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ABSTRACT 

ON DIFFUSION FROM AN INSTANTANEOUS 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. 

B. T. Yang 
R. N. Meroney 
Fluid Dynamics and Diffusion Laboratory 
College of Engineering 
Colorado State University 
Fort Collins, Colorado 80521 
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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 

ins tantaneous 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 

accident al breach of radioactive confinement, gas storage failure, 

rocket engine accident, or missile t ake-off. Additional examples can 

also be fo und 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 poi nt 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 physica l 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 calculat ed 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 
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space over a distribution of point sources. For a source wi th an 

arbitrary release pattern and an arbitrary geometry the concentration 

distribution downs tream can be constructed by proper integr ati on (on 

time and space) of the result due to a distribution of instantaneous 

point sources . This concept is very similar t o the definition of 

Green's f unct ion in potential theory. 

Many measurement s have been performed in the atmosphere to study 

the puff diffusion problem. The most recent field t es t was performed 

by Nichola, Ramsdell, and Ludwick (1970) in the Pacific Northwest 

Laboratory. The t es t was conducted at U. S. Atomic Commi ssion ' s 

Hanford Reservat ion, Washington. The source was simpl y produced by 

crushing a quartz ampul e containing Kr-85 tracer gas. Other field 

measurement s for she ll and balloon bursts and cluster behavior are 

tabulated in Table 1.1. 

A fie ld s tudy, however, requires a large detecting grid sys tem 

and many support personnel. The de grees of freedom of the mean wind 

speed, direction and thermal s trati fica t i on conditions are a lmos t 

infinite. To systematicall y survey a set of data for identical 

conditions is usually an exhausting process. The current study 

is prompted by the economics of t ime and resources associated with 

wind tunne l l aboratory measurements. 

The feasibi l i t y of wind tunne l simulat ion of atmospheric flow 

and its diffu s ion processes has been we ll studied (Cermak et al, 1966; 

McVehil et~' 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 wi th little success . Di ffi cult ies are 
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generally associat ed wi th source generat ion, det ect ion , time and space 

sca l es, and the need for man y realizations to prov ide significant 

s tatist ics. 

In Chapter II, a genera l r ev iew of diffusion theori es is found. 

The techniques util ized, in the pre sent study, for source generation 

and detection are di scussed in Chapters IV and V respectively . The 

detail s of the mathemat i cal model will be commented upon in Chapter VIII. 
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Chapter II 

GENERAL REVIEW ON DIFFUSION THEORIES 



6 

Chapt er I I 

GENERAL REV I EW OF TURBULENT DIFFUSION THEORIES 

The theory of turbulent diffusion, like the theory of turbul ence 

itself , suffers from a l ack of a va l idat ed physical model to act as 

a foundation f or further insight. 

Mathematical l y the perturbation approach, originall y established 

by Reynolds, does not resolve physics of the fluid behavior. In fact, 

the additional terms (Reynolds stresses, or correlations) merely 

provide addit iona l unknowns i n an already complicated problem. 

Nevertheless, many "ad hoc" procedure s have been developed to close 

the equat ions and make the solut i on trac table. These procedures or 

suggestions are genera ll y assigned to the categories of: gradient 

transfer theory, st at is tical theory, and Lagrangian similarity theory. 

2 .1 Gradient-Transfer Theory 

With perturbation arguments, one may express the diffusion equation 

as follows: 

ac ac a --- + u. --- --- (u !c' ) i = 1. 2. 3. at 1 ax. ax. 1 
1 1 

The terms u!c' which result from the averaging process are 
1 

additional dependent variables. This implies that the dynamic equation 

is not in a closed form. The earliest attempt to overcome this difficult y 

was based on the assumption suggested by Taylor that 

u!c' = 
1 

ac K. 
1 ax. 

l 
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The diffusion equation thus reads: 

ac ac 
- + u. at 1 ax. 

= ,__8 (K. ~c ) 
o X. l o X. 

i = 1, 2, 3. 
l l l 

Unfortunately, introducing turbulent gradient transfer coefficients 

K. 's does not solve the closure problem. This is because the 
l 

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) 

where 

1 
C = 

0 0 0 
X y Z 

0? = 2K.t = 2K. X 
u l l l 

e 

_ [(x-Ut) 2 

20 2 
X 

( i = 1.2.3). 

2 + _y _ _ + 

20 2 
y 

z 2 
-] 
20 2 

z 

Diffusion in an unbounded, 

two dimensional flow with constant diffusivities and constant velocity 

gradient r was solved by Novikov (Monin and Yaglom, 1970). The 

solution is 
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1 
C = I 

(4nt) 3 [(K + r 2 K t 2 /12)K K ] ~ 
X Z y Z 

• exp {- (x- r zt/2) 2 
---

4K t + r 2 K 
X Z 

_r_ 
4K t y 

z 2 
4K t } 

z 

Wh en a reflecting boundary condition is considered, the solution 

for an instantaneous point source for constant di ffusiviti es and 

constant velocity in the half space (z ~ O) is (Monin and Yaglom, 

1970), 

C = 
2 

e 

_ [ (x-Ut) 2 + _r_ + z2 ] 
4K t 4K t 4K t 

X y Z 

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 Hegge Zi jnen (Hinze, 1959). I-le 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 generall y 

accepted. However, this non-linear velocity profil e presents great 

analytic difficulties in solving the unsteady diffusion problems. 



9 

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 possib le functional form of transport 

coefficients is provided by the stipulation of dimensional consistency 

and coordinate transformation invariance. Donaldson~~, (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 

numerica l 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 turbul ence 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, 



where 02 
' 

o? (t) 
1 

u! 2 
1 

= 2 u! 2 
1 

t 
f 
0 0 

10 

R . . (0 d~dt 1 11 

are the variance of displacement and velocity 

fluctuation, R .. (0 
11 

is the auto-correlation function of velocity. 

Thus the solution for a instantaneous point source in a uniform 

stream is 

_ [(x-Ut) 2 + _x3__ + ~] 

where 

1 
C = 

0 0 0 
X y Z 

t 
o . = 2 u! 2 f 

1 1 
0 0 

e 2o 2 2o 2 2o 2 
X Y Z 

R .. (0 d~dt 1 11 

Sutton (1932) extended this theory to the atmospheric diffusion 

and assumed: 

n 
R . . = (- a-) 

11 

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

becomes: 

where 

and 

C = 

m = 2-n 

1 ----
TI3/2 c3 (u! 2t)3m/2 

1 

4 an c2 = (1-n) (2-n) 

e 

y2+ z2+ (x-Ut) 2 

C2(~t)m 
1 
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~o work has successfully extended the statistical theory to the 

shear flow and in the ha lf space. This is because of lack of informa-

tion on the R .. Ct) variation in a half space shear flow. 
11 

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 MEASURI NG 
TECHNIQUES IN A TURBULENT AIR FLOW 

In turbulent diffusion studies, f luid particles are oft en i magined 

to be "tagged" such that th e 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 particl es are usually referred 

to as "passive particles." 

Un f or t unat e ly, there does not seem to be any means to "tag" fluid 

particles without interferring with the real fluid motion. In most 

experimental di ffusion studies, efforts have been direct ed to r educe 

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 particl es. The 

following s ecti ons discuss briefly the possible tracers and the general 

measuring t echniques in a turbulent air flow. Methods stated here may 

or may not have been us ed in turbulent diffusion measurements. However, 

the basic mechanism can always be recognized. The following table lists 

the basic mechanisms for particl e t agging. 

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 trans- absorp- lat es 

EMW emission fer tion or filtering 
scatter-
ing I 
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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), HCl, (Thompson, 1962), N0 2, (Gosline, 

1972), so2, (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 minimi ze 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, differ ent sucking rates are required. This 

sampling technique is usually referred to as "iso-kinetic sampling" 

(I KS). 

After required chemical pretreatment, the tracer materials are 

presented in physically sensitive form which can be quantitatively 

interpreted in terms of the fi nal 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 l ag 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 genera l. 

3.2 Physical Tracers 

Tracers which hav e 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. Examp les of tracers of this kind are 

Freon and llelium (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, 

N2 and o2). The sampled gases wi ll be ionized by a gas discharging 
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process and then the ions are acce l erated by a potential difference 

and a llowed to enter a magnetic fi eld,. The tracer gas which has a 

different electron charge-to-mass ratio (e/m) from N2 and o2 will 

have a different deflection distance. (The instrument is ca lled 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 th e 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 us ed to analyze chemical tracers. 

3.2.2 Sub-particle~ and electromagnetic wave emitter - Naturally 

borne or ac tivated sub-partic les (a, S) and electromagnetic wave 

(y rays, light rays) emitters are often used in concentration measure-

ments. Examples are H-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 th e 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 emit ters can be divided into three major cat egori es according 

to different activation sequences. They are: natura l emi tters, pre-

activated emitters, and post-activated emitters. 



17 

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 consider ation, 

low energy, non-chemically active S-particle emitters, such as Kr-85, 

are preferred. 

!so-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 S 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 ana l yzi ng 

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 safe t y 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 addi tio" . 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, 

N0 2 or so 2 will not be proper tracers because one may not be able to 

distinguish the tracers from the background environment. Colbolt 

sulphate (CoSo47H 20 ) 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. 

Ano th er application of post-emi tting 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 difficulti es 

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- 3 seconds. However, using a hot wire 

to detect Helium concentration usually suffers a "historical effect" 

which distort s 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, l ight 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 t ech-

nique has been most popular since the invention of laser. Due to the 

extremely hi gh transmitting velocity of EMW, the time constant of this 

type of measurement is of the order 10- 6 seconds. The cost of instru-

mentation also depends on the sophis tication of the overall system. 

3 . 2.S 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., ac/az 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 i atensity. 

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: 

K z 
ac 
- + az y W = 0 

E is collecting efficiency which indicates the percentage of number 

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

entrainment factor, and W is 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 

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 u . ac a (- c'u!) in which j 1 ,2, 3. -+ = = at J ax. ax . J J J 

Boussinesq suggested that the correlation terms may be replaced by 

eddy diffusivities, K. 's: 
J 

ac ac a (K. ~) -+ u . = at J ax . ax . J ax . 
J J J 

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., ac/at = 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 geometr i -

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, c = I 6(0,0,0,0) 
p 

in which 6 is a Dirac-delta function, the source is at the origin of 

the coordinates, and 

f 
 

I = c(x,y,z,t )dr at t = t > 0, 
p 

V 
0 0 

00  00 00 

f 
 

where dr = f  f  f dx  dy dz 
V -00 -00 -00 

b. Line source: (cross wind) 

t = 0, C = I £ 6 ( 0, y, 0, O) 

I £ : concentration per unit length at y-direction, 

or y +1 
00 0 00 

I£ = f  f J c(x,y,z,t )dx dy dz at t = t > 0 
0 0 

-00 

Yo 
-00 

c. Volume source: 

t = 0, C = I 6(x,y,z,o) 
V 

I (x,y,z,t) is the initial concentration distribution 
V 3-dimensional space, over a 

or 

f 
 

I = c(x,y,z,t0)dr at t = t > 0 
V 

V 
0 

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 ac/at = 0. 

The mass conservation and boundary conditions are the only conditions 

to be considered: 

a . Point source: 

c (0, 0, 0, t)  T 
p 

T is the source strength (mass/unit time) 
p 

f c d1 = f 
V o 

t 
0 

T dt = T  t at t = t >> 0. 
p  p O 0 

Usually, the mass conservation is written as: 

T 
p 
= f 
-00 

00  00 

Ju c(x ,y,z)dy dz 
0 

-00 

in which x is the mean convective direction, u is the local mean 

convective velocity in the x-direction. 

b. Line source: (cross wind) 

C (0, y, 0, t)  T 
R, 

T t is source strength per unit length at y-axis 

00 
y +1 

00 0 

f f f 
 

c(x,y,z)dr = Tt t at t = t >> 0 
0 0 

-00 

Yo 
00 



or 
00 

f 
y +1 

0 

Yo 
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u c(x ,y,z)dy dz . 
0 

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. Prom 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 wi ll 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 summari zed the following methods: 

a. Neutron activation - A pulse neutron activation process 

may offer a reasonable laboratory scale instantaneous point source. 

b. Pulse UV illwninance - 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 illwninance 

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 wi l l 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 cm3) 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 cm3 in 

volume. (The original study was related to the phenomenon of  
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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 a ll the gas out of the cup. An 

angular speed of 1/2 cyc l e per second would offer enough acceleration 

to form a sing l e bubbl e without disturbing the water. Several cup 

s hapes were tried, and it can be concluded that the origina l 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 th e 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 det ermined 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 
= t.t 
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~t is the time (sec) between the peaks of the capacitance variation 

due to the passing bubble. 

The results from 150 samples are p l otted in Figure 4 . 4 . The mean 

ve locity from the 150 sampl es is 57 . 2 cm/ sec. This result can be com-

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

UR = 24 . 8 v116 

in which UR is rise velocity and V is volume of the bubble. From 

a graduated gl ass cy l inder, the volume of the bubble used in this 

experiment is 157 cm 3 . Davies and Taylor thus predicted: 

UR= 24 . 8 x (157) 116 = 56 . 9 cm/ sec . 

The consistency appears exce ll ent . 

The radius of the upper surface of the rising bubb l e can also be 

obtained from the semi-empirica l formu l as by Davies and Taylor : 

U = 2/3 (g r) 1/ 2 
R 

in which g is gravi t a t iona l acceleration, and r is the radius of 

the surface of th e upper part of a bubble. Therefore, the radius r 

of a bubble while reaching the water surface is: 

9 
r = 4 

u2 
R 

g 
9 

= 4 
(57.2) 2 
----= 980 7.5 cm. 

Thi s is very close to the observed size of the ris ing bubb l es. Thus, 

the initial shape and behavior of thi s l aboratory scale ins t antaneous 

point source was approximately defined . 

4.2 .3. 2 Experimental obs ervation on bursting of a gas bubble -

A shadowgr aph was made from a l aser 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 mathematica l 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 artific ially fed. 

When an opt imum signal to noise level is desired, the latter technique 

is used (Rolfe et al, 1968; Witte et al, 1972). To the authors' 

knowledge, there has been no l aboratory concentration measurement by 

using laser light-scattering me thod. 

5 .1 Summary of Light- Scattering Theories 

The basic assumptions of a ll classical light scattering theories 

are as fo llows : 

a. The incident light is a plane, monochromatic (temporally 

coherent) and a spatially coherent e l ec tromagnetic wave ; hence, the 

advantage of a l aser as a light scat t ering source. 

b. The scatter ing light has the same frequency as the 

incident wave; hence, the choice of an optical fi lter if discriminating 

other frequenci es f rom the scattering wave is necessary. 

c. When a light wave travels in a perfect ly homogeneous 

medium, it wi ll not be scat t ered; thus when a li ght beam traverses a 

"clean:i standard composition of air, there will not be any scattered 

light. A light scatterer is thus defined as matter with a different 

refractive i ndex 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 t he scattered 

energy due to each particle; this is called independent scattering . 

Thus the scattered light waves due t o di fferent partic l es are incoherent. 

No scattered waves will be enhanced or des troyed 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 exis t in the experiments discussed herein. 

The phenomenon of r adia tion 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: 

in which I 
0 

= incident light intensity 

18 = scattered intensity in the direction 8 

V = volume of a dielectric sphere 
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R = Ji s t ance between the sph ere center and point of 

observation 

A= wave length of i nc ident light 

m = refractive index of the sphere. 

This scattering theory only applies to the situation wh ere the 

scatterer is relatively small compared to the incident wavel ength. 

The effect of this limitation has been evaluat ed by lloll in 1948 (Green 

and Lane, 1964). The upper size limit of the scatterers is 0.06 micron 

diameter for th e visible light range, i.e., the size of a scatterer is 

at least one orJer s mal l er than the incident wavelength. This type of 

scattering has very limited effect on signal s trength for the scattering 

experiment s 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 genera l scattering theory. Corresponding 

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

in which i 1 = scattered light perpendicular to the plane of observation 

and i 2 = scattered light parallel to the plane of observation. i 1 
and i 2 are defined in terms of coefficients of e lectric and magnetic 

waves , namely, a and b n n (n is arbitrary integral). a and b n n 

are usually expressed in a complicated infinite series involving Bessel, 

Hankel and Legendre functions and parameters a and m. (a is the 

ratio of the scattered circumference to the incident wavelength, vi z ., 

a= 2nr/A, m is the refractive index of the scatterer). 
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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 ap~roximate 

solution. For instance, one investigator assumed the scattered energy 

was to correlate with the diameter in the following form: 

I a: ap 
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 i 2 component 

will vary its maxima and minima due to different wavelengths. Standard 

tables (Denman et al., 1966) are available to evaluate the coefficients 

a ' sand b 's for different l ength parameter a and refractive index n n 
m. For a:::_ 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 r eflection, 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. 



Name 

Laser 

Reflecting 
mirror 

Di-octyle 
phthalate 
particles 

Optical 
aperture 

Fiber 
optics 

Photo-
multiplier 
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L.L.S.P. Components 

Function Remarks 

a. Incident light system 

Light 
source 

Light 
deflector 

5 m ~- Spectral Physics model 120, 
6328A, polarized, Model 256 exciter. 

12mn dia., 0 . 15mm thickness, 
front-surfaced 

b. Aerosol particles 

Light 
scatterer 

Cumulative mass= 98%, 
atomization principle: 

d < 10µ 
air blast 

c. Receiving system 

Increase 
spatial 
resolution 

Scattered 
light 
transmitter 

Light 
sensor 

Scattering angle 
e; 1 2° 

Transmission 4000 A ~ 8000 A, 
Dolan-Jenner Industries, BXL-36 
3 ft long 

RCA 7265, 14 stages 
operating voltage: 2800 voe 
S - 20 response: 3000 A to 8000 A 

5.2.1 Incident light source: 5MW, 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 unpolari zed 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 l aser to be radiated in an extremely narrow beam. In the 

light scattering theories, this spatial coherence, which causes a per-

fect p l ane wave, i s hi gh l y desired. The monochromaticity of the laser 

makes the scattering easy to evaluate. Actually, laser output can be 

composed of severa l 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 radi ation 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 l aser electromagnetic wave 

is of order 1014 Hz, the axial mode spacing is of order 108 Hz). 

Generally, r andom 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 th e 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 i mperfection of 

the hemispherical resonator, a diffraction pattern is always found. 

This diffraction for the laser is shown in Figure S.S. 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 l ens system in front 
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of a Polaroid camera. In this wind tunnel diffusion experiment, the 

diffracted light was us ed as a monitor of the stationarity of the 

incident light intensity. 

5.2.2 Li ght deflector: the mirror - Currently, a front surfaced 

mirror is tl1e only means to direct a laser light beam without suffering 

loss of coherence. Theoretically, a coherent light could be direct ed 

by 2 l ayers of constantly flowing fluids which have different refractive 

indexes (Ilellman, 1969). At th e present time, the deflection of a 

coherent li ght beam relies on a front surface mirror. 

In this li ght probe, a 12mm diameter fron t aluminum surfaced 

mirror was used to deflect the l aser beam to th e desired degree. The 

thickness of th e mirror was 0.15mm. The possibl e distortion on upstream 

flow due to the mirror is th us 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 Li gh t scatterers : DOP aerosols - Desirable characteristics 

of aerosol are as follows: First, the size of the aeroso l particles 

will be l arge enough (compared with the incident light wavelength 
0 

6328 A) t o provide detectable scattering light. Second, the size 

should be small enough that the aeroso l does not settle significantly. 

Third, the aerosol should be monodispersible, easi ly generated, and 

repeatable in preparation. 

The aerosol substance used throughout this experiment was di-octyle 

phthalate (DOP, c6 114 -1, 2 - [co2 (C H2) 7 C H3] 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 atomi zation 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 disturb ances on the liquid surface are initiated from the air-

liquid interaction when compressed air is applied. The strong shear 

due to the turbul ent 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 2.7µ) . 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 4µ 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 si ze is about 4µ 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., 

where 

This 

p = 
p I = 
g = 
q = 

density of 

density of 

= (p-p I) gd 
18q 

= 1.48 X 980 X (4 X l0- 4 )- 2 

18 X 1.91 X 10- 4 

= 6.96 x 10- 2 cm/sec 

the DOP (1. 48) 

the air (negligible compared to DOP) 

gravitational acceleration 

viscosity of air at 20° C. 

relation is limited to those conditions where the ratio of inertia 

to viscous force parameter Re(Vfp'd/µ) is < 0.05 or d < 1.96µ. 

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 

V V X ( 1 + 2A"}...) 
fc = f d 

A = constant approximately equal to 1, 

"}... = mean free path of air for standard atmosphere 6.53 x 10- 6 cm. 

Thus, the corrected fall velocity for a 4µ diameter particle is esti-

mated to be 

Vfc = 6.96 (1 + 2 x 64~i) = 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 wjJ l be 0.5 cm. 

Another characteristic property of the aerosol pa1t~cles is their 

"mobility" in a turbulent flow. This can be evaluated (Becker, et al., 

1967) by as suming an aerosol "riding" on a sinusoidal motion with fre-

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

relationship can be found: 

or f = / c~) 2 - 1 u' 
g 

21rvcf 
if u' -= u 0.9, f - 1050 cps . 

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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= 4 [ 0.1952 exp (-7.313 K!) 
2r V 

+ 0.243 exp (-44.5 ~) + •··] 
2r2v 

where K is the diffusivity and t is the radius of the tube, V is 

the mean velocity and r is the diameter of the aerosols. When v2 >> 

Kt, the los s due to such deposition is negligible. In this experiment, 

V2 approximately exceeds Kt 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 

es timate the rate of coagul ation is as follows: 

dn 
dt= kn 2 

k is called the coagulation coefficient which varies with the aerosol. 

Usually, for small particle concentration, k is very small (~ 7 x 

10- 8 cm 3/min). Thus, a decrease in nwnber 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 

nwnber of particles may be asswned to be constant. 

5.2.4 Optical aperture - An optical aperture was mounted a t the 

very end of the fiber optics. The main purpose of the optical aperture 

was to increase th e spatial resolution of the sample volume. The real 

dimension is shown in Figure 5 . 8 . 

The inside surface of this optical aperture was coat ed 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 samp l e volume. 

5.2.S 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, f iber optic transmission 

also involves transmission losses which are always frequency dependent. 

This loss in l ight 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 exi t 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 specia l 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 
0 

percentage transmission f or this fiber optics at 6328A 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, 14-stage photomultiplier was used to probe the 

scattered light after transmission through the fiber optics. Figures 

5.1 2 and 5 .1 3 show the dimension outline and basing diagram. Figures 

5.14 and 5.15 show the typical spectral response characteristics and 

sensitivity di agram . The sensitivity A and B in Figure 5.15 are 

due to th e two t ypical circuitries which serve as voltage-divider 

arrangements. These are shown in Fi gures 5.16 and 5.17. The circuitry 

in Figure 5 .1 6 was used in th is experiment. Arrangement B is essen-

tially for "low" light leve l experiments incorporating photon counting. 

The operating voltages in this experiment were 2,000, 2,500 and 

2,soo voe. 
5.2.7 The overall system 

a. Overall system construction - Total probe configuration 

is shown in Fi gures 5.18 and 5.19. The laser was stored in a 7.6 x 

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 12mm 

diameter mirror was carefully glued on the gradual ly 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 l ight 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) the¼" gap 

between two fiber optics might have a significant blocking effect. 

The RCA - 7265 pM tube was covered by a dielectric magnetic shield 

(Mi llen, 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 externa l 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 f orced 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- 4 sec. 

Another characteri s tic 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 f or a given frequency were recorded and plotted in Figure 5. 23 . 

Th e overall-sys t em fr equency response is the minimum between the 

optica l system frequency respons e and the frequency response of the 

aerosols. For aeros ols 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 u!c' - The undefined term 
1-

u!c' in Reynold's diffusion equation has been very difficult to measure 
1 

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 veloci ty 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-

ab le that velocity and concentration signals be due to different 

mechanisms. It is proposed that the term u!c' can be measured by an 
1 

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 kHz. 

The concentration fluctuation is usually below 3k Hz. The signals can-

not be confused due to the different frequency ranges . To obtain 

the quantity u!c', 
1 

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 vo lume 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 ve locity 

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 
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0 
beam is monochromatic (A= 6328 A). Second, the laser is a light source 

of constant power. The transmission percentage for each optical filt er 

is known versus wavelength. The filters were of multilayer dielec tri c 

design; they reflect r ather than absorb. Of course, the light inten-

si t y of th e l aser beam was much too hi gh to shoot directly into a photo-

multipli er tub e . A double scattering from two pieces of photograph 

black paper was so adjusted that the input light intensity would not 

saturate the pM tub e (maximum current= l ma). The output was plotted 

in Figure 6 .1. Based on the r es ults 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 aeros ol 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 al hp fan. The 

experimental arrangement is shown i n Figure 6.2. The DOP aerosols were 

injected into the far in l et . A set of screens (grid sizes >> aerosol 

sizes) were used to encourage mixing. The principle of this calibration 

is based on the mass cons ervation law, measured velocity profiles, and 

the same aerosol emission rate: 

Q = 2nf 
0 

r 
0 

r • C(r) V(r)dr, 

After a perfect mixing process, 

hence, 

C = 
0 

Q 
To 

2n f r•V(r)dr 
0 

r = 14 cm. 
0 
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Since the emission of the aeroso l 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 - E vs. 1/V . o max The upper part 

of th e figure shows th e 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 th e photomultiplier tub e . The voltage may be varied within the 

limi t ation that the maximum yield of current from the pM tube is 1 ma. 

