
DIFFUSION FROM AN INSTANTANEOUS POINT SOURCE 
INTO A TURBULENT BOUNDARY 

by 

Suresh Chandra 

U.S. Army Research Grant 
DA-AMC-28-043-65-GZ0 

~ 
0::: 
< 
0:: 
co 
~ 

.--,.._ 
0) 

➔ 
M 

_J 
:=) 
) 

>-I-. 
c:n 
a::: 
UJ 
?.: 
z 
~ 

I.I.I, 

~ 
t:; 
0 

ii 



Technical Report 

DIFFUSION FROM AN INSTANTANEOUS POINT SOURCE 
INTO A TURBULENT BOUNDARY J-,.,Q~~-

August 1967 

by 

Suresh Chandra 

U.S. Army Research Grant 
DA-AMC-28-043-65-GZ0 

(I) 
u.l 

ex:: 
< 
0::: 
co 
..J 

,.._ 
m 

~ 
.--I 

_j 
:::, 
) 

Distribution of This Report Is Unlimited 

Fluid Dynamics and Diffusion Laboratory 
College of Engineering 

Colorado State University 
Fort Collins, Colorado 

~ '. 
en 
a::: 
u..l , 

:::: 
z . 
:::::::; 

u.l 
I-
c::c: 
ti 
0 
o • 
<C 
a:: 
0 
-I 
0 
<:..) 

CER67-68SC7 



ABSTRACT 

DIFF USION FROM AN INSTANTANEOUS POINT SOURCE 
INTO A TURBULENT BOUNDARY LAYER 

Diffusion of helium gas from an instantaneous point source 

w ithin a neutral boundary layer has been studied. The investigation 

w a s m a de i n a wind tunnel of the Fluid Dynamics and Diffusion 

L ab oratory. 

Concentrations from a simulated point source, located at a 

fix e d heigh t of eight inches above a smooth surface, were measured 

fo r several downst r eam cross-sections of the diffusing cloud. The 

free st ream velocity for the e ntire study was 20 ft./ sec. St atis t ical 

para m eters have been used to describe the concentration data in terms 

of the t i me-average as well as the maximum instantaneous concen-

tr ation a t a point in the diffusion field. 

The lateral and vertical diffusivities are determined from the 

diffusion data . Comparison of data from t he instantaneous point 

s ource, in terms of the time-averaged concentration parameters, wit h 

the continuous point source dat a of other investig a tors shows good 

a gr eeme nt. The concentration data are prese nte d in terms of dimen

sionle ss p a r a meters. 
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Separa tion of the total dispersion into tw o components, 

spreading and meandering, is :::>btained on the basis of Gifford's 

fluctuating plu me model. The results of :his analysis have been used 

to deter m ine he Hay-·Pasquill scale parameter which relates the 

Lagr angian and Eulerian scales of turbulence. The values of the scale 

factor, obtained on the basis of spreading variance alone, are in 

close a gr eement with those of other investigators. Meandering is 

shown to have a s ignificant effect on these values. 

Suresh Chandra 
Department of Civil Engineering 
Colorado State University 
Fort Collins, Colorado 
August 1967 
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Chapter I 

INTRODUCTION 

Atmospheric diffusion has been and continues to be a subject 

of considerable activity and research in the area of fluid dynamics 

and meteorology. The atmosphere possesses a varying capacity to 

transport and dilute gases, small particles or droplets, and plays 

an important role in operating the release or escape of such materials. 

A systematic research leading to sound comprehension of the basic 

processes of atmospheric diffusion is also necessary in the proper 

evaluation of the requirements of public health and safety, careful 

planning of urban developments, and foreseeing the potential hazards 

of radioactive contaminants. At the present time, our knowledge of 

the transport mechanisms is far from being complete and consequently, 

a great deal of faith cannot be laced in the quantitative predictions 

based on it. The great need for a comprehensive understanding of 

these transport mechanisms necessitates a vigorous and continuing 

research in the field of atmospheric diffusion. 

One of the possible ways to obtain the information on atmos

pheric diffusion is to conduct actual experiments in the field. However, 

field studies serve the purpose only to a limited extent since there is 
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no control over atmospheric conditions . Field tests are expensive, 

and the significant variables of the phenomenon cannot be easily 

controlled. 

In view of the complex nature of the problem, it is not feasible 

to obtain answers based on a purely mathematical analysis. Based 

on K-theory or molecular model of diffusion, several equations have 

been derived to describe the atmospheric diffusion but the various 

simplifying assumptions made by mathematicians have not proved 

to be fully justifiable. The other approach, based on the statistical 

theory of turbulent diffusion, has been highly successful in describing 

the idealized situation of isotropic and homogeneous turbulence but 

its application to boundary layer flows presents problems. 

