closed functional form,

The zeroth moment, or the total observed mass is:

(X,-Vt)
v f 1:..1 o 2a’t dt .
a’Zn o

The result is expected to approach unity when a <<< V (due to the

conservation of mass), i.e.,

(x,-Vt)2
(=] _—2?_
[ ;i_ Toe BT gra1 (e«
o a¥lm
or _r{v-xnft]]z
R | ‘' V2a
i — = 8 dt + 1 .

If we use the following transformation:
\
e o= — |-V . (A.3)
then the transformed boundary conditions will be:

t=0, E++=

t ==, E + -

Jl|<
"

From the transformation (A.3), one obtains
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-dt _ /2a
2 - x ¢
t (1]
dt = xﬂ -&-a_ de = -JH : dE
(VZa £+V)2 e (VZa £+V)2
50
(X,-Vt)
Y T 3a2t?
J’ = r dt
o avnm
2
= -V/V2a 1 (_"IE £+V)2 E-‘r; - V2a :{D -
o ¥2ma xo (V2a £+v)2
e _r2
Vi -V/V2a Vv + i ac
= v J"m _...__Biz_ dE + 1 Im E-EE dg
Vo -V/VZa VvV + VZag /1 o V+V2a¢g
+1 (a=<<V)
We thus obtain the identity:
@ -E2 g2
1. f id,g:‘v[fﬁ 1 e " de
YT o V+/2a & 0 Yr v+/2a £

(A.4)
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The second term in equation (A.4) can be evaluated as follows:

oo -5;2

¢ =t g
0 vV + /2a E
o _‘1;2

= - de
0 /2a

L+<-¢

= 2

= f e (- AE e A2E2 - A3 4 . (A.5)
(8]

where A = K%E

The following identities are used to evaluate equation (A.S5)

o g2 v
j c dl’;=—§—
(o]
- -2 . . LR o
I zZn B ol W 1+3+5 (2n-1) I
n+1
o} 2
72 1
f z2n+1 z Ay = %_
o
Therefore, equation (A.5) becomes:
[11_ - ;A.. + &.2_ _....)
2 2 4

n! 2n+1

) /F[Z A2n 1:3:5-++ 2n-1 ] .
n=0 2 n+l n

I e~=18
l
=
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The identity (A.4) thus reads:

for a <<V,

v/V2a e-gz
/ dg
0 vV + /2a
© @ 2n+1
13¢5 «-+2n-1 1
o §(Esmms § L™ g
n=0 2 n=0

The next step is to seek the moments for this distribution.

First we try the moment generating function:

m(t) = E{e' '}
o 2
) (Xo Vt)
o 2.2
- ' f i % & 2a°t dt
a’2r o
1 XO ZVXO
& ~ g T + V2 + 2a2% tt)
= . [ e e % dt
avam o

Thus the nth moment with respect to t = 0 1is equal to

d™m (1)

dTn

(t is a dummy variable.)
=0

Since the moment generating function is a complicated form, the
exact integral is not available. A table has been obtained by using
numerical integration. In Table A.1 the computer program TREVA is

listed, In Table A.2, the maximum concentration value and its
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corresponding time t, together with the first four statistical
moments are also listed.

The authors have named this particular function (A.1) the
C-distribution. The C-distribution is a three parameter family,
namely, xo, V and a. When the ratio of diffusion to the mean
convective motion is small, i.e., a/V << 1, the integration over
time space approaches unity. Physically, this implies that: if
V >> a, all the diffusion matter will be detected by the observer.
If a -~ V, part of the matter will be "permanently missing."

Figure A.1 indicates that for a long diffusion time (or a large
diffusion velocity) the spatial distribution of a puff will not be
the same as that of the realization at the measuring point. For
instance, when a/V > 0.1, the realization curve indicates a signifi-

cant skewness; however, the spatial distribution is always Gaussian.
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APPENDIX B
Averaging Time Scale for Time-Dependent
Concentration Measurements
In an unsteady diffusion process, problems arise as to what the
minimum averaging time scale should be in defining the "instantaneous
mean concentration."” This is to say that a minimum characteristic

time interval At 1is such that

represents the instantaneous mean,
From the output signals (Fig. A.2), one can see that there exists
a significant increase of D-C trend. Obviously, if one defines At
as being of the order of 1 second, the averaged concentration will
lose its significance; this implies that if the averaging time is of
the same order as the time period for a puff to pass through a measuring
point, the information contained will be distorted.
The definition of At can also be interpreted as follows: for

any At, such that

n

— n »
E [(ciati}ti] ->£ ct' dt

ati is sufficiently long to avoid misrepresenting the local mean signal.
This is equivalent to many stochastic processes where it is required

that

E“[{E f(t)]} > EM£(L))

where E 1is the averaging function. A similar argument was used by



120

Sayre (1968) in defining the instantaneous concentration distribution
from an instantaneous plane source in an open channel flow

In the experiment discussed herein At 1is chosen to uve of the
order of 0.1 sec. This is based on the arguments that At must be
sufficiently large compared to the local Eulerian time scale TE'

TE is defined as

RII{T) is the autocorrelation function of u component. In a wind
tunnel, the Eulerian time scale in a boundary layer is of the order
1072 seconds or less (Baldwin and Johnson, unpublished paper, 1968).
There are two major reasons why this time scale was chosen. First,

the Eulerian time scale can be taken as a '"snap-shot" of an 'average
eddy" passing through as measuring point. Second, this is a measurable
quantity in any point of a turbulent flow. Since the average time of
At is much greater than TE’ the average concentration is thus well
defined.
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APPENDIX C
Average Aerosol Size Determined by
An Impingement Method

The size distribution of aerosol particles can be determined by
various methods, namely, light scattering, filtering, electro-
magnetic field chamber, etc. The more precise methods use the physics
of light scattering because the scatterer size is a sensitive parameter
of scattered light intensity (Van de Hulst, 1957).

In the present case, the authors chose to use available facilities
to determine the approximate aerosol sizes. The procedure was to
impinge the aerosol jet (mass jet) upon a clear glass plate. Only a
few aerosol particles stayed on the glass plate after a period of five
seconds. (This confirms the arguments in section 5.2.3 that zero
deposition may be assumed.) The sample glass plate was then examined
under a microscope (160x),

Figure A.3 displays a typical picture against a calibrated scale
of 10p. The sizes appear excellently uniform and close to the estimated

mean aerosol size of four microns.
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APPENDIX D
The Possibility of Constructing a Finite Lateral
Concentration Distribution

In heat transfer and diffusion problems for the infinite boundary
situations, solutions usually have distributions of exponential decay
or error function. This suggests the anomalous idea that, instanta-
neously, at a finite distance from an instantaneous source, the tempera-
ture or mass concentration should always be finite. For instance, a
normal distribution has a value of 1/4000th of the peak value at the
distance of four standard deviations.

In a turbulent mixing motion, the local mean mass concentration
is actually equivalent to the probability for a particle to reach a
measuring point. The movement of a particle, at any instant, should
still be constrained by the law of motion. This infinite diffusion
velocity cannot be accepted as a realistic model.

The above prescribed problem has been discussed by Monin (1959).
He assumed a maximum diffusion velocity and transformed the diffusion
equation (parabolic form) into a hyperbolic form. This was a concep-
tual means to constrain the possibility of infinite velocity. Because
of analytic difficulties, the solution was only obtained for a two-
dimensional flow with a constant mean wind profile. Another apparent
difficulty is the lack of information on the '"maximum diffusion
velocity." This is essentially the same as questioning the Hay-
Pasquill coefficient which correlates the measurable Eulerian informa-
tion with the Lagrangian behavior.

A compromise between the well-established parabolic diffusion

equation and the hyperbolic equation is to take the results from the



parabolic solution and to use a curve fitting technique to confine the
distribution to a finite domain. The following example is used to
describe the concept.

One of the standard Pearson distribution family with only a finite
sample space is the beta distribution. The beta distribution has the

following form:

f£(x,a,b) = 21 1.nb-l Lo i

1
where £(a,b) = j xa'1 {l—x]b'ldx. The sample space in this particu-
o

lar distribution is confined in the values between x =0 and x = 1,
The beta distribution may also be transformed into an arbitrary finite
space by using x' = d(x-e). If we wish to use the beta distribution
to approximate the lateral concentration distribution (y-direction),
the following constraints are needed to determine the two parameters
a and b:
i)} The profile is symmetric with respect to y = 0. This
implies that a = b.
ii} This condition also indicates e = 0.5. The standard

deviation of f(x,a,b) 1is o= u,t, i.e.

a3 eb 1

/ e
V (a+b+1) (a+h)? 2v2a*1

Note that there are still two constants d and a to be deter-
mined. The authors have chosen the following criteria to define d and a:

|f{x =0.5)| , |Ex=0.8)| _ .o um

fix = a) f(x = 2g)
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This has been done by the trial and error technique. The final values
chosen are a = 4, d = 6., Hence, the distribution is:

1 {Q—x‘
R(4,4) 36

3 9-x'.3
) or 140 ( 36 )

where x' = y/u,t.

In Figure A.4, both the suggested beta distribution and the
standard normal have been plotted. The chosen constraint d = 6 implies
that the resulting maximum diffusion velocity is 3u,. The error
involved in using the beta distribution to approximate a normal is that
it predicts lower concentration in the center, and higher concentration
off the centerline. This may not be an ideal way to confine diffusion
rates because of the apparent difference in functional behavior between
the two distributions. However, it does eliminate the anomaly of

infinite diffusion velocity.



Table 1.1 Summary of Recent Quasi-Instantaneous-Source Experiments

Number of
releases and Height of
maximum Sampled material release and Initial source
Location of sampling and sampling release size and Parameters directly
Experiment experiment distance mathod duration Type of terrain temperature mcasured
(Smith and Pprton 10 relcascs; Lycopodium spores; Surface; 1 sec Downland 1to 4 m; Surface dosage distribution
Hay, 1961) Downs, 300 m impaction on ad- . ambiecnt
England hesive cylinders
Sand Storm Edwards 43 rcleases; Beryllium powder in Surface (plus Flat desert Diameter of Surface dosage distribution
(Taylor, AFB, 2400 m rocket propellant;  initial height 15 to 45 m;
1965) Calif. aspirated filters of rise); 2 to above
8 sec ambicnt
(Hogstrom, Agesta and 430 teleases; 0il fog;photography 24 to 87 m; Low hills Small; close Puff width and puff depth
1964) Studsvik, 5000 m from position 30 sec to anbient
Sweden upwind of source
Dugway Duguay 33 releases; BW and CW gases Surface; 3 Flat desert Finite but Surface dosage distribution
(Cramer et Proving 1100 m and particulates and 26 sec accounted and limited measurements
al, 1964) Grounds, max jmum for by of vertical distribution
Utah used here authors;

Point Arguello
(Smith et al.,
1964)

Reactor De-
struction
Test
(Islitzer and
Markee,

1964)

Texas (Mac-
Crcady,
Smith, and
Wolf, 1961)

Hanford Res-
ervation
(Nickola, Ram-
sdell, Jr., and
Ludwick, 1970)

Naval Mis-
sile Fa-
cility,Pt.
Argucllo,
Calif.

National
Reactor
Testing
Station,
Idaho
Falls,
Idaho

Dallas TV
tower,
Cedar
Hill, Tex.

Washington

17 recleases;
10"m

4 releases;
6100 m

37 releases;
*10*m

13 releases;

Zinc cadmium sul-
fide; rotorods
and aspirated
filters

Fission products
aspirated filters

Zinc cadmium sul-
fide;aspirated
filters on tower

Kr-85 gas (radio
isotopes) GM tubes
to analyz local
concentration

Surface; 1 min

Surface; <30
sec

110 to 320 m;
small (air-
craft-
released line
source up-
wind of tower)
Surface:
instantaneous
and finite re-

lcases <20 min.

Rugges coast-
line

Flat desert

Rolling terrain

Flat desert

near ambient

Small; ambient

10 meters;
zbove
ambient

Finite but
accounted
for by
authors;
ambient

<30 cm;
anbient

Dosage along irregular arcs

Surface dosage distribution

Vertical dosage distribution
on tower

Surface and vertical instan-
taneous concentration

SC1
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Table 5.1 The General Description of the Laser.