If the input l ight , 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 equa l to 2 .0 KDV. The data shows the following 

relationship: 

(E - E ) I 
o 2.0 KDV 

= 13.3 (E - E )I 
o 2. 8 KDV 

(E - E ) I 
o 2. S KDV 

= 2 . 59 (E - E )I 
o 2. 8 KDV 

The results could a l so be obtained approximately from Figure 5.15. 
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6.2 Measurements 

6 . 2 . 1 Wind tunnel - The Me teorological 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 pr ess ure 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 meas ure the mean and rms values in the fully 

developed turbul ent boundary layer. The mean velocity profile plotted 

on semi-log paper sugges ted that the values of roughness parameter 

z , and shear velocity u* in 
0 

u 1 z 
= - £n (-) 

U* K z0 

are 0.94 x 10- 5 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. 

Ve l ocity measurement was taken at 4 meters from the source. The 

boundary thickness (~28 cm) growth in this region is relatively 

sma l l . In this study, the flow is assumed to be fully deve loped and 

stationary. 

6.2.3 Puff measurements - Puffs were produced from the bubble 

generator (see Chapter IV) . The applied pressure of compressed ai r 
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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. Flipped the cup in the bubble generator face upward. 

2. Switched on the glass valve and exhausted the aerosol for 

3 seconds. 

3. Flipped the cup upside-down. 

4. Filled the cup with aerosol cloud. 

5. Waited for approximately 5 seconds to assure that all the 

exhausted aerosol passed downstream, then started the FM 

t ape recorder. Flipped the cup about 90° to release the 

aerosol cloud. 

6. 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 s tation. 

7. Moved th e L.L.S.P. to the next station. 

8. Repeat ed 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(cm) = 0, 5, 10, 15, 20 , -10, -20 

z(cm) = 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. 



62 

The sequence of operations were as follows: 

1. The aerosol cloud was exhausted to the ambient through the 

T-valve. 

2. The FM t ape 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 aeros ol supply was turned off. 

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

step 4 by the e lectromagnetic 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 th e order of seconds. The measuring stations were: 

a. y = z = 0 

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

b. x = 4.0m 

y(cm) = 0, 5, 10' 20 . 

z(cm) = 0, 7, 14, 23, 30. 

(y = 0) m and m due At the stations z = X = 0.5 X = 1.0 ' to th e 

higher concentration, the app lied voltage used was 2 _5KDV_ At the 

station m KDV (y = z = 0) x = 1 .5 , the applied voltage was 2.5 at all 

other stations, 2.8KDV was applied. 
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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 = t . 
0 

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 
0 

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 t . The final output still contains t he mean values of the p 
important parameters of the hydrogram, i.e . , p and t . p 

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 di s tribution 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 us e the concept of statistical estimation from given samples. 

The difference between this situation and the usual statistic is that 

one does not perform an es tima tion 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 utili ~ed 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 th e coefficients may be found 
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by using the relationsh ip between orthonormal sets. In this si tuati on 

we intend to retain primarily th e s t atistica l moments of a concentration 

profile, henc e , a Gram-Charlier ser i es is the proper choice. In the 

past i t has been t he gener al practice, in diffusion investigations, to 

find only the second moment of concentration distribution. The skewed 

shape of a p lume has been of concern only when the diffusion process 

was in a flow where s t rong shear was present. Since the diffusing 

aerosol studied herei n underwent strong shear, one must ca lculate higher 

order moments. Characteristics of such distribution functions are 

discussed in the following paragraphs. 
n 

If one starts with a random variable s = Is. where the S. IS 
n=l 1 1 

are sets of independent random var iables, then for each set s. with 
1 

the mean m. 
1 

and standard deviation we can obtain the similar 

expression 

m = 

a2 = 

n 
I 

i=l 

n 
I 

i=l 

m. 
1 

a? 
1 

De Moivre's theorem (Cramer ) stated that if S. IS 
1 

have the same 

distribution, the asymptotic trend of the distribution function 

f(s-m/o) approaches a standard normal, i.e., 

lim 
i+oo 

1 

& 

s-m -1/ 2 (-) 2 s-m e a = t(-) a 

This result can also be obtained by using the central limit th eorem. 

If we use the "s tandardized 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 Z E: c2 

any f(z) = f (s-m) = <P (z) + r(z) . a 

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 

00 

f (z) 2 
i=l 

a. <P (i) (z) 
1 

. ' 1. 

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

this error function-like series, namely 

qi( i) (z) = (-l)i H. (z) <P(z) 
1 

where H. ( z) is the Hermite po lynomial of degree i. The first six 
1 

terms are: 

HO = 1 

Hl = z 

H2 = z2 -1 

H3 = z3 -3 z 

H4 = z4 -6z 2 + 3 

HS = zS 10 z3 + lSz 

H6 = z6 1Sz4 + 4Sz - 15. 

The orthogonal relationship of Hermite polynomials is 

00 for m = n 
f 8mHn <P(z)dz = 

- oo for m f. n 
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Using this identity, one can find the coefficients 

a 
0 

= 1 from the definition of a distribution function 

= 
from the normalization 

= 

00 

a3 = - f f(z) z3 dz = - skewness (sk) 
- 00 

00 

a4 = + f f(z)z 4 dz - 3 = Flatness - 3 = Excess (Ex) 
- 00 

00 

as = - f f(z)z 5dz + 10 sk 
- 00 

00 

a6 = + f f(z)z 6dz - 15 Ex+ 15. 
- 00 

Therefore, one finally obtains the following expression 

f ( z) = cp ( z) + ~ ~ cp ( 3) ( z) + :~ cp ( 4) ( z) 

The cumulant function can thus be written as 

F ( ) ( ) s k ,._ ( 3) ( z) + E
4

x! ,._ ( 4) ( z) z = ¢ z + 3! 'I' 'I' 

¢ is the cumulant function of cp . The explicit form is obtained by 

using the identity, 

cp(i) = (-l)i H. (z) cp(z) 
1 

and one obtains f(z) = (z) (1 

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

If the integral 

00 

f z2 /4 e dF (z) 
_oo 

or 



69 

is convergent, the series is always convergent. As a matter of fact, 

only a very small class of functions do not converge . In t he general 

practice the convergence property of th e e~pansion 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-Char lier series 

is not steadily decreasing as i increases. That is, 

i = 3 

order of magnitude -1/2 n 

(4,6 ) (5 ,7,9) (8,10,12) 

-1 n n -3/2 -2 n 

where n is th e numb er of data points . 

(11,13,15) 

-5/2 n 

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 

a l so gi ven by Edgeworthe.) The expansion of the order 

[ 
sk Ex 1 

f( z) = q,( z) 1 + 6 H3 + 24 H4 + 120 

-1 n reads: 

The average number of di gitized data points for each concentration 

trace is in the order of 50. Thus, one can obtain the following 

estimation: 

-1 0 (n ) ~ 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 indicat ed the oth 



70 

moment. kl, k2, k3, k4 are called the first four cumulants. The 

cumul1nts are directly related to the estimated moments, i.e., 

co 

kl = f c(t) t dt 
0 

co 

k2 = f C (t) (t-kl) 2 dt 
0 

co 

k3 = f c(t) (t-kl) 3 dt 
0 

co 

k4 = f C (t) (t-kl) 4 dt . 
0 

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 
mm 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 point s for the six different tests. 

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

standard normal together with the given moments, 

Mean= 0.0 

(J = 1 

Skewness= 0 

Flatness = 3. (Ex= 0.) 

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

computation formula is : 

f(z) = 
1 

12-; 

In other words, the formula which is used to "reproduce" the original 

output would be: 



where 

7.3 

f(T) = 
MO 

rz; 

t-t mean 
T = -6-

Illustrative Examples 
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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 

<t> (z) = 
1 

rz; 
with the skewness= 0 and the Excess= 0, then the Gram-Charlier series 

is identical to the exact functional form of <f>(z ). (Here we only 

consider the accuracy up to the order of -1 n .) 

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., 

f(x) [ f (x, r, A)] 
A (1tz/-l -AZ = = r(r) e 

00 

where r(r) = I r-1 -z The dashed line indicates the Gram-X e dx. 
0 

Charlier series of 3 degrees of Hermite polynomials, or to the order 

of -1/2 n . The curve indicated with the dots provides the resul t from 

the Gram-Charlier series of the order of -1 n 

One can see that even in the order of -1/2 n , the fitting curve 

is very close to the true gamma distribution. For the order of -1 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: 

) z = 

L X = 

x-m 
a 

za + m. 
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Chapter VI II 

MATHEMATICAL ANALYSIS OF TURBULENT DIFFUSION 
FROM AN INSTANTANEOUS POINT SOURCE 
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Chapter VI I I 

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: 

a D ~ 
ax. Max. 

l l 
i = 1. 2. 3. 

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

perturbation theory is used to represent the turbulent behaviors, one 

obtains: 

After 

C = C + C 1 

u. = u. + u! 
l l l 

applying Reynold's 

ac ac -+ u. --= at l ax . 
l 

averaging process, the equation becomes: 

a c'u! a (D ac) 
ax. + --

l ax. M ax. 
l l l 

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

three orders less than the turbulent diffusion terms; 

a 
ax. 

l 

ac a D - << c'u! M ax ax. 1 
l 

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: 

_a_ ~ « 
ax 

ac u-ax 
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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, u2 = u3 = 0. The final equation util i zed 

for diffusion in a turbulent field is: 

ac - + at c'u' 2 

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: 

ac ac a c'v' a c'w' at + u- = + -ax ay az 

If one introduces the eddy diffusivities concept, 

K ~ = Y ay 

equation (8.1) can be written as: 

ac -+ at 
ac u - = at 

a ( K ~) 
ay y ay + 2_ (K ~) az z az 

(8.1) 

i.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," i, and assumed i is proportional to the 

distance from the wall, i.e., 

2_ = K Z 

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

becomes: 
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pu'w' = = 

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

layer, i.e. , 

= constant 

where K i s Von Karman' s constant and is equal to 0.4 in the air flow, 

u* is the shear ing 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 

K = K u* z z 

K z can be written as: 

This was suggested by Ellison (1959) and confirmed by Pasquill (1966). 

The functional form of K is still not known. There have been y 

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

r e lationship (Rao, Nee, and Yang, 1971): 

K ~ K or, K = const. K y z y z 

Another suggestion (Davies, 1951) was to use a power law form; i . e., 

K y 
1-n 

= A u ID z 

For most applications, instead of seeking the functional form of 

and K the variations of standard deviations, a and cr are z y z 
mainly concerned. 

K y 
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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. I-le 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, instantaneous line 

source is: 

aL 
-+ at 

u " L " ( ____:_ t n ~) a  a 
K Z ax = az 

0 

( ~) K U* Z az (8.3) 

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

y domain.) 

Initial condition: L = 6 (t, X = z = 0) 

Boundary conditions: K aLI = 0 
z a z z=O 

 ±oo 
L, VL  0 as y  ±oo 

z  00 

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, z , t) = L* (z,t) f (xlz,t) 

then, 
(X) 

L*(z,t) :;: J L(x,z,t)dx (8.4) 
_ o:, 

Equation (8.3) thus becomes: 

cl L a aL * * :;: (K U* z ~) at a z 

In statistical terms, L* is called "marginal concentration distribu-

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

Jaeger, 1959) for L*: 

:;: 

The next step is to seek the concentration distribution in the 

x-direction f(xl 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, 

8 
x-x z 

:;: n :;: --
au*t KU*t 

(8.5) 

and 

a a y' a a: u*t x' z (8.6) 

therefore, 

L (x,z,t) 1 
F ( 8 ,n) :;: 

aK(U*t) 2 
(8. 7) 

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 

where 

where 

and 

L*. The result reads: 
z - --

dx u 00 KU*t * f ( ~) 1 
dt = i n -- e K z u*t 0 0 

00 

X = f x•L(x,z = canst. ,t)dx 
- 00 

y(Euler' s constant) = 0.5772 · ·· 

X 
u t 
* 
K 

u KU t 
* * dz = - i n K z ey 

0 

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

obtained in th e simi lar manner. It reads: 

KU t 
(i n z 1) K2 KU* i n * z - - y - = X = --z z ey 0 

0 

Thus the trajectory of a puff can be described as: 

z 
[ i n !y+l l X = 2 K z 

0 

(8.8) 

(8.9) 

(8.10) 

Using the given trajectory, one proceeds to seek the functional 

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

(n+l) aF an + ( S - _!_ i n n e Y) ~ + 2F = 0 aK as (8 . 11) 

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: 

00 

let B (n) = f Sn•F(S,n)dS 
n 

-00 

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

x-direction S. The transformed boundary conditions are 

and 

B (n)  0 
n 

F(S, n)  0 as 

as 

for n  oo 

S, n  00 

n  O  • 

A series of ordinary differential equations can be obtained by 

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

similarity: 

d2B dB 
n = 0 

0 
(n+l) 0 B 0 n --+ dn 

+ = 
dn
2 0 

n = 1 
d2B dB

1 
B 

1 
(n+l) _E. Q,n n ey n + 
dn = dn2 

aK 

n = 2 
d2B dB

2 
2B
1 2 

(n+l) B2 n ey n --+ dn 
- = --i n 

dn
2 aK 

d2B 
n = k 

dBk -kBk-1 k 
(n+l) (n-1) n ey n 

d/ 
+ 

dn - B = ---Q,n 
k aK 

Applying integration by parts, Chatwin obtained 

e-n 
(Q,n n +  y-1) 

aK 

B (n) = e- n 
0 

and 

(8.12) 



where J
oo e- n 

El (n) = n 
n 

standard integration table. 
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dn . The function can be found in a 

The difficulty of solving the set of differential equations increases 

as n increases. Numerical integration is made difficult by the singu-

l arity at the ground level . Putta (1971) performed a tedious integration 

by using the identity: 

lim 
n-+o 

He obta ined the vertica l distribution of the standard deviation of the 

cloud. It reads: 

2E 1 (n) 1 + £ 2 e -n (n+2) - 2nE1 (n) 

+ 3 e- n - (n+l)r" (l, n) + 2y r ' (1,n) + y2 e-n (8.13) 

where a2r r ' ' (a, n) = - (a , n) f 
aa2 O 

00 

(incomplete ga~ma function) 

£ = .R. n (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 

level, B (n = 0) = - 2·267 
3 a3 K3 

The normali zed third moment, i.e., 

the skewness, is about -1 . 02. 

8.2 Present Contribution 

8.2 . l The gamma distribution approximation - Three moments of the 

concentration distribution are sufficient to approximate a distribution. 



82 

Following the same arguments as found in Chapter VII, the Gram-Charlier 

distribution is appropriate. The distribution in the x-direction thus 

reads: 

f( B) = 

Therefore, if one used th e calculated three moments, one may approxi-

mate the distribution fun ction at the ground level as: 

Putta 

to height 

f( B) = l [ 1 - 1.02 H3(8) J 
lb 

e 

1 
= 

lb 
[

l _ 1.02 - 6-

has indicated that the 

( 83 - 38)] 

variation of 

e 

z and neither is A 3. One may thus 

distribution is, 

1 1. 02 (83-38)] F(8 , n) = 1 - -6-
KU*t 12n 

132 
-T 

a 
X 

is not 

claim that 

13 2 
--y - T) 

e 

(8.14) 

sensitive 

the overall 

(8.15) 

where n is a normalized variable in z-direction defined as z/Ku*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. Fourth, 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. In the normalized coordinate system, S 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 S but not for negative S. 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: 

G (x) = >. (h)y-1 
r (y) 

00 

f Zy-l e-z dz . where f(y) = 
0 

- AX 
e 0 < X < 00 (8.16) 

From the moment generating function 

(>./>.-T)Y we can obtain the first three normalized moments, namely: 

mean = 
y r 

standard deviation = 
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skewness 1 
1/2 y 

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 r_ = 2 3 ,\ . 

standard deviation /y 
-,\- = 1 

skewness 

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 optimwn point. However, a least-square principle 

can still be used. 

Now we are seeking a point (y
0

, >.
0

) in the set (see Figure 8.2) 

[Y < 2.3,\, 6 > >. 2 , y > 4] which satisfies the following condition 

that E = (y
0 

2. 3 ,\ ) 2 + (y - >. 2 ) 2 + (y - 4) 2 = minimum, i.e . , 
0 0 0 0 

cl E ay = 0 
0 

6y - 2,\ 2 - 4 . 6,\ 
0 

- 8 = 0 0 0 



or 

so 

clE 
clA 
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3y -A 2 - 2 .3 A - 4 = 0 
0 0 0 

= 0 2.3(8 - 2.3 A)+ (8 - A2 )2A = 0 
0 0 0 0 

2.3 A + 4 
3 0 3 

Substituting equation (8.19) into equation (8.17), one obtains 

A 3 1. 7 3A 2 + 0 . 63A - 2. 3 = 0 
0 0 0 

(8 .1 7) 

(8.18) 

(8. 19) 

The only r ea l root of this cubic equation was calculated by using 

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

root is: 

A = 1.9859 
0 

and y = 4.1704 . 
0 

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

Figure 8.1. The author has chosen to us e the values: 

A = 2.0 
0 

y
0 

= 4.0 

for convenience . The inverse gamma distribution was plotted in 

Figure 8.3. The similarity profile was plotted as a dashed line. 

Note that one canno t justify which distribution, the Gram-

Charlier series, or inverse gamma, is a better estimate of the exact 

cloud concentration distribution, unless higher moments ar e 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 so lution is in a closed fo rm if a standard distribution is 

us ed. By "c los ed form", we mean the integrated va lue is exact l y unity 

(defini tion of a distribution func tion ). 

Using the chos en va lues (A
0 

= 2, y
0 

= 4), one can immediately 

write down the similarity profi l e as : 

G( S) = 2. 0 [ 2 . (2- S) (4-1)] 
f(4) 

-2( 2- S) e ( S=- oo , 2) (8.20) 

where f(4) = 3 x 2 x 1 = 6 

G( S) = ~ (2- f3 ) 3 e 
-2 (2- S) 

If we us e th e exp l icit form, the f unct ion will read: 

G(x,tlz) 

where X = 
K 

r x-x ] -2 l·2 -c-) au*t e (8. 21) 

Hence, the complet e approximate solution for a ground released, 

instantaneous line source must be 

L(x,z,t) 8 x-x 3 
= 3 ( 2 - au t) 

* 
e 

x-x 
- 2 ( 2 - au t) 

* 
1 

z 
-(KU t) 

e * (8.22) 

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

(p . 641), "Statistical Flu i d Mechanics," it is stated that 

"No single explicit analytical solution of a non-stat ionary 
diffusion problem in a half-space Z>O, from an instantaneous 
point source, has apparently ye t been obtained i n 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: 

00 

L(x,z,t) = J c(x,y,z,t)dy 

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

series solution, i.e., 

00 

c(x,y,z,t) (8.23) 

If we again use the normalized coordinate (y-y)/gu*t (as a con-

sequence of similarity theory) as the variable in the Grarn-Charlier 

series for the expression of wi, then the approximate solution reads: 

(8.24) 

(g is 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. 

c(x,y,z,t) = L(x,z,t) 1 (8 . 25) 
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From turbulence measurements over a flat plate, the turQulent 

quantities tend to have the following relation: 

u' > v' > w' 

Therefore, one can estimate, the magnitude 

(0.4) k < g < a (1.5) . 

0 c:, should be: 

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

suggested to be - 1. 
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Chapter IX 

EXPERIMENTAL RESULTS 



9.1 Puffs 
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Chapter IX 

EXPERIMENTAL RESULTS 

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 arriva l time for a measuring station is 

also plotted. The del ay 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 

X 

in which 

m/sec and 

u t 
* 
K 

KU t 
* (9 .1) 

K = 0.4 and y = 0.577. In the measurements, u* = 0.0582 

Z = 0.94 X 10-S m. 
0 

One then obtains 

X = 0.14t i nt+ 0.9075t 

and for 

t = 0.5, X = 0.048 + 0.4537 

while 

t = 4 sec, x = 0.77 + 3.63. 

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 al l 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-x)/au*t = 2. 

Therefore, for a certain downwind distance X
0

, the first arrival 

time is the root of the following equation: 

or 
X 

0 

t 

X 
0 

u 
* 

K 

u t 
* 
K 

u 

KU t 
* 

KU 
* Jl n t - ( ____:::_ Jl n 

K Z ey 
0 

u 
* 

K 
(9.2) 

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 
0 

t - 0.145 Jl 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 t his 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-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-x)/au*t < -6, 

departure time (II) indicated the roots of (x-x)/au*t < -10. The 

observed first arriva l 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 ax and the skewness 

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

The predictions are 

a = au* t 
X 

skewness 

= 1.5 u,t 1 
= -1 j 

at the ground level . 

Since the variations of both 0 and skewness for different heights 
X 

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 a 's 
X 

for different coordinate loca-

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

be due to the fact that the source was not a "point" source. 
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Because of the relatively sma ll diffusion rate compared to th e 

mean convective ve locity the puffs can be considered as "frozen" in 

pattern when passing through a measuring station . For a longer diffu-

sion time, th e frozen pattern will no longer exist. This wi ll be dis-

cussed further in section 9.3.3. Thus at the ground l evel cr can be 
X 

transformed (for shor t time periods) into the following form: 

au*t X 
(J = = au* X u KU 

* r * ' I Q. n - 1 j K L ey z 
0 

Figure 9.5 p lot s the meas ured (J 's . 
X 

The regressiona l line shown 

in Figure 9 . 5 s hows the pr edict ed a- va lue of 1.5 as being excell ent 

(the regressional coefficient is 0.614). This is the first time that 

the a-value was ever exami ned in the l aboratory . 

The skewness es timat ed by Putta (1971) for such puffs is -1 . In 

t ime domain, the s kewness mus t then be +1. Figure 9 . 6 plots the skew-

ness for the measured concentrati on distribution. 

The predicted sk ewnes s appears to be s lightly greater than the 

observed values. This may be because of the finite resolution of the 

L.L.S.P. Due to the pres enc e of th e strong shear near the ground l evel , 

the analytic concentration distribution tends to have an extremely long 

tail . This long tail with its smal l 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 pr edicted va lue 

would be 0.65 which is very close to the obs erv ed val ues . ) 
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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 A y and 

were obtained from the representative curves at 

A • z These values 

t = t mean The values 

A and A have been defined as in the distance between c and y z max 

9 . 2 Plumes 

In the short period release study, the arriva l time of a plume 

has been defined as the period between the re l ease time and the time 

when the L.L. S.P . detected t en percent of the local mean concentration 

value. The departure time is defined as the period between the shut-off 

time and the time when th e 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 simi l ar 

patterns to those detected by Chaudhry and Meroney (1969). Figure 9.1 2 

shows the arrival time of the p lume 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 

Cermak (1964) have demonstrated that -1. 4 c ~ x for a continuous max 
ground rel eased sourc e . However, the experiment was conducted in a 

somewhat thinner boundary l ayer still undergoing relatively rapid 

growth. 

Chaudhry and Meroney (1969) obtained 

-1. 78 
C ~ X max (for neutral case) 

for ground rel eased continuous sources in the same wind tunnel used 

herein. The r es ults for the integrated puff outputs and the continuous 

plume releases are plotted in Figure 9.13. This is probably the first 

experimental evid ence 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 

Xcontinuous line source L(x,z,t)dt (9. 4) 

= 

x-x 
8 x-x 3 - 2 ( 2 - au t) 
3 (2 - au t) e * 

* 
dt (9.5) 
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Xcontinuous point source c(x,y,t)dt 

The numerical values for the experimental conditions studied 

herein have been substituted under the integral. The resulting 

expressions are: 

Xcontinuous line = 
source at ground 
level 

Xcontinuous point source 
at ground level 

x-x 3 
( 2 - 0.873t) 

1 

~ 

x-x 
- 2 (2 - 0.873t) 1 

e 0.0233t dt 

(9. 6) 

• L(x,z=O,t)dt (9. 7) 

in which x, arrival time t ' a 
and departure time 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 t abulated form: 

Continuous Continuous 
Line Source Point Source 

Malhotra & Cermak (1964) -0.85 - -1. 4 
C - X C X max max 

Chaudhry & Meroney (1969) - -0.75 -1. 78 
C X C - X max max 

Integrated value from -0.80 -1.63 similar profile C - X C - X max max 

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 ax , ay , a z 

are linearly proportional to the products of shear velocity u*, and 

travel time t, i.e., 

a = ay*t 
X 

a = bu*t z 

a = gu*t y 

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 c vs. log x plot, the only means max 
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 re l eased, continuous point source where 

Q = 20 µc./c.c. 
1 

cx=lm = 3x 103 pci / c . c. at y = z = o. 

From equation (8.25), we obtain: 



so 

20 X 126.7 
g 

g ~ 0. 854 ~ 1. 0 

98 

= 3 X 10 3 

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 t ?" 
0 

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 
* = 
K 

KU t 
* - 1) 

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, 

equat i on (8 . 25), is correct. 

As a consequence, then the descrip tive func tion {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) coul d be obtained from the functi on c(t,x) = 0. 