Viodel 120 Specificalians

Quiput Wavelength: €32.8 nm. (Visible red.)
Power: >5.0 mW
Transverse mode: TEM,,

Beain Characteristics Beam diameter: (.65 mm at 1/e’ peints
Beam divergence: 1.7 milliradians
Degree of polarization: Linear to better than 1 part per thousand
Angle of polarization: Adjustable, vertical =20°

Resonator Characteristics Resonator conliguration: Long radius
Resonator length: 39 cm
Axial mode spacing: 385 M-z
Plasma excitation: direct current self-starting

Amplitude Stabllity Beam amplitude noise (1-100 IKHz): <0.5% rms
Beam amplitude ripple (120 Hz): <0.2% rms
Long term power drift: <5%
Warm-up time: >3 mW at turn-on
>5 mW 3 minutes after turn-on

Environmental Capability Operating temperature: 10 1o 40° C
Altitude: Sea level to 10,000 feet
Humidity: 90% re!ative humidity

Physical Characteristics Weight: Laser—7V2 lbs.
Exciter—7Y2 Ibs.
Cable Length (Exciter to Laser): 8 feet (Extension sections available)

Power Requirements Voltage: 115/230V
Frequency: 50 to 400 Hz
Volt-Amps: 50 VA

*From "Model 120 Stabilite Gas Laser with Model 256 Exciter' instruction
manual, Spectral-Physics, Inc., 1970.
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Table 7.1 Experimental Data for Puff Measurements (Continued),
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Table 7.1 Experimental Data for Puff Measurements (Continued).
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- e ‘SEC.
527 60T LSRTO LI L 6T e LT 2.90e2
1 S - R-T ¥ LA - Bl . T4 2130 d2e 2,400
LS TasT OB LT 5% T LT 5198 2™
LSt2e T2 eSS L0 o' 32 ot kL 253 8524 5,078
L4 YT oaeT LQu42 L0067 1 22V 55 2,080
5862 T2 et L Te LITTR . el 228 R

ML~ L5605 L THAR L0452 L3043 L DN68 . TS0 2R M 2T
5]GMim L4500 1% L6 L% LN s L and M 22278 20655

STATION ae! I, ved8 (M Tegicw,
s

" i €2 0d MEAN SieMl SCEWMESS  FLATHESS
1SEC. ! 582,
LIT22 1.5695 L0830 U8 Lot 1. 5698 25 T30 .2%

1.
L5205 14762 62T L0080 L0018 '.ATRE 3 ST 2.7
1L.8569 0TS 0 L ', %5 2698 S 2,678
L2605 14790 0S6T L0087 L00W L 2. 204 3.0823
L2002 1,516 L0969 L00TR L0226 1.516! S8 L2372 2.4047
ST L2 12 228 0% t.2128 3405 S268 2.4%

HEAlm 5T v W e T Pl s LSa85 2.
SieMi= 1278 10225 02899 (00457 L3098 L1228 RL 156

STATION Na! BM, Tel% (M, Je0(M,
(4] cd AN SIeMA SCLLMESS FLATMESS
(SEC.} ISEC.}

L1990 2,101 1eEd 0408 L0823 2.141 L3043 o~ 31 2.58%7
S48 21585 1904 OB L0998 2,195 LAKS . TI06 2.754
43 2,0Ta0 20% 0683 .0™3 2.9748 LI584 .l 2.5
L2 2,150 eSS iR L0seT 2.154% L4019 LR 2.2402
LLITE 0TS 228 0887 e 2.0T8 ATH 2% 1.X%
LI5T2 1.9929  eed Q01T 0TM 19829 L4379 LB14T 26458

ML~ LJH2 2,087% N 05 L300 2.907% A2 6850 2. bbb
SiavLe L2T6E  JYEeL L1250 20w 0%l e L2008 A el

STATION W=d OM redS M TejalM,

- ‘* €2 (¢ ] €4 ."gtm S:G: SCEWMESS  FLATNESS
- (1 ISEC. !
L5 2,437 JS2e LIM12 L %T 24587 50 L5242 2.6405
LSl 28785 2'H O SB Jiee 2.57485 LABTY SRS 2.5565
B R S - .- 2. 48555 L4156 LTS 2.7
aokd 2.5722 .66 .22 .55 2.5722 LG 316k 2.2
L2 2,505 '¥s iR LD 2.504% " B P 2.25%
L5 2492 tR2 225 LMY 2.4 . 5655 L8365 2.6847

O 2208 2.4 6 3§ LISE 2.4%t 44t 5SS 2,486
Si3¥he  LITB4T 36138 L1272 .12 LT LS LIMSn e JL2TM
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STATIN, 102,50 va)8 7% Talllv,
“ (& K2 «3 cd “EAL, Sih SKELESS  FLATESS
iﬂ:l: IEC.J
215 2,5295 .'598 Q120 %% 2.5295 - L078 2.0829
2490 2.8826 .1999 ,0607 .'iTeé  2.0626 44T LT 2,695
L2558 2.9680  .1698 L0588  ,iT2T  2.9682 4118 5508 2.5%%!
2081 5,045% .2uu 0446 L2967  3,0458 4522 A829 2.3145
LTSS 5,187¢ L1290 L0186 L0342 5.15% . 55462 4005 2.0446
L2277 3.,0546 11RO L0129 OB 5.0546 L3452 5182 21715

MEAle 2344 35,0029 1634 0312 065  3.2029 4322 4365 2,307
SiGHA= 03400 ,00534 .03246 .0'80% 02540 L00534 L2407 . 15858 2513

STATION xel 5M,ve!Q (M, TuQ0CM,
M0 (4] K2 (4] (¢ AN SIGMA SKEWESS FLATMESS
(SEC.) I1SEC.)
L2060 1,2122 1047 0T14 L1089 1.2122 4298 0996 .11
2256 1.1802 L1618 L0487 L0679 1,1802 4022 L1 2,595
A251 11,1489 L10@ L0108 L0317 1,1489 5208 S8  2.M%5
2807 1,069% L0786 .0060 ,0!'7T7 1.0693 2021 L2606 2.7006
L0666 1,1289 1% 01 L0284 1,1209 340! 442 2,1272
L2048 1,0665 0799 0082 .00 1.0665 2809 2004 2.7955

MEAle L2478 1, 1345 1214 L0270 L0453 1,1548 3440 5040  2.6822
SicMae L1750 05360 .03959 .02412 0384 05563 . 75599 29561 .313%

STATION xe1 OM,ve1Q (M, JeQgCM,
M0 K1 K2 (4] «d MEAN SieMA SKEWESS FLATMESS

(SEC.) 1SEC.)
ns“ T.?’Q 012?, om" .W" 10 *‘2 um vm 2‘“
2276 1.6%2%  L0éTe 01y 0188 1.652% 2604 6500 2.9023
L2877 1,799 086  0'TR L2267 1.79% 510 L5008 2.8580
55 1L 182 128 .0315 Q478 1. 71 N . 7024 5.0062
L2491 1.5749 1382 L0488 .50 1.5749 . 3600 1,0806 5.421%
L4014 1,738 128 L0311 L0465 1,75% . 500 56680 2.778!

At 3104 1.60%8 L1129 L2279 0%5 1,695 8540 L7048 2.95%5
SiMa= 494 27100 L0220 L01222  .01488 37100 05720 1579 22477

STATION x=! SM re!( (M, Te00CH,
by L& 2 <35 4 L 7 U1 SleMA SKEMNESS FLATNESS

(SEC.) 1SEC.!
274 2.02°2 L1654 0S¢0 L0857 2.1212 .400% .8082 5.5%22
L2768 2,147 6l %13 N 2.1407 L4048 o774 2.96%
P18 2,178 658 LS4 LY 2.1 4072 . 7980 2.94%5
SBLT 2,2%° 2857 L0TSé 98T 2.2%7T 5526 5005 2.4696

J38% 2,022 L2426 04! ‘965 2.2 +452%5 .Te8C 5.1897
IR AL AT A S L TR T - '.93'§ .3385 0943 3,738

o ¥ 2 L5000 2.0094 1ed L0638 B 2.1t .4263 L7808 5.10%4
SieMae S2279 L0346 L5686 LI - e ] . 39548 . 26457 . 12268 -5998°



Table 7.1

LM
L

MEAN
5]GMke

MEAMe
SloMa=

e

SlGMae .23422

“EiHe
Sihma= =585
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Experimental Data for Puff Measurements (Continued).

2.774

5.20M

2.0857
220

[ 4}

3.5723
36746
3,547
5. 6666
3.5537
3.6045

3.6032
35135

2.:52%

STATION w2 2m ¥elQ OM, Jalll™,

3

271
2261
L5
i

L1240

STATI N
(4]

575
. 1587
N ]
Q777
. 656
« okl

T4
Ja2ea?

(4]

L1178
L0557
. oel
257
-329]
335

- 7543
15223

L8

oA
L

L2168
Si2ar
2268

L2252
.22328

cd A, Sia i SKEWESS
SEZ.) SEs.]
LS 2 455 L5T L7
L5157 2.um 675! .
528 2475 R L -
215 2,443 A57S L3
21T 2.47R L9520 .7367
O 2.54'7 L1 AT
W, 2. 9578 9552 6574
st «HR23 b N22%%
Wa2 G vat] M, TeQOCM,
Kd MEAN SieFl  SCEWNESS
- 1 ISEC, ]
L1269 5, 2482 w4l 5
e 1] 2.7 5543 . Thed
o Vil 2.6100 L 5229
52 2.0 5067 950
el 20154 SR T
w2did 5.2073 L ] 545
2295 2.8457 L5536 L AP02
JER1d W20 . 8TH 'SEN
STATION R=B M, Ye!] IM, Te]dm,
cd A SIGME SOELMESS
1SE<, ) (SEC.!
« 3056 55728 LA SR
« &N 5.674 5264 4
LT LI T ST L4566
579 5. obbb 55820 1257
L1406 5.5587 5049 ki
b 56045 5155 s
353 5.60% LT LS5
. 15eRd JI5I0% L1556 s ]
STATION Bat 5M Ya2d IM Feloom,
£d “ul SIeML SCEESS
(SEC.) 1SEC.)
L1828 2.1685 L5533 . 455
L9612 2.2 Aul2 0
L1500 2.0%89 . 3650 6128
. 205 2.342 L4355 255
. 550 1.565° A5 . b
.15 o TeIT AT 1.3627
Li8d6  2.052% A5 4427
L0335 LleBe - 25257 2T

FLATMESS

2,566
2,443
3105
.15
2.558%
2.7158

2.am
X%

FLATHESS

2.704
2,936
2.4057
2.1575
2.0%TT
2.2255

2.4261
52642

FLATHESS

2.22'7
2.1725
2.%7
2.0992
2.16%7
2.2674

2.2054
« 6516

FLATMESS

1.88'5
2.3964
2.8415
2.4317
2.287:
35,4042

2.5389
47812
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Table 7.1 Experimental Data for Puff Measurements (Continued),.

STATION pe2, oM, T2 M, Zel0CM,

" cl €2 4] €4 '&m s.ﬂ:: SDHESS  FLATMESS
[ - S wl
Ldd 2.904 182 AT L0826 2,904 ST L% 2.Ts
555 2,400 108 05 L06M 2,400 3 | 5. 0504
L0422 2,258 313 ahid AT 2.0 S22 A58 5.04%8
LR 2,260 19 Loe0S 1988 2 M AT G802 S.ed
656 2.5%4% e 01T LTS 2.5%%% A2 .| 2.59
L2066 T 60D LTB4S 0TS 1042 1,969 L8 L2y 4™
e 711 AT 22809 \deé 0% L0 2.2W% « 5943 L2086 5.27%8
SIGMA= .Iﬂﬂl )2 IR LINM .:H“ . 5062 o1 T lm‘T‘- .?Iﬂﬁ

STaTion !-1 S, re2) OM, Tagilm,
'S [ #) (4] AN S SCDMESS  FLATMESS

m

1208 2,7202 .1404 0409 .04 2,720 IT7 LH807 52T
0136 2,636 0070 L0004 L0204 2.4%4 2950 62,7008
0350 2.6060 TR .GTH S 2.6060 2748 Sz 57
2228 2,010 1TE OG0T 02 2.0 AiSd a6 5,284
129 0% 297 002 6T LW ST AT .26
09% 2.6200 L2040 6™ .11M 2,6209 L7 TR 2T
1047

Al . 2.7487 181 0847 408 2.7487 5eed S804 2.7

LT 607 LTS8 LOETTE 0BT LMTSRZ 'hme LoBae2 29808 I
STation r-l oM, Y20 oM, Zed0cm,

M K K2 s LA sieia SCEMMESS  FLATMESS

I$EC. ! ($£L.)
J88 5.8T 1% L0658 L1200 5.8M L1 S 2,656
LJ52 a2 MM 6 21T .20 5658 28 2.1609
A0 5,388 2T e e 5.5m8 AT LR 2,174

‘"’ . m !'-H’ -m N H‘ « 1684 !’-H’ 4!1 ?ﬂ ;Iﬂﬂ 2-!’! ]
SioMas TR -1 ST TN ¥E ™ ) L8184 (28408 23088

STATION Ke§ 50, Y=20 CM ZefiCN,

e o ! 2 s £d th!: lIﬂ‘: STWESS FLATMESS
[T {] IS€C. )

g5 8.95TT 2% L0820 'S AWM B 0w

2t S4MS 20N 4T L2120 Ludes nu S 2.%N

ekt 56029 88 e 1T Beed 18 BE5t

] TTR 1L R ST 2. 2408
S8 T .Y L8 L4518 2.0468

3

L]

3.6021 3.0072
258 LM 2 -1 T BMn B - 1087 S0u4?

8. M29 5,728

4 d

L]

L JN55 L5128  LITed LT 85,7658 S48 Lardt 2,664
S)GHMae L300 " .mrr L5162 L3S MeT WS  Setp L40086

£
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Table 7.1 Experimental Data for Puff Measurements (Continued).

MEANs
S|GMA=

MEANe
S1GMA=

MEAm
SiGMAs

s 7 U
Siae

STATION
“ (& ©Q (4]
L0454 4.2796 L0447 5365
A8 4,199 668 L 4'H
LTS 4.4748 L4059 L2474
L0510 4,1281 8601 L2428
L0802 4,1070  .3647  ,'9T4
L0040 5005 L2001 5.0000
L0575 5.6412 L4400 2791
L5077 1.56976  L26406 . '6899

STATION
MO K1 (¢] 1]
L0844 1,2207 L0916 018
L0088 1.26819 L0546 0044
L0688 1,31% L0172 L0004
L1981 1.9940 0840 002!
L0227 1.,26%8 L0247 L0024
L4802 1,962 L0496 L0042
L0500 1.%090 L0488 L0088
LN2554 L0660 ,02446 L0090

STATION
MO '3 (%] «3
L0207 2.5%64 0817 -.0002
U478 2.4069 L0458 L0022
L7566 2,9802 062 L0048

MO SIGNAL OBSERVED
N0 SIGNAL OBSERVED
MO SIGNAL OBSEMED

L0249 2,5245% 0581 L0022
L2015 271 L0EsS L0192
STATION
o) «! €2 (4]
548 2,252 16 L2
S0 2,550 LN LU1E
KB 2,732 %2 2
L0840 2,570 L1267 1R
965 2,452 T .
A1058 2,295 8% .0
.!:g 2! I.'m lam
L0640 RS L1678 L0995

Aed OM,v=27 M, Tel3lv,
4 L 710 SiGMa SKEWESS FLATNESS
(SEL.! (SEL.:
5282 4,279 8190 L6807 2,149
L0848 4,199 01852 L8684 2,348
B804 44748 65T L9567 4,00M0
A2% 4,128 8000 '.1226 5.2697
ABT 4,10 60% 95 3.2747
2.0302 5005 L1112 L4806  3.40%7
6006 5.6412 5977 0108 5.07%
A0902  ',.5%97% 20757 20445 64087
Xmi,0M, ve=20(M, Ta00CH,
(7} MEAN SIeMA SKEWESS FLATMESS
(SEC,) (SEC.)
17 1,2207 527 653  2,10%¢
005 1,269 2587 5442 1.97T%
L0000 1,51% 1510 LJ080 2,699
0023 1. 9940 L1048 5294 1,.9829
L0018 1.2655 187 L1800  2,.1TM§
00 1,.9962 2227 u 2.0949
L0058 1,390 2052 190 2,18T4
00872 0ee01 L0860 . 16494 21778
aml M, ve-20CM, 2o00CH,
(7] MEAN SicMA SKEMESS FLATMESS
1SEC.) (SEC.)
.Om 205" 02?’ "001“ 2.0‘51
L0 2.4069 2002 L2475 2,156
099 2,9802 255 L2777 2.99'6
L0088 2.%248 2297 695 2,196
80258 L2718 L1887 15229 . 14462
xe2 M, Ye=20CM, JaQOCH,
Kd MEAN SICMA SKEMMESS FLATMESS
(SEC.) (SEC.)
225 2.2%21 5249 2960  2.'545
Q127 2.51% 2610 L7305 2.Mm07
9 2,792 5022 L5685 30T
S55! 2.5 . 5560 L1648 2.1845
6488 2.8 4145 A155 2,148
L096 2.29%5 253 0554 5.0626
58T .28 . 5408 6124 2.5543
. 56467 LIRS .93 24855 40867
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STATID, e G ve-pliv Celii™,
- LS L¥ (4] cd u, SieMd SKEWMESS  FLATMESS

ISES.: {SEC.)
LU 2.5TF L0 Ll OIS 25T L2480 5264 2.7
LIRAT 25457 L1495 L Qisd L3 2.59457 5067 LS 2.85M
LLET 2.83T9 LI 0% LG 2.057% W L0128 55848
L4 5.1136  '513 0%e L5 51N - 6762 5.0245

L8068 50160 RR 0210 LM LR+ 3655 LASS  2.40T
LT 32584 T2 L0 e 5.2584 A% 0T 2.2844

MEAN. L455 50479 lae® 2246 565 L ] 5825 A2 2.619%
SisMa= L5T 2% QBT LU1ET) LU 14252 L e L5250

STATION neB, 0M, ve-200M, Je0ilm,
! £l €2 3 €4 L 7] SitML SCEWMESS  FLATHNESS
(SEC.! ISEC,!
098 55224 T A28 L0808 5.5224 A28

¥ S 2. 7412
L0024 5,354 1645 0% L066d 5,554 A0S Jee 2,517
L08 S.4dd) 1488 (e L0TES BLaadp . M5%  3.315
. 5.055 1951 0885 .10 5.01%% . L6008 2.3

! L ]
W T
(T S.6dd2  2'86 0S08  L1'9E 5. 642 52 5123 2. 975
cesT 5.%93%1 .09 01T Q290 .55 « 3096 L5915 5.1667

L LOR0T 54426 16T 044! L0018 38429 =253 L3S 2.0753
SieMi= L1218 L1280 03NS 01455 L I2956 W Al . 12568 L2776

STATION xeB, 5M, ve=200M, JeQ0CM,

0 L& €2 (4. £d LAY SieMa SEMMESS  FLATMESS
(S£C.1 ISEC.!

61T 4089 (BT L S 4.081%

6208 5660 2.3009
LTS 41478 M 08 2T 4 TS 5005 I .MM
LA735 4085 TS 0M2 192 40 5062 L2208 2.0
L4537 30746 3R 1Tl M L0TA 500 805! 2.6426

2223 %2 MM LR ATIS AT 2,6990
- .y ' 5.8010 JAZZS 55 5.40'3

i L0728 59855 L 29A8  .0TM 255 5.5 SN2
SleMe= AK2e TS,

L2 26525
ITTIR L0562 3964 SIS LTI L2105 LA TR

STATION nad, M, ve-200M, TelocM,
M ct €2 (4} €4 by ¥ SieMA SCEMMESS FLATESS
(SEC.! (SEC.!
Lod0l 4.3'%2 % S /2 4 1R .37%3 955 2.5012
L4600 40962 L28TT LAM0E L3S 401963 525 L2890 2.0402
LIS 42530 %2 L0 TR 4. 2560 7% - 1518 2.1002

SRS 42924 229 - N4 LTS 4,290 LA™ -.1268  2.1407

- TR . TR - " R AL . 4. 2541 LAWT s H | 2.5053%

LS4 429 tTa 1T T 4,29 AT AT 2.42%
o ¥ 1 LT 4205 e L3200 LM% 4,209 . ot - 2.2%74
b -1 Tl LT L v R L, L L] =i H- . od 54 i, 1t 3 L8268
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Table 7.1 Experimental Data for Puff Measurements (Continued).

MEANs
S1GMA=

i
SioMae

M «! K2

L7667 .0788

L7000 L0042
NO SIGNAL QBSERVED
N SIGNAL OBSERVED
N0 SIGNAL OBSERVED
HO SIGNAL OBSERVED

~007!

L0092 733 0413
01764 08205 08708
M 4] Q2
L0 L9059 L0027
JHR7T 922 0
0046 L0708 0023
J1R .9106 0097
L2196 1.R7% 096!
MO SIGNAL OBSEMVED
L0463 11,0974 L02%¢
0720 L6670 L0560
M0 [ 4] K2
4697 1,0360 .10
3005 1.6825 L0499
S1%2 1,.7213 L0683
5869 1.6702 .10%2
4986 1,679 1281
3999 11,9450 09
4649 1,7565 0847
00096 10127 02098

M €1 K2
- ? 1.m
1.0416
2.1209

2.2160  .1818
2.3704

2.0097

STATION xef 50, Tedl 7™ Tag@C™,
(4] K4 MEAN SiGMa SKEMMESS FLATMESS
(SE£C.) 1SEC.)
L0174 L0157 L7667 2795 L7919 25801
L0008 000! L7000 . 0648 9553 5.2124
L0008 L0079 . 7558 JTR . 0926 5.0065
L0005 00790 05295 10765 10070 1,.%2615
STATION xaf ,0M, Va0 CM,Z=08CH,
(4] [ MLAN SIGMA SKEWNESS FLATMESS
(SEC.) 1SEC,)
0.0000 0,0000 5050 0516 L0846 2.7365
0020 .0007 9722 L1184 1.1629 5.6753
0.0000 0.0000 8705 0508 2002 1.6580
0004 L0002 9106 .0983 A254  2,04TR
0156 0229 1.8279 . 5100 J246 2,478
J008 .0040 1.0974 « 1 250 A8 2,514
00805 00847 56670 . 09585 87,1, 60552
STATION x=1,%M, 7200 CM,Z=08CH,
(4] x4 MEAN SIGMA SKEWMNESS FLATMESS
(SEC.) (1SEC.)
0284 0549 1,8580 21 0549  5.0242.
07 L0072 1,6825 2258 LT 2.0796
JO1e L0118 1,7218 2955 6354 2.7634
L025% 029! 1.6702 5244 6724 2.6312
027 L0999 1.679% 5% .8310 2.5802
D106 L0065 1.9450 250 0146 5.1274
0184 L0221 1.7865 2066 266 2.8292
00066 01502 10121 . 05042 07390 20444
STATION xe2,0M,vedd (M, 2e08CH,
(4] K4 L 7111 Sieia SEWNESS FLATNESS
(SEC.) 1SEC.)
Q110 L0199 1.9988 2085 AT29 2.99808
L0000 0072 1.0419 2083 526! 4.0444
L0899 .0986 2.1209 L4464 608! 2.5104
0254 (0498  2.0485 5T AT 2.4820
0968 08583 2.2160 4264 AT 2.5197
Q108 L0196 2.5704 2506 6665  2.6913
.0243 048! 2.0987 5520 6050 2.0870
.01“? .ﬂ“ .‘“ am& .'Q”' -572!



Table 7.1 Experimental Data

MEANe
S1GMAs

MEANs
SlGMAe

MEANs
S|GMA=

s 7 1P
s' P"‘.

L1700
. 08582

QT
216!
. 1060

221%
J1ae2

1498

1184
AT1%

m

3349
+ 3566
lam
. 0506
43006

la“c
198

«

2-“1
2.4952
2.4652
2.5191
2.504%
8.0078

2.4989
25900

3.5169
. 55401

[ 4

3.7950
3.8979
3.8006
5.8552
5.7943
% - T“.

5.3¢55
.58297

K2

OEm
1417
1417
ITW
. 1266
013

2%
.012‘1

K2

L0961
L1481
0B

[ ]

L0947
1047

1%
04178

K2

454
L1008
21T
%1
192
J991

1621
05991

K2

1427
20N
2073
1228
IR
LM

.’“:
. 0674

STATIX
«3

L0518
L04'8
L0409
L01d!
9567
.02

L8
L31708

STATION
K3

0108
10”'
. 0662
0066
S5
0209

0246
J020m

STATION
(4.}

lm7

0310
0193
0192
0812

0255
S

STATION
(4]

. 0493
lm
L0678
0190
0094

0532
32495
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for Puff Measurements (Continued).

Ne2 5¢ vall T Tal@CM,
«é MEA, S SKDHESS

(SEC.: SEC.)
W5 2.9 . B2 '8
%02 2,492 5764 ey b
N T 2.4652 37%4 . 7660
5 2.3 2% ]
8% 2.8 . 5558 N
L5 5.87% 500 5557
504 2.4909 567 582
0129 25000 L1782 59586
n-! oM, Y00 (M, 2e08CH,

MEAN SIGMA SKD“’.SS

(SEC. ) (SEC.)
216 2.0870 S0 B2
HTe4 2,0288 5788 5564
L1008 2,8200 4350 0149
L07%  2.7%4% 256 5006
2% 2.72'6 x| 55
0864 35,3310 % 6166
JN44d 2,005 5314 5504
.08812 2825 L0618 14418
x-! M, 7200 (M, 2=08CM,

MEAN S|GMA  SKEMMESS

(SEC,) 1SEC.)
L0657 3.9e9¢ - 5065 4968
0270 5.1649 5295 2545
L1069 5.5406 4655 .
A 5.4043 A2%2 2545
0959 5.%07 « 3453 4666
1208 42220 L4462 5755
0723 5.5169 3054 5108
08627 35401 . 05081 26761
xad OM, Y= CM, TeQRCM,
Kd MEAN SIGMA SKEWMESS

(SEC.) (SEC.)
L0600 5.79%0 8- 188 L9149
1064 5.8979 A50 5770
L1857 3.8006 4553 .T1%%
.0%6  5.89%%2 . 3406 44%
0564 35,7043 5427 2534
Q001 1.1898 L3845 2080
L0602 3.%gs3 1 5152
.34%4¢ 98297 . 12464 by

FLAT\ESS

4,009
2,97
2,5007
5.2798
2,060
2.29%!

5.0708
512380

FLATNESS

2.3589
5.7
2.065!
2.4601
2.6160
3.%228

2.0095
.49304

FLATNESS

2.8550
2.2968
2.2670
2.2174
2.926!
3.2638

2.5710
37755

5.3%5
2.4809
2.6464
2.4472
2.6403
1.9748

2.5882
.40378



Table 7.1 Experimental

ML
SiGMAe

o ¥ 1T
SiGMAe

a ¥ 170
SioMie

o ¥ UF

Si¥¥de

2517
2195
2514

2614

1272
. 1636
2123

.251%
2675

'2“°
04079

Kt

2,999
2.2096
2.1680
2.%7%
2,2172

2059

2.2677
L0760

2.66'5

2.7
20822

J122
02944

1740
278
104

L1108
2R

1699
Q87
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Data for Puff Measurements (Continued).

STATID, sat B velg ™ Tal@CM.
«s d L 715 SieMA SKEHESS FLATMESS
iSEC. (SEC.!

508 LS ', 645! 4255 TR 2,874
Q278 LT 15473 02 L8466  2.0265
L0082 Lil5e !',5299 2562 690¢ 5.1549
L0059 LU%e ',6329 224" 3406 2.6'%4
L0066 L0074 !.506% 2243 L5843 2,944
L0680 L3068 1,656 2958 L6948  3.53%

L1780 L0255 15904 «2699 6509 2,995
LT Jeh? . 04546 L7246 5508 20792

STATION x@2,0M, ve08 (M, Ie08CH,
«3 4 MEAN SiGMA SKEWNESS  FLATMESS
(SEC, ! 1SEC. !