In order to compare the output s for standard deviation and skewness, 

the process of numerical integration has been performed by using a CDC 

6400 digital computer. Thus, the exp licit form of f(x) is not essen-

tial. The predicted functions in time space are shown in Figures 9 .1 5 

and 9.16. The calculated standard devi ation (in terms of seconds) and 

skewness are shown in Figure 9.17. These figures show a very important 

result, i.e., f or a short t ravel distance (corresponding a short travel 

time), the distribution space and time can be transformed according to 

Tay lor'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 

simp le 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 

0 = LJ X 0 x (space) local x (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, P5, 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, z 
0 

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 u* = 0.364 m/sec 

Run No. PS u* = 0.690 m/sec 

Run No. p6 u* = 0.625 m/sec. 

The mean arrival times are computed by using the mean transport 

velocities at 1.5 mas 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 A y to A • z The predicted value of 0.66 is appar-

ent l y 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\ 

CO~CLUSIONS 

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 techni que in the ~eteorological Wind Tunnel 

at Colorado State Univers ity. An aeroso l filled gas bubble was released 

in a column of wa ter to subsequently rise and burst at floor level of 

the wi nd 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 

photomultipli er-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-de~tndent 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 geometric 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 c 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 output 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., cr = at. 

This assumption is consistent with the suggestion that the diffusion 

occurs in a constant flux layer. (Taylor, (1921) proved that cr is 

proportional to the It 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: 

V X 
C(t,x) = exp (---) 

!fiat 2a2t2 

Notice that when 

X ~ 0, C(t,x ) = 0 
0 

X = 0 
lim 

C (t, 0)  (X) 

 

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 = X - Vt. Where X is the original 
0 0 

probing distance, V is the mean convective velocity. Thus the 

observed concentration at any instant t reads: 

C (t) = V (A.1) 
/2; at 

The mathematical properties of this distribution are described 

as follows: 

(1) X -/ Vt, lim C (t) 0 = 0 t -+0 

(2) X Vt, lim C (t) = = 00 ' 0 t -+ 0 

0 : otherwise. 

The distribution reaches its maximum value when, 

de 0 dt = 

or 
X X 

t 0 0 = < 

/v2+2a2 
V 

This delay time is due to diffusion effects. 

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

using 

~ = 
1 

t2 

C(CX ) = 
0 

V ~1/2 
a/2;" 

e 

X 
_Q_ 
2a2 

Notice that a standard gamma distribution has the form of 
-AX 

e Thus the concentration distribution in a 

(A. 2) 
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stagnant flow is a gamma distribution with two degrees of freedom (3/2 

and X /2a2) (Parzen, 1967). For V f 0, or in a convective flow field, 
0 

the statistical properties of the concentration distribution cannot be 

obtained in closed functional form. 

The zeroth moment, or the total observed mass is: 

V 

ar'h" 
f 
0 

00 

-1 
t e 

(X -Vt) 
0 

dt . 

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

conservation of mass), i.e., 

(X -Vt) 2 
0 

00 

2a2t2 
f 

V 1 
dt  1 (a « V) 

t 
e 

0 ar'h" 

or (V-X /t) 
0 ]2 

00 

v'2a 
f 

V 1 
dt  1  . 

t 
e 

0 a& 

If we use the following transformation: 

1 
= 

na 

then the transformed boundary conditions will be: 

t=O, ~  

t = 00, ~  -
V 

v'2a 

From the transformation (A.3), one obtains 

(A. 3) 
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-dt 12a f, = x t 2 0 

X -na dt 
0 

= X = df, -x-cna f,+v)2 0 

(X) 

f 
1  1 -
a/2'; t 0 

-v/na 
= f 1 

 

= 

= 

(X) 

V 

/2" 

V 

/2" 

(X) 

f 
-V//2a 

(X) 

f 
- V/fia 

-+ 1 (a « V) . 

e 

(X -Vt) 
0 

2a2t 2 

cna f,+v)2 
X 
0 

df, 

dt 

e 

V + ia f, 

1 
df, +  -

rn 

We t hus obtain the identity: 

1 
V 

/2" 
f 
0 

(X) 

V+fia f, 

v;.fia 
df, = f 

0 

-/2a X 
0 

df, 
cna f,+V)2 

-/2a X 
0 df, 

cna f,+v)2 

(X) -f,2 
f e 

o v+./iaf, 

1 

/2" 

-f,2 
e 
---df, 
V+.fia f, 

df, 

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

V f 
0 

f 
0 

(X) 

(X) 

l+ffa"E; 
V 

dE; 

dE; 

(X) 2 f e- E; (1 - AE; + A2E;2 - A3 E; 3 + ···)dE; 
0 

where A = 12a 
V 

The following identiti es are used to evaluate equation (A.5) 

Therefore, 

(X) 2 ;; 
f e - E; dE; = 
0 

(X) 

f 2n z 
0 

(X) 

f 2n+l z 
0 

equation 

(;; 
2 

2 

- z2 1•3•5 e dz = 

-z 2 dz n! e = 2 

(A.S) becomes : 

A A2 
2 + T 

... 
2n+l 

1•3•5· · · 2n-1 
2 n+l 

(2n-1) ;; 

(X) 

\' n! A2n+l . 
l T n=O 

(A. 5) 



The identity (A.4) thus reads: 

for a<< V, 

v;fia 
J 
0 

- 1; 2 
e 

V + fia 
d i; 

11 7 

00 

I 
n=O ( 

1 • 3 • S · · · 2n-1 
2n+l 

oo 2 2n+l ) l fv ( Va) n! (A.6) 
n=O 

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

First we try t he moment generating function: 

m(t) = E{eTt } 

(X -Vt) 2 
0 

00 

2a2t 2 V J Tt 1 dt = e - e 
a/2'; t 

0 

1 X 2VX 
0 0 V2 + 2a2 Tt) --+ 

00 

2a2 t 2 t 1 J dt = e 
a/2'; 0 

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

(T is a dummy variable.) 
T=O 

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 firs t four statistical 

moments are also listed. 

The authors have named this particular function (A.l) the 

C-distribution. The C-distribution is a three parameter family, 

namely, X , V and a. 
0 

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 wil<l be "permanently missing." 

Figure A.l 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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J\PPENDIX B 

Averagin g Time Scale for Time-Dependent 
Concentration Neasuremen t s 

In an unsteady J iffusion process, probl ems arise as to what the 

minimum averaging time scale should be in defining the =•instant aneous 

me an concentration. •; This is to say that a minimum characteristic 

time int e rval 6t is 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 6t 

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 . 

any 

The definition of 6t can a lso be interpreted as follows: for 

6t. 
l 

such that 

00 

E [ (c. M.) t~] + f ct" dt 
l l l 

0 

6t . is sufficiently long to avoid misrepresenting the local mean signal. 
l 

This is equivalent to many stochastic processes where it is required 

t hat 

where E is the averaging function . A similar ar gument 1vas used by 
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Sayre (1968) in defining the instantaneous concentration distribution 

from an instantaneous plane source in an open channel flm, 

In the experiment discussed herein 6t is chosen to ue of the 

order of 0.1 sec. This is based on the arguments that 6t mus t be 

sufficiently large compared to the local Eulerian time scale TE. 

TE is defined as 

00 

J 
0 

R11 (1) is the autocorrelation function of u component. In a wind 

tunnel, the Eulerian time scale in a boundary layer is of the order 

10- 2 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 

6t is much greater than TE' the average concentration is thus well 

defined. 
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APPE1 DIX 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 

impi nge the aerosol jet (mass jet) upon a clear glass plate. Only a 

few aerosol particles s tayed 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 mi croscope (160x). 

Figure A.3 displays a typical picture against a calibrated scale 

of 10µ. 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 possibi lity 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 
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parabolic solution and to use a curve fitting technique to confine the 

distribution to a  fini t e  domain . The following example is used to 

describe the concept. 

One of the standard Pearson distribution family with only a finite 

sampl e space is the beta distribution. The beta distribution has the 

following form: 

f(x,a,b) 
1 

== B(a,b) 
a-1 b-1 
x (1-x) I(O,l) 

1 
Where B(a,b) --f xa-l (1-x)b-ldx. Th 1 . th' t· e  s amp e space in is par 1cu-

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  l a t eral concentration distribution Cy-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 tha t a== b. 

ii) This condition also indicates e == 0.5. The standard 

deviation of f(x,a,b) 

(J == 

is a == u*t, i.e., 
y 

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: 

I 
f ex == o. s) I + 
f(x == cr) l

f(x == O.S) I == minimum. 
f(x == 2cr) 
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This has been done by the trial and error technique. The fin a l values 

chosen are a= 4, d = 6. Hence, the distribution is: 

1 
13 (4,4) 

where x' = y/u*t. 

(9-x') 3 
36 or 

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 predict s lower concentration in the center, and higher concentration 

off the centerline. This may not be an ideal way to confine diffusion 

r a tes because of th e apparent difference in functional behavior between 

the two distributions. However, it does eliminate the anomaly of 

infinite diffusion ve locity. 
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Washington 

Table 1.1 

Number of 
releases and 

maximum 
sampl ing 
distance 

10 releases; 
300 m 

43 releases; 
2400 111 

430 relea_ses; 
:sooo 111 

33 releases; 
1100 m 
maximum 
used here 

17 releases; 
'104m 

4 releases; 
6100 m 

37 releases; 
:io~m 

13 releases; 

Summary of Recent Quasi-Instantaneous-Source Experiments 

Sampled material 
and sampling 

method 

Lyco;,odium spores; 
impaction on ad-
hesive cylinders 

Beryllium powder i n 
rocket propellan:; 
aspirated filters 

Oil fog;photography 
from pO$ition 
up,..ind of source 

BW and CW gases 
and particulates 

Zinc ' cadmium sul-
fide; rotorods 
and aspirated 
fi 1 tcrs 

Fission products 
aspirated filters 

Zinc cadmium sul-
fide;aspirated 
filters on tower 

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

Height of 
release and 

release 
duration 

Surface; l sec 

Surface (plus 
initial height 
of rise); 2 to 
8 sec 

24 to 67 m; 
30 sec 

Surface ; 3 
and 26 sec 

Surface; l min 

Surface;<30 
sec 

110 to 320 m; 
small(air-
craft-
released line 
source up-
wind of tower) 
Surface: 
instant,ineo..is 
and finite re-
le.ises <20 min. 

Type- of terroin 

Downland 

Flat desert 

Low hills 

Flat desert 

Rugges coast-
line 

Flat desert 

Rolling terrain 

Flat desert 

Initial source 
size and 

ter.iperature 

to 4 m; 
a::ibicnt 

Dia:oetcr of 
15 to 45 m; 
above 
awb icnt 

S::: .~ 11; close 
to .1 1:1bicnt 

Finite but 
accou;ited 
for by 
authors; 
near ambient 

Small; ambient 

10 meters; 
above 
ambient 

Finite but 
accounted 
for by 
authors; 
ambient 

<30 cm; 
a::ibicnt 

Parameters directly 
ccasured 

Surface dosage distribution 

Surface dosage distribution 

Puff width and puff depth 

Surface dosage distribution 
and limited measurc;;:cnts 
of vertical distribution 

Dosage along irrcgu!ar arcs 

Surface dosage distribution 

Vertical dosage distribution 
on tower 

Surface and vertical instan-
taneous concentration 

f-o" 
N 
VI 
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Table 5.1 The General Description of the Laser. 

Model 120 Specificatial"ls 
Output 

Beam Gh~racterlstics 

Resonator Charact11ristics 

Amplitude Stablllty 

Environmental Capability 

Physical Characteristics 

Power Requirements 

Wavelength : 632.8 nr.1 . (Visible red.) 
Power: >5.0 mW 
Transverse mode: TF.M .. 

Beam diameter : e.&5 mm at 1 / e' points 
Beam divergence: 1.7 milliradians 
Degree of polarization: Linear to better than 1 part per thousand 
Angle of polarization: Ao justable, vertical ± 20° 

Resonator configuration: long radius 
Resonator length: 39 cm 
Axial mode spacing : 385 MHz 
Plasma excitation: direct current self-sta rting 

Beam amplitude noise (1-·100 KHz) : < 0.5% rri1s 
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 

Operating teml)'i)raturn : -io to 40° C 
Altitude : Sea level to 10,000 feet 
Humidity: 90% rel ative humidity 

Weight: Laser-?½ lbs. 
Exciter-?½ lbs. 

Cable Length (Exciter to Laser): 8 feet (Extension sections available) 

Voltag1.1 : 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 Exoeriment::i.J Data for Puff Measurements. 

S-,l'!'!O!l ,•:.s,w, f•jC C",Z•::Cl'I. 
~ ( l (2 «:3 ( 4 '"[~. s:.l"..1 s.ct,£SS :-_l~£SS 

:S[: . : tS[C. : 
• 7149 .9256 .0417 .0057 .oor .923' .2041 .6'7.& .&.9174 
I .0263 1. 0625 .0792 .0151 .0!99 : .0625 .2914 .6212 5. 1714 
I .5468 I .0121 . 1071 .0500 .04'5 1 .012 : .5275 .15152 5.7952 
.9775 .9671 .0767 .0214 . 0547 .9671 .2769 1.5!79 5.191,& 
.9176 .7525 .0615 .0159 .0155 • 7525 .U:"9 .915' 4. 1025 
.8770 • 7670 .0651 .0185 .019' • 7670 .2565 1.0151 4.4116 

~lfja I .0000 .9141 .0720 .0185 .0256 ,91.&I .265~ .915' 4.4057 
SIGMl• • 174'5 . 11706 .01989 .00154 .01112 , 11706 .05755 .2"60 .1720'.' 

STlT(Ofl x•l .01'1, l'•00 C1'1,Z•00Cl'1. 
f'10 (I r:2 r:5 (4 ~lfj SIW SIC[J,ILSS F'i..l'T?£SS 

IS[C.J 1sec. 1 
.8519 I. 1510 .05'6 ,0129 ,0151 I, 1510 .2556 1.0152 4,650. 
• 7116 I .2526 .0452 .0010 .0011 1.2526 .2071 .1196 4.5'2.& 
.6711 I .24'1 .0475 .0124 .0125 1,24'1 ,217' I ,204' 5.5151 
.6419 1. 1752 .048' ,0076 .0014 I, 1752 .2201 .7110 5.57" 
• 7442 1. 1162 .0575 .0069 .0095 I• TT'2 .2591 .5010 2.7917 
.6225 1. 1250 .05i2 .0016 .0059 1, 1250 • 1919 .2064 5,1247 

~AN- • 7062 I, 1775 .048' .0012 .0096 I, 1775 .z,s, .~5 4. IT 71 
SIGMl• .07189 .05444 .0°'25 .00577 .00266 • 0S.S4' .01.&ZS .55024 .&42 

STATION X•l.514,l'•OO CN,Z•000,. 
f'10 (I r:2 r:5 (4 PON SIW SICDILSS F'i..lnLSS 

ISCC,J IS[C.l 
.6641 2.2251 • 1151 .055' • 1060 2.2251 ,4502 .6712 5.0941 
.5299 2.0571 • 1504 .0~ .0990 2.0571 ·"" I .6017 5.12'8 
.4292 2.0591 • 1464 .0651 .0141 2.0591 .JIZS I. 1510 5.9222 
.5248 2. 1064 .2486 • I 141 • 1992 2. 1064 

··-
.92'0 5.2221 

.4091 I .9409 .104' .0.&ZS .01520 I ,9409 .5252 1.2596 4.7566 

.407' 1.9877 • I 116 .0402 .0495 I .9177 .55'1 I . 0777 5.9765 

~1•i- .4609 2.0594 • 154' .0650 .0915 2.0594 .5115 I. !!24 4. 15'1 
S:GH.1• .10724 .09026 .04965 .02552 .04995 .0902' .06057 .lti4' .9!1516 

STATION X•2.01'1, l'•OO CP'l,Z•OOO,. 
l'!C ( 1 r:z r:5 (4 PON SIW ~ F'i..lTlLSS 

IS[C.J ISCC.l 
.224' 2.5508 .2556 . 1556 .2435 2,5501 .,w 1.5601 4.4512 
.5685 2.7114 .2:90 • 1090 • 1915 2. 71!4 .4'10 I .065' 4. 1591 
.25': 2.5905 .1569 .~76 .1066 2.505 .5700 1.5555 5,6172 
.5976 2.6809 .216' .07!5 .1647 2.6109 .46154 .7091 5.5!!5 
.2955 2.68!8 • 17:2 .:559 • ! ~ 7~ 2.6818 .412' • 7672 .&.~,az 
• :s-:s 2.559".' ,j95l . :51: .:552 2.5517 .5052 I .5'01 6.5'~ 

~,IJ~ .zn5 z.ses: • : '"12 • ,12, .·,~ z.5890 .4~ ".'4 ! .:991 .S.7005 
S;GMA• .:".76' • ~. 56' .:5:5~ . :5951 .:6218 ~ ~ ~ .~555 .2'"'5-:9 .9Sl!,Z 
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Table 7.1 Experimental Data for Puff Measurements (Continued). 

s·,·:,  :~,Z•:::1'1. -(' (2 ,, c.: ~A!. s: .?".A 5q;l(SS rLA':'!'LSS 
:S[:.; 1sec.: 

,5276 .61it· • :52-:- .:o:, . ::,· .,91'.' • :1e1 .C9'.'' 2,91'2 
.6056 , '.'490 .:u1 • :: • 5 .::,, • •49: .2!: ~ . :'21 2,'811 
,5454 , 749'.' • :506 . o: ~ 7 • ::25 • '.'4i7 • ! :'41 .5195 2,'.'119 
.5024 • 7742 -~ .::09 .:· !2 • 7142 .256: ,'524 5, 0115 
.6447 • '.''.'11 .041'.' ,0042 .:~: • i·11 -22°' .59'5 2,1590 
.5562 • '.'162 ,C491 • 00'.'4 . :: .. , • '.'162 .22,c .6'v2 ,.~ 

P'CAl;a ,5605 • '541 ,0452 ,0045 • ::,5 • '541 .2•:9 ,5'.'11 2,14'.'9 
Sl(;MA• ,0490C ,02159 • Q 116' .n5-:-1 .n,s• • ,2159 • :2-:-5' ,222'.'5 ,20659 

STATl0t1 )•1 ,01", f•~ Cl",Z•OOCI", 
l'10 ( I (2 (5 

" P'CA11 S l ""A ~LSS n.,ncss 
,sec. 1 IS[~.: 

.5722 1.5'~ ,0600 ,0105 . on, 1,5'~ ,2$ • 7:!6 5,2,0: 

.5215 1 ,4762 ,0'27 .0~90 • e: 15 I ,41'2 .2505 • 5115,4 2,1'79 

.5911 1,$9 .0725 ,0101 ,01" l ,$9 .2695 ,5114 2,6715 

.2615 1,4790 ,056'.' ,009'.' ,0091 1 ,4790 ,2'91 , '.'204 5,0525 

.2102 1,5161 .0969 ,0072 ,Olli 1,5161 ,5115 ,2572 2,404'.' 
• l'.'59 I ,2121 • 121' ,0225 ,05'1 1,2121 .5415 ,52'5 2,49'5 

P'C»i- .5570 1,"14 • 0'.'14 ,011' ,017~ 
1 ·"" 

.2·•1 .5"! 2. '.'I'.''.' 
S l(;MA• • : !2'.'4 .10225 ,02559 .0049'.' .00~1 • 1 ~125 .~•o:o • 15916 ,195'.'~ 

STATIOf1 l•:.~.,-~ Cl",:•OO<:N. 
l'10 ( 1 (2 (5 

" P'CJP, SlW s«OILSS F'LAnLSS 
,sec. 1 ,sec. 1 

.21~ 2. 1011 , 1554 .04~ .0'20 2,1011 ,,e,5 ,6'16 2,565'.' 

.5945 2. 15155 • 1904 .0590 .o~5 2. 1'515 ,45'5 • ~!06 2.~ 
,2'.'45 2,0740 .2o-JS .0695 , 10'.'0 2, 0740 .4554 .7"2 2,5552 
,2142 2,1500 , 1615 ,0522 ,OSI'.' 2, 1500 ,4019 ,4961 2,2412 
• 5725 2,0'.'15 ,2242 ,095'.' , 1'40 2,0715 • 4 '.'JS .112' 5.26'5 
.55'.'2 1,9929 • 1"4 ,0'1'.' ,0'.'5' 1.~ ,40'9 ,614'.' 2,649' 

P'CAli- .5021 2.01'."'5 ,115 .~1 ,0941 2. 017'5 .4219 ."50 2,"6i s:~~,. .::~i .~164 .o~~ -~2019 .05604 ,:)lll'4 .02111 • 11159 ·'°"' 
S!A'f!OP1 A•2.01",f•~ Cl",:•OOC?'. 

~ c: (2 (5 (4 !ON SIW ~LSS runcss 
:S[C.1 1stC, J -~ 2 • .ti: .. • :!;26 .:512 -~~".' 2,490• .'906 .5242 2.6415 

• : i,41 2,5'.'45 .2:21 -~ • ! :16 2,5745 ,4'15 .5955 2.596s 
,T5 2,459i . ~ 1, ~ ,,so: ,oesg 2,4599 ,4196 .6'.'15 2. -:ry11 
.:~ 2s·22 • '.6'.6 .:2~6 .5~ 2 ,5'.'22 .,:~i ,516' 2.2021 
.5'26 2.s:.:s .:m .0551 .:~5 2,SC.&9 -"~~ -~ 2,2"5 
• 2 "'Se 2 • .i.:1.: • •52.i .:~5 . :,·~ 2,"'4 .'65S .6~9 2,614'.' 

"{Ai.- ,2215 2 • .:"'5' .·~ .:5~ .:~: 2,4'.'S: • .: ~ 4 ~ .5:'5 2,.&19'.' 
s:, .. ,. .:~· • :,: :5 • :2--.:.z .:·295 . ., . ., .. ··-~ . :o: :3 .:55:i .·~1 .22351 



130 

Table 7.1 Experimental Data for Puff Measurements (Continued). 

s·n:~. ••2.5", r•:s :!".:•::cw. 
"I:; ('. (2 (5 l'.4 ~». S!~.A StCWLSS F';..l~LSS 

csc:. ; ISEC. J 
,2156 2.9M • !591 .0120 .OIS!S 2.i295 .5991 ,1179 2.0i21 
.2490 2.1126 ,1999 ,0607 . ,c~, 2."26 ,'4'.'1 .6711 2.69'5 
.25541 2.9610 .16i5 .0515 .:rz~ 2.9610 ,4 115 ,5505 2,5'51 
.2151 5.0455 .20'4 ,0446 ,Oi67 5,0455 .4522 .4129 2.5145 
, 1755 5.1576 • 129() ,018' ,0540 5. I 576 .'592 .4009 2,0446 
.2211 5,0546 • tt-:'I ,0129 ,0501 5.0546 .5452 ,5112 2, 1715 

P1'.A11" .2544 5.0029 , 1654 .0512 ,°'59 5.0029 ,4022 ,4565 2,5087 
SI "11• .05400 .01554 .05246 .0~109 .0~0 ,01554 , 040'.'0 , 1515e .25615 

STlTIOtl .11•0,5", f• l 0 CN,:•000', 
P'90 IC! (2 (5 u P1'..Vl SIW SICO,ILSS F'~lT?LSS 

,sec., 1seC, l 
.2161 ,.2122 , 1147 .0714 .1019 1.2122 .4291 .1996 5. 191T 
,Z256 I, 1102 • 1611 ,0467 ,0679 t. 1102 ,4022 • 7174 2,5951 
,'251 I, 1419 , Iott ,0115 ,0517 1,1419 .5211 ,5156 2. 7155 
.2107 t .0695 .0795 ,0060 .o,n I ,0695 ,2121 .2'16 2.7116 

·°"' i.,m , 115' ,01'5 ,0214 ,.,m ,5401 .5442 2.1212 
.2045 '·°"5 • 0 719 ,0062 ,01 '.'0 '.0655 ,2109 .2104 2.7'5'5 

P1'.»~ ,2471 I• 1545 , 1214 ,0270 ,0455 '. 1545 .!'40 .5040 2.6922 
SIW• ,107'50 .05560 .05i&9 , 02412 .05514 .05560 -~ ,2'561 ,51559 

STlTl<l'l J.•I ,Of'!, f•IO CN,:•000', 
P'90 IC I (2 IC5 (4 P1'.AN SIW SICO,ILSS F'~lT?LSS 

,sec., tSEC,J 
,5609 I, 7142 , 1275 ,02''.' ,0'4'.' t, 11'2 ... .!115 2.~ 
.227' 1,652! .06-:'I ,011 I ,0155 1,i!Z5 ,2'04 .'500 2,9025 
.2'n 1,79'9 ,09'7 ,0!71 .m1 1. 79Ji ,5109 .5901 2.1510 -~ '. '.'15l , 12'1 ,0515 , 0471 1,7152 • !!ll5Z , 7024 5.0062 
,2491 t .5749 , 1502 .0495 .0510 I ,5749 ,'501 ,.~ 5,'219 
,4014 ,. 7559 • tzg& ,0511 .0~ !,7"9 .!11591 ·"" 2.m, 

P1'.»~ ,5104 1,6951 , 1129 .0279 .0!115 I ,69,e .5540 , 7041 2,955 
s:w• .~94 , O'.'I 01 .02521 .0 1202 .01495 ,0'.'101 .omo , 15979 ,Z24'.".' 