0258 L0488 2.959 LR 5709 2.7%¢
L0415 L0765 2.2096 .4008 6477 2.5800
L0217 L0481 2.1600 .50 AT 2.744%
0147 0269 2.5%79 5120 4010 2.8079
L0271 08T 2.2172 5067 . 9962 7 M
0018 L0119 2.20% 2609 0087 2.574%

0220 040! 2.2677 %20 S845  5.0114
L1219 21978 LT . 0446 25953 .

ST”IGJ 1-2.". r‘” C".:'m.
«s (] MEAN SIGMA SKEWESS FLATESS
ISEC.) ISEC.) :
A2 005 2,.9049 410! S22 2.8000
J200 2% 2.8847 250 .05 5.1844
0829 L0999 2.91% 4299 972 2.9229
L0811 09 2.7674 L7 4755 5.5002
Q248 0! 2. 7! . 58458 649! 3.15%
0468 06! 2.661% 559 1.0449 5.0902

L0871 L1008 2.1 4076 . 708! 8.24%0
(05048, 064%! 00822 06129 + 16651 36715

STATION xe8 0M, 1e0S (M, Je@CH,
(4} «d MEAN SIGMA SKEWMNESS FLATNESS
(SEC.) (SEC.!

- L1463 5.06% 49% 6042 2.8573
300 L2060 5.0851 5561 5817 2.1549
D08 L1690 5.1194 4646 10458 5.6302
554 L 098! 2.99¢07 405! .805%  5.3083
LA57¢ %47 5.1999 . 5601 L7499  3.522!
L2200 Jue 5.'608 M 6549  5.2007

68 L1206 5.38%7 .4556 7355  3.0469
82520 /T2 . 75682 LaTed! Rl Sedi 5498



Table 7.1

MEAle
SiGMAe

MAe
SlGMAe

i
SiaMie

e ¥ U
Siava=

“

L1159
LR

]
v

3879
. 164!
AT

. 0959
08277

L3209

&

« 9696

.35
.22670
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Experimental Data for Puff Measurements (Continued).

STAT 2 %el 50 valS 7w Tal@CM,
r [# «3 L] - Si3™L SKELESS FLATESS
SE: : \SEC.
5.68'¢ 8397 17T 2788 5.69:4 .5654 6512 2.70%
5.5008  ,'992 ,0TS3 Ll1ed 5.54¢3 L4463 8470 2.9549
5.77% .28% 0519 1744 5. 5%3 a2 2.0
3.425%4 120! 095 054 5.4254 9575 .48 8.4952
5. 7220 .26%% .54 2'®R 3.722¢ 5178 L0567 3,044
5.4%8 .'2%2 )58 .56 5,450 . B 5850 5.564!
5.608¢ 2219 0787 456 3.60%4 4658 L5 2.9%4
L9502 LTS8 RTINS L1902 L0ns2 .20547 L4443
STAT|ON Aed M, 1o0S (M, Te00CH,
«! €2 «s x4 MEAN SicMa SKEWMESS FLATNESS
(SEC,! - (i
4,0072 2244 0015 L1482 4,0072 AT . 7646 2.90%4
5,928 ,1306 0444 L0613 5.9208 5614 5415 5.5605
4,1020 41 L0157 05! 4.1028 848 2™ 2.349!
5.0960 .'1%28 1R 05 5.9960 3502 2218 2.5548
5.004% 1317 277 L0447 53,0045 3629 5794 2.5™2
5.9040  ,!1700 0396 060! 5.9040 4129 5658 2.9%562
5.95% 158 L0870 LQT1e 5.95 .55 B 2.7218
AT 0992 02284 08400 % e 97 25278 4506
STATION x=8,5M, ve-20CH, Z=00CH,
«! 2 «3 «d HEAN SIGMA  SKEWMESS FLATNESS
(SEC.) (1SEC.)
5.57% .0918 Q109 .0'08 5.5 022 9958 2.257%
35,2008 .0W8 0022 .0029  5.208% 1879 22 2.29%
5.09!7T L0568 L0013 0™ 5.0917 2572 L9852 2.1968
2505 L1612 L0084 L0504 5.2%65 L4018 . 0840 1.9997
S.4437 L1169 -.0084 L0288 5.5 N3 ] - 1541 2.'422
5.70% ,'564 L0510 55T 5.70% . 555 5014 2.27%
.47 L1029 006 L0278 5.7 3110 2119 2.1846
L9 L l4™Ma L0186 L2260 . 8% ey 1 ) 21648 L1245
STAT IOt g 0¥ ve-200M Tel@CM,
«! €2 5 :4 "EAN SIGMA SKEWMESS FUATESS
(SEL.) 1SEC.:
5.742 .78 i J 5.9742 2024 . 3265 1.9624
5.875 '8 .l LG 5.0873 .5667 2060 2.5%28
5.725% .3 .2086  .1'67 5.72% 2924 2626 2.262%
5.53%8 457 ! vaalT 5.95% 2'% o829 2.2%72
Si AL BSERED
S.PAL 5 2a
5.8°9: .:B6d L3055 LIl 5.07%:. 2995 S84l 2.2
L2569 ,:%'68 155 (itdle .i965% - 227 14382
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STATION el 80 vel] ™ Tat@lM,
L L3 2 (4] cd AN SloMa SEWMESS FLATMESS

[SEC.! .-t
L4189 1,4005 L3607 L0001 L uTe 1, 4005 L2463 JoME2 1,955
L5030 1,998 09T 0067 L0478 .10l A 5.46TH
L1981 At L3091 L0004 L5042 1,404t » 954 AX3 2.209%
L0509 14057 L0 -,0002 L0007 40T ST -.008 2,059
L8512 1,908 01T L0009 L3947 1,905 L1508 LAVET O 2.5649
LOTE 10995 L0699 L0127 L0127 1. mS 2643 T 2.%25
HEA LOBTd 1 4048 L0WE2 L0084 0043 1, 4948 TR LSS 2.4

S[GMi= MBS IR L0228 00477 00 LI 08179 - ST

STATION xe2 oM, veQ M, J=1§0M,

M L 4] 2 [ 4] cd MEAN SlcMs SERMESS FLATMESS

1SE£C.) ISEC. )
3660

291 1,908 13% e 050 1,5005 506 2.7913
L2445 1,070 0TAS L01M L0149 1.07T% 2451 LT 3OS
246 2,089 . L0019 L0288 2,058 % o4l 2.0720

L0650 1,950 068 0082 L0088 19500 2540 an 2.2400
JT24 2.5495 14N L0405 L0655 2.%408 3.00%

HELh= LI956 2.0742  09T2  .a2t2 L2900 2.0742 « 3756 LT 25547
SleMa= L6801 21975 05T AT a2t 2197 06162 . 5450 L3055

0768 2.0415  .0e87 L0017 L0088 2.041% L2207  .1564  2.2277

4
5

STATION x=2,5M, v=00 (M, 2=150M,
(4] Q2 3 €d MEAN SiGMA  SKOWMESS  FLATNESS
(SEC, ) ISEC,)
2.64% 1628 Q210 .54 2.64% LA .
2.79M  %&S 106 L3032, 6052 -
2,506 (16T L0142 L0278 2.5806 S .
L0198 L0218 2.%997 L2048 6% 52682
2.7 4 02 e 2.7 -] .
2.4 1 L0%s 0502 2.Am « 5448 -

A 2. T8 %S 0%T L0808 2.T21% N T ST 2.6297
SieMle .mzc L4259 09899 L0986 L0900 14253 o+ 10404 L1 L58492

LR
]
:

STATION xe=8, 0™, red CM, J=140M,

= £ €2 3 cd rg;cq sm:c SEWMESS  FLATMESS
1SEC, 1 ISEC.)

Lo 85,1207 2ZM a2 1M 1207 LAT20 L4011 2.2055

586 2.996T 1T L0243 L06TW 2.9967 L4185 58 2.2955

U529 2.5579  v1sE  a1Te L 0%6! 2.9579 . 556 LT 2.Ted

LOEET 2.868T  1Tad L0240 LQ'ee 2.0647 L2127 +LB12% 2.6448

L2686 2,096 A% LT WO 2. W%k . L2 2.9148

LB24 3,ToBd 6T L0807 L122% 0 NLTom L] LSl 2.64%

L. LOT0E 3,15%2 LA 0S5 0S4 5 TR 372 L5825 2.4
S1MLe FEFLCI-O - TR, LU AL R ) R L OTEG 11286 . eSS
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STAT 2 wel S vell v levgl™,

" Kt €2 3 cd "I;:. Sied SCEMESS  FLATHESS
(5., { - 1298
LLTdT 30908 23S WA .29 5.050% 822 LJUUT 2.
L0 5008 L2858 L0WT LN LN - 1 BT L130 2.2
195 SAabd a2 4T 55 L My H 5T 2.6998
L0053 3.0665 6% 14 055 5. 3665 A5 z 2,4M7
L0064 5,076 1406 0104 L0467 - 3 s 8T8 2.%8
L2018 40890 24 -.0% LR 4,305 R-H - .2
g ¥ L0419 3,577 2268 240 0 3.5 4554 .- 2.531%

SlGMAs LTI 4TS 10128 L02'M LTS LA™ =LY 229" ST

STATION Xad OM_ vald M JetglM,
M 4 €2 (4] ({1 AN SICML SKEMMESS  FLATMESS
(SEC, | ISEC, )
L0680 5.967T% L2184 L0097 ez 5.947% AB20 Lo 2.2%
A9 40520 29 0T 195 4.0 S50 L08 2.6%
LO056 4.2200 .67 019 0626 4.2200 L4087 2505 2.2
A28 42002 L168T 27 0643 £.2q02 LALE AR 2.8

LO047 41479 1518 L0067 0465 41479 « 3096 128 2.0198
L0021 1,973 L0527 L0004 L0048 1.7 2297 - 1147 1.5651
HEAN= L0080 5.T8T 178 L0164 0TT2 5.1 5060 L6TS 2.0m22

5]GMA= LO0T2e  B0247 L0Ti6A 01957 05819 L2047 . 09554 L6721 26795

STATION x-z oM, T=05 (M, J=16CM,
3] [ 4] K2 4] HEAN SIGMA SKEWMESS FLATMESS
(SEC.) ISEC.)
LOB0T 2,087 L0403 L0082 L0058 2.0017 L2197 516 2.5480

L0685 2.2M7 00 0136 L0185 2.2847 . 2960 25 2,307
0895 21824 1798 052 L83 21624 L2 .T825  2.5613
0764 2.1672 L0808 L0160 0D 2.1672 L2843 6857 2,.T684
J018 2.1004 080T L0082 L0227 2.1004 LA %6 2.T606

L1402 2.2046 L1595 (0955 L0665 2.2946 A 1.0743 54290

MEAN= LO8dd 2,175 108 L0260 OB 2178 5ar L6254 2.TB45
SiGML= L0257 L07Ba2 o4l Q2251 (02689 LOTa2 . 08827 . L L B

STATION xa2 SM,vY=QS CM, IelgM,

Mo K1 2 (4.1 (€] HEAN SlGMA SKEWMESS FLATHMESS
(SEC.) 1SEC, )
L8567 2.8%472 L1308 L0218 L0450 2.472 L5610 L6683  2.85!7
i 2.%65% L1057 L0248 0% 2.%998 221 LTA26 2.96TH
144 2.2588 0528 L00Te 00T 2.2504 2286 L6610 2.8652
L0648 2,180 .03 L0048 Q0% 2.1801 1957 LBB12  2.8493
L0560 2.%64  .05% L0228 L0205 0 2.3484 . 3063 TR 2.%255
L1258 2.9%3T 1827 L0406 L0563 2.9547 L4530 LAB02 2,914
L. L2115 2,4181 1017 L0204 842 2.4151 584 L6513 2.678!

b d
Si3vA LLa8as (25322 .05'20 O11TR L0136 25322 .08 L1185 20780
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STATION XaB, 3™, vad8 1M TatglM™,
3 Kd MEAN SieMA SEWESS FLATMESS
(SEZ.) (SEC.!

L1708 2,914 L1042 LQ0'T4 L1285 2,984 3227 -1 2.6249
L08 5,1187 L1984 L0217 L0828 5.118° A4 2454 2.%977
L1786 2.8418 1770 L0760 L1062 2.8418 4207 . 0201 5.5903
L1531 85,0455 L2265 L0450 .13B4 53,0455 4759 AT 2.6585
L1169 5.0168 L1944 L0254 L0796 5.0160 410 L2960 2.1082
L1262 5.4428 (1451 0284 0605 58,4428 +3829 S154 2,865

HEAN L1580 5.0630 .17% 036 0057  5.06%¢ 414! 5028 2.6702
SI1GMA= 02946 19102 .05986 02000 .053e5 19102 04082 | .2%2%  .59919

MO '3 K2

STATION xe3,5M,1e08 (M, Ze16(M,
MO (4 €2 (4] Kd MEAN SIGMA SKEESS  FLATMESS
(SEC.) ISEC.)

L0695 35,8516 1487 08371 0580 5.8316 5810 6674 2.5089
0498 85,4408 1082 0119 L0267 5.4405 5290 . 5842 2.2768
L0453 5,383 .21% .0280 1208 5.33% 4625 2911 2.65%2
L0716 5.4276  3TH4 - 0417 858374 3.827% 6127 - 1012 2. %41
0568 3.%280 .1626 .016! 0659 5.9290 40382 2455 2.4949
L0072 5.9651 17 0150 0410 5.963! . 3643 3004 2.5754

MEAN L0624 35.5374 19897 L0112 1079 3.587¢ 4256 2777 2.4606
SiGMA= L0140 ,20179 08910 02823 10673 20179 09299 24781 . 12456

STATION x=d,0M,Y=08 CM,Z=16CM,
M0 K1 K2 kS Kd MEAN SIGMA SKEWESS FLATAESS

(SEC.) ISEC.)

078 5.9187 L2140 0326 .1074 5.9187 4628 3291 2.3461
<1067 4.0486 .1850 0571 0939  4.0486 .4278 L7297 2.8025
002” 3-7!27 -"'] '.0122 -w ’lle? .5»7 -om 2.21"
L0369 35.5407 1564 .0078 0493  3.5407 5954 L1258 2.0154
0398 5.8915 1750 0271 .0602 @ 5.8915 A184 5700 1.9633

L0133 6139 0103 .0003 ,0003 6139 L1016 . 3151 2.5965

MR- L0496 3.2877 1466 .0189 .0502  3.2877 .3636 2733 2.32%7
SicMa= .03165 1,20662 .06504 ,02291 03493 1.20662 2021 20795 .30005

STATION x=1,5M,v=10 CM,Z=16CM,

M0 K1 K2 3 Kd MEAN SIGMA SKEWNESS FLATMESS
(SEC.) 1SEC.)
8 L5051 .00%  .0005  .000! 1.4489 . 0621 1.5818 4.2528

L0521 L6215 L0099 .0002 .0003 1.789% .0996 2128 2.6142
ot 5128 003 -.0002 3.0000 1.4769 055 -.0820 2.4499
L9250 L4474 L0029 £.0000 C.0000 1.2885 . 0535 2852 2.52%0
«2! .4%81  .001@ L0091 2.0000 1.2617 L0421 9824 2.8482
L3749 L6964 L0001 0005 .0002 @ 2.00%6 .0902 67%  5.0977

b 70 i .5%5 050 .000! L0301 1.5453 .68 AL23 2.9618
AT FETE YT I+ 08522 .08 .268% .3203% JT1432 .63798

[N s &Y



142

Table 7,1 Experimental Data for Puff Measurements (Continued).

STATI M @2, M, vat] ™, Je16CM,
o (& K2 K3 «d MEAN SicMa SKEMESS FLATMESS

L0704 . TI60 L0046 -.0002 L0009 2.2769 L87TT -%2 3 TS
L0959 L6505 L0057 L0008 0000  2,0%4 A5 L8100 2,798
L0165 L6114 L0081 L0000 5,000  1,9448 .55 L6077 25068
L0819 %674 L00% L0002 :.0003  ',0048 L0569 T 5,0828
L0097 ,S013 L0001 £,0000 25,0000 1.8405 L0008 17962 07978
25 8474 L0077 -0,0000 L0002 2.6847 L8 -.0628  2,8708
MEAN L0484 6603 0041 L0001 L0001 2,0999 0509 5914 83,0090
SiGMAa 09566 09648 00287 00016 00007  .30680  .02484  ,T4d60  2.24306
STATION x-z.srv. re10 CM,2e16CM,
M0 3 K2 [$] MEAN SlGMA SKEWESS FLATIESS

(SEC, ) 1SEC.)
0231 9425 L0066 0,0000 .000! 3,157 0010 0474 2.4429
0251 8572 0054 0002 L0001  2,0716 075 S012 - 2.8181
050 9055 L01%6 -,0001 L0006  5,035%4 249 -.0610 2.2685
574 T299 L0107 L0002 L0002  2.44%2 .1088 TR 2.1006
0666 L7739 L01% L0008 L0006 2. 1262 9993 2.2980
L1650 0940 L0144 L0015 L0007 2,9849 1158 0985 3.5M3

MEANs L0661 %05 .0114 0004 0004  2,849! 1048 5263 2.545%
Sl¢Ma= 0475 07506 L00421 00086 .0002% 2 .25'u4 02096 32020 AT194

¥

STATION xe5,0M,ve10 CM,Z=16CH,
M0 ! K2 K3 xd MEAN SICMA SKEWMESS FLATMESS
(SEC.) ISEC.)
L1958 0794 L0157 L0010 L0005  2.07%6 1169 8199 2.7167
0829 0585 0120 0010 ,0005  2.0073 1094 LTS 5.3'96
L0460 0032 .00@2 .0005 0002 @ 2.089! 0908 0% 2,282
L0515 (8430 L0082 L0004 0002 2.7566 L0907 Se 2.7
L1100 9822 L0090 -0.0000 0002  5.1187 0947 -,0261 2.%244
(0857 .9108 0150 .0010 .0008 2.9M3 1229 5524 2.3848

M. 0066 0878 L0110 L0006 .0008  2.908% L1042 AT4 2.6646
SieMam 03124 03567 .00271 .0004C .0001% 11664 0127 25154 . 244-]

STATION x=8,5M,ve10 (M, Ze16CH,

0 1 K2 3 Kd MEAN SICMA SKEMESS FLATMESS
(SEC.) (SEC,)

L0658 .9%13 L0117 L0004  .0008 8,614 L1080 L2908 2,086
082 L9287 L0142 L0007  .0004  5.540 182 4430 2.117%
184 L8207 01 L0006 L0004  5.572% L1140 L2220 2.
L1240 ,9%83 L0084 L0004 L0002  5.6406 L0919 5556 3,
L0524 9585 00T .0002 .000! 5.6999 L0891 2663 2.
L0586 ,9%24 033 L0002 L0004 3.8505 L1153 L1249 1

“Atm Q7% 9433 L0114 .0004  .0008 5.659% . 1061

5096
1790
1954
-9950
B4 2.3384
SiiMae 33608 -2“‘ L30285 00019 L0802 <3547 L3149 . 1558 41482
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Table 7.1 Experimental Data for Puff Measurements (Continued).

STATION xed, 3w, vel1] 2™, Te1gCM,
4 ¢ K1 K2 «3 K4 MEAN SIGMA SKENESS FLATMESS
(SEC.) I1SEC.)
0576 9639 .0130 0004 ,000&4  5.9809 L1142 265 2
L0272 1.0107  ,0124 -.0006 .0004  4,1742 L1180 -.470% 2,
L0216 9344 0050 -0,0000 .000! 5.856! Q708 -1y 2.
L0157 9517 L0065  ,0001 0001 3.9505 0788 J85 2
L0410 9421 L0071 L0004 000! 5.909 084! 6484 2
NO SIGhAL JBSDRVED

T4
MEALe 0258 9606 .0000 L0001 .0002 5.96T 0919 122 2,378
S|GMAa L1578 02694 00529 00057 .0001% 11126 L0178 L9650 22309

STATION x=2,5M,7e20 CM,Ta16(M,
M0 K1 x2 (4] (¢ MEAN Sicra SKEMMESS FLATMESS
(SEC.) 1SEC.)
L0054 6157  ,0007 10,0000 0.0000 2.5%7 . 0262 . 0820 2.145
L0148 6124 L0019 10,0000 0.0000 2.2% . 0451 5810 2.2107
L0100 .T177 0 L0020 0.0000 0,0000 @ 2.9566 0827 L2188 1R
0162 6409 L0016 0.0000 0.0000 2.6TH 0404 4679 2.9%21
L0264 6124 L0020 10,0000 0.0000 2.5 0449 L8624 2.99%0

MEAN= LO117 6414 0010 0.0000 0.0000 2.6427 .C418 5204 2.%070
S|GMAe 00068 04098 00068 0.00000 0.00000 16708 00066 4567 50

STATION xaB,0m, ve20 (M, Za16CM,
M0 «! K2 (<] K4 MEAN SicMA SCDSMESS FLATMESS
(SEC.) (SEC.)
0070 ,T023 0057 0.0000 0.0000 @ 5.1744 0611 0774 1
0245 .TTAS L0129 L0009 L0004 5.51T9 19 6050 2.2T18
L0098 7011 L0088 000! 0.0000 @ 5.1680 . 0568 5449  2,3565
L6 L6571 L0020 0.0000 0.0000 @ 2.8797 0446 5208 2.5026
(0140 .0520 L0066 -0.0000 .000! 5.8810 o802 -.08m2 2

MEAlm L1 7342 L0087 L0002 L0000 5.5184 0720 2921
SiGMi= 00742 07398 00588 .00085 00015  .S%438  .02%1 26101 25191

STATION x=3,9M,ve20 (M, 2=16(M,
M «! Q2 «3 Kd MEAN SICMA SKEESS FLATNESS

1SEC,) 1SEC.)
1S THR8 L0048 L0001 C.0000 5.5583 . 0653 L1010 1.9909
L0041 81T L0016 2.0000 2.0000 5.922% . 0400 5790 2.1547
LJ46  .04T6 L00%0 L0001 L0000 3.5490 0710 2023 2.050%
L0204 (006 L0027 L0001 Q.0000 5.7300 0820 A064  2.9021
0190 .76 L0027 .C00t 0.0000 5.7168 0516 .To88 5.0763

0165 L9062 L0057 -2.0000 2.0000  4.2229 L0606  -.1846  2.4622

e L1540 255 L0058 L0000 L0000 5.0460 0567 LIBT3 2.4582
SiMe L9884 04663 L2013 L0008 L0004 21729 LLme? R85 42153



144

Table 7.1 Experimental Data for Puff Measurements (Continued).

STATION x=d, M, ve20 (M, ZatlM,
"0 «! K2 «3 (¢} MEAN Sica SKOMESS FLATMESS
(SEC.) ISEC.)
L0824 0845 L0084 L0001 L0000 4,744 0918 L0806 2.0904
L0444 L0547 L0078 L0001 L0000 4,449 . 0880 0060 2.1296
L0158 9415 0045 -0,0000 0.0000 S.01®R 0655 -. 1653 2.2
L0818 9802 L0157 0.0000 .0004 5. 0646 L1 0118 2.080!
0300 5205 L0121 -,0002 .0008  4.548%9 098 -85 1.9966
NO SIGNAL OBSERVED
090

MEANS L0255 9079 .0088 0,.0000 0002 4, 0085 -.0264 2.0029

S|GMA= L1455 04501 00582 ,00011 00019 22928 LO1ee . 10000 AT
STATION xaB, 0M, Te-20CM, Ze160M,

M (4 2 (4] 4 MEAN SIGM SCEOWMNESS  FLATMESS

0.0000 0,0000 -0.0000 -0.0000 -0.0000  0.0000 -0.0000 -0.0000 -3.0000
L0105 7412 0019 0,0000 0.0000 4.9TR 0440 L1297 1.97%
L0206 7382 ,00% 0.0000 0.0000 @ 4,9547 0622 %2 2.0804
Q144 7204 0029 -0.0000 0,0000 4.4449 L0595  -.0400 2,487
L0210 .T021 L0081 .0001 L0001 4,380 0714 1981 2.0009

NO SIGNAL O0BSERVED

MEAN= L0145 5004  ,0020 ,0000 .0000  5.9609 .Ca62 . 0908 1.2670
S|6Mae L00900 29058 .00174 ,00004 .00004 1.7W2%6 02484 08255 2,160M0

STATION xe3,8M, ve-20CM, Z=16CH,
M «1 2 «s K4 MEAN SICMA SKEMESS FLATMESS

0112 ,7460 .0010 0.0000 0.0000  5.4092 0% A28 2,775

L0446 L0178 .00  .0008 .0001 5.7960 L0868  .4670  2.44%2°
0258 L9626  .0064 .0002 .000!  S.9421  .0802  .4049  2.277T%
10306 .6708 .00%  .0001 000! S.977S  .0740 N8 2.0088

0177 .e082 L0021 L0001 0.0000 5.6706 L0487  1.07%8  2.9681
20870 L6728 .00™  .0001 .000!  S.9087 L0867  .1988  2.3049

MEANe L0274 0287 005! 0001 .000" 5.7T3 . 0683 LA6TT  2.4809
SleMa= Ldne L00295  ,00009 .0000% @ .20809 L0183 29148 51055

STATION xed,OM, re-200M, Zo160M,
o] < (¥ (4] s MEAN SIMA  SKDMESS FLATNESS
(SEC.) I1SEC.)
A2 7956 L01TR L0006 L0006  2.%687 .15353 2431 2.00%¢
L0068 1.0015 0042 -0.0000 0.0000 5.2849 L0647 - 1017 1.9861
A0 .79 L0011 2.0000 0.0000 2.6357 0528 . T50 2.9687
L0217 9644 L0100 0.0000 0002 2.9083 L1000 .
L3977 A9 L00%2 0.0000 Q.0000 2.0503 0567 2206 2.2092
LATI2 3.05080 L1396 .04%8 L0609 9.9181 5757 037 5,126

Al L0416 1,255 L0295 L0074 L0103 4.0083 . 1269 2%
SieMae L0562% 01554 04965 .0'628 .02264 2.650%! L11498 L5103 46504
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Table 7.2 Program CHARLI