STlT!O,l J.•1,5",r•:0 CN,:•OOO', 
~ ('. (2 (5 u "°'' SIW SICDl£SS runos 

ISEC, J ,sec. , .r,, 2. ~z~2 , l6C4 ,0520 ,0157 2.1212 ,4005 .IOiZ 5.SSZO 
,275! 2. !,IQ'.' . !6" .~15 • 0 '."95 2, 140'.' ,4041 , 1141 2,9'56 
, 1915 2.~".'40 .,a .0540 .0110 2, 1'.'40 .,o~ • ?990 2,NSS 
,SSC'.' 2.256 .. .215'.' • 0 ':"5' , 191'.' 2,256'.' ,55M .5005 2,469' 
.555 2. ''.22 .242' .0941 • :155 2, ::?2 .,e .1110 ,. 169'.' 
• ~M! • ,95:; . ~ ~" .0546 .04i0 ! .9519 .5!15 .IN! ,.~ 

~ l! .. -~~I 2.:·~ • !114 .06:5 • ! !54 2, 1194 .4295 .1~1 5,1054 
s: ;."J.• • '22'.'9 ,:g~ .:5615 .:~i26 • ~'."5 .:9546 .~!".' • ~2261 ,'811'.' 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

S~IT!~ i•2.01'!,Y•l0 C?\,•::01. 
!"'O ( ! (2 (5 (4 "(A!, s:;p,.1 S,::[l,l(SS n.,Tl(SS 

:se:.) :sec., 
.5019 2.494'5 .5295 • r 2".'I -~ Z.4~ .5".'4'. .6".'ls; 2.6'06 
.21 II z. 7011 .4557 .22': .5157 2, 1:11 .6'.'5! -~ 2.4151 
.4100 2.6115 .5'Gr • :54J .5'.'25 2.6715 .5115 • '.'56: 5.10"."5 
• 1 !;15 2.4149 .li!2 • J".'J: . 12 ~5 2.4!49 .4575 ·"'o 5.SZ15 
.1515 2.4'.'52 .5041 • !240 .2571 2 .4'.'SZ .5521 . ~56~ 2.51519 
.1546 2.se:1 .26~ .mis .HM! 2.5117 .5105 ,U".'l 2. '.'101 

~lti- .25'1 2.5575 .514' . !2'1 .21'1 2.55".'5 .55Q .6974 2.1071 
Sl<.MI• • ogzi1 • !06ZC .Jl100 .Slt .:~Jg . '°'2' .0'.'2'.'Z • 122J9 .5C55' 

STITI Of1 lC•2.~. f•! 0 :1'1,Z•00Cl'I. 
~ (! (2 (5 (4 P'Cl14 s:w S,:O,~SS F'l1Tt£SS 

:sec., ,sec. l 
.1765 5.0"2 .2155 .05?5 , 12'9 5.04'2 .4'!9 .se.o 2.~ 
. 1415 2. 7174 .5069 • 155".' .2".'i0 2. 71'.'4 .55-&0 ."'4 2.9506 
,14'15 2.6101 • IQ27 .0"2 .0~ 2.6101 .4!!;0 .5229 2.405".' 
• 1'21 2.e,s-:- .5"2 .0777 .2552 Z.1'5 .. .515".' ."50 2.1575 
.121, 2,1154 .51'.'2 .oei .2010 z.1154 .5'52 .5'71 2.~77 

. '"' 5.ZO".'O .5541 ·°"' .24~ 5.ZO .. O .5716 ·"" 2.22515 

~ ~ .15!5 2.N5".' .2141 .0'.''2 .20~ Z,N57 .5~ .4!;12 Z.426t 
Sl<.MI• ,C!614 . 1Q220 -~ ,0Zt4:' ,069!4 .1~20 .05791 • 155'9 .52642 

STIT!Of, J•5,o,-i,Y•!O C?'l,Z•OIY-"', 
~ (I (2 «:5 (4 11:». SIW S,::O,,£SS n.,n£ss 

,sec., ,sec., .,e 5,5'.'25 ,5".'09 • 11 i'9 .5056 5.5725 .6090 .5222 Z.22:7 
• !47'5 5,6'.'46 .2m ,0515:' • !6'.'0 5,6'.'4' -~ .51!4 2. 1 :'25 
• ~, 05 5.54:'4 .2150 ·°"' .TN'.' 5.54'.'4 .5$11 ·'"' z. 50'.'I .2164 5."'6 .'505 .025:' .25"."9 5.6"i .5i20 , !257 2.0992 
, 125' 5.555".' .zs,s; .0210 · "°' 5.5557 .5049 ,Z!TT 2.165".' 
, 12'5 5,6045 .2'5'.' ,0515 • !60! 5.6045 .5155 ,zig& 2,2'".'0: 

~ ~ • 1"52 5,6052 .5009 .0545 .2055 5,6052 .547! ,5115 2.2054 
s:i.l"".1• .05'22 .05105 .04577 .05225 -~ .05105 .0'916 .1.9 ·°'916 

S~ITIOl't ~1.SM,1•20 C?'l,Z•COC,,,. 
~ (I (2 «:5 '" !'011 SIW S,::O,,£SS F'i..l~SS ,sec., tSCC.J 
• !599 2. !685 .2844 • ::-:"5 • :sz5 2. 1685 .5555 .04915 1,88!9 
.:998 2.2:9: • 1602 .0165 ·°'12 2,2190 ,4002 ,254".' Z.!164 . ~ ~~ 2.:519 • : 540 • :,o ~ .0510 2.0519 .5660 ,6129 2,8415 
.2'6".' 2. ~"2" . !882 .024'. .:951 2. 0"24 .4539 .2951 2,4017 
. ~ ~" : .965! • !695 .C263 • jG156 1,963: ,4115 .5774 2.2r: 
• !565 ~. ".'6 ~ ".' • !646 .=;~~ .om '· ".'617 .405".' 1.°'2".' 5.40"2 

"{.c.N- . '"' 2.:523 .1854 .~zsz .t846 2,0525 .4251 . .wzo 2.5338 
S1&111,.• • :583".' .1A:a:a .CJ798 • :2: =a .05556 .1.:aoa .:5257 .52587 . .:~·z 
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Table 7 .1 Experimental Data for Puff Measurements (Cohtinued). 

S!ATlo.1 ~•2.~.,•20 :N.Z•CQaf. 
~ l'.f l'.2 l'.S " 'Of• SIGN5'tln55 runos 

,scc.i 1stC.i 
.o~o 2.,eo, • 1"2 .Off I .QSZ, 2.,.,, ·"'' .215' 2.159 
• 1555 2.4101 .1,05 .os1, ·°'°' 2.4101 ·'"" .5969 J.OIM 
.°'22 2.2501 .o,,s .ot ,, .025'.' 2.2501 .5022 ·"Si s.oess 
,5'21 2.2", • ,111 .OIO! • 1555 2.2'41 .,m .11592 s.~ 
• 1a 2.5599 . ,,,, .017'5 .=m 2.fflt .42'4 .me 2.S911 
.296& i ,9'N .t~ .0195 , 1'42 1 ,9'N .9a21 , .s,20 '·*' 

 • 1791 2,2109 ,\49' ,09" .cm 2.210i ·"" .'2°' J.27'5 
SIGN.I• , I 0rt4 • 1!1'2 , 0527' • 05006 -~"" ,IYQ ,04417 .J991' .11220 

STATIOPI lt•2.~. r•20 C?t.Z•OOO". 
~ 1'.I Q d " PON SIGN SICOHSS tl.AT?LSS 

<SlC.l ,sec.) 
, t21S 2. 7202 .1,04 ·°'" .064' 2. 7202 .n,1 .... , s.2m 
.01,e 2.UM .0110 ,009' .020, 2.UM ,2950 ·"" 2.7005 ,0'50 2 .... • 0 '/1!12 ,Oto& ,0171 2 ... .27d .5122 5.I117 
.m.s 2.,,21 • 1721 ,0607 .0912 2.1,21 .419' ... , s.2so, 
• ,sz, s.0112 ,2519 .0,02 ,t.C1 s.0,12 .5072 .0712 2.2,,, 
.099e 2,'209 .2040 .ou, .,ts, 2.'209 .4'1? .7S29 2.1291 

~ .. ,.. • 1047 2, 14'1 ,15'I .0,.1 .o• 2. 1411 ·"" ·"°' 2,17'7 
SI~• ·"'" • ,,._ ,o&n, .a2!11 .04152 , 1"91 .012'2 -~ .512!! 

STATIOk x•l.01'1,1•20 C?t.t•OOO". 
~ I'.! l'.2 d '' 

P(ll4 SIWSICDaSS t1.An<ss 
,stc.i 1stC.1 . ,. ,.a1, ,212' ·°"' , 1201 S.2511 ··" ,MIZ 2,8" 

• t 522 ,.2112 .,,,. .oe,e .2111 t.2112 .MSS .12.s 2.l~t 
.1910 , •• , .2m .0012 . ''" s.ms .12'1 .09'2 2. 1 'l'S4 

Pt) SI~ ~ 
P~Sl~OISP'rC 
Pt) Sl;t.11. ~ 

~  .0'2' S.29J5 .2'92 .• , • t114 S.299 .s,10 ·'* 2-"'0 St~• ·°'"' .012,s .0,s,1 .0~ ,05911 ,05215 .0422' .~OS .2scss 

p,o I'.! l'.2 
STATION ~•5.~,Y•20 ~,t-OCCN, 
tS ,:4 ftJN SIW SdlttSS ru~ 

,stc.1 ,ac.i 
. ,.ae 5.)5'."'.' .2°'4 ,0120 ,121S s.,srr ·"" .... S,0150 
.~Q".' '·'"' 

.211, ,OiO'.' .2121 J,4t9S ·"'' .911& 2.9''9 
•*0 s.ws .,m .01e .!!~ s . .s .4Att .ldt s.oe12 
.~ S.lolt ,50'2 •• 0111 .211~ s.to19 •• •,1007 J.0041 
, :iOI 5, '.'125 ,IMC .0095. ,,"8 s.112, .42te • , 17' 2.2'95 
• :i,1 ,.4''.'4 ., .... .2':'! .tl".'9 ~ • .S'.'~ .U!l5 ·"'' z.o.e 

~Aft .~1'95 5. '."6'5 .5\2' -=194 .sorr 5.1')5 .5'tJ .4t,t 2.u.e 
SICttl• ,C5S20 .5'114 .tnt1 .Oi\'2 .5!$ .s...r . '"" .,,.,o .,aou 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

S'A~ION )('°'•°"• r•2: ~"'•:•o:~. 
~ (' (2 ,, tC4 ~. s:w SIC[J,,fLSS F':..A!?LSS 

:S[C. : IS[C. i 
.0494 4.2796 ·"'' .55'5 l .!.2'i2 4.2796 ,il91 .,iC"." 2.10 
,0715 4, 19'5 .6645 .4151 '. .0545 4, 19'5 ,1152 ·'"' 2.5'51 
• 1015 4,47'1 .4059 .2474 ·"04 4.47'8 -~' ,9567 ,.0011 
,0510 4, 1251 .5'01 .24215 .4259 4,!251 .,ooc !,1226 5,2'97 
,0602 4.1171 ."47 , 1974 ,4'57 4, 111'1 .,059 .151159 5.2747 
,0040 .5115 • 0001 :.0000 0.0000 -~ ,01l2 ·"°' ,.,or. 

,u, .. ,0573 5,'412 ,4400 .2731 ·"°' 5,'412 .!i~ .11• 5,075' 
SIGN• • Q,O'r, I .5697' ,26416 • !ili9 ,4'902 ',5'97' ,21157 .20445 ,i40!".' 

STATIOf, X•t.~,,•·200',:•00CN, 
~ tCl (2 ,, " ~ SIW SICDILSS F'..JMSS 

IS[C,J ,sec. , .~ 1 .2207 .0916 .0111 .0 17' 1,2207 .5027 .6559 2.1050 
.055 1,2'19 .OM& ,0044 .0059 1,2'19 .2557 .5442 1,91J0 
.06i& t,5159 • 01'7'2 ,0004 .0001 I ,5159 , 1510 ,1110 2,6119 
,0151 t.540 ,0540 .0021 ,0025 1,540 . '"' .5294 I ,9129 
.0227 ,.~ .0247 .0024 ,0015 t,2'95 , 1570 • ,1eo 2. rn • 
.04Q2 I ,'962 ,049' ,0042 .00!.2 I .'962 ,2227 .!IOi 2.0949 

'1'.»,- .0500 I ,5090 ,04S! ,0055 ,OO!I& t.50~ .z~ ,41iC 2. 1574 
SIGMA• .02!154 ·°'"! .024" .o~ ,00512 ·°"'' ,O!i!l ,1'494 ,2177' 

ST&TIOf4 A•I .~. T••20CN,:•00C". 
~ (I tC2 ,, tC4 ~ SIGN StCDILSS F'~&T?LSS 

IS[C,J IS[C,l 
,0217 2.5"4 ,0517 -.0002 • 00!I& 2,5"4 ,2273 -.01it 2,0451 
• 0473 2,41'9 ,0455 .0022 ,0040 2,41'9 .2012 ,2415 2. 1516 _ 
.01'5 2,9502 ."42 .0045 .0099 2,9502 .25515 ,27~ 2,5916 

PtJ SI~ ceso-.(D 
PtJSI~~ 
P,:) SIGW.L. ~ 

'1'.»I" .0249 2,5245 -~' .0022 ,0Qi! 2,5245 ,2297 • 1'95 2, !wil 
s: Gl'".A• .02115 .02111 ,00159 .OOIQ2 ,00250 ,027!1 ,01157 • 15229 .14492 

ST&TlOt• X•2. ~. T•-200',:-00CN. 
~ ,, tC2 ,, tC4 ~ SIGN StCDILSS F'UT?LSS ,scc.1 ,scc.1 .~ 2,252! • tO!i .0!02 .oz,e 2,2521 .5249 ,2950 2, 1545 

, 1 ! ti 2.5150 -~ .015! ,0127 2,5150 ,2'11 • 7505 2.1101 
,50'5 2. 7592 -~ • !211 . !954 2,752 .5022 .91555 5.07'4 
,0'41 2.5~0 • !2'7 .01• ,0'51 2,5170 ,SC ·"" 2.1145 
.~:5 2,4521 , ! 711 .0296 -~ 2.4521 ,4145 .4155 2.1145 .~::5 2.2'55 . 0550 -=~~ ,0016 2.2!55 .2505 .1594 ,.~ 

'1:»~ • ~ !Si 2.4215 .,~ .0559 .056".' 2.4215 .541! .6124 2.5MS 
S:#P-'A• • :1641 ,:12'."5 .:,-:-:, • OJg56 ::..&6-. . .112'."5 .09!5' .24155 .4016".' 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

s•,;::-. ,.2.9'. ••-2:~•.=•=~~-
~ I(' (2 (5 (A "'(JJ, s:w SIC[;,l(.SS J"J~ffl 

tS[:.; ,sec.; 
• 1011 2.97:g • :105 .o•o• • : .. ,5 2,9-:-: 9 .'2AI -~ 2.2175 
.OIA7 2.~-:- • 1 ASIS .01~ .0459 z.~-:- .51&7 .5550 2.osn 
.0970 Z,1579 .0191 .02'9 .C21A z.1rn .ZSM : .012, 5.5"9 
.zuo ,. 1156 • 1515 .OM .0695 5. 1!5' ."90 .,1&2 ,.oz,, 
• 1i06 5.1601 • 1522 .0210 .o•5A 5,1,0, .56!5 ."'5 2.417" 
, 15"7 5.251A . 1112 ,000! .OIOC 5.251A .•52' ,0016 2.ZIU 

~Iii- ,1455 5.0A79 ,1"'5 .oz" .0559 5.c,'.'9 .!125 .,912 z.,199 
SI  • 051,0 • 1'252 .052"1 ,Cl5".'0 .c:r6 , 1'252 .ou55 .50917 .52514 

ST AT I Of, ,..5, ~. Y••ZOC",:•00C". 
P'I:) (1 Q (5 (A ,or, SIW SICDKSS. n.,nL.SS 

,sec., 1sec., 
.0959 5,5ZZA • 1117 .0425 .0905 5.m• .42'5 -~ Z. 7412 
.012, 5."'4 , 1"5 .0991 ·°'~ 5.5'M .•05" .51&6 Z,5717 
• 1109 5."'0 . "" .049' ,0755 5 .... 0 ... ·"" 5,5115 
,0975 5,5155 , 19!1 .0695 • 1019 5,5195 ,Ul7 • 7'01 2."50 
,07'8 5,5"2 .21~ ,0509 . !!9' 5.'"2 .~52 .5125 2.5975 
.0157 5.9950 .09!1 .0175 .0291 5,9950 .509' ,5915 5. 1"7 

~Iii- .0907 5."29 • '"7 
,QUI .0111 5.U."9 . .:'55 ·"!15 Z.1755 

SIW• ,01215 ,11290 .09105 ,01455 • 02955 .,,m • 0Aw-S5 ,151 .27769 

STATION x•5,!IN,Y-Z0C",:•000'. 
P'I:) (! (2 (5 (A PON SIW SICDUSS r~1nus 

,sec., 1seC.l 

·°'!! ,.0519 .'947 • 1405 .J!e ,.0519 .'215 .5"0 2.5009 
• 1575 A, 1475 ,5A?S .0511 .2"5 ,. 1,75 .!51115 • 1!1152 2,5071 
.0755 •.OM9 .217'S .0!152 .,~ •.OM9 .5'52 .2215 2,"21 
.OA57 5, 17'5 .!&!M ,17"5 .5",. 5.17" .5995 .1091 Z."26 
.~7 5.1759 .zzz, .0502 , 155" 5.1759 .,115 ,,791 2,699C 
.01519 5,9010 • I '.'115 ,OAT5 , I' 09 5.90 I 0 .'225 ,5"75 5.'815 

~  .0725 5.9159 .2915 .0711 .2"5 5.9159 ,SAIZ ."'2 2.6525 
s I '1'".&• .05021 • ~ C:'-:"15 • 0".' .. 15 ,055il • 09": • ! 0 ".'-:'5 .0755' ,216' ,41lCI 

ST IT l Ofl ,_._., ~. Y•-20C",:•OOC". 
P() (! (2 (5 (4 !'Oil s:w SICOIL.SS J"..,A~(.SS 

cseC,l ,sec.: 
.0,11 4,o:52 , !416 .om .oscz ,.0152 .57'5 .!55'9 2,5012 
.04'0 '· !9'0 .09"."'." .0009 ,Oli!S A, 19'0 .5125 .0290 2.0412 
.0115 4,2590 . ~soz .0011 ,OA".'6 4.25i0 ·"" , 1511 2.1012 
,OISiZ 4,zgz4 .2216 -.01'! • 1: !9 ,.m, .4712 -. 1295 2, 1'07 
.o,: 4,254! • 165" -.0190 .OilS ,.25"1 .4067 -.2111 2.5055 
,!4'.'9 ,.z,s: • ~ ".'4: .0~7 .0".'54 ,.2,s: .4 ~ -:-~ • 07115 2,'250 

~,... .. • :11~ 4,2015 • :596 . ::zo .06!1 4,2015 .5964 .06".'0 2,2174 
s: .. v,. • :54:~ .:i~~: .:~ .:~5SC .:2155 .:9!~ • :4951 .2'c:4· • !92~, 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

ST.I.TIOt, x•O.~. f•OO :N,:•OICN. ,., (1 Q (5 " ,or.. SIW SICDUSS ruHSS 
tSCC.I tSCC.l 

.0"2 • 7"1 .0715 .011, .015;' .7"':' .2799 .1919 2.5'01 

.0011 .1001 .0042 .0005 .0001 .1001 ·°"' .em 5.212, 
tt:, SI~ CISO'-{I) 
It:, SI~ cesc,l'.tt 
111:JSI~~ 
111:J SI~ OISDt'.c 

'°"'" .0092 .1551 .0'15 .0011 .0019 .1"' • 1722 -~ 5."'5 
Sl(;N• .017'4 .0!295 .05105 • 001!115 • 00110 .052915 .10,e • 10010 1 .!ZS15 

STATIOt. x•l •°"• f-00 '"•Z•OICN. ,., Cl Q (5 " ~ SIGN Sl([W£SS ruHSS ,scc.1 tSCC.l 
.007! .9059 .0027 0.0000 0.0000 .90!9 .as,, ·°"' 2.15'5 
.0!21 .9722 .0142 .0020 .0007 . 9722 .119' 1.1m 5.6755 
.004' ,1705 .0025 0.0000 0.0000 .1705 .0505 .2002 1.ao 
.01!2 .91°' .0097 .ooo, .0002 .91°' .0915 .4254 2.0471 
.219' t .1219 .09'1 .019' .om 1 .1219 .5100 .!i2'6 2.,1.e 

itJSl~OISP'tCI 

~ ·°"' 1 .097, .0250 .009' .0041 1 .09 ... , , 1259 .,79& 2.5114 
SIW• .07120 ·"'10 .0!1510 .00605 • 0090".' ·"'10 .091515 .ffl7! .61!115Z 

STATIOt. X•1 ,,., f-00 '"•ZaotCN. ,., (1 Q r5 '" ~ SIGN Sl([W£SS ru1'£SS 
ISCC.I IS[C,l 

.'691 t .UCO • 107! .029' .05'9 1.ISO .S271 .15'9 5.02'2 · 

.MS t .6925 .o,. .0079 ,0072 1.6925 .2ZSS • 7111 2.1,. 

.!t!iZ 1. 7215 .oes .01 ,, .0111 1 .12,s .2!115 .6954 2-"" 

.5159 1 .,102 ' 109iZ .0250 .0291 1 .,102 .52'4 .,12, 2.'512 

·"" 1.,m ,12!1 .0219 .0'99 1 .,m .!1591 .'510 2.9!502 
.SM I.MO ,0952 .01°' .0095 1,N50 .2'50 .11'6 5.127' 

~ .'Mi t. 7!65 .0147 .OIM .0221 t."5e .2155 • 7216 2.1292 
Sl'"-1• .0109' .10121 .021915 .OOIK .01502 , 10121 -~ .01'90 .2°"' 

ST.It ION x•2.0", f-00 a.,ZaoteN. ,., ,, a r5 " ~ SIGN SICDl£SS ruTt£SS 
1stc.1 ,scc., .a, 1,-5 .011' .Otto .0199 1.9915 .2155 .,129 2.9911 

.2505 t.M19 .0'21 .ooto .0072 t.Mt9 .2055 .a1 '·°"' .2,01 2. 1209 • 1992 .055 .0995 2. 1209 ·"" .6061 2.5104 
,5111 2.0445 • 1'21 .Ql!W .0491 2,0'45 .57'79 .,111 2.~o ·"n 2.2,,0 • 1111 .09'1 .OISS 2.2160 .4214 .,?SO 2.5191 
. ~15 2.5704 .0'21 .0105 .01~ 2.5104 -~ ."'5 2.'915 

,o.,,. ,SOio 2.0911 • 1115 .02'5 .0'51 2.0911 .mo .6050 2.1&71 
SIW• • 1,11e . :"15 ,$1' .01"1 .0'515 • 1"'5 .0905' • 1'271 · .!115721 
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Table 7.1 Experimental Data for Puff Measurements (Continued). 

5~1~:~1 X•2.5P'. r•:: ~.:•o~. 
!-1: ('. (2 (5 " ~- s:~" SICOILSS r;..1MSS 

CS[C, : tS[C. i 
.1515 2,5911 • 121,5 ,0515 .~ 2.M: -~ •• : 175 4.00!1 
.5~ 2.4992 , 1'11 .0415 .0602 2,4992 ,575,4 • n,1 2.997'9 
, 1117 2.46!2 , 1417 ,0409 .060: 2."52 .51'4 • 7"0 2.9117 
,1695 2.5191 • 11)46 .01'1 • :!Si 2.5191 .52,S ,41,9 5.2791 
• 1550 2.50~ ,12" .05'7 .0$ 2.50~ .'5151 .114' 2.1511 
.0695 5.0015 .122!5 .0026 .05'4 5.Q0'."5 .'5¢0 .0597 2.2951 

tl(Alia , 1701 2.4919 • l 21' • 05!1 .oso, 2.49" .'567 .'512 5.0701 
Sl'11A• . 01'52 .2!101 ,01261 • 0'705 .0 ~2,S .2!101 .01~ ."58' .51250 

SU Tl Ofl .11.•5, 01'!, Y•00 ~. :•OD, ,.., (1 (2 (5 t4 ~j SIW SQl,f£SS n.AT,£SS cscc. J cscc., 
,0771 2.N?t .09'1 .0105 .02,, 2.N71 .5101 .!1526 2.5519 
.21,, 2.9255 ,id! ,0501 , 01'4 2.92SS .5715 ... ,. 751 1 
• 1060 2.1201 • 11715 .°"2 ,1001 2.1201 .'550 .11'9 2,15151 
,1 2'2 2,75'5 ,09 .0°" .007' 2. 75'5 .2!156 .508' 2.4'01 
.2215 2.12,, .0947 .0152 .02,s 2. 12,, .5071 .e!IS 2.,160 
• 1412 5,5511 , 1047 .0209 .0564 5,5511 .5256 ,6166 5.5225 

t1'.A1'8 .1,~ 2.90'5 • 115' .024' .0"4 2.90'5 ,!51' .9504 2.1119 
SIW• .05'5! .205~ ,0'175 .020 tt ,05512 .2~ .06161 • 14'15 .49504 

STATION x•S.!N,Y•00 CJ'!,:•Okl'!, 
;,., (1 (2 (5 ,. 