PROGRAM CHARLI
]lINPUToOUIPUToTAPES'lNPUToIlPEb!OUTPUYoFlLMPLI
THIS PROGRAM 1S TO TEST THE GRAM=-CHARLIE DISTRIBUTION
DIMENSTION GX(4) _
DIMENSION S1GA(4) 9S2GA(4) +SKEWGA(4) sFLATGA(4) 9 XX(200).YY (200}
DIMENSION R(4)«RAMDA(4)
DIMENSION Y (200)
COMMON X(200)
DIMENSION LABT(4)sLA(2)sLAA(2)LAAA(Z)
DATA SISN/N.0/¢S2SN/1e/+SKEWSN/0o/sFLATSN/3o/9X0/=84/
READ(S+40) LABT sLA WLAA aLAAA
FORMAT (4Al0+/92810e/+2A109/+2A10)
DO 1 I=1s160
X(11=X0*01#FLOAT(I)
Y(I1=0.399°EXP(=(X(])®e2)/2.)
CONT INUE
WRITE(6+2)
FORMAT (1H]l o # STANDARD NORMAL #)
WRITE(643) (X(I)eY(I)eI=1lslo60)
FORMAT (/ 1B8(F6.292XeF S.2))
CALL GHAM (S1SN+SZSNsSKEWSN+FLATSN)
sSP PP, 31 FOR GAMMA DISTRIRUTION (FUNCTION) CALCULATION
THE FIHST TwO CASES ARE R=le WHICH ARE EXPONENTIAL DISTRIBUTION
DATA (R{I)sI=144)/74,006,0040004,0/
DATA (RAMDA(I)eI=1ls4)/ 1a6e]1e75014802.0/
00 21 I=1+4
SIGACIY=R(])/RAMDA(I)
S2CGA(I)=R(]1)®®20,5/RAMDA(])
SKEWGA(I)=2./R(]1)®**0,.5
FLATGA(I)=(6.*3.*RI1)I/R(])
DO 31 J=1+160
XX(J)=FLOAT(J)®0.05
X(J)=xx(J)
CALL GMMMA(R(I)sGX(I)s1ER) )
YY(J)=PAMDACI)ZGK(I) o (RAMDA(I)®*XX(J))*# (R(I)=]1.) ®*EXP(=]1,%RAMDA(]I)®
1XACJ))
CONTINUE
WRITE(6+32) (XX(K)sYY(K)sK=1016K0)
FORMAT (/ 18(F6.2+2X+F S5.2))
CALL FRAME
CALL SET(0.2+0.890.190.990498,90.090.591)
CALL OGRDFMT(6HIF6.2)+6H(F6.3))
CALL PERIML (Be10+5+10)
CALL CURVEIXXsYYs160)
CALL PSYMIXX(90)+YY(90)e1HG+24041])
CALL PSYMIXX(10)sYY(10)91lHGe24s00e1)
CALL PWRT(250+950+LABTsva0910)
CALL PWRT(S00N0+H50+LA+20e10+0)
CALL PWRT(S00+800+LAA+204+140)
CALL PWRTI(S009s750+LAAA+2091+0)
CALL GRAM (S1GA(I)+S2GA(1)+SKFWGA(L)+FLATGA(I) )
CONTINUE
END
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Table 7.2 Program CHARLI (Continued).

SUBROUTINE GRAM (S1+S2+SKEWFLAT)
DIMENSION XX(200)sYY(200)9sH3(200)9H4(200) +HE6(200) sHT(200)+HB(200)
COMMON X(200)
EX=FLAT=3.
DO 1 I=1.1K0
XX(I)=(X(1)=S1)/S2
HI(T)=xX(1)ee3=3.,2XX(])
Ha (T)=xX(1)ee4=h 8XX(])0e2s3,
Ho(1)=xX(])eeb=]15.2XX([)2%ueauS.2XX(])*#R2=]5,
HT L) =xX(1)eeT7=2]1.2XX(1)*®5+]10S ., #XX(])*#3=105.#XX(])
HB(T)I=XX(I)eeB=28,2XX([)226+2)0,2XX(])®84=420,2XX(])®®2+]105,
YY(I)=(0.399/52)%(1.40.16662SKEWaHI(]) JREXP (=05#XX(])#e2)
1 CONTINUFE
3RD POLYNOMIAL
CALL CUKVE(X+YYs160)
CALL PSYMIX(35)+YY(35)slHTs2e00l)
CALL PSYM(X(95)sYY(95)e1lHT429001)
WRITE(692) S1eS2eSKEWsFILAT
2 FORMAT(//9® MEAN=® F6,2 »® VARIANCE = #,F6.34% SKEWNESS= ®
YeFhodee FLATNESS= oeF6.2)
WRITE(6+3)  (XX(I)eYY(I)eI=1e160)
3 FORMAT(/ WH(Fha2e12XeF 5S42))
4TH POLYNOMIAL
DO 4 1=1+s150
YYUI)=YY(1)+(0,399/52)%(0.0416%EX®H4(]1)+0,0]128%(SKEW®*#2)*H6(]1))
1*EXP (=0e5%xX([)0e2)

& CONTINUE
WRITE(645) (AX(T)aYY(1)aI=leloD)
S FORMAT( / +A(FHe202XeF5.2))

CALL CURVE(XsYYs160)

CALL PSYM(X(0S5)+YY(0S5)elHF92e00])
CALL PSYM(X(99)+YY(99)s1HF92¢001)
RETURN

END
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Table A.1 Program TREVA

WFORTRAN
PROGRAM TREVA
€ =--THIS PROGRAM IS TU EVALUATE THE C-DISTRIBUTION By USING
c HIMERICAL INTERGRATION TO FIND THE FIRST FIVE MOMENTS.
- C-DISTRIBUTION 1S A REPRESENTATIVE DISTRIBUTIOHN CURVE FOR L
£ OHE-DIMENS | ONAL CONVECTIVE DIFFUSION .
C THERE ARE 5 PARMMETIRS | MAMELY K0, A, AND ¥
c ) STANGS FOR THE INITIAL MEASIRING POSITION, & IS THE RATE OF
€ DIFFUSION, V 1S THE MEAN COMVECTIVE VELOSITY

DIMES10N LABT (3]

CIMENS1ON UBDISI, X0, TISG01] ,F (5001, LABK (4]
DIMESION LABY (4] ANSI6) ,VIS)

DIMENSION CHITO1, 40101

DATA (LUBOI1],0=1,3) #0.0,0.02,100./

DATA [XD010,0=1,50/1.0,2.0,5.0,4.0,5.0/

DATA [(ViJI,J=l,5]/40,25,0,5,0.4,0.8, 0.6/

DETA CAGED, =], 10)/+0.01,0.02,0.08,0,04,0.05,0.06,0.07,0.08
100 02

Filis=g.0

Do 10 L=2,5601
10 TOL!=FLOATIL-1)#0.02
Tothsh,
READ (5,201 LABK,LABY,LABT
20 FORMAT [15K,4A10,/, 14X, 8410,/ , 3410}
READ (5,221 [CHiK) E=D, 100
22 FORMAT (1041}
po 1 1=1,5
WRITE 6,100002001)
1000 FORMAT [1H!,40x,» MATHEMATICAL PROPERTIES OF C-DISTRIBUTION »,
1 /,584,% 0% F5.2,/, 28,8 0TH MOHENT C-MAX T (CMAX] MEAN
1 S1GHA SKEHNESS FLATHESSH)
DO 2 Js=1,5
HRITE (6,10011 ViJ
1001 FORMAT [10x,wVen F5.5)
PUNCH 2000, X0010 Vi)
2000 FORMATL # XO=®,F5,2, 5K, wY=s F5,5)
Do 21 Esi,00
DO 3 L=2,5001
FILI=10,.559% ViJ)]/(AKIRTIL))
IR -0, 50 (0X001)-VIJIWT LI} (ALK]NT (L)) ) mw2)
3 CONTINE

C SEARCH THE MAX, F-VALLE
DO 331 LL=2, 5001
IFCFILL)LLT.FiLL=1]) GO TO 431
331 CONTINGE
431 HAXTaLL-1
THAK=FLOAT (MAXT)I®0.02
IFIK .EQ.1) &0 TO 50
GO TO 31
50 CONTINUE
£ FMx AND IFMx ARE SET UP FOR PLOTTIMG
FMK=IF 1K (F (MAXT] ) +1
IFME =FMx

31 CONTIn
« sSSP

c PEVISED IBM SSP SUBROUTINE MOMEN
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Table A.1 Program TREVA (Continued).

CALL MOMEN (F,UBO,S5,ANS,FSUM)
FSUR=FSUM, 12

SIGHA=ANS (2] wn) 5
S ANS (3] /ANS (2)we1 B
FLAT= AMNS 4]/ ANS(2)wa2
mm’. 16, 19051 ALK],
FSUMF IMAXT) , THAX  ANS (1) 5] GMA, SEEM, FLAT
1003 Fm! (13, whow P8, 4,20, F10,8,2¢,F8.5,4X,F8.4,2¢,F8.2,
mrusx.nznns.-.:
PUNCH 2001, A0K) F IMAXT) , THAX, AMS (1), S1GMA, SKEWH, FLAT
2001 FORMAT (wa=w FB. 5, 4F7.4,2615.%)
21 CONTINUE
2 CONTINLE
1 CONTIME
B

SUBROUT |NE MOMEM (F,UBO,NOP, AMS, T)
DIMENSION F(1),UBDI1)  ANSIT)

DO 100 1=1,4
100 ANS(11=0.0

CALCULATE THE NUMBER OF CLASS [NTERVALS
M= (UBD (3] -UB0 (1)) ABDI2)+0.5
CALCULATE TOTAL FREQUENCY

T=0.0
DO 110 1e1,8
110 T=TeF i1}

IF (NOP-5)] 130, 120, 1
115 HOP=5
120 JMP=(

G0 TO 150
150 JMP=2

FIRST MOMENT

156 DO 160 1=1,N
Fl=l

160 ANS (1) =ANS(1)4F (1w (UBD(T)+(F1=0.5) B0 2] )
ANSTL =ANST1)/T

GO TO (350,200,250,300,200), NOP
SECOND MOMENT

200 Fqn 210 I=1,N
1=l

210 AMS (20 =ANS (2147 (119 (UBD (114 (F [-0.5) wUBO (2] - ANS (1] I Wei2
ANS (2] =M (2] /T
G0 TO (250,350), JHP

THIRD HOMENT

250 D0 260 =1,N
Fl=1

260 ANS (3] =ANS (3] 4F (119 UBD {11+ (F1-0.5)wUBO0 (2] -AMS (1) ) Wu3
ANG (3] =ANS (3] /T
G0 TO (300,300, JUP

FOURTH MOMENT

390 DO 310 I=1,N
Fl=]

510 ANS (4] =ANS (4] +F (118 IUBD 1)+ (F -0, 50 WUBO (2) - AMS (1) ] wud
ANS (4] sANS 14) /T

550 RETURN
oo
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Table A.2 Mathematical Properties of C-Distribution.

XQ= 1,00

OTH MOMENT C=MAX T ICMLC]  MEANM SIGMA SO ESS FLATHESS
250
A= Q100 1.001 T8 245 40200  4.02 61T 2. kE-01 5. 110E«00
As 0200 1.006673 1.251 4.0000 4.06 L5842 5. 126-01 3.83TE+00
A= 0800 1.918219 57 5.9600 4,13 5524 B.4TE-01 4,582 +00
A= 0d00 1. 28027 681 58200 4.5 . THSG 1, 46E+00 1. 1R2E+01
A= 800 1. 048356 508 5.8800  4.43 1,2564 6. 59E+00 2. 4080402
A= 0600 1.07T2902 2T 5.8200 4,77 2.552 1,2TE+01 5, qee+02
As QTG0 1. 111068 569 5.7400 S5.48 5, 0404 .21E+00 1. 202E+02
A= 0BG 1. 1860124 527 3.6800 5.66 B.1574 5. 28E+00 8, 156E+51
A= 1000 1. 275854 267 58200 9.9 15,9557 5.68E+00 1. TTAE=G!
A= 2000 1. 596821 154 2.8000 15.68 25,0425 1.69E+00 5. 050E+00
30
A= Q100 1.000260 5.57T% 5500 3.3 119 2.02E-01 3. 002E+00
A= Q200 1. 004850 1.79% 5500 3.5 2289 4, 1BE-01 5. 985E+00
A= 0300 1. 010462 1.203 3. 500 3.41 L)1 &, 66E-01 5.929E+00
A= 0400 1.018970 Nl 5.5000 35.a7 5070 9.92E-01 5. 220E+00
A= 0500 1.050645 Teh 5.2600 3.5 990 1. TAE+0 2.5658E+01
A= 0600 1. Q48555 514 3.200 3.8 .0423 B.2TE+00 S.90TE+02
A= 0700 1.06T812 S26 S5.1800 5.92 1.9709 1.5TE+0! 4 9T6E+02
A= 0800 1.097528 b 50400 4.38 5. 7908 1. 20E+01 2. 108E+02
A= 1000 1. 183089 3 5.0400 6.2 B, 952 5. 98E+Q0 4,581E+01
A= 2000 1. 4TE204 211 2.5200 16.98 21,7267 1.98E+00 6. 141E+00
LA00
A= Q100 1.0607T1 6,584 2.5200 2.51 0628 1.5IE-01 5. 045E+00
A= 0200 1. 002654 3182 2.5200 2.52 2 5.0TE-01 5. 190E+00
A= 0300 1. 005868 2.153 2.5000 2.54 - 1947 4.76E-101 5. 463E+00
A= 0400 1.010462 1.604 2.5000 2.56 2680 &, 65E-01 3.529€+00
A= 0500 1.016565 |.287 2.4800 2.60 5801 B.98E-01 4, TERE+01
A= 0600 1.024872 1.076 2.4500 2.64 T 1. 25E+00 8. 226E+00
A= QTR0 1.034153 5 2.4400 2.88 S5TI4 2. TRE+Q0 1.251E+02
A= 0800 1,048374 BI3 2.0 2.7 B004 1. 26E+01 8. TR2E+02
A= 1000 1.081672 657 2.5800 3.10 2.4344 1. 85E+01 5. 058E+02
A= 2000 1. 445019 T 2.1000 11.51 18, 0298 2. TEE+00 1.051E+01
500
A= 0100 1. 000545 .57 2.0200 2.01 L0400 1. 20E-01 5. 020E+00
A= 0200 1001755 4,987 2.0200 2.02 o808 2. 44801 5 119E+00
A= 0300 1.00576S 5.55 2.0200 2.02 229 5. 7301 5. 2B1E+00
A= 0400 1.006673 2.499 2.0000 2.04 16T 5. 12801 5.53TE+00
A= 0500 1. 010462 2.0058 2.0000 2.05 2144 6,668E-01 5.920E+00
A= Q8600 1.918219 1.673 2.0000 2.07 2662 B.4TE-01 4. 5525+00
A= Q700 1.021082 1,458 1.9800 2.10 X245 1. PBE+GQ 5. B95E+00
A= Q800 1.028027 1.262 1.5800 2,15 L5951 1.55E+00 3. 045E+01
A= 1000 1. 046377 1.017 .9d00 2.22 N 1.82E+0! 1.67T6E+03
A;uizm 1.512160 R-1. 1.7T806 &.85 15,1570 4. 248400 2. 250E+01
L5600
A= 0100 1.900423 14,009 1.5800 .58 0278 1. 00E-01 3. 020E+00
A= 0200 1.0001260 T.159 1.6800 1.58 . U560 2.02E-01 5. 0R2E+00
A= 0500 1. 002664 4.792 16800 1.5 LOB4T 3.0TE-01 3. 190E+00
A= 0400 1. 0048550 5.50% 1.5800 1.8 1145 &, 18E-01 5. 9850400
A= 3500 1.007240 2.881 16800 1.7 . 1456 5.58E-01 5. 591E+Q0
A= 0600 1.010462 2.402 1.6800 1.7 ATET 6,.68E-01 5.929E+00
A= 070D 1.014%%6 2.065 1.6600 1,78 2143 B. 14E-01 4, 4255400
A= 0800 1.01897T¢ 1.811 1.6600 1.74 L2555 9, 926-01 5,251 E+00
A= L1000 1.050649 1.45 1.6400 1.79 L3400 2.226+00 1. 5226402
A= 2000 1.194513 .75 15400 3.76 8.1525 T.21E+00 6. 0TE+0!