~ Sl'1U SICDf£SS n.ATt<SS cscc., ,sec., 
,2195 S."90 • 149' .0211 ,0657 5."90 ."'5 .49'1 2.'550 
.0267 5.16'9 .toe -.0014 .0270 5.16'9 .~ -.25'5 2.2961 
• 1021 5,&406 .2111 , 0510 • 1061 5.5406 ... ·'°" 2.2610 
, 0159 5,4045 , !7'91 .0195 .0711 5.4045 .4252 .2545 2.2174 
.06'9 5.JI07 , 11Q2 , 0192 .0!159 5.!107 ,5'55 ·"" 2.5261 
.20~ ,.wt ,1991 ,0512 , 1295 4,2221 ."62 .5159 5.26!1 

l'Ut'°' i 11g, 5.5169 .1621 • 02'5 ,0':'25 5.51'9 .5994 .5109 2.5710 s1,P1A• . 011 '8 ,554 01 .05991 ,01712 ,05627 .55'01 .05051 .26761 ,5775'5 

SUT!Ot. x~.0J'!,Y•00 CJ'!,:•Okl'I. 
P;o (! a (5 1:4 PON Sl'1U SiCDf£SS run£SS cscc., ,sec., 

,0216 5,'9SO , !421 ,0495 ,0610 5.1950 .sm .9149 5,5595 
, 0549 5.t919 ,2071 ,0544 , 1064 5.197'9 .45150 .5770 2,'809 
, 0596 5.1006 .2073 .0675 .1157 5.1006 ,4555 • 7156 2.6464 
,0568 5,1552 ,1225 .0190 .0566 5.8'52 .5496 ·"" 2,'472 -~ 5.7945 , I 174 ,009' .0564 5.7945 .5427 .2554 2.6405 
• ~0 06 ,., ... , 0071 .000 1 .000 1 : . 1181 .0845 .2090 1.97'8 

'"(Al;,- .C5'0 5.5155 , 15'0 .05!2 ,0602 5.!155 .'441 .5152 . 2.5112 s:~~,. .0 191 8 .91297 -~'" ,02495 .0404C .91297 • '.2464 .252:; .,on 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

s·,~:~ .••.. 9'. r•~ :w.:•:~. 
~ ('. '2 (5 (,I "C», s:w SICDILSS r;.1T,LSS ,sc:. ; ,stc.: 

,4050 '. ,6'9 l , 16~ .a505 .01'.5 l ,6'iT .4oi5 • 1524 2.197' 
.2565 I ,5'':'5 • 1025 .02':'t .:29~ l .5'':'3 .szc2 .~ 2.12'5 
.20'7 T,5209 • 05'5I .0092 .coge I .5209 .2562 .6~ 5.15'1 
.2517 1,6029 .0502 .0059 .006i '. .6:29 .224l .5'9' 2,6li4 
.2195 I ,5150 .0505 .006i .00'.'4 I .5150 .2245 .51'5 2.i.&14 
.2514 l .656 1 .0'21 .0060 .0065 1,6561 .2~ .6M 5.55!15 

~,.,,. .2'14 I ,5i04 .0':'11 .01'.'5 .02'5 1,SiO.& .2699 .6509 2.995& 
Sl,MI• .06656 .o~ .:U£6 ,Ol6'.'':' .02':'I'.' .0"46 .C':'2" • :5509 .21~ 

STITIO'l ••2.0"• Y•015 Cl",:•otc:N. 

"" l'.l Q (5 u ~ SIW sin.~ss r;.ATtLSS 
1stc.1 l!itC. J 

.1212 2.51599 ,1241 .~ ·°'" 2.91599 .Jlll .5119 2. 7150 

.1656 2.2096 .1,02 .0415 .07e 2.209' .4005 .'411 2.9101 
,2125 2.1'80 • 1212 .0211 .0451 2, 1'80 .9!111 .4721 2.7445 
.2261 2.,'79 • 09?1 ,0141 .~9 2.'579 .5121 ,4111 2.to79 
.2515 2.2112 ,Oi41 .0211 .0570 2.2112 .506':' .a,Q2 4, in: 
.2'15 2.2159 .0611 .0015 ,01 Ii 2.21!9 .2'09 ·°"' 2.51'9 

~,.,,. .2010 2.2677 ,1122 .0220 .0401 2.2'':'7 .!SZO .!se 5.011' 
SIW• .041':'9 .07'0 1 .029" ,01219 .0 !915 ,0':'60 1 • '44"6 .~ .55"6 

STAT lCfl ••2.9", f•04) C",:•otc:N. 

"" l'.I Q (5 u !'l(J,N SIW 51:tWLSS r1..1TtLSS 
IS[C,l ,stc., 

• 1SZ5 2,9049 , 1741 .0"2 .0a 2.9049 .,111 .5222 2.1001 -
,IN7 2,"4':' ,21915 , 1200 ,2"2 2."41 .~ ."91 5.19" 
• 09?1 2,9156 ,1140 .0629 .o. 2.91'5 ,"219 • 7972 2.9229 
, 1201 2, 1'':'4 , 1504 .0511 ,0191 2, 1'14 ··" .1'7'59 5.5002 
,lli& 2, 7901 , I !Tl • 0245 • 0'91 2. 7901 ,55&5 . .'491 5,15'5 
, !241 2,6'!5 , 1252 .04'5 ,06!! 2,6'l5 ·'"' ! ,0449 5.1912 

~,.,,. • 1500 2.1110 • 1,99 ,05':'I .1005 2,1170 ,407' .1111 5.2400 
S 1,,.J. .02121 .01122 .052~-:' .05041 ,06451 .01122 .06129 • 1"51 .!16'.'15 

sru:c,, ~•5.0", ,-os Cl",:•otc:N, 
~ (I a (5 u ~ SIW !ilCCl,f£SS r~nLSS 

l!itC,l t!itC,l .:.a:4:' 5,0659 ,2440 • 0':'21 • 14'5 5.06'9 .4"9 .'°'2 2,4575 . :,9~ 5,0651 .!OiZ .1000 .2061 5.oe1 .. , .5117 2, 15'9 
.~15 5, l!i,& .2151 ,1041 • 1,91 5,Tli.& ·"" ~.0455 5.'502 . :7e~ 2.m-:- , 164! -~ .0191 2,990':' .40151 ·'°" 5.50t5 
.'542 5. 1519 .:'55 .05':'4 .064'.' 5,1"9 .'511 .1499 5,5221 .~ 5,!6C5 • 122' .0211 .C.&12 5. 1,015 ,!SOI .65'9 5.201':' 

~11 ... .041: 5.019'.' • ~915 ·°"' • '.2°' 5.019':' .'596 • 7599. 5.G4£9 s: , .. ,. .:~~ .sa.i .~4 :m· . . .:5'.'2':' .SI,& .:':'2.sl • ~5-:9~ ~ .54151 
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Table 7.1 Experimental Data for Puff Measurements (Continued). 

s·,~::i,: )•5.9'. ••~ :v.:•:~ 
-.:: (' (2 ,:5 (4 '1:», s:~"' SIC[;l£SS r;..!~£SS 

\SC~. ; ,S[C. i 
.~!5' 5.61:4 .,:.'.' .:,n .2:65 5.61:4 .5654 .'5!2 2. '.'OJ'.' 
,07'2 5,5105 • l9i2 .0~5 • !1"4 5.5105 -~ ,14'.'0 2.~ 
.:759 5.".'759 .21:S ,0519 , 11'44 5.~ .5"5 ."'Z 2.1011 
.0979 5,'254 • !211 .0'55 -~ 5.'254 .!5'.'9 • '.'740 5.diZ 
, 164! 5.7221 .26:S .:151 .2:12 5,'.'221 ,5:'.'5 .15'7 5,041' 
, 0'.'I I 5.4561 , lliZ , 0451 .s: 5,45'1 .'594 ... 5,541 

P<»~ .OM 5,6054 ,2219 .0'.'5-:' • '.49' 5,6054 ·""' .7'95 2.9524 
SIW• ,052-:'7 • ! !IS02 .0~!4 .052'.'2 .Oil~ • !!&02 .01252 .2054-:' ,-'"50 

SUTIOPl t-4.~.T•Qll '"•l•OP. 
P'O (1 (2 (5 (4 ,0.,-4 SIW St[J.f£SS . r~AT?LSS ,sec., IS[C,: 

• 105' 4,0072 .22'4 .0115 .1~ 4,0012 .4m • "46 2.9054 
.0919 5.05 • 1506 ·°"' ,0615 5.921! ,9'!4 ,9415 5.~ 
,0"2 4,1021 , 1411 .0157 ,01515 4. 1021 ·"" .2~ 2,5'91 
• 06 11 5.MO • 1525 .0152 ,0591 5,MO .'902 .2211 2.!!505 
,0241 5.1145 , 1517 .ozn ,0447 5.1145 .5'29 .5794 2,5112 -~ 5.9041 , 1700 .OM ,0611 5,9041 ,4125 ,5655 2.'562 

P<»~ .0724 5,9559 ,IM& .0570 ,0711 5.95'9 .!S~ .!1579 2,7215 
SIW• ,02'45 ,07'.'12 .051Q2 .02214 .05'01 ,0'7 .. '.'2 . ,Jt'.'.' .&-:'! .450!6 

STATIOPl x•5.~. T•-20C,.,Z•OIC?", 
~ «: I (2 (5 (4 P<.&N Slc.N S,CO,,LSS ri.,nLSS 

<S[C, l tSCC,l 
.o~ 5,51'15 .0915 ,0109 ,OIN 5.5715 .5022 ,,. 2,2575 
,0191 5.2015 ,0'5.5 ,0022 .0029 5.2015 , 1179 .5292 2,295' 
,0.&10 5.0917 .°'65 .0015 .00-:-0 5,0917 .25".'2 .0952 2. 19'1 
.OiSS 5.2515 • li!2 .0054 .0504 5.2515 ,4015 .0140 I. 9!11'.' 
• 0!51 5,445'.' ,lli9 -.0054 .0295 5,445'.' ,5'11 -. 15'1 2,!422 
.0952 ,. '.'Olli , 15'4 , 0510 ,055'.' 5. 7051 .59!115 .50!4 2,2719 

~ ...... -~ 5,54 '.''.' • !029 • 00'.'i .02"5 5. 547'.' ,5110 .21 !9 2. 1146 s: .~.A• ,02199 , l 9'!5 ,04 .. '.4 .o, '.5' • 02C!: • '. 9'!1S .0"41 ,21"'4 • 12:45 

S!A!!Of, ~-4.~.T•-20C"•l•~. 
~ «:! «:2 (5 «:4 ~». s:w SICO,l£SS rJ~CSS :sec. , 1S[C,i 

• :.a:.a 5,9'"42 • :-:-ge .o:~ -=~~ 5.9'.''2 ,2IZ4 -~ : .9624 
.~iii 5.11'.'5 • : 5,&5 . : ~' ~ .:'22 5,N'.'5 .sr ,2KO 2.5525 
.:%4 5.'.'2:9 ,Ol!ilS .0066 .:·,~ 5. '.'209 .2924 .2626 2,21Z9 .:~ 5.9551 .:t&S~ .0::1 . ::4• 5.93511 .2:,s .~09 2,25".'2 ·.: s:~.A.. :ev,c 

•.: s: .P.A.. :950t',C 

'1:A.'.- • :55• ,.rs: • :15-1 • 0:-55 ...... 
•• . '7• 5.1'.'9: .ZM • !"4~ 2.2:J'.' s: :. .. ,. • :2' ·: • :96'5 • :5'61 .::515~ • : • .::.i • ~96'5 .:s.s~, • ~ ·22-- • :.s.552 
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Table 7.1 Experimental Data for  Puff Measurements (Continued). 

~ Cl Q 
sr,r::lu it•,.9'.r•n ~ .:•:"'"· 
(5 " !'Ofj SIW SICDl£SS r;..1,nos 

,sec., :sec., 
,0419 1.4015 .0607 .0001 • 00'.'! T 04015 .24'5 .o~ T.9SZ5 
• 1500 l.!195 .0'57 • 0067 .0047 I ."95 ., ... .9i25 5.,7'5 
,0!91 l."41 ,0091 .0004 .0002 1,4141 .0954 .'505 2.2M 
.0509 T.4057 .015 -• 0002 .0001 i .40r. .1m -.OIZS 2.05'1 
.05!2 1.,a05 .o 17! .0009 ,0007 1 .'905 .1501 . .ctn 2.5'9 
.o,., I .1995 .0699 .0121 .0121 1,1995 .2'45 ·"" 2.!825 

POI~ .061' I .49'5 .om .005' .0045 1.49'5 • 1112 .,015 2.4111 
SIW• .04515 • !1'52 .om.c .0o.cn .00* .1"12 .06!79 .'5951 .5~ 

STATIOfj X•2.0f'!. ,-oo ~ .Z•T5C". 
~ IC I Q (5 " PON SIW 5ICDILSS ruT?£SS 

,sec., 1sec., 
• 1291 I .9115 .1m ·°"' .0501 1.91115 ·"'° ·"°' 2. 79!5 
.2'45 1.1750 .0705 .015' .01'9 1.11'0 .. , .11• 5.0!5' 
• 12" 2.05'5 • 1 Ill .0019 .0219 2.0595 ·"" ·°"° 2.0720 
.07'9 2.0415 .047 .0011 .0055 2.0415 .2201 • l!iM 2.2211 
.°'59 1 .9590 .06415 .0012 .0095 1 .9590 .25'0 .,a11 2.2,01 
• 112, 2.5'~ . ""' ·°'" .oe 2.5'9! ."'2 ·"" 5.0050 

~,.,~ .1'56 2.07'2 .0972 .0202 .0290 2.07'2 .,is .!il7'5 2.'517 
SIW • .0601 I .2197'5 .057'57 .02071 .02201 .21 ~7'5 .061'2 .!54'1 .!195! 

STATION x•2.9'. f-00 ~.J•l5C". 
~ (I (2 (5 

" PON SIW SICDl£SS ruT?£SS 
tstC. J lstC.l 

.oe& 2.6'5' .TW .0210 .057' 2."'5 .402I .5209 2. I 112 

.09'2 2.7971 ·"" • I 106 .5005 2. 7971 .6052 ... 2.2,a1 

.042! 2.!iOi .11,1 .01'2 .021' 2.!iOi .541, .so 2.00!5 

.0121 2.5997 .0IOI .0191 .0215 2.5997 .21'5 •• 19 5.2'12 

.0!!157 2.7'27 • 1064 .0202 .oze 2.7'27 .SZ11 .5129 2.5205 
• lil!SO 2.9152 .11• .0545 .0502 2.9152 .S&&S .leo 5.5'97 

~,.,~ .01!51 2.7215 .1515 .0957 .0101 2.7215 ."40 .5715 2.6297 
S!W• .0512' ,1'25' .0~ .055'1 .09900 .1'255 • 10.cM .21'52 .51492 

STATlCJj x•5.0N. f-00 ~.:•15C". 
!-t:) ( ! (2 (5 

" PON SIW SIC[W£SS run£SS 
,sec., tstC.l 

·°"' 5, 1207 .2221 .0'22 .115' 5. 120:' .,120 .,0 I I 2.2155 
.055' 2.99i7 .1111 .02,5 • 061'1 2.99i7 .,1.s .5'11 2.29!515 -~ 2.9579 • ! 155 .Ot'~ .05'1 2.9579 .556 .en 2. 71i0 
.~7 2.1617 .074' • 0 !24 .0!4' 2.8"7 .2121 .,12' 2."4 
.0266 2.1966 .015 • 00 '.'9 .01'5 2.~ .251 .SZJ& 2.514' 
• !'24 5.~ • 19'7 .0507 .1~5 5.791.c .4'!5 .!ilTO 2.6',C 

~,.,.,. .070C 5. 1052 . ~ ~ .0259 .051' 5.1052 .5720 .'52S 2.'852 
s:~,- .045'.~ .52'.44 -~' .OTS .05922 .5214' • 0 '?'5S,& • 1 ! 016 . !1645 
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Table 7.1 Experimental Data for Puff Measurements (Continued). 

ST&T;:i,1 Jl•!l.5"', ,•:: :"",l•'."-'""• 
~ c:: (2 ,, (4 ~. s: ;,,,,A SICDIL.SS r.,~ru 

!S[C.; :S[C.; 
,0141 ,.~9 .2045 .0651 .:2~ !1,609 ,1522 , 7117 2.1114 
,0109 !1.1916 .2156 ,0521 , :111 , ... .55" .21 o: 2.2210 
,01'5 !1.4464 ,1'29 .0247 .051S: !l,Ui4 .511'. .45;5 2.'993 
.0055 '·°"5 • 16!10 ,0141 .~: 5.°"5 • 40!11 .mo 2.0727 
.0064 !1,0761 • 1406 ,0104 .04'~ '· 0'.'6 '. .!1~49 • !919 2.SZl!I 
.2015 4,0190 ,4244 -.0059 .5201 4,0tie ,65l5 -.0:59 : , ?112 

~  ,0419 !1,5779 .2261 ,0240 ,!2'91 !1,5'.''.'9 . .&el .2910 2,55!1 
S 1,11A. ,07154 ,4061'5 • 10121 .02114 .09'.'-:'9 ,406"."5 .09951 ,22911 .~15' 

ST&TICJ1 J;'"4,0P1, T•00 CP'!,Z•l~. 
~ (1 (2 (5 (4 ~j SIW S,:O,,LSS. r~.n,us 

!S[C,J !S[C, J 
.0060 !l.9'75 .2154 .0097 .ow ,. 9'1'5 .~0 .o• 2.0259 
,01 Ii 4,0521 .2920 .0,.7 , 1952 4,0521 .5'05 .2450 2.2'!9 
.0056 4,2200 , 1679 .0159 .Oili 4,2200 .4097 .2505 2.2211 
.0259 4,2002 .1657 ,0217 .0645 4,2002 ,4046 ,4529 2.5999 
.0047 4, 1479 , 1511 .0067 ,0465 4. 1479 .519' ,1121 2.0195 
.0021 t. 9751 .0521 -.0014 .0045 , .97'1 .2297 -. 1147 1,5651 

~IJ,'9 ,0090 !l,7'570 , 1756 ,0164 ,0772 5. 1'57'0 ,.:')60 • 167'5 2.0122 
st,1'1A• .00721 .80247 .07161 .01'57 ,05119 .IJ247 .09'51 , 16721 .26795 

STATION X•2.0P'l,Y•05 CP'!,Z•16CP'!, 
~ (1 K2 (5 u 10,N SIW Sl([J,f(SS F'LAT1£SS 

IS[C,J ISCC,J 
.0801 2.0817 ,0485 .0052 .0059 2,0117 .2197 .5016 2.5"0" 
.0685 2.2547 .0811 ,015' .0155 2.2547 .2160 .5125 2,5207 
.0995 2. 1624 • 1791 .0512 .01'5 2, 1624 ,4241 • 7625 2,5115 
,0764 2 . 1672 .0101 ,0160 .0181 2, 1672 .2145 .69!57 2. 7614 
, 1018 2 .1004 .0907 .0092 .0227 2,1004 ,5011 ."59 2. 7606 
, 1402 2.2946 • 1595 .0559 -~ 2,2946 ,5752 1 ,0745 5.4290 

~,.,,. .0944 2. 1755 , 1054 .0260 .0'54 2, 17'5 ,5147 .6254 2. 7545 
S 1  • 02571 • 07542 ,04540 .02251 .02189 .07542 ,°"27 .2652!1 .54506 

ST&T!Otl X•2.5N,Y•05 CP'!,Z•16CP'!, 
~ (1 (2 (5 (4 PON SIW SICEJ,l,.£SS F'L.&T1£SS 

ISCC.J !S£C.J 
, 1567 2.3472 • 1.505 .0219 ,0450 2.5472 .!1610 ·"" 2,6517 
• 1745 2.5995 • , 0!17 ,0248 .0!119 2.5995 .!1221 • 7426 2,967.5 
• 1144 2.2588 • 052.!I .0079 .0079 2.2518 .2286 .6610 2,8152 
.0645 2. 1801 .051'5 .0048 .0057 2, 1801 .1957 .6612 2,6495 
• 0!160 2.3464 ,09"8 • 0225 .0205 2,346' • .506.5 • 7768 2.5255 
, 1235 2.9587 .1927 .0406 .0963 2,9587 ,4390 .4802 2.5914 

!'{&1 .. .:1:5 2.415 1 ,1017 .0204 • 0!142 2,4151 .3084 .6.51 .5 2,6781 
s:,;~,- , 04845 .25322 ,05!20 .01178 .0!1!06 .ZS.522 .081:8 .11950· .20-:'IC 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

STAT! Ofi 1t•5,:l", T•05 :l",:• 16-:!'l, 
l'lJ (I (2 (5 (4 f'Ot l s1,,u SICtWLSS f".,A T?LSS ,sec ., tsec. 1 

• 1708 2,9184 , 1042 ,0174 .0215 2,9114 ,5227 ,517'5 2,'2'8 
.1n1 5. 1157 , 1964 .0217 .om 5, 1157 .4452 ,2494 2.'911 
• 1176 2,1415 ,1770 .01,0 , 1062 2,1,,&15 ,4207 : .0201 5,'905 
• 1151 5.0455 .ue ,0450 • 1'54 5,045! .4~ ,4175 2.6'15 
, 11 69 5,0161 • 19'4 ,OZM .0796 5,0161 ,4410 .2960 2,10'2 
• 12'2 5.4425 • 1451 ,0214 ,0605 5,4425 .5109 ,5154 2,16!5 

P'CAt~ ,1511 5,0650 ,175 ,0!156 .0157 5,0650 ,4141 .~25 2,6702 
SIW• ,02946 • 19102 ,05if!ii .02000 ,05515 • 19102 ,04912 .25259 ,59119 

STAT!Otl x•5,511, T•05 CN,Z•l'°1, 
l'lJ IC I (2 (5 (4 !'CAN SIW SICDILSS . f"L.A ThCSS ,sec., ,sec., 

.06'5 5,"16 , 1457 .0571 .0550 5,"16 ,!111 ,6674 2.5111 

.0491 5,4405 , 1012 ,0119 .0267 5,4405 ,5290 .55'2 2.2761 

.0455 5.555i ,215 .0211 , 1205 5,555' .4'2! ,2911 2,6552 
,0716 5,4276 .57'54 -.0417 ,5574 5,4276 ,6127 -.1112 2 ,5941 
.0568 5,5.210 • 162C ,0161 .oei 5,5.210 ,4052 .2455 2,4949 
, 0172 5,9651 , 1527 ,01~ .0411 5,9651 ,5645 .5094 2,5151 

!'CAN- .0'24 '·"74 .1197 .0112 , 1019 5,5574 ,4,215,6 ,2777 2,4606 
SIGN.I• ,01405 ,20119 .01910 .02S25 • 10675 .2~ :79 .09299 ,24761 , 12456 

STATIOtl x•4,0N,T•05 CN,Z•16Ct'I, 
~ (1 (2 (5 (4 !'CAN S!W SICDl£SS f"L.AThCSS ,sec., 1sec,1 

.0711 5,9117 .2140 ,0526 ,1074 5,9117 .4'2! ,5291 2,5461 
, 1067 4,0416 • 1150 ,0571 .09'9 4,048' .4271 , 7297 2,1025 
.0255 5. 7127 , 1411 -.0122 ,0442 5,7127 .5157 -.2299 2,2114 
.0569 5.5'07 .1564 .0071 .0495 5.5'07 . 5954 , 1251 2,015' 
.0'91 5.1915 , 1750 ,0271 .0602 5.1915 ,4114 .5700 1.9655 
.0155 .6159 .0105 .0005 .0005 .6159 , 1016 .5151 2.5965 

!'Ofl* .0416 5,2177 • 14" .0111 .05i2 5,2177 .5656 .2755 2,5257 
SIW• • 05165 1 .20662 .06504 .02291 .05495 1,20662 • 12021 .21795 .50005 

STATIOtl X•1,5f1,T•IO CN,Z•16Ct'I. 
l'lJ (1 (2 (5 (4 !'CAN SIW ~ss f"I.AT?LSS csec.1 ISCC.I 

.:516 .sos, .005 .0005 .0001 1,4489 .0621 !,5118 4.2521 

.0521 .6215 .0099 . 0002 .0005 1. 7199 .0996 .2121 2,6142 

.0225 .5128 .OO!S -.0002 0.0000 1,4769 .0595 -.1120 2,4499 

.0250 ,4474 ,0029 C.0000 0.00 00 1.2185 .05!5 .2152 2,5210 

. 0!92 .4581 ,0018 .0001 0.0000 1,2617 .0421 ,9824 2,8412 

.0740 .6964 .0011 .0005 .0002 2.0056 ,0902 .67'5 5.0977 

~A/~ .:,sz .5565 . :oso .000 1 .0001 1.5455 .0679 ,4425 . 2,9618 S: '.~A• • : ~146 .:~5'.I . ::ZS4 .00:22 • 00::2 ,268'5 .02055 • 71J02 .60791 
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Taole 7.1 Experimental Data for Puff Measurements (Continued). 