Table A,2
OTH MOMENT
e 250
A= Q100 1.001783
A= Q200 1.0066T3
A= 0500 1.01821%
A= 0400 1. 020026
A= 0800 1. QidsSad
A= 00 1.0T35TS
A= 0700 1107847
A= 0800 1. 149TS0
A= 1000 1. 252850
A= 2000 1. 224082
Y= 300
A= 0100 1.001260
A= Q200 1. Q04880
A= 0508 1. 010482
As Q400 1018870
A= 0500 1. 03064
A= D600 1. QAsTE2
A= 0T00 1. 067820
As 0800 1. 09881
A= 1000 1. 160995
As 2000 1. 525804
Y= 400
A= Q100 1.0007TT1
A= Q200 1. QU664
A= 0500 1. p08asa
A= Q400 1. 0104562
A= 0500 1.01686%
A= 0600 1. 024372
A= _QTO0 1.034152
A= Q800 1. 0456361
A= 1000 1.081014
A= 2000 1. 958Ti2
Y= 500
A= Q100 1. DOOSAS
A= Q200 1.001788
A= 0500 1. 005785
A= Q400 1. 006673
A= 0500 1. 010482
A= 0600 1.018219
A= _QTO0 1.021052
A= 0800 1. 028027
A= 1000 1. Q4S355
A= 2000 1. 2TSE54
Y= 600
A= 0100 1.000428
A= 0200 1.001260
A= _0%00 1. 0025664
A= Q400 1. 004550
A= 0800 1.00T240
A= 0800 1. 010482
A= _QOTOR 1. 014955
A= 0800 1.018970
A= 1000 1. 030645
As 2000 1, 1850839

0= 2.00
T [CHMAX] MEAM
#0000 B.04
T.0500 B.12
T.9000 B.28
T.R200  8.49
7.T200 B.085
T.6000 §.47
T.4000 10.54
T.5400 12.08
T.0400 15.82
5.5600 24.61
5.6800 6.5
6.6800 6.7T4
6.6200 6.2
6.5800 46.54
65200 T.11
. 4400 T7.%7
6.3600 7.80
6.2800 B.49
5.0000 10.84
S.0200 21.55
5.0200 5.02
5.0000 5.04
5.0000 S.07
4.9800 5.12
4.9400 5.18
4.0200 5.27
4.8800 5.%
4. 8400 5.53
4. 7400 6.1
41600 15.37
40200 4.0
d.0200 4.02
4.0000 4,04
4.0000 4,06
3.0800 4.09
5.9600 4,13
5.400 4,18
5.9200 4.8
5.8800 4.43
5.5200 5.96
550 39
5.500 5%
5.5400 3.5
5.3400 35.%7
5.5400 3%
L5200 34
5.5000 344
5.5000 3.47
5.2600 5.%
5.0400 &.21

Grasey cidh

b1

§

38

3 apEsERE

L8

W

2912

8

JHTO
0. 5452

g

SEEAESS

2.44E-01
8. 122-01
B.4TE-01
1, 45E+00
5. 620400
&, 1 5E+00
8.52E+00
4, 520+00
2.8TE+00
1. 44E+00

2.02E-01
4, 18E-01
6.68E-01
9.92E-01
1. 62E+00
4. 10E+00
7. 19E+00
6. 920400
4. 429 +00
1.69E+00

1.51E-01
3.0TE-01
4. 76E-01
6.66E-01
B.98E-01
1.25E+00
2.08E+00
5.21E+00
9. THE+00
2. 41E+00

1.20E-01
2.44E-01
3.TE-01
5.12E-01
6.66E-01
B.ATE-01
1. 0BE+00
1. 48E+00
6.59E+00
5.66E+00

1.00E-01
2.02-01
3.0TE-01
4. 18E-Q1
5. 35E-01
&.680-01
8. 14E-41
$.92E-01
| . TRE#00
5. 08E+00

Mathematical Properties of C-Distribution (Cont'd.)

FLATHESS

5. 119000
5,85TE~00
4,920
9. 06TE+00
8. 2810+01
T.998E+01
& D1IE+01
2. THSE+01
1.204E+01
4, 1TRE+00

5.082€+00
5.5880+00
5.929E+00
5. 215E+00
. 20601
T.A19E+01
1. 188E+02
T.B8TE+01
2. TISE+01
5. 005E+00

5. 048E+00
5. 1S0BE+00
5, A65E+00
5. 929E+00
4. TERE+00
7. 028E+00
2.096E+01
1.598TE~02
1. TO6E+02
8.57T6E+00

3.029E+00
5. 119E+00
5. 281E+00
5.55TE+00
5.529C+00
4. 5528 +00
5, T26L+00
1. 1R2E+01
2. 408E+02
1. TTAE+G1

3.020E+00
5. 082E+00
5. 1900400
5. 308E+00
3.891E+00
5.0200+00

~AZBE00
5. 2200+00
2.5880+0!
4 . S81E=01



Table A.2 Mathematical Properties of C-Distribution (Cont'd.)

Ve 280

Ve

Ve

A"

Vs

Ae
A=
A=
A=
A=
A=
A=
A=
A=
A=

L0100
0200
0300
0400
. 0500

L0700
.0800
L1000
.2000

300

As
A=
A=
A=
A=
A=
As
A=
A=
A=

L0100
.0200
L0300
. 0400
. 0500
L0600
L0700
.0800
.1000
.2000

.400

A=
Am
A=
As
A=
A=
A=
A=
A=
A=

L0100
.0200
.0300
L0400
L0500
L0600
.0700
L0800
L1000
.2000

.500

A=
A=
Ans
A=
A=
A=
A=
A=
A=
A=

L0100
.0200
L0300
.0400
L0500
L0600
L0700
.0800
L1000
.2000

.600

As
A=
A=
A=
A=
A=
A=
A=
A=
A=

L0100
.0200
.0300
.0400
. 0500
L0600
.0700
.0800
L1000
.2000

0TH MOMENT

1.001783
1.006675
1.018219
1.028026
1.0463512
1.07178%
1,104554
1.140155
1.200659
1.1168%0

1.001260
1.004650
1.010462
1.018970
1.030649
1.046330
1.067213
1.095904
1.157993
1.231511

1.000771
1.002664
1.005868
1.010462
1.016569
1.024372
1.034152
1.046347
1.080446
1.503114

1.000545
1.001755
1.005785
1.006673
1.010462
1.015219
1.0210352
1.028027
1.046556
1.251837

1.000425
1.001260
1.002664
1.004650
1.007240
1.010462
1.014356
1.018970
1.030649
1.175357

C-MAX

.832
417
279
210
.169
142
.125
L1098
.089
051

1.197
600
401
.302
245
.203
TS
.155

=Y

28 3EhBEER

R e
w P
2838

3
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X0= 3,00
T (CHAX] MEAN
12,0000 12.05
11,9400 12,17
11,8600 12.38
11,7200 12.72
11.5800 15.26
11,4000 14.15
11.2000 15.49
11,0000 17.20
10.5400 20.79
8.3400 28.65
10,0000 10,03
9.9800 10.10
9.9200 10.22
9.8400 10.40
2.7600 10.67
9.6400 11.05
9.5200 11.66
9.4000 12.57
9.1000 15.25
7.5200 25.39
7.5200 7.52
7.5000 7.55
7.4800 7.60
7.4400 7.67
7.4000 7.77
7.3600 7.89
7.3000 B.06
7.2400 B.29
7.1000 9.10
6.2400 18.79
6.0200 6.01
6.0200 6.03
6.0000 6.05
5.9800 6.09
5.9600 6.14
5.9400 6.20
5.9000 6.27
5.8800 6.37
5.8000 6.64
5.2800 12.87
5.0200 5.01
5.0200 5.02
5.0000 5.04
5.0000 5.06
4.9800 5.08
4.9800 5.12
4.9600 5.16
4.9400 5.21
4.8800 5.34
4.5600 B8.56

SIGHA

1.0026
1.5972
2.5570
3.5509
5.6556
8.5414
11.5405
16,3329
25.5738

1.0720
1.5209
2.0949
2.9778
4.5064
6.7270
11.7686
22,4848

. 1883
.3812

.B040
1,0502
1.3391
1.7072
2.2556
4,5332
19.2249

. 1203

SKEHESS

2.44¢-01
5. 12£-01
8.47E-01
1.41E400
2.90E+00
4,20E400
5.94E400
5.28E+00
2. 55400
1.26E+00

2.02E-01
4,18E-01
6.66E-01
9.926-01
1.59E+00
5.19€400
4.B3E+00
4.B4E+00
3.48E+00
1.49E+00

1.51E-01
5.07E-01
4.76E-01
6.66€-01
B.98E-01
1.25£+00
' 94E+00
3. TBE+00
6.58E£+00
2.14E+00

1.20E-01
2.44E-01
3. 75E-01
5.126-01
6.66E-01
B8.47E-01
1.0BE+00
1.44E+00
4.44E+400
5.228+00

1.00E-01
2.02€-01
3.07E-01
4.1BE-01
5.56E-01
6.66E-01
8.14E-01
9.92£-01
1.66E+00
5.09€+00

FLATHESS

5.119E+00
5,857E¢00
4,8826400
8.4TTE#00
2.795E+01
3. T04E+01
2,606E401
1.690£+01
8.B80E+00
5.662E400

5.082E+00
5. 555£+00
5.929E+00
5,215E+00
1.086E+01
5.640E+01
5.295E£+01
4,063E+01
1.816E+01
4,416E+00

5, 046E+00
3. 190E+00
5.463E+00
5.929E400
4.768E+00
6.846E+00
1.841E401
5.914E401
B8.17TE+0!
7.2T2E+00

5.029E+00
5. 119€+00
5.281E+00
3.55TE+00
3.929E+00
4.552£+00
5.704E+00
9. 749E+00
9.220E+01
1.443E+01

5.020E400
5.082£+00
3.190E+00
3.555E+00
5.591E+00
5.929E+00
4,4256400
5.216E+00
1.569E+01
5,468E+01
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Table A.2
0TH MOMENT

250

A= 0100 1.001785%
A= 5200 1.006673
A= 0300 1.018219
A= 0400 1.028026
A= L0800  1.0462%6
A= L0600 1.071004
A= 0700  1.100679
A= 0800  1,130481
A= 1000  1.172812
A= L2000 1.036440
.300

A= 0100  1.001260
A= 0200  1.004650
A= 0500  1.010462
A= 0400 1.018970
A= 0500  1.030648
A= 0600  1,046297
As 0700  1.066833
A= 0800  1.092127
A= 1000  1.147749
A= 2000  1.160044
.400

A= 0100  1.000771
A= ,0200  1.002664
A= 0300  1.005868
A= 0400  1.,010462
A= 0500  1,016569
A= 0600  1.024572
A= 0700  1,034151
A= 0800  1.046350
A= 1000 1.079861
A= 2000 1.259778
.500