S!A! i:>PI ••2.~.r•'.O ~.:•160'. 
P'O ( I (2 (5 (4 POP, SIW SICDILSS F';.AT?£$5 tseC. l 1sec.1 

.010, • 7160 .0046 -.0002 .0001 2.2~9 .0617 - .91542 5, 1115 

.0'59 ,6515 ,0057 .0005 .0001 2.0,0, .0~ .1101 2.7MS 

.0,e ,6114 .0051 .000! c.00c: 1,iUS • 09!!56 -"~ 2.soe 

.0519 .567' .0052 .0002 0.0000 1 .1045 .0569 .1~1! s.oe 
,0097 ,5115 .0001 0.0000 :.0000 1,"'5 .0091 1. 79i2 I. 79'7'5 
• 12')9 ·"" .0017 -0.0000 .0002 2.,9'~ .ot'I -.°'25 2,5705 

P<.lt'8 .04" ·"05 .00'1 .0001 .0001 2.09" .0!19 .591' 5,totO 
SIW• .05966 .09'4 .00257 .0001, .00007 ,506t0 .02454 • 7'460 2.2,506 

STATIOfi x•2.!lf'.r• IO CN.Z•16'". 

"" (I Q IC5 IC4 P'(.IN SIW SICDILSS F'i.JllLSS ,sec.1 ,sec., 
.0251 .9'25 ,005' 0.0000 .0001 5.1567 ,0110 .0414 2."29 
, 02!1 ,1572 .o~ .0002 .0001 2,111, ,07'5 .5012 2.5151 
.0590 .9055 .0156 -.0001 .0006 5.09' , 1249 -,0611 2.2'15 
,051, .72M ,0107 .0002 .0002 2."52 • 1055 • 1752 2, 1I06 

·°"' ,7759 ,0158 .0001 .0006 2.Si21 ,12'2 ."95 2.2950 
,18 .1940 ,014' .0015 .0007 2.9949 , 1191 .1915 5,5715 

P'Ot'8 ·°"1 .1505 .011, .ooo, .0004 2,14-il . 1?41 .szc 2.5'56 
SIW• , 047'59 .0'7'506 ,00'21 .00056 .00025 ,251U ,02~ .52020 .,1194 

STATION x•S,Of1,T•10 CN,Z•lie", 
NO (! Q ICS (4 P'(.IN SIW SICDILSS F'i.JllLSS ,sec., ,sec., .,m .1794 .0157 .0010 ,0005 2.1"1'56 .11,9 .,199 2.11,1 

.0929 -~ .0120 .0010 ,0005 2,1075 , 1094 ,7705 5,5!9' 

.0460 .1152 .0012 .0005 ,0002 2.•1 ,090I .,a 2,21152 

.0515 .1450 .OOl2 .ooo, .0002 2."1'56£ ,0907 ,57'4 2,'7'571 
, 1100 .9S22 .0090 -0 .0000 .0002 5. 1157 .09'7 -,02S1 2,52'4 
,om .9101 ,0150 .0010 .0005 2,9715 • 1225 ,552, 2,!MI 

~At'8 ,016' .N71 .0 110 .0004 .0005 2.90" • 1042 .,11, 2,"'6 
SIW• .0512, ,0'567 ,00271 .ooo,c ,00015 .11"4 • 012"5 ,2515' .m19 

STATION x•S,!t1.r•10 CN.:•16'", 
Pt:) IC! (2 IC5 IC4 ION SIW SICDILSS F'i.JllLSS ,sec., ,sec., 

.0651 .9515 .011 1 . ooo, .0005 s.,15' , 1010 .2901 2.0561 

.0592 .9257 .01'2 .0007 .coo, 5.!Mo , 1192 ."50 2. 1175 
• 1114 .Q207 ,0150 .0004 .coo, 5.5725 . 11'0 .'220 2.5096 
.1241 .9"5 .008' .coo, ,0002 '·"°' ,0911 • !115156 s. 1711 
,052, • 9555 .0071 .0002 ,0001 ,., . . ON! .2"5 2.19154 
.05'6 -~· ,0155 .0002 .0004 5.'505 , !155 .12,9 I .9950 

~,Vje .0752 .9'55 .011, .ooo, .0005 5,099 , 1061 .,so, 2.5!14 s: ~ .. ". .05605 .02441 , OC24S .00019 .00012 .09''.''. • : ~ ~ 91 . 15911 .'1 142 
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Table 7 .1 Experimental Data f or Puff Measurements (Continued). 

STAT !Ot. x-4.~.r•TO ~.:•tiO'!. 
~ I(! Q IC5 1(4 PON SIGN $1CD1LSS F'UMSS 1seC.J 1seC.J .om .9659 .0150 .ooo, .0004 5.9109 .ttQ .2'51 2.215' 

.0272 t,0107 .012, -.oo°' .0004 ,. 17'2 • ttt5 -.,705 2."'4 

.021, ,95'4 .ooso -0.0000 . 0001 5.11591 .0705 -.0121 2. 1505 
,0157 .9517 .00i5 .0001 .0001 5.9505 .0795 .t!l!!l5 2.5057 
,04 10 .i'Zt .0071 .0004 .0001 5.'909 .O .. ! ·"" 2.7'?94 

,-, SI~ C8SDt'wtO 
~,. .02JI .9605 .0011 .0001 .0002 5.9671 .0919 • t 122 2.5715 
SIW• ,01515 .02'94 .00529 • 00057 • 00015 • t t 12' .Ot7't ·""° .22509 

STATI~ x•2.9'.Y•20 CN.Z•tiO'!. 
~ I( t Q ,, " PON SIGN $1CD1LSS F'UMSS ,sec.i 1seC.l 

.005' .6157 .0007 0.0000 0.0000 2.W7 .02'2 .0920 2.tS 
, 01'5 .612, .0019 0.0000 0.0000 2.m, .0'5t .'510 2.2107 
.0100 .7177 .0021 0.0000 0.0000 2.eu .O!i27 .21• 1 .121, 
,01'2 .6419 .0016 0.0000 0.0000 2.6795 .0404 .4''7'9 2."21 
• ozc,, .6124 .0020 0.0000 0.0000 2.!i25t . 0449 .462, 2.9190 

,., SI~ C1SD1'.o 

~»fa ,0117 ·"" ,OOtl 0,0000 0.0000 2.6'27 .e,15 .SZ04 2.5070 
SIW• .0ot6t ,04095 ,00061 0.00000 0.00000 . ,,.,.os .00166 ,!$7 .Jl501 

STATI~ x•S.O",f.ZO CN.Z•tiCN. 
~ IC! Q ,, " ~ SIGN SICDUSS F'i..Al't£SS 1seC.J ,sec., 

.0070 , 7025 .0057 0.0000 0.0000 ,. 174' .0111 .on, t. 7515 

.02'5 .7715 ,0129 .ooot ,0004 '·''" • ttJI .6050 2.2779 .ooe , 70tt .oos .0001 0.0000 S,1'90 .O!Ml5 .5449 2.5'55 
,0116 .m1 .0020 0.0000 0.0000 2.1797 .044' .!iZOS 2.102' 
.01,0 .1520 .o• -0.0000 .0001 s.e,0 .0112 -.0172 2.2,99 

,tJ SI~ 01SP'C 
~,. ,0111 • 75'2 .0057 .0002 .000! ,.,, .. .0120 .2921 2.2256 
SIW• ,007'2 .07'91 .00• .000!5 .00015 ·""' .02'91 .2'111 .i,191 

STATI~ x•S.9'. f•lO CN.Z•liO'!, 
~ IC! Q " " ~ SIGN SICOl£SS F'Ul't£SS ,sec., ,sec., 

, Ot-:'5 .~5 .00'5 .0001 0.0000 ,.ws .oes • 1110 1,9909 
.0041 ... ,-:- .oo,, 0.0000 0.0000 ,.ms .0400 ,,,. 2. 15'7 
, 014' ·"" .ooso .0001 .0001 5.9'91 ,0710 .212,5 2,0509 
. 0204 .100, .0021 .0001 0.0000 5.7SOI • O!ilO ... 2,9021 
.0190 . "" .002'." .coot 0.0000 5. 7161 .os,, ·"" 5.0115 .o,e -~ .0057 -: .0000 0.0000 ,.2229 ·°'°' -., .. 2.~ 

~ .. ,0 15' .1255 .0055 .0001 .0000 '·"" .05'7 .!575 2.052 s:~~- .o~ .~5 .OO!l.9 .000~ .0000, .21121 .01017 .sza .'2155 
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Table 7.1 Experimental Data for Puff Measurements (Continued) . 

STlT!OPi X"4.~. f•20 C?".Z•tie". 
~ (I (2 (3 " ION SI'"-' SICOKS5 ruT,£SS ,sec., ,sec., 

.052• .... 5 .001' .0001 .0001 ,.11u .0911 ·°'°' 2.090' 

.04" ,15'7 .0071 ,0001 .0001 •."90 .0110 ·°"' 2.1295 

.0155 .SM15 .OOd ·0,0000 0.0000 5,0112 .oe -.1'55 2.2179 

.0511 .9502 .0157 0.0000 .ooo, 5.0M6 .1171 .0111 2.0501 

.0509 .9215 .0121 -.0002 ,0005 •.!Mli • 1099 -.1'51 1.99&£ 
NO SIGNAL~ 

,V,je .02!15 .9079 .0095 0.0000 .0002 •."90 .09'5 -.aa. 2.om 
SIW• ,01'95 ,0'501 .00552 .00011 ,00015 .22925 .01110 • tOIII .om, 

STlTIQf1 ••5,0P'. f••ZOCl'I.Z• lie", 
P'l0 (I Q ,, " ~ SIGN SICOKS5 ruT,£SS 

<SEC,J <S[C,l 
0,0000 0,0000 -0.0000 -0.0000 -0.0000 0.0000 -~.0000 -0.0000 -5.0000 
,0105 ,7'12 .0019 0.0000 0.0000 ,.s7!2 .o..o , 1297 1,9750 
.0215 .7912 .0098 0.0000 0.0000 .... 7 .0122 , 1512 2.-. 
,OIU .120, • ooa -0.0000 0.0000 , ..... .oss -.o.oe 2 .... 7 
.0211 , 7021 ,0051 .0001 .0001 ,.mo .011, ,19'1 2,0009 

NO SIGNAL~ 

P€AN- ,01'5 .!llo• .002' .0000 .0000 5,!1109 ,C"2 .0111 1,2'71 
SIW• ,00900 .29QM .0011, .oooa. .oooa. l,7i2!6 .024' .092!15 2.1,010 

STATION x•5,9", r-ZOCl'l,Z•1""• 
P'l0 (I Q (5 ,. ~ SIGN SICDILSS ruT,£55 

1stc.1 ,stc., 
,0112 , 7"0 ,OOII 0,0000 0.0000 5,'°92 .OGI .'251 2.~ 

·°"' .1115 .0015 .0005 .0001 5,7950 ·- ·"'0 2,"52 
,0255 .Ilia .OOM .0002 .000! S,IQ1 .OI02 .'049 2.2771 
.05°' ,1705 .oos .0001 .0001 ,.,m .01'° .2195 2.0111 
,0177 .IOS2 .0021 .0001 0.0000 ,.,1M ,04157 1.0,a 2,911151 
,0570 .1721 ,0015 .000! .0001 5 •• , .0157 , 1!1155 2.S0.9 

~ ,027' .1211 .0051 .0001 .0001 5. 7175 .0&99 ·"77 2,"°9 
SI W• .01152 .oes .OW! .00009 ,00005 .20I09 ,01150 .291'5 ,510!15 

STATION x8',0P', r-200',?•1""• 
P'l0 (I Q (5 " ~ SIGN SICDILSS ruT?Cs 

1stc.1 ,ste., 
.~'92 • 7956 ,0171 .oo°' ,000' 2.•1 .1m .2'51 2,0050 
.0°'5 1,0015 .0°'2 -0.0000 0.0000 5.2!W9 .06'7 -.1017 , .. , 
.00!15 ,IQ79 .0011 0.0000 0.0000 2,'257 .OJZI • 750 2,t517 
,0217 ·"" .0100 c.0000 .0002 2,IOiS • 1000 .0019 2,°"4 .o~-r:- .1791 ,0052 0.0000 0.0000 2,11995 .0951 .220' 2,2192 
• ::-12 5,0501 .1• ·°"' .0'09 9.9151 .sm .1917 5.12'5 

~,., .. .a.1, :.2m .0295 .007' .0105 ,.ooe, .12'9 .szs 2.,010 s:~• . 05Q25 .. ,~ ,0.&9'5 .01621 ,022&' 2."5051 • 11.&91 .!15105 .eo. 
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Table 7.2 Program CHARLI 

PROGRAM CHARLI 
J IINPUT.OUTPUT,TAPES•INPUT,TAP~6•0UTPUT,FILMPL) 

C THIS PROGRAM IS TO TEST THE r,RAM-CHARLIE DlSTRIBUTION 
Otl-1fN5JON r,)((4) 
DI~fNSION SluA(4),S2GA(4l•SKEwGA(4),fLATGA(4),)(X(200).YY(200) 
DI~E~SJON A(4l•MAMOA(4) 
DI'IENSION '1'(200) 
COMMON )((2001 
DIMENSION LAHTl41,LAl21,LAA(21,LAAAl2) 
DATA SlSN/O.O/,S2SN/l./,SKlWSN/O./,FLATSN/3./tX0/-8,/ 
READ<S,401 LA8T ,LA ,LAA ,LAAA 

40 fO~MAT(4Al0,/,2Al0,/,2Al0,/•2Al01 
DO l I= l • l t:- 0 
)((fl=xo•o.1•fLOATIII 
Y(Il=0.399•EXP(-(X(l)••zl/2.) 

1 CONTINUE 
WRITEl6,21 

2 fOMMAT(lHl,• STANOARO NOMMAL *) 
wRlTEl6t31 ()1,(IhYIIhI=l,160) 

3 FOPUAT<I ,a1r6.2,2x,r s.211 
CALL GRAM (SlSN,S2SN,SKf.WSN,fLATSN> 

C S~P PP. 3~1 fOR GAMMA DIST~IRUTION (FUNCTION) CALCULATION 
C THf fl~ST TwO CASES ARE R=l, WHICH ARE EXPONENTIAL DISTRIBUTION 

DATA (R(l1,I=l•4l/4.0,4,0•4•0•4•0/ 
DATA (RAMDA(ll,I=l,41/ l,6,1.1s,1.a,2.01 
DO 21 I=l ,4 
SJGAIIl=D(l)/RAMOA(ll 
S2GACil=R(ll••0.5/MAMDA(ll 
S~EwGAlll=2./R(!)••O.S 
fLATGAll1=16.•J.•R(lll/R(l) 
00 31 J=l,160 
XX(Jl=fLOAT(Jl•0.05 
X (JI =XX ( JI 
CALL GMMMA(R(ll,GX(l),lER) 
YYIJl=PAMUA(II/GXCll•(RAMDA(ll*XXIJ)l**(R(ll-l,)*EXPl-1,•RAMOAII)* 

J)()((J)) 

31 CO~T HJUE 
WRITE<h,321(XX(K),YY(K),K=l•l60) 

32 fOMMAT<I ,s<f6.2,2x,F s.211 
CALL fRAME 
CALL SET<0.2,o.a,o.1,o.q,o.,a.,0.0,0.s,1, 
CALL GRDF MT(6H(f6.2),6Hlf6.3)) 
CALL PERIMLl~•lO•S•lO) 
CALL CURV[IXX,YY,160) 
CALL PSYM(XXl90),YY(90),1HG,2,0,l) 
CALL PSYM(XX(lOl,YY(lOJ,lHG,2,0,11 
CALL PWRT(?.S0,~50,LABT,40,l•Ol 
CALL PWRT(SOO,~SO,LA,20,1,01 
CALL PWMT(500,800,LAA,20,l,O) 
CALL PWRT(S00,7~0,LAAA,20•1•0) 
CALL GQAM l~lGACil,S2GA<ll,SK~WGA(l),FLATGAII) 

21 CONTINUE 
[Nil 
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Table 7.2 Program CHARLI (Continued). 

SU~POUTINE GRA~ (S1,S2,5KEW,FLAT) 
DIMENSION XX(200),YY(200)tH3(?.001,H4(2001,H6(200),H7(200)tH8(2001 
COMMON X(2001 . 
EX=FLAT-3. 
UO l I=l tlM 
XX(ll=(X(l)-S11/S2 
H)ll)=XX(t)o•)-3.•XX(IJ 
H41I)=XX(l>••4-~.•XX(l1••2•3• 
H6(I)=XX(l)••6-lS.•xx111••4+4;.•xx111••2-1s. 
H71Il=XX(l)••7-21.•XX(I)••S•loS.•XxlI>••3-lOS.•XX(l1 
H8(Il=XX(l)••R-28.•xx<11••o•t10.•xxc11••4-420.•XX(Il••2•10S. 
YY(ll=(U.399/S21•(1.•0.l66b•SKEw•HJ(ll l•EXP<-o.s•xx11>••2> 
com INtJf 

C )RO POLYNOMIAL 
CALL CU4VE(X,YY,160) 
CAlL PSY~(X(]S>,YY(35),}HT,2,0,l) 
CALL PSYM(X(95),YY(95),lHT,2,0tll 
w~ITEl6,21 Sl•S2•SKEW,FLAT 

2 FOP~AT(//•• ~EAN=• F6.2 ,•VARIANCE= •,F6,3,• SKEWNESS= • 
1,F~.3•• FLATN[SS= •,F6.2l 

W?ITE16,3) IXX(ll,YY(l),1=1•1601 
3 FO~~AT(/ •Hlf6.2,2X,F S.t)l 

C 4TH POLYNOMIAL 
DO 4 I= 1 , l i<,O 
YYIIl=YY(ll•<0.399/S21•(0,04l6*EX•H4(11•0.0l38•(SKEW*•21•H6(l)) 

1•ExP1-o.s•xx111••21 
1o coin n~•Jf. 

wQJH..16,51 (XX(ll,YY<ll,t=l,loOI 
5 FOPMAT( / ,R(F6.2,2X,FS.21) 

CALL CtJRVE(X,YYtloO) 
CALL PSYMIX(OS),YYIOS),lHf,2,0,11 
CALL PSYM(X(991,YY(99),1Hf,2,0tl) 
RETURN 
END 
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Table A.1 Program TREVA 

llf"ORTRAN 
PIIOGIIAN TREVA 

C ···THIS PROGRAM IS TO tv~VATE: ~1£ C·OISTRiEIIJTIOtl Bl' 1.JSIIK. 
C t~ICAL INTE:RGRATION TO f"lr-.1) Tl£ rtRST rtVE: MOl"IJITS, 
C C·OISTRIBVTION IS A R£PR£StNTATIVE: OISTRIBVTIOtl CL.RV[: F'Olf A 
C 01-£ • 0 I l'ENS I ONA!. CONVE:C Tl VE: 0 I mJS I Ot I , 
C Tl£Rt AR£ ·:5 PAR»t:T915 , NAl"(l.Y XO,A, ANO 'I 
C XO STAl-lSS F'OR Tl£ INITIAL l'OSIRlr-.; POSITION,  A IS Tl£. RAT[: Of 
C OIFTVSIOtl, V IS Tl£ ION CONVE:CTIVE: VD.OSIT'f 

DI f"OIS I ON LAST (SJ 
Dll'ENSIOIJ Ll!OC:51, XOC5l, T(5001l,F'C5001l,LABXC4l 
Dlf"OISION LABY<4l ,ANSC6 J ,VC5l 
Dll'OISlON CH(10J ,A(IOJ 
DATA CLl!OII l, 1•1 ,:51 /0,0,0,02, 100.I 
DATA <XOC!l, !•I ,51/1,0,2.0,3,0,4,0,5,0/ 
DATA CVCJJ ,J•l ,51/ +0.25,0.:5,0.4,0.5,0.6/ 
D&TA (A(KJ,K•l,10)/+0.01,0.02,0.0:5,0.04,0.05,0.06,0.07,0.08 
1,0.1,0.2/ 
F' ( 11 • 0. 0 

00 10 L•2,5001 
10 TCL)•F'LOATIL·llM0.02 

TC 11 •0. 
READ (5,201 LABX,L.ABY,LABT 

20 F'ORMAT (15X,4Al0, l , 14X,4AIO,l,3AIOJ 
READ C5,22l CCH<KJ,K•l,101 

22 F'ORMAT< 10A 1 l 
00 I  I •1 ,5 
1-E!ITE C6,IOOOJXO(ll 

1000 F'ORMAT (IHI ,40X,w MATlt:MATICAL PROPtRTIES OF' C·DlSTRlBVTlON w, 
I /,55X,w XO••,F'5.2,l,25X,w 0TH HOl'O-IT C·l'IAX T CCHAXJ /'CAN 
I SIGMA SKOI-ESS H .ATl£SSwJ 
00 2 J•I , 5 
1-E!ITE (6,10011 VCJJ 

1001 F'ORMAT (10X,NV•M,F'5.3J 
f'U'jCH 2000,XO(IJ,V(Jl 

2000 F'ORMATC • XO•w,F'5.2,SX,NV•w,F'5.3J 
0021K•1,10 
00 3 L•2,5001 
F'CLl • f0.399• V(J l l /CA(KJ•T(Lll 
1 IIEXPC·0.5w((XOl!l·V(JJwT(Lll/ CACKJwT(LlJJMM2l 
3 CONTIM..E 

C SEARCH Tf£ MAX. F'·VAL\..£ 
00 331 LL•2,5001 
IF'<F'CLLJ.LT.F'CLL·lll GO TO 431 

331 CONTIM..E 
431 HAXT •LL· I 

THAX•F'LOAT (HAXTJw0.02 
IF'CK .EQ.ll GO TO 30 
GO TO 31 

30 CONTl~U: 
C F'HX ANO IF'HX AR£ S[:T VP F'OR PLOTTJr-.; 

F'HX•IF'IX(F'<HAXTJJ+l 
IF'HX•FHX 

3 1 COtlTIIU: 
C SSP 

C  I SEO l BH SSP S\.8ROUT I NE HOHE:N 
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Table A.1 Program TREVA (Continued). 

CAU. PQ£N er, 1.90,5, AHS,F"SU11 
F"SU1af'Sl.ttlt0 , 02 
SIG11A•ANSC2J11t10,5 
Sl([W• ANSC5JIAHSC2J••t.5 
F'UT• ANSC41/ ANSC2J••2 
~IT[ (6,10051 ACK!, 
I F"SU1,f" CHAXTJ, nw:,ANS I 11,SIGHA,Slll:W,F'UT 

1005 f"ORl'1AT  
15X,f"8.4,5X,[9,2,5X,[15.5J 
Pl.NCH 2001,ACKJ,f"CHAXTJ,THAX,ANSCIJ,SIGHA,Sl([W,f"UT 

2001 f"ORl'1ATC•A••,f"5.5, 4f"7,4,2tl5,51 
21 CONTl,U: 
2 CONTIIU 
I COHTl,U: 
D() 

SIJIIOVTIP£ POOi Cf",l.80,ta,ANS, TJ 
Dll'OISION f" Cl! ,l.80 Cl I ,ANS Cll 

DO 100 1•1,4 
100 ANSCll•0.0 

C CAL.Cu.AT[ TH£ ~ ~ CUSS INTERVAI..S 
C 

N•l\.8015l·l8011JJ/l80C21+0,5 
C 
C CAI..Cl.l.AT[ TOTAL. F'R[QtOIC'!' 
C 

C 

T•O.O 
DO 110 1•1,N 

110 T•T+f"Cll 

lf"(ta·5l 130, 120, I 15 
115  

120 J..ff'•I 
GO TO 150 

130 J..ff'•2 
C 
C f"IRST PO£NT 
C 

C 

150 DO 160 I •I , N 
f"l•I 

160 ANS I 11 •ANS I I l +f" Cll • (\.80 Cl I+ Cf"l · 0. 51 llll!O 121 l 
ANSCI l •ANSCI 1/T 

GO TO 13!50,200,250,300,2001, ta 
C 
C SECOND PO£NT 

C 

200 DO 210 1•1,N 
f"l•I 

210 ANSl2l•ANS12J+f"lll•Cl80Cll+Cf"l·0.5111l1!0121·ANSll1111t12 
ANS 121 •ANS (21 IT 
GO TO 1250, 3!50 l , J..ff' 

C THIRD PO£NT 
C 

C 

250 DO 260 I •I ,N 
f"l•I 

260 ANSC31•ANSl31+f"Cll•Cl80Cll+CF"l·0.5111l1!0121·ANSC111••3 
ANSl31 •ANS13l/T 
GO TO 1300,3!50!, J..ff' 

C f"OU!TH PO£NT 
C 
300 DO 310 1•1,N 
f"l•I 

310 ANSC41•ANSl41+f"lll•Cl80111+1f"l·0.5llll80C21·ANS<1JJ11t14 
ANS 141 •ANS 141 /T 

350 IOI.Ri 
~ 
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Table A. 2 Mathematical Properties of C-Distribution. 