A= 0100  1,000545
A= .0200  1.0017%3
A= ,0300  1.005785
A= 0400  1.006673
A= 0500  1.010462
A= 0600  1.015219
A= L0700 1.021032
A= 0800  1.028026
As 1000  1,046344
A= 2000 1.252650
.600

A= 0100  1.00042%
As ,0200  1,001260
A= 0300  1.002664
A= 0400  1.004650
A= ,0500  1.007240
A= 0600 1.010462
A= 0700  1.014356
A= 0800  1.018970
A= 1000  1.030649
A= ,2000  1.168985

C=MAX

.624
513
.209
. 158
127
107
.092
.08z
.067
.039

.8%8
.450
301
.226
.182
.153
.132
16
094
053

1.596
199
.533
401
322
.269
.25
.203
.164
. 088

2.494
1.248
.B33

.501
419
. 360
316

.134

5.588
1.796
1.198
.900
.721
.601
.516
.453

1189

X0= 4,00

T (CMAX] MEAN

16,0000
15.9200
15.8000
15,6400
15,4200
15,2000
14,9400
14,6600
14,0600
11.1000

15,3400
15,3000
15,2200
15,1200
15,0000
12.8600
12.7000
12.5200
12,1400
10,0200

10.0200
10.0000
9.9600
$.9200
9.8600
9.8000
9.7400
9.6400
§.4600
B.3000

8.0200
8.0000
8.0000
7.9600
7.9400
7.9000
7.8600
7.8200
7.7200
7.0400

6.6800
6.6800
6.6800
6.6600
6.6400
6.6200
6.6000
6.5800
6.5200
6.0800

16,06
16.22
16.51
16.96
17.67
18.79
20.34
22,14
25,60
32.16

15.57
15.46
13.62
15.87
14,22
14.75
15.50
16.60
19.48
28.81

10.02
10.06
10.13
10.22
10.55
10.52
10.75
11,05
12.07
21.93

8.02
8.04

@
o
-3

SNe000000n Geweom®
T-RIRIZITE VRSB =ER

SIGHA

6460
1,3567
2.129%
5.1421
4.6820
7.0870
10.0193
12.8492
17.1361
23,5520

L4477
.9157
1.4293
2.0278
2.7922
3.9303
5.7108
8.0489
12.9097
22.5942

.2510
.5083
L7790
1.0720
1.4003
1,7855
2.2744
2.9778
5.5478
19.6113

. 1604
.3254
.4916
. 6684
.B576
1.0648
1.2980
1.5716
2.4005
18.2912

113
.2238
. 5389
L4579
.5824
L7147
.B573
1.0139
1.5971
10,4484

SKEWNESS

2.44E-01
5.12£-01
8.4TE-01
1.40E400
2,55£+00
3.26E400
3.07E+00
2.65E+00
1.9TE+00
1.12£+00

2.02-01
4,18E-01
6.66E-01
9.92£-01
1.57E+00
2. 76E+00
3. TSE+00
3. 78E+00
2.86E+00
1.34E+00

1.51E-01
5.07E-0!
4.76E-01
6.66€-01
B.9BE-0!
1.226+00
1.86E+00
3. 19E400
5.01E+00
1.93£+00

1.20E-01
2.44E-01
5.7%-01
5.12-01
6.66E-01
B.47E-01
1.08E+00
1.43E+00
3.62E+00
2.8TE+00

1.00E-01
2.02e-01
5.07TE-01
4,18E-01
5.36£-01
6.66E-01
8.14E-01
9.92£-01
1,62£+00
4.428+00

Mathematical Properties of C-Distribution (Cont'd.)

FLATHESS

5. 119E+00
5.857E+00
4,882£+00
8.157E+00
1.928E491
2.256E+01
1.66TE+0!
1. 174E401
6.921E+00
5.298E+00

5, 082£+00
3, 558E+00
5.920E+00
5.21 1E+00
9.981E+00
2.426E+01
5, 129E401
2.525E+01
1.5135E+01
5.934E400

5.046E400
5. 190E+00
3.463E+00
53.929E+00
4,768E+00
6.766E+00
1.494E+01
5.640E401
4.856E+0!
6.312£400

35.029E+00
5. 119E+00
5.281E+00
5.55TE+00
5.929E+00
4.552£+00
5.694E+00
9.067E+00
5.261E+01
1.204E+01

5.020E+00
5,082E+00
5. 190E+00
5.555E+00
3.591E+00
5.929E+00
4,425E+00
5.215E+00
1.286E+01
2. TI9E+01
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Table A.2 Mathematical Properties of C-Distribution (Cont'd.)

x0= 8,00
OTH HOMENT C-MAx T (CMAK! MEAN S1GMA SCOESS FLATHESS
We .zﬂ
A= 0100 1.001783 - 19. 9800 20,07 8084 2. 44E-01 3.1 19E+00
As 0200 1.00667S 250 19,9000 20.27 1.6709 5. 12-01 5.85TE+00
A= 0800 1.91821% 167 19,7400 20.63 2.5819 B.4TE-01 4, SB2E+00
A= Q400 1. 028028 126 165400 21.20 5.9266 1. 39E+00 T.@B1E+00
A= 0800 1.045155 52 19. 2000 22.08 5. T 2. 28E+00 1. 4T8ES01
A= 0800 1060020 N 1e.9800 25.% 84117 2. 69E+00 1. S55E+01
A= 0700 1. 096518 LA74 18,6600 28.08 11.5100 2.50E+00 1. 1TSE+Q1
A= 0800 1. 120058 N 18.5000 26.%0 15,9842 2. 18E+00 8. TIEsO0
A= 1000 1. 145155 N 17.5600 30.11 17.7373 1. GEE+00 5. 618E+00
A= 2000 LBTOEES oL 15,8800 95.3% 25, 44585 1. 00E+00 5, 024E+00
Ve 500
A= 0100 1. 001260 el 16,6600 16.T1 . SEQG 2.028-01 5, 0M2E+00
A= 0200 1. 004880 360 16,6200 16.83 1. 1446 4, 18E-01 5.95E+00
A= 0800 1. 010452 241 16,5200 17.08 1.Te&T 6. 66E-01 5. 920E+00
A= 0400 1. 01897 81 16,4000 17.33 2.5548 9.92E-01 5.210E+00
A= 0500 1. 050647 148 16,2400 17.77 5. dg88 1.55E+00 ¥ TE+0D
A= 0600 1. 045245 Jd22 16,0600 18.41 4, 8685 2. 49E+00 1. BSE+01
A= 0TOQ 1, (66352 05 15,8600 19.38 6. BE5E 3. 128400 2. 155E+01
A= 080G 1. 090058 098 15,6400 20.57 9.2587 3.0TE+00 1. THOE+01
A= 1000 1. 157430 76 15,1600 2%.58 15,8957 2. 428400 1. 004E+01
A= 2000 1. 100864 042 12,5200 51.98 22.6186 1.20E+00 3568400
V= 400
A= 0100 1060771 1.277 12.5200 12.58 3158 1.51E-01 5. Q48E+D0
A= 0200 1. DG25a4 638 12.4800 12.57 L6584 5.07E-01 5. 190E+00
A= 0800 1. bo586E 427 12,4500 12.65 J9TET 4, T6E-01 3. ASSE~00
A= 0400 1010462 21 12,4000 12.77 13400 &, 6501 3. 929E+00
A= 0500 1. 015569 257 12,5400 12,54 1.7804 B.98E-01 4, TETE+D0
A= 0600 1.024572 215 12.2600 15.15 2,239 1.22E+00 6. TIZE+00
A= 0TQ0 1.054149 N85 12,1600 135.43 2.8408 1. B2E+00 1.31TE+01
A= 0800 1. 045307 L1563 12,0600 15,81 5.6954 2. 880400 2. 642801
A= 1000 1.079209 A% 1.8200 15,03 §.5186 4. DBE+00 8. 248601
A= 2000 1. 222979 M 10.5800 24.87 19.9114 1. TSE+00 5.85T2E+00
V= 880
A= glg0 1. 000845 1.995 16.0200 10.62 L2008 1.20€-01 3. 020E+00
A= 0200 1.001783 098 19.0000 10.04 L4042 2.4E-01 5. 119E+00
A= 0800 1. 00578s ... 9.9800 10.08 G145 5TE-01 5.281E+00
A= 0400 1.0066TS 500 S.9600 10.14 . B355 5. 126-01 5.55TE+00
A= 0500 1.010482 401 g.9200 10.22 1.07T20 6.666-01 5. 029E+00
A= 0600 1018219 N1 9.8800 10.32 1.5810 8.4TE-01 4, 552000
A= 0700 I.0210%2 288 G.8400 10.45 1. 6228 1. 08E+00 5. 688E+00
A= 0800 1, 028026 .53 .7THO0  10.69 1. 9645 1, 42E+00 8. TISE+00
A= 1000 1. 045530 208 9.6400 11.08 2.9718 5. 19«00 3. 640E+01
A= 2000 1.215042 07 B.TRO0 18.26 15, 8445 2.59E+00 1. 028E+01
We 600
A= 0100 1.00042% 2.867 B.5600 8.9 L1391 1.00E-01 3. 020E+00
A= 0200 1. 001260 1,437 B.3400 8.35 L2798 2.02-01 3. 082E+00
A= 0500 1. 002854 N B30 8.3 L4255 3.0TE-01 5. 1S0E+00
A= 0400 1. 0045580 .T20 B.3200 8.42 ST28 4. 18E-01 L. .. X0
A= 0800 1. 007240 X-rird B.3000 B8.45 . 1280 5.55E-01 1.581E+00
A= 0600 1. 010482 S4B B.2800 B.52 L8933 6. 68E-01 3.929E+00
A= 0700 1014585 418 B.2400 8.55 1.0718 8. 14E-01 4 AZSE+00
A= 0RO0 101897 . 362 B.2200 B.67 1.2674 9.52E-01 8. 214E+50
A= 1000 1. 050649 291 B.1400 B.89 1. 7450 1.60E+00 1, 18BE+01
A= 2000 1.16351% 181 7.5800 1%.07 11,1315 5.90E+00 2. 19AE+01
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Fig. 1.1 Diffusion from a ground released instantaneous puff.
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Fig. 4.2 Instantaneous puff generator.
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Fig. 4.3 Consecutive pictures of rising bubble in the water (3/64
second per picture).
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Fig. 4.4 Velocity distribution of rising gas bubbles.
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Fig. 4.5 Lasep shadow—graph device
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Fig. 4.6 The shadow graph picture of the burst from a freon gas bubble.
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Fig. 5.1 Light scattering device after Becker et al., (1967).
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Design of the optic-probe.
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Fig. 5.2 Light scattering probe after Liu (1972).
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Fig. 5.3 Path of a light ray through a large spherical scatterer

according to a geometrical optics.



Fig. 5.4 Dimensions of the laser (Spectral Physics Model 120) and the
exciter (Spectral Physics Model 256) in cm.
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Fig. 5.5 Diffraction pattern of the laser beam.
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Fig. 5.6 Cross-section of the aerosol generator.
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Droplet Diameter (microns)

Q%

20%
I

40% 60% 80% 100%
T T T

£ g O NODWO
LI

| | 1 | | i 1 1

| | |

Fig. 5.7

]
60 80O 95 99 9999
Cumuluﬂve_ Function (%)

1
20 40

S1ze distribution of BOP aerosol after Green and Lane (1964).
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Fig. 5.8 Dimension of the optical aperture, cm.
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Fig. 5.9 The equivalence of an aperture-fiber optics to a conventional
focusing system.
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Fig. 5.10 Dimension of the fiber optics in cm.
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Fig. 5.11 Fiber optics light transmission characteristics.
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Fig. 5.12 Dimension of the PM tube.
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Basing Diagram

Bottom View
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Pin 2: Dynode No.l
Pin 3: Dynode No.3

Pin 4: Dynode No.b

Pin 5: Dynode No.7

Pin 6: Dynode No.9

Pin T7: Dynode No.11

Pin 8: Dynode No.13

Pin 9: Grid No.2 (Accelerating Electrode)

Pin 10: Anode

Pia 11: Dynede No.14
Fin 12: Dynede No.12
Pin 13: Dynode Neo.10
Pin 14: Dynode No.8
Pin 15: Dynode No.6
Pin 16: Dynode No.4
Pin 17: Dynode No.2
Pin 18: No Connection
Pin 19: Grid No.l (Focusing Electrode)
Pin 20: Photocathode

Fig. 5.13 Basing diagram (bottom view).
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Tyoical Spectral Response Characteristics
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Fig. 5.14 Typical spectral response characteristics of the PM tube.
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Sensitivity and Current Amplification Characteristics
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Fig. 5.15 Sensitivity and current amplification characteristics of
the PM tube.
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Typical Voltage-Divider Arrongement (A)
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Fig. 5.16 Voltage-divider arrangement of the PM tube.
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Typical Voltage-Divider Arrangement for Constant
Voltage Between Cathode and Dynode No.1 (B)
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Fig. 5.17 Voltage-divider arrangement of extremely low light

intensity.
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Fig. 5.22 Experimental arrangement for measuring the frequency attenuation of the optical system.
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Fig. 7.1 Typical set of L.L.S.P. signals for puffs and their fit
by Gram-Charlier series (I).
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Fig. 7.2 Typical set of L.L.S.P. signals for puffs and their fit
by Gram-Charlier series (II).
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Fig. 7.3 Typical set of L.L.S.P. signals for puffs and their fit
by Gram-Charlier series (III).
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Fig. A.3 Aerosol particles under a photographic microscope.
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