XO• 1,00 
0TH l'O£M' C·HAX T (CHAXJ ,0,.. s1,111, S.:DICSS F"UTICSS 

V• ,250 
A• ,0100 t.001755 2.494 4,0200 4.02 • 1617 2,44£•01 5, I 1g[+OO 
A• ,0200 1. 006675 I ,251 4.0000 4,06 .5542 5.12£•01 5,557[+00 
A• ,0500 1.015219 ,157 5.9600 4. 15 ,5524 1.,7[-01 ,.!182£+00 
A• .0,00 1.021027 .651 5.9200 ,.25 . 7899 1 ,'6£+00 1, 182£+01 
A• ,0500 1.0'6!66 .508 5.1100 '·" 1.2566 6,59£+00 2.,0!£•02 
A• .0600 1.072902 .427 5.8200 ,. 77 2,5524 1,27£+01  

A• .0700 1,111068 .569 5.7,oo 5.'8 5,0494 9,21£+00 I ,202£+02 
A• ,0100 I . 161124 .527 5.6800 6.66 8,197, 6,25£+00 5, 156£+01 
A• , 1000 I .27!51154 .267 5.5200 9.96 15.9!557 5,66£+00 I, 77.ct+OI 
A• ,2000 1.596821 • 154 2.8000 19.68 25.042!5 1,69£+00 5,050£+00 

V• ,500 
A• .0100 1,001260 5,579 5.5'00 5.5!5 • 1119 2.02£·01 5,082£+00 
A• ,0200 t.00'650 t. 799 5.5'00 5.57 .2289 4, IIIE·01 5,'5!!£+00 
A• .0500 t.010'62 1.205 5.5200 5.'1 .5!575 6.66£-01 5.929£+00 
A• .o,oo t. 011970 .906 5.5000 5.,7 .5070 9.92£·01 5.220£+00 
A• ,0500 1.050649 • 728 5.2600 5.56 .6990 1. 74£+00 2,!568£+01 
A• .0600 1,046569 .610 5.2200 5.69 1.0425 8.27£+00 5.907£+02 
A• .0700 1.067812 .526 5.1100 5.92 1.9709 1.57£+01 4,976£+02 
A• ,0800 1.097528 .'64 5. 1'00 4.56 5.7998 1.20£+01 2, I 0!5£+02 
A• .1000 1.185089 .578 5.o,oo 6.21 8.9452 5.911E+OO 4,581£+01 
A• ,2000 1.4~ .211 2.5200 16.98 21. 7267 1.96£+00 6.141£+00 

V• .,oo 
A• .0100 1.000771 6.584 2.5200 2.51 .0628 1.51£·01 5,046£+00 
A• .0200 1.00266' 5. 192 2.5200 2.52 .1271 5,07£·01 5. 190£+00 
A• . 0500 I. 00!5868 2.155 2.5000 2.54 .1947 .$. 76£·01 5.465£+00 
A• .o,OO 1.010'62 I .604 2.5000 2.56 .2680 6.66£-01 5.929£+00 
A• .0500 1.016'569 1,287 2.4800 2.60 .5!501 8.911E·0I 4.768£+00 
A• .0600 1.024572 1.076 2.4600 2.64 .4464 1,25£+00 8.226£+00 
A• .0700 1.05'155 .925 2.4400 2.69 .5714 2.711E+OO 1.251£+02 
A• .0800 1.046574 .815 2 .4200 2.77 .8004 1.26£+01 8.782£+02 
A• .1000 1.081672 .657 2.5800 5.10 2.4544 1.85£+01 5.0511E+02 
A• .2000 1.445019 .554 2. 1000 II .51 18.0295 2.76£+00 1.051£+01 

V• .500 
A• .0100 I, 000545 9.975 2.0200 2.01 .0401 1.20£·01 5.029£+00 
A• .0200 1.001755 , .987 2. 0200 2.02 .0808 2.44£-01 5.1tg[+00 
A• .0500 1.005785 5.52!5 2.0200 2.02 .1229 5.75£·01 5.281£+00 
A• • o,oo 1.006675 2.499 2.0000 2.04 .1671 5. 12£·01 5.557£+00 
A• .0500 1.010'62 2.005 2.0000 2.05 .2144 6,66£•01 5,929£+00 
A• .0600 t.015219 1.675 2.0000 2.07 .2662 8.47£·01 4.5152£+00 
A• .0700 I. 021052 1,459 1.9800 2. 10 .5245 I .OIIE+00 5,885£+00 
A• .0800 1.028027 1.262 1.9800 2. 15 .5951 1.5!5£+00 5,045£+01 
A• • I 000 1.046577 1.017 1.9400 2.22 .6566 1.82£+01 1,676£+05 
A• ,2000 1.512160 .55!5 I. 7800 6.85 15. 1570 4,24£+00 2.260£+01 

V• ,600 
A• .0100 I. 000425 14.009 1.6800 1.68 .0278 I. 00£·01 5.020£+00 
A• .0200 1.001260 7.159 t.6800 1.68 .0560 2.02£·01 5,082£+00 
A• .0500 1.00266' 4.792 I .6800 1.69 .0847 5. 07£·01 5. 190£+00 
A• ,0400 I. 00'650 5.599 1.6800 1.69 .1145 4. IIIE·01 5,'5!!£+00 
A• .0500 I. 007240 2.881 1.6800 I. 70 .1456 5,56£•01 5,591£+00 
A• .0600 1. 010'62 2.,02 1.6800 I. 71 .1787 6,66£·01 5.929£+00 
A• .0700 I. 0145!56 2. 06!5 1.6600 1. 75 .2145 8. 14£·01 4,42!5£+00 
A• .0800 I. 018970 1.811 1.6600 I. 74 .2555 9,92£·01 5.251£+00 
A• • I 000 1.050649 1.456 1.6400 I. 79 ,5499 2.22£+00 1,522£+02 
A• ,2000 I. 194515 • 7'55 1.5400 5.76 8. 1525 7.21£+00 6.507£+01 
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Table A. 2 Mathematical Properties of C-Di stribution (Cont'd.) 

XO• 2.00 
OTHPOl:NT C·NAX T (CIW(J ~ SIW StDf£SS runes 

V• ,290 
A• ,0100 1,0017'55 1.2'8 1.0000 1.04 .5254 2 • .wc-01 5,11Slt+OO 
A• ,0200 l,00e6T5 .62!5 7.9600 1.12 .6614 5, 12£•0I 5,157'£+00 
A• , 0500 1,0111219 ,419 7.~00 1.26 1,0648 1.47[•0I 4.11121:•oo 
A• .0400 I ,02I026 .516 7.1200 1.49 1,5716 I ,C[+OO 9,067t+OO 
A• .0!500 l,°""4 .254 7,7200 1.15 2.400!I 5,62£+00 5,261£+01 
A• .0600 1,07257! .21' 7.6000 9.41 4.1216 6, 1![+00  

A• .0700 I, 107607 .115 7.'800 10.54 6.1770 5.52£+00 4,111£+01 
,. •• 0100 I. !49150 .165 7.5400 12.0!I 9.9917 4.52£+00 2,70tlt+OI 
A• • I 000 1.zszeo .15' 7.0400 15.62 15.2912 2.17[+00 1,204£+0I 
A• .2000 1.224052 .077 5.5600 24.61 25.4575 I .4'£+00 4,179£+00 

V• .500 
A• .0100 1.001260 I. 796 6.6100 6.69 .2258 2.oa:-01 5,0112[+00 
A• .0200 I. 004dl50 .900 6.6600 6.7' .'579 ,.1ac-01 5,!1!1![+00 
A• • 0500 1,010462 .601 6.6200 6.12 • 71'7 6.66£-01 5.~•00 
A• .0400 1.011970 .'55 6.9100 6.9' 1,0159 9.92£-01 5.21!1£+00 
A• ,0500 1.0506'9 .564 6.5200 7.11 1.5971 1,62£+00 ! ,286£+01 
A• • 0600 I. 0'6!152 .50!! 6.4'00 7.57 2.01!7 ,.10£+00 7,'1!lE+OI 
A• .0700 I. 061520 .265 6.5600 7.10 5.2!520 7. I !lE+OO I, 18!1[+02 
A• .0100 I.09!11541 .252 6.2100 1.49 5.2998 6.92£+00 7.157[+01 
A• • I 000 1.1619115 .189 6.0100 10.8' 10."" 4.421:+00 2.71!lE+OI 
A• .2000 I.~ .106 5 ,0200 21.!5!5 22.2'1 I 1.6!lE+OO 5,08!![+00 

V• .-'00 
A• • 0100 1.000771 5.192 5.0200 5.02 .12515 1,51£-01 5.0'6£+00 
A• • 0200 1.00266' 1.597 5.0000 5.o, .2!542 5.07[•01 5.190£+00 
A• . 0500 1,005161 1,067 5.0000 5.07 .!89!5 4, 76[-01 5.'6![+00 
A• • 0400 1.010462 .102 4.9100 5.12 .5560 6.66£-01 5.~+00 
A• • O!IOO l,016'5t'.l .6'5 4.9'00 5.18 .7001 8.98C·OI 4.761[+00 
A• .0600 1.024572 .558 4.9200 5.27 .8928 1.2![+00 7.021[+00 
A• .0700 I. 05'1!52 .465 4.8800 5.58 I. 1595 2.08[+00 2.896[+01 
A• • 0800 1.046561 .407 4.8'00 5.55 I .!5285 5.21£+00 1.587[+02 
A• .1000 1.08101' .529 ,.7400 6.11 5.4140 9.78[+00 I. 706£+02 
A• .2000 1.9742 .177 4.1600 15.!7 18.725' 2.'1[+00 8,576[+00 

V• .500 
A• • 0100 I. 00054!5 ,.987 4.0200 4.01 .0802 1.20£-01 5.0&+00 
A• .0200 1.001755 2 .49' 4.0200 ,.02 .1617 2.4'£-01 5, ll!lE+OO 
A• . 0500 I. 00578!5 1.6615 4,0000 ,.o, .2458 5.7![-01 5.211£+00 
A• . 0400 1,006675 1.2!51 4.0000 4.06 .5542 5.12£-01 5,557[+00 
A• . O!IOO 1.010'62 1.002 5.9100 ,.o9 .4288 6.66£-01 5.92!lE+OO 
A• . 0600 l.01!5219 .8!7 5.9600 4 .15 .5524 8.47[·01 ,.!152£+00 
A• • 0700 1.021052 .719 5.9'00 ,. 18 .6490 1.08[+00 5.7ME+OO 
A• • 0800 1.028027 .651 5.9200 4.2!5 • 71!19 l.'6£+00 1.112£+01 
A• • I 000 1.046566 .508 5.8800 '·" 1.2566 6.5!lE+OO 2.,os:•02 
A• .2000 1.275854 .267 5.!5200 9.96 15. ~7 5.66[+00 I. 774£+01 

V• ,600 
A• • 0100 1.000425 7.116 5.5600 5.55 • 0!5!57 1.00£-01 5,020[+00 
A• • 0200 1.001260 5.579 5.5'00 5.55 .1119 2.02£-01 5,012£+00 
A• • 0500 1.00266' 2.,96 5.5'00 5.56 .169' 5.07[•01 5.190£+00 
A• .0400 1.004650 i.m 5.5'00 5.57 .2219 ,.1ac-01 5,!1111[+00 
A• • O!IOO 1.007240 1.4'0 5.5'00 5.59 .2912 5.56[•01 5,51[+00 
A• .0600 1,010462 1.205 5.5200 5.41 .5575 6.66£-01 5,92!lE+OO 
A• .0700 l.01~ 1.055 5.5000 5.4' .4286 1.14£-01 ,'211[+00 
A• • 0100 1.018970 .906 5.5000 5.47 .5070 9.92£-01 5,Z20[+00 
A• , 1000 1,050649 • 728 5.2600 5.56 .mo I. 74£+00 2,Ml[+OI 
A• ,2000 I .115089 .579 5.o,oo 6.21 1.9452 5.91£+00 ,.911[+01 
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Tabl e A. 2 Mathematical Propert ies of C-Dis tr ibution (Cont' d . ) 

XO• 5,00 
OTHJ'«KNT C·HAX T (Ctw:l ION SIGMA StDf£SS rurtt:.SS 

V• ,2!10 
,.. ,0100 1.0017!5 .8!2 12.0000 12.05 .48!51 2,4.C£·01 5, IIK+OO 
,. •• 0200 1.006675 .417 11.9400 12. 17 1.0026 5, 12£·01 5,957[+00 
,. • • 0500 1.015219 .279 11.8600 12.58 1 .5972 8.47[• 01 4,11112£+00 
A• ,0400 1,021026 .210 11, 7200 12.72 2.!!570 1,41£+00 8,477[+00 ,.. .0500 1.046512 .169 11.5800 15.26 3 , !5!509 2.90£+00 2,795£+01 ,.. .0600 1.071785 .142 11,4000 14.15 5,6!!56 4,20£+00 5.704£+01 ,.. ,0700 1,104554 .125 11.2000 15.49 8.5414 5,94£+00 2.606£+01 ,.. .0800 I. 140155 .109 II, 0000 17.20 I l.5J05 5,28£+00 I ,690£+01 
,. •• 1000 l,200~ .089 I 0.5400 20 . 79 16.5529 2,5!5[+00 8.810£+00 
,. •• 2000 I. 11 68!50 .051 8.5400 28 .63 25.5758 1,26£+00 5, 662£+00 

V• .300 
,. •• 0100 1,001260 1.197 10.0000 10.05 .5558 2 . 02£·0I 3,012£+00 
,. •• 0200 I. 004650 .600 9.9800 10.10 .6868 4. 18£·0I 3,!!5!!£+00 
A• . 0300 1.010462 .401 9.9200 10.22 I. 0720 6.66£-01 3, 929£+00 
,. •• 0400 I. 018970 . 502 9.9400 10.40 1.5209 9.92£·01 5.21![+00 
A• .0500 1.030649 .243 9.7600 10.67 2,0949 1.59£+00 1.086£+0I 
,. • • 0600 I. 046530 .205 9 . 6400 II, 05 2.9778 3. IK+OO 5.640£+01 
,.. , 0700 1.067215 .175 9.5200 11,66 4.5064 4.8![+00 5,295£+0I 
,. •• 0800 1.095904 .155 9.4000 12.57 6.7270 4.84£+00 4.06![+0I 
A• . I 000 1.157995 .126 9.1000 15.25 II, 7686 5,48£+00 1. 816£+0I 
,. • . 2000 1,251511 . 070 7.5200 25.59 22.4848 I , 4g[+OO 4,416£+00 

V• ,400 
A• .0100 I. 000771 2 . 128 7,5200 7.52 .1883 1.51£·01 5 . 046£+00 
A• .0200 1.002664 1.065 7.5000 7.55 ,5812 5.07£· 0I 5, 190£+00 
A• ,0300 1,005868 . 711 7. 4800 7.60 .!5842 4.76£-0 1 5.46![+00 
A• .0400 1.010462 .5'5 7.4400 7.67 .8040 6.66£-01 5.929£+00 
A• .0500 I, 016'569 .429 7,4000 7.77 1.0502 8.98E·OI 4.768[+00 
,. •• 0600 1.024372 .559 7.5600 7.89 1.5591 I ,23£+00 6,846£+00 
A• . 0700 1.054152 .509 7, 5000 8.06 I. 7072 '. ,94[+00 1,841£+0I 
A• .0800 1.046547 .271 7.2400 8.29 2.2556 ~.78£+00 5 . 914£+01 
,. •• 1000 1.080446 .219 7 .1000 9. 10 4.5552 6.58£+00 8.177£+0i 
,. •• 2000 1.305114 .118 6.2400 

V• .500 
18.79 19.2249 2.14£+00 7,272f;+OO 

A• .0100 I. 000545 5.525 6. 0200 6.01 .1205 1.20£·01 5.029£+00 
A• .0200 1.0017!5 1.662 6. 0200 6.05 .2425 2.44£-01 5, 1 IK+OO 
A• • 0500 1.005795 1, 110 6. 0000 6.05 .5687 5.7![-01 5 , 281£+00 
A• .0400 1.006675 .854 5.9800 6.09 .5015 5.12£·01 5.557£+00 
A• .0500 I. 010462 .668 5.9600 6.14 .64!2 6.66£-01 5,929£+00 
A• .0600 1, 015219 .558 5.9400 6.20 . 7986 8.47£·0I 4,552£+00 
A• ,0700 1.0210!2 .480 5.9000 6.27 .9755 1,08£+00 5.704£+00 
A• .0800 1.028027 .421 5.8800 6.37 1.1788 1, 44£+00 9.74K+OO 
A• . I 000 1.046556 .539 5.8000 6.64 I. 8197 4.44£+00 9 , 220£+01 
A• ,2000 1.251837 .1 78 5.2800 12.87 14.6652 5,22£+00 1.44![+01 

V• .600 
A• ,0100 1.000425 4, 788 5. 0200 5.01 .0855 I.OOE·OI 5,020£+00 
A• .0200 I. 001260 2.594 5. 0200 5.02 .1679 2.02£·01 5,082£+00 
A• .0500 1. 002664 1.597 5. 0000 5.04 .2542 5,07£·01 5, 190£+00 ,.. .0400 1.004650 1.200 5.0000 5.06 .5454 4. IBE·OI 5,!eeC+OO ,.. .0500 1.007240 .961 4.9800 5.08 .4568 5.56£-01 5,591£+00 
A• .0600 I. 010462 .802 4.9800 5.12 .5560 6 , 66£-01 5,929£+00 ,.. .0700 I. 014356 . 689 4.9600 5. 16 .6429 8.14£·01 4,425£+00 
A• .0800 I, 018970 .604 4.9400 5.21 .7604 9,92£·01 5,216£+00 
A• .1000 1.050649 .485 4.8800 5.54 1.0480 1, 66£+00 1,569£+01 
A• .2000 1.175337 .252 4,5600 8.56 9.7191 5.09E+OO 5,468£+01 
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Table A. 2 Mathematical Properties of C-Distribution (Cont'd.) 

XO• ,.o0 
0TH l10fi:NT C·HAX T (CHAXJ l'Vt, SIGMA ~ riJT1£SS 

V• ,250 
A• , 0 I 00 l,001~ .624 16,0000 16,06 .646" 2,-44:•0I 5, 119£•00 
,. •• ~200 1,006675 ,513 l!5, 9200 16.22 1.5567 !5.12£·0I 5,557[•00 
,.. ,0500 l.0l!5219 .209 l!5. 8000 16.!5I 2.129!5 8.,7t•OI ,.1152£•00 ,. •. o,oo 1,028026 • l!58 l!5.6400 16.1)6 3.1421 1,40£+00 I. 157[+00 
,.. ,0!500 1.0'62!16 .127 1!5.4200 17.67 4,6820 2.~•00 1,921[+?1 
,. •• 0600 1.071004 .107 l!5,2000 18. 79 7.0870 3.26£•00 2,256£+0I 
,.. ,0700 I. I 00679 .092 14,9400 20,54 10,0195 3,07[+00 1,667[+0I 
,. •• 0800 I, 130481 .082 14.6600 22.14 12.8492 2.65[+00 I, 174£+0I 
,. •• 1000 I. 172512 .067 14.0600 25.60 17.1561 1.97[+00 6,92l t+OO 
,. •• 2000 1. 056440 .039 11. 1000 52.16 25.5!520 1.12£•00 3.298[+00 

V• .500 
,. •• 0100 1.001260 .898 13.5400 13.57 .4477 2,02£·01 5,082£+00 
,. •• 0200 1.00~0 .450 13.3000 13.46 .9157 4.18£·01 5,!155£+00 
,. •• 0300 I. 010462 .301 13.2200 13,62 1.4293 6.66£-01 3,929£+00 ,. •. o,oo 1.018970 .226 13.1200 13,87 2,0278 9,92£·0I 5.211£•00 
,. •• 0!500 1.050648 • 182 13.0000 14.22 2.7922 1,57[+00 9,991£+00 
,. •• 0600 1.046297 .153 12.8600 14. 73 3.9303 2.76[+00 2.426[+0I 
,. •• 0700 1.066833 • 152 12.7000 15.50 5.7103 3.75£+00 3.129£+0I 
,. •• 0800 1.092127 .116 12.!5200 16.60 8.0489 3.75£+00 2.!52!!£+0I 
A• .1000 1.147749 .094 12.1400 19.48 12.9097 2.86£+00 1.315[+0I 
A• .2000 1.160044 .053 10.0200 28.81 22.5942 1.3'[+00 3.93'[+00 

V• .400 
,. •• 0100 1.000771 1.596 10.0200 10.02 .2510 1.51£·01 3.046£+00 
A• .0200 1.00266' . 799 10.0000 10.06 .5083 3.07[•01 3, 190£+00 
A• .0300 I.OO!S868 .533 9.9600 10. 13 . 7790 4.76£·01 3,465[+00 
,. •• 0400 1.010462 .401 9. 9200 10.22 1.0720 6.66£-01 3.929£+00 
,. •• 0500 1.0I~ .322 9.8600 10.35 1.4003 8,99£-01 4.768£+00 
A• .0600 1.024372 .269 9.8000 I 0.!52 I. 7855 1.22£+00 6.766£+00 
A• . 0700 I .054151 .231 9.7400 10. 75 2.2744 1.86£+00 1.494£+0I 
A• .0800 1.046330 .203 9.6400 11. 05 2.9778 3.19£+00 3,640£+0I 
,. •• 1000 1.079961 .1 64 9.4600 12.07 5.5478 5.01£+00 4,836£+0I 
,. •• 2000 1.259778 . 088 8.3000 21.93 19.6113 1.95[+00 6.312£+00 

V• .500 
,. •• 0100 I. 000545 2.494 8.0200 8.02 .1604 1.20£·01 3.029£+00 
A• .0200 1.001753 1.248 8.0000 8.04 .5254 2.44£·01 3.119£+00 
A• .0300 1.005785 . 833 8.0000 8.07 .4916 3.75[·01 3.281£+00 
A• .0400 1.006673 .625 7. 9600 8.12 .6684 5. 12£·0 I 3.537£+00 
A• .0500 I. 010462 .501 7.9400 8.18 .8576 6.66£-01 3,929£+00 
A• .0600 I ,01!5219 ,419 7.9000 8.26 1.0648 8.47[•01 4.552£+00 
A• . 0700 1.021052 .560 7.8600 8.56 1.2980 1.08£+00 5.694£+00 
A• . 0800 1.028026 .316 7.8200 8.49 1.5716 1.45[+00 9.067[+00 
A• .1000 1.046544 .254 7.7200 8.85 2.4005 3.62£+00 5,261£+0I 
,.. ,2000 1.232650 .154 7. 0400 15.62 15.2912 2.87[+00 1.204£+0I 

V• .600 
,. •• 0100 1.000425 3.588 6.6800 6.68 .1113 1.00£·01 3,020£+00 
A• .0200 1.001260 I. 796 6.6800 6.69 .2238 2.02£·0I 3.082£+00 
,. •• 0300 1.00266' 1.198 6.6800 6.71 .3389 3.07[•01 3, 190£+00 
A• .0400 1.00~0 .900 6.6600 6.74 .4579 4.18£·01 3.3!5!5£+00 
A• . 0!500 1.007240 . 721 6.6400 6.77 .5824 5.36£-01 3,591£+00 
,. •• 0600 1.010462 .601 6.6200 6.82 .7147 6.66£-01 3.929£+00 
A• • 0700 1.014356 .516 6.6000 6.87 .8573 8.14£·0I 4,42S£+00 
A• .0800 I .018970 .453 6.5800 6.94 1.0139 9 , 92£·0I 5.215£+00 
A• .1000 1.030649 .564 6.5200 7.11 1.3971 1.62£+00 1.286£+01 
A• .2000 I. 168985 . 189 6. 0800 10 . 84 10.4484 4.42£+00 2.719£+0I 
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Table A. 2 Mathematical Properties of C-Distribution (Cont'd.) 

XO• 5. 00 
OTHl'1Cl'CIT C·MAX T (CMAXJ f'ON S1'MA sm,css runes 

., •. 2!10 
A• ,Of 00 t,0017!! ,499 19.9800 20.07 .1014 2.44[-0t 5, IIK•OO 
A• ,0200 t. 00667! .2!10 19.9000 20,27 t .6709 5. t2E·Ot 5,1557[•00 
A• ,0500 t .015219 • 167 19.7400 20.65 2.6619 8.47[•01  

A• ,0400 t ,02102!1 .126 19.5400 21 .20 5.9266   

A• , 0900 t.0461!5!5 • 102 19.2100 22.01 5, 7879  t  

A• .0600 t .069920 . 08!5 18.9800 25.59 8.4117 2.69£•00 I  

A• .0700 t .096518 .074 18.6600 2!1. 08 t t .5100 2.!10[•00 t.  

A• .0100 I, 120068 • 06!5 18.3000 26.90 13.9542 2, 18[•00 8 .  

A• . 1000 t. t 4515!1 .053 I 7. !1600 30. I I 17. 7!73 I .68[•00  

A• .2000 .970685 • 051 t!l.8800 !15.!l!I 25.4456   

V• • 500 
A• , 0 I 00 t.001260 • 719 16.6600 16. 71 .!5!196 2,02[•01 5.082£•00 
A• . 0200 I. 0046!10 .!160 16.6200 16.83 1.1446 4. 18[•01 3.Bt•OO 
A• .0300 t.010462 .241 16.5200 17.03 t . 7967 6,6«·01  

A• .0400 I .018970 . !Bf 16.4000 17.!l!I 2.5548 9.92[-0t 5.210[•0~ 
A• . 0!500 t. 050647 • 146 16.2400 11.n 3 .4888   

A• .0600 I .046243 • 122 16.0600 18.41 4.8685 2.49[+00 t  

A• ,0700 t .066332 , 105 15.8600 19.!l!I 6.8!1!58 3. 12[+00 2 . 135[+01 
A• .0800 t. 09005!1 .093 15.6400 20.57 9,2!587 3 . 07[+00 I. 7!50[+0 t 
A• . 1000 t. t !17430 .076 15. 1600 25.56 t!I. 8837 2.42[+00 t. 004[+01 
A• .2000 t . 100864 .042 12.5200 !lt.93 22,6156 t.20[+00 3,96«+00 

V• • 400 
A• .0100 I. 000771 I .277 12.5200 12.53 • 51 !18 I ,51[·01 3.  

A• .0200 I .002664 .6!19 12.4800 12.57 .6!154 !I. 07[•01 3. 190[+00 
A• . 0!100 I, 005868 .427 12.4600 12.65 ,9737 4. 76[•01 3.465[+00 
A• .0400 t. Of 0462 .321 12.4000 12.n t.!1400 6 ,6«·01 3,929£+00 
A• .0500 t.016!569 .257 12.3400 12.94 I. 7!504 8.98[-0t 4,767[+00 
A• .0600 t. 024372 .215 12.2600 t!I. 15 2.2519 t ,22[+00  

A• ,0700 t.0!14149 . 185 12.1600 t!I. 43 2.8409 t  1,517[+01 
A• ,0800 I. 046307 . 16!1 12.0600 t!I. 81 3. 69!14 2.8!1[+00 2,642£+01 
A• .1000 I. 079209 . t!I I  I I ,8200 15.0!1 6,5186 4.08[+00 3.248£+01 
A• .2000 I .222979 .071 10.3800 24,87 19.9114 I,  5,572[+00 

V• ,500 
A• . 0100 I, 000545 1.995 10.0200 10. 02 .2005 1,20[·01 3.  

A• ,0200 t. 00 I 7!53 .998 10.0000 10.04 ,4042 2.44[·01 5, I  

A• .0500 t. 00579!5 .666 9.9800 10.08 .6145 3. 7![-01  

A• ,0400 I .006673 .500 9,9600 10. 14 .8555 5. 12[•01 5.557[+00 
A• ,0500 I. 010462 .401 9.9200 10.22 I .0720 6 ,6«•01 5,929£+00 
A• .0600 I .015219 . !15!5 9 .8800 I 0 .!12 I .!1!110 8,47[•01 4,!5!52£+00 
A• .0700 I .021032 .288 9.8400 10.45 I .6225 t. 08[+00  

A• .0800 1.028026 .253 9.7800 10.60 I .9645 I  B. 715£+00 
A• . 1000 I. 046330 .20!1 9 .6400 I 1.05 2.9778 !I. 19[+00  
A• .2000 I .215942 .107 B. 7800 18.26 15.8446 2.59[+00 t.  

V• .600 
A• . 0100 I. 000425 2.867 B.!1600 8.5!5 • 1591 1.00[·01 !1.020[+00 
A• .0200 1,001260 I, 437 B. !1400 8.56 ,2798 2.02[·01  

A• ,0500 t .002664 .959 8,!1400 8.59 ,4256 5.07[•01 5,  
A• .0400 I , 0046!10 .720 B.3200 8.42 .5725 4. 18[-0t 5 ,Bt•O~ 
A• .0500 t. 007240 ,577 B.5000 8.46 .7280 5 ,56£•01 5,591[+00 
A• ,0600 t. 010462 ,481 8.2800 8.52 .89!1!1 6.6«·01  
A• ,0700 t. 014!1!56 .415 8.2400 8.59 1. 0716 8, 14£·01  
A• ,0900 t.018970 .!162 8.2200 8.67 1 .2674 9.92[•01 5,214[+00 
A• . 1000 1.050649 .291 B. 1400 8.89 1. 7460 1.60[+00 1.160[+01 
A• .2000 1. 163315 • 151 7.5800 t!I. 07 1 I . 1!115 !1.90[+00 2.  
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Diffusing Cloud or Puff 

Fig. 1.1 Diffusion from a ground released instantaneous puff. 
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Fig . 4.1 Mechanical device for the release of an instantaneous source . 
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Fig . 4. 2 Instant aneous puff generat or . 
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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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lmw He -Ne Laser 

FL . =156.2 cm 
d =14. 7cm 

Spherical 
Mirror 

I 6.2cm 
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--l56.2cm 

Screen or Photo-Negative Plate 

Fig, 4.5 Laser shadow-graph device, 
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Fig. 4.6 Th e shadow gr aph 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 . 
7" 14 " 116-----~----..-- . 711 

Focal Volume I i6 ---j 

Source 

~ 10-3 cm3 I A____ I 
/:;:;A;::e=+ro=s=ol==::::;:::==:::::::y 

/ .,..lfi 15164" 

:3 l=l::~==~F:iber-Opf T~to-
multipller 

Transmitting Lens Housing 

b. Details of Optical- Probe Gap. 

Pin Hole (0.02 11 ¢) 
Receiving Lens Housing 

F. L (mm) Dia . (mm) 
Lens I 13.1 5 
Lens 2 5.6 5 
Lens 3 5.6 5 

Fig. 5.2 Light scattering probe after Liu (1972). 

-+ - -----

Fig. 5.3 Path of a light ray through a large spherical scatterer 
according to a geometrical optics. 

I 



Fig. 5.4 Dimensions of the laser (Spectral Physics Model 120) and the 
exciter (Spectral Physics Model 256) in cm. 



164 

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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Fig . 5.8 Dimens i on of the optical aperture, cm. 
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Laser Beam 
iber Optics · 

Surface 

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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DIA. 

~

2 .00:!:,0bll 

~b8Ml7N. 
FACEPLATE- 11 D'IA, 

PHOTOCATHODE / 

Tl6 
BULB 

B ASE J EDEC 
N2 B20-102 

-....--""T""-T' 

5.40 
t:.12 

6.69 
±,19 

7.5 
MA X, 

l! MUST BE A DEQUATELY INSULATED. 

ln~h D i men s ion Equivalent s in Milli meters 

Inch mm Inch mm Inch 

0.06 1.5 1.68 42 .6 5.40 
0. 12 3.0 2.00 50.8 6.69 
0.19 4.8 2.38 60.4 7.5 

mm 

137 .1 
169.9 
190.5 

Fi g . 5.1 2 Dimens i on of the PM tube. 



Basing Diagram 
Bottom View 

170 

Pin 1: No Connection 
Pin 2: Dynode No.1 
Pin 3: Dynode No.3 
Pin 4: Dynode No .5 
Pin 5: Dynocle No. 7 
Pin 6: Dynode No.9 
Pin 7: Dynode No.11 
Pin 8: Dynode No. 13 
Pin 9: Grid No.2 (Ac ce lernting Electrode) 
P in 10: Anode 
Pia 11: Dyne.de No.14 
Pin 12: IJyn od•.' No. 12 
Pin 13: Dynode No .10 
Pin 14 : Dynode No,8 
Pir. 15: Dynode No.6 
Pin 16: Dynode No.4 
Pin 17: Dynode No.2 
Pi n 18: No Connection 
Pin 19: Grid No.1 (Focusing Electrode) 
P in 20: Photocathode 

Fig. 5.13 Basing diagram (bottom view). 
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Fig. 5.14 Typical spectral response characteristics of the PM tube. 
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Sensitivity and Curr~nt 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 Arrangement (A) 

PHOTOCATHODE 

R1 
FOCIJSING ELECTRODE 

R2 
R3 

DYNODE N21 

R4 DYNOOE N22 

R5 OYNODE N23 

R6 DYNODE N24 

R7 OYNODE N25 

Rs DYNODE N• 6 

REGJc'ATED Rg OYNODE N27 
DC POW(R 
SUPPL' R10 

DYNODE N28 
 

R11 DYNODE N29 

R1z DYNODE N21O 

R13 C1 
DYNODE N211 

R14 C2 
DYNODE N212 

R15 C3 
DYNODE N213 

R16 
C4 

R17 
OYNODE N914 

RIB 

C5 R20 
R19 

PHOTOMULT~ 
> PLIER 
T'JBE 

r 
ACCELERATING 
ELECTROOE 

C1: 25 pF, 20%, 600 volts (de working), ceramic disc 
c2: 50 pF, 20%, 600 volts (de wo~king), cerorr,ic disc 
C3: 100 pF, 20%, 600 volts (de working), ceramic disc 
C4: 250 pF, 20%, 600 volts (de working), ceramic disc 
C5: 500 pF, W%, 600 volts (de working), ceramic disc 
C6: 100 pF, 20%, 1000 volts (de working), ceramic disc 
R1: 24000 ohms , 5%, 1 watt 
R2: 22000 ohms, 5%,  1 watt 
R3: 1 megohm, 20%, 2 watts, adjustable 
R4 through R13: 22000 ohms, 5%, 1 watt 
R14: 27000 ohms, 5%,  2 watts 
R15: 33000 ohms, 5%, 2 watts 
Rm: 22000 ohms , 5%,  2 watts 
R17: 18000 ohms , 5%, 2 watts 
R1s: 22000 ohms, 5%, 2 watts 
R19: 22000 ohms, 5%, 2 watts 
R20: 10 megohms, 2 watts, adjustable 

Fig. 5.16 Voltage-divider arrangement of the PM t ·ube. 
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Typical Voltage-Divider Arrangement for Constant 
Voltage Between Cathode and Dynode No. 1 (B) 

PHOTOCATHODE 
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Cz DYNODE Nil2 
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ACCELERATING 
ELECTRODE 

Fig. 5.17 Voltage-divider arrangement of extremely low light intensity . 
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Fig. 5.18 Laser light scattering probe outline drawing . 
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Fig. 5.19 Full scale outline of the laser light-scattering probe (L.L.S.P.). 
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Fig. 5.20 Outline of the guiding cap connecting fiber optics and PM tube. 
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Filter#450 Long Wave Pass 

Filter#450+ Filter# 500----~ 
Long Wave Pass 

Filter# 700 Short Wave Pass 

Filter# 650 Long 
Pass 

(Optica l Tech. Inc. 
Spectrocoat Varipass Filters 
Set #6294) 

o ........ ____ ...__ ____ _.__ ____ __._ ____ __._ ____ ___, 
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Fig. 6.1 Linearity of the PM tube output. 
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Fig. 6.3 Calibra tion of PM tube vs. concentration. 
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Fig. 6.5 Mean velocity profile and turbulent intensity profile. 
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Fig. 6.6 Experimental arrangement during puff measurements. 
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Fig. 6.7 Experimental arrangement during plume measurements. 



188 

... _. Loe al Statistica I Average 

--- Analog Average Preserv-
ing the Distribution · 
Characteristics 

'---------'-----'~___. ________ _ _____________ Time 

Fig. 6.8 Aver aging principle for a small number of records. 
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Fig. 7.1 Typical se t of L.L.S .P. signals f or puffs and their fit 
by Gram -Charlier series (I). 
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by Gram-Charlier series (II). 
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by Gram-Charlier series (III). 



0.4 

0.3 

>< 

0.2 

0.1 

1.0 

19 2 

- - - - - 3rd Order Hermite Poly. 

••••••••••••• 4th Order Hermite Poly. 

---- [ 1,./r(y)](>..x{-le-).l( 

y=4.0, >..=1.6 

-~ ·. :-..... .. ' .. ' 
2.0 3.0 4 .0 5.0 6.0 7.0 

X 
8.0 

Fig. 7.4 Gram-Charlier series fit for a Gamma di~tribution 
(y = 4, >. = 1.6). 



0.4 

0 . 3 

X -
0.2 

193 

- - - 3rd Order Hermite Poly. 

••••••••• 4th Order Hermite Poly. 

---[>-Jf(y]P,x{-1 e->.x 

y =4.0 , A= 2.0 

1.0 2 .0 3.0 4.0 5.0 6 .0 7 .0 8.0 
X 

Fig. 7.5 Gram-Charlier series fit for a Gamma distribution 
(y = 4, A= 2.0). 



-CQ. --

194 

0.4 

0.3 
Similarity Profile 

Inverse Gamm a 
Distribution 

0.2 
(A =1.9859, y= 4.17) 

0.1 

... 

~ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 0 .____Jl......a .... C:::...__J_ _ _J__....,L_...L._...L.__.::!11...___J 

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 
/3 

Fig. 8 .1 Comparison of similarity profile and the inverse-.Gamma 
distribution (A= 1.9859, y = 4.17). 



195 

6 

5 Best Fit Zone 

I 

3 

2 

I 
I 

I 
I 

r =4 

01'o<::...----L-------l'--------l'---------' 
0 1.0 2.0 3 .0 4.0 

>,. 

Fig. 8 . 2 Optimization proces s to find the parameters for the invers e-
Gamma distribution. 



196 

0.4 

0 .3 

. Q'.l. -..... 0.2 
Similarity Profile -...1 

0 . 1 ~ Inverse Gamma 
Distribution 
( >-=2 .0, y= 4.0) 

I I O• I ~,,....... I I I I I 
- 6.0 -5.0 -4 .0 -3.0 -2.0 -1.0 - -0 .0 1.0 

/3 

\ 
\ 
\ 
\ 

\ I . 

2 .0 3.0 

Fig. 8.3 Comparison of similarity profile and the inverse-Gamma 
distribution (A= 2 .0, y = 4.0). 



197 

I= Range 

6 

5 

x=0.896( tmean 0. 29 2) _ ~ 
Regression Line ~ 1 / / 

/ 

7 / / 
4 / 

/ 
// - /f:,.// (.) - = 0 .89 6 tmean (l) X 

r.n ......,. 
C: 3 0 / 
Q) / / 
E / - / y / / 

/ / 

2 y' .Y"\ 
/ - u.t 

[ £n ~ - I] X = 

/ K z0 e 

/ y 
/ 

2 3 4 5 
x ( m) 

Fig . 9.1 Mean arrival time of puffs at the ground level. 



5 

• 
D 

4 
x= 0.896(t-0.292) • • 

u 3 (1) 
(fl 

C 
0 D Q) 

E y = z~ 0 f--' 
+- • \D 

D y =-20cm,z~o 00 

2 
0 y = 5cm, z~o 

• y = IOcm,z~O 

• y = 20 cm, z ~o 

o~ ____ ___._ _____ _.__ ____ __._ _____ ~ ----- ---
o 2 3 4 

x(m) 
rig . 9.2 Mean arrival time of puffs (off centerli 11t') at the ground l evel. 



u 
Q) 
1/) 

----+-

5 

4 

3 

2 

LJa:,=l.l7m/sec 

2 3 
x{m} 

x~I.IO?(t-0.292) 
(Regression} 

• y=Ocm,z=8.0cm 
o y =5cm,z=8.0 cm 
D y = 0 cm, z = I 6 cm 
6 y =-20cm,z=8.0c 
A y = 5cm, z = 16 cm 

4 

Fig. 9.3 Mean arrival time of puffs at an elevated level. 



-
(.) 

(1) 
u, -

100-------------------~.-----------, 

10 

Calculated Departure Time II 
I 

~Calculated 
Mean Arriva I Time 

Calculated First 

Arrival Time 

Experimental Data 

 Mean A rriva I Ti me 

o First Arrival Time 

• Departure Time 

0. I .__ ______ ........_ ______ __,_ _______ ....__ ______ __, 

0. I 10 100 1000 

x ( m  ) 

Fig. 9.4 Mean arrival time, first arrival time and departure time. 

N 
0 
0 



o-x ( sec ) 

0 0 0 0 
I\) ~ (J) (X) 

0 

~:"-.. 
\ \ 
\ \  0  • D   <l (> D 0  • 

'Tl ,\ ..... 
00 \ \ 

'< '< '< '< '< '< '< '< 

\ \ <l. 0 II II II II II  II II II 

\D \ \ 
I I 
I\) I\) I\) -

t,l \ \ QCJlOOOOCJlN 

\ \ (") (") (") (") (") 3 112 
C/l \ \ <l  3  3 3 3 3 
rt \  

~ ~ 

Ill \ 
~ ~ ~ 0 

;::, \ 0.. \ 
N  N N N  N  N N 

Ill I\) \ \ 
>i \ • II II II 112 II 112 112 
0.. 

\ 
N 

\ (X) (X) 00 0  0  0 0 0 

0.. xf \ 
f--' 

(I) \ < \ 
(") (") (") 

..... - \ • 3  3 3 
Ill 3 \ \ rt \ ..... - \ 
0 \ \ ;::, (>J 

 I>. \ • 
0 
H-, \ \ 
"d \ \ 
C \ \ 
H-,  \  I> • 
H-, \ \ <l 
VI \ j \ 

\ 
 

.0 

~ \ ~ 'I> • 
\ '{}. 

\ -· \ \o 
0 

\0 
::, 

\ \\ 
(') 

\ " \ t-> c:. 
\ :- \'O .... ~ ,o \ (I) 

(J1 \ 



202 

• y = z = 0 A y = 0 z = 8cm I 

0 y = 5 cm, z = 0 T y =5cm, z = 8cm 

• y = 10cm, z = 0 D y =20cm,z = 8 cm 

6. y =20cm, z = 0 
"i1 y =-20cm, z = 0 

Numerical Values-.::=1.5 

• 

1.0 • -

• 
A • 

0.8 - !::,. A 

• • •• • A T 
1/)  
1/) 0  
Q) 

C 
T A 

~ 0.6 - i. 
Q) !::,. .x T 
CJ) A A 

• 
o• A 

A 
 

0 

0.4 
y7 

!::,. .... 
0 

• • 
A 

0.2 
D -

D 

I I I '7 

2 3 4 
-
X (  m  ) 

Fig. 9.6 Skewness of puffs. 



5 

• 
4 • 

• 
3 - • (/) 

(/) 0 0 
(1) 
C: • +- • 0 -LL 

2- 'v 

I 

0 

• 

• 

• 6 • I .. 
0 
6 ' (XJ 

'v 

I 

2 

• 

• • 6 

'v 

~ 

• 
~ . 
6 • 

I 

3 
x(m) 

• • 
~'v 

D 

Fig. 9.7 Flatness of puffs. 

• y=z=O • y=Ocm,z=8 

• y=IOcm,z~O 
0 y=5cm,z~o 
6 y = 20 cm,z~o 
'v y =- 2 0 C m , Z '.:::'.Q 

• y= 5cm,z=8 
D y= 20cm, z=8 

6 • 

I 
'v 
D N 

0 
vol 

I 

4 



204 

3 
• • "I • ,< 2 • • ' • >, 

,< 

o..._---'------L--.,__ _ _..... _ ___. __ ....__ _ __._ __ ....___"""'1 

30 30 

'A y = 

20 20-- E 
E u 
u -- N 

>, ,< 
,< 0 

0 10 10 

• 0 
>.2 =0.4 u• t 

0 0 
0 0.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

X ( m) 

Fig. 9 . 8 Characteristic puff dimensions in y and z directions. 



10------------------------------------

8 '\\~e, 
~e, • c/";} 

~e,~ 

G~oi-

6 o'>- • 
(.J 
Q) 
(/) 

- ·-.lo\ - ~~~  
N 

4 \\J(('<oi-o. 
0 
(Jl 

2 

0 2 3 4 5 6 7 

X ( m) 

Fig. 9.9 Arrival time and departure time CO .1 C  ) 
max 

from short-release plumes. 



z cm 
0 0 3 .1 4 .0 2 .1 1.0 0 

.... 20 

I 0 I.I 3 .2 6 .5 4 .0 2.3 1.2 .__ _______ .__ __ ----- - ·--

.... I 0 
I I 3.2 6 .5 16 . 3 9 .5 4 .2 3.5 

' 
0 1.6 3.2 8 .2 Ip.I 28 .2 ~4.5 14.0 6 .2 i 1.5 

I-30 I-20 -10 0 10 20 30 
y 

10 

20 . 

30 

Fig. 9.10 Local mean concentrat ion for continuous point sources at x = 4m. 

N 
0 

°' 



z ( cm) 

-20 -10 0 10 20 30 
y ( cm ) 

Fig. 9.11 Relative concentration iso-pleth at x = 4.0m from continuous point sources . 

N 
0 
-...J 



4.2 5.5 

I I 
-30 

z (cm) 
~~ 

20 

I I I I I I I I I I I I 

3 .6 7.63 
.. ,o 

, 

3.8 5.6 3 .7 7.50 3.75 7 .19 3 .69 6 . 13 3.9 4 .94 I I 
I I 

I : lndef in ite 

IO 

I I 
I'-- I I 4 .0 6.5 3 .9 6 .88 r<> 6 .32 3 .9 5.3 3 .80 5.75 

-20 -10 0 10 20 30 
y (cm) 

Arrival Time De arture Time sec 

Fig. 9.12 Plume arrival time and departure time at x = 4.0m in y-z plane. 

N 
0 
00 



E ,.., 
u 

' u 

209 

5,---- - ..-.~------------- -------, ...... ....... 
4 ........ ,I: 

06 
3 

2 

0.5 

Continuous Releases 

Applied Vol toge 

• 2.0 KDV 
D 2 .5 KDV 

0 2.8 KDV 
0. 1 C:, Integrated Puffs 

0.4 0.6 0.8 1.0 

C:, 

2.0 
X ( m) 

3m 

Malhotra B 
Cermak, 1964 

0~ 

' 
C:, ~ 

'\ -c\o °'~ ~\ 
\\ 

Chaudhry 8 _;A 
Meroney, 1969 

4.0 6.0 8.0 1.0 

Fig. 9.13 Comparison between integrated puff concentration and previous 
continuous-release measurements. 



E 
u 
, 0.1 
u 

210 

c1m= Concentration at Im 

•\ > 
\ ',..... 6'tr 
\·~ . cP \ 

Integrated Values from \. 
Similarity Solution \ 

_.__ Malhotra and Cermak, 1964 . 
-•- Chaudhry and Meroney, 1969 \ 

\ 

} 
Continuous 
Line Sources 

Continuous 

Point Sources 

0 .0 I ......._ ___ __._ __ ...__...____.,_.____ ........ _______ _ 
I 10 

X ( m ) 

'f 

Fig. 9.14 Comparison of the concentration distribution from integrating 
the similarity solution and the previous measurements. 



-.l<: 
0 
CD 
Q. 

.7 5 

E.so 
u ....... 
u 

.25 

211 

Similar Profile Prediction for Puffs. 

Measuring Station 

x=lm 

x=2m 

2 3 4 
Time (sec.) 

5 6 7 8 

Fig. 9.15 Time trace predicted by similarity solution for puffs. 



-.Iii: 
0 
Q) 
a. -E 

.75 

~ .50 
u 

.25 

212 

Sim ilar Profile Prediction for 
Line Puffs 

Measuring Station 
x=I m 

x=2m 

x=3m 

x=4m 

2 3 4 5 

Time (sec .) 

6 7 8 

Fig. 9.16 Time trace predicted by similarity solution for line puffs. 



....... 
0 
Q) 
II> 

>< 
b 

10.0 

1.0 

Error due to Taylor's 
Hypothesis 

Calculated o-x from Similarity Solution 

------
o- space 

u loca I 

( Ta y Io r Is H y pot hes i s ) 

-~------
Calculated Skewness 

10 .0 

(/) 
(/) 
Q) 
C 

~ 

1.0 
Q) 

.::c. 
Cf) 

0 . I IC.... _______ _._ ________ ..__ _______ -"--------~ 0. I 

X ( m ) 

Fig . 9.17 The standard deviat i on in time dom~in and the errors due t o Taylor' s hypothesis . 

N ..... 
vl 



120 

Field Data 

100 

80 

.§. 60 
>( 

b 

40 D .. 

200 

214 

:} Run No. P3 

D Run No. 

:} Run No. 

400 
X(m) 

P5 

p6 

600 

0 

p6 

P3 

800 

Fig. 9.18 Standard deviations of puffs in the spatial domain (field 
data; Nickola, 1970). 



Predicted Value= 0.66 

-------------------------

0.6- Run No. 

6. P6 

 P5 
D 

0.4 - 0 P3 
0 

N 
I-' 

6. 
0 

(Jl 

D 

0.2 -

0 ....._ ____ _..1 _____ ..._1 _____ ,.__ _____ '--1 ____ ...Jl'--------J 

0 200 300 400 500 600 

X  ( m) 

Fig. 9 .19 Data of lateral to longitudinal puff widths (field data; Nickola, 1970). 



216 

I 0-2 -I 
10 

0 P3 

D P5 

• p6 
0 
'-
C --
0 
E 
0 

0 -3 - 2 
Q) 10 10 
E 
I- Line Puff .... 
Q) 
> 

0 
C 
0 ..... 
0 .... ..... 
C 
Q) 
(.) 
C 10-4 10-~ 0 u 
-0 
Q) -0 .... 
C'I 
Q) 
+-
C 

-5 -4 10 '-----'------'-...__ _ _._ _________ 10 
200 800 200 800 

X ( m ) 

Fig. 9.20 Integrated concentration due to puffs (field data; Nickola, 
1970). 



217 

1.0 ----------------------
x0 = 3 

V = 0 .25 

a= 0.0 I 

Q) 
+-
0 

a:: 
C 
0 
+-
0 
'- 0 .5 +-
C 
Q) 
u 
C 
0 u 

0 .03 

0.07 

0 
0 5 10 15 20 25 

Time t 

Fig. A.1 Comparison of Eulerian-Lagrangian distribution by using a 
simple analysis . 



218 

•••••••• 

Fig. A.2 Oscillogram of typical output from a puff (x:l sec/cm). 
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Fig. A.3 Aerosol particles under a photographic microscope. 
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