A more promising approach than the field study consists of 

investigating the possibility of modeling turbulent diffusion processes 

in a controlled atmosphere of a laboratory wind tunnel. Since a great 

deal of practical interest centers at the diffusion in lower atmosphere, 

it is of significance to note that lower atmospheric conditions can be 

simulated within the boundary layer generated near the wall. The 

aerodynamic characteristics of the air stream strongly influence the 

propagation of turbulence in a boundary layer. The diffusing entity, 

or the tracer gas, is transported under the influence of the mean 

velocity and simultaneously diffused in directions transverse to 

the mean flow by small, chaotic motions which characterize turbulence. 
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In the present investigation, helium gas was released in the 

form of a puff from an instantaneous point source located within 

the turbulent boundary layer over a smooth surface. The source 

location and height were kept fixed throughout the investigation and 

instantaneous puffs were sampled by taking concentration measure

ments at several points at each of the four stations. The samples 

were analyzed with a mass spectrometer . 

In this dissertation, the following investigations relating to 

diffusion from an instantaneous point source into a turbulent boundary 

layer have been made : 

1. Characteristics of the velocity and turbulence fields, 

2 . Diffusivities in the ~ateral and vertical directions, 

3. Separation of the total dispersion into the components 

of spreading and meandering, 

4. The Hay-Pasquill scale parameter and its role in pre

dicting the particle spread, and 

5. Comparison with existing data . 

One of the main objectives of the present investigation was 

to study Giffor d's fluctuating plume model for diffusion from a 

continuous point source and apply it to diffusion from an instantaneous 

point source . On the basis of this model, the total dispersion can 

be separated into two parts, spreading and meandering. The results 

of this analysis, based on Gifford ' s model, can be further used to 
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determine the Hay-Pasquill scale parameter relating Lagrangian 

and Eulerian scales of turbulence. 
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Chapter II 

REVIEW OF LITERATURE 

The review of literature in this chapter contains pertinent 

information about the present study and the general background of 

the problem. This review, therefore, has been limited to turbulent 

diffusion over a smooth bounda ry. It is developed in the following 

two sections : 

1. Basic theoretical approaches, and deductions for con

tinuous and instantaneous point sources. 

2. Experimental investigations . 

Basic Theoretical Approaches 

Two distinct theories have been d eveloped in analyzing diffusion 

processes: the K-theory and the statistica l theory. Each theoretical 

approach is first reviewed brie fly and then the related solutions for 

a continuous as well as an instantaneous point source are examined. 

The K-theory or exchange coefficient gradient-type diffusion theory 

Much of the early analytical work i n atmospheric diffusion 

was based on an assumed analogy with the model of molecular 

diffusion. Many practically us e ful solutions have been obtained by 
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this method, although the recently introduced statistical methods 

are proving more powerful in describing the general problem of 

turbulent diffusion. The basic differential equation is 

ac + u ac + vac + w ac = _Q_ ( K ac ) + _Q_ ( K ac ) + ~ (K ac ) 
at ax ay az ax X ax ay y ay az Z az 

( 2 -1 ) 

For the case of mean wind v = w = O, and considering that 

a 
at 

X 
( 

K ac) 
X ax is small compared with other diffusion terms, the 

basic Eq. (2-1) reduces to the commonly used form for a continuous 

point source 

ac +uac= a 
at ax ay (

K ac ) 
Y ay 

a ( K ac ) 
+ az z az 

(2-2) 

Historically, the developments of the K-theory serve to 

emphasize the principal factors which render difficult any simple 

approach to atmospheric diffusion or turbulent diffusion in shear 

flows with density stratification close to a boundary. The mechanism 

of turbulent diffusion is controlled by the following principal factors : 

1. the diffusivities or exchange coefficients K , K , K , and 
X y Z 

2. the velocity profile and shear stress as influenced by 

nature of the boundary surface. 

Essentially, the success of the solutions arrived at by means 

of the K-theory depend on the accuracy of the simplifications intro 

duced to facilitate the mathema-:ical solutions of Eq. ( 2-2). The 

commonly used simplifications include : 
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a. K , K , K : assumed constan--.:, isotropic or nonisotropic, 
X y Z 

and varying with height according to specific power laws ( 19), 

b. velocity profiles which reflect the effects of surface rough

ness and density stratification or stability, but are of a 

form sufficiently simple to make possible the integration 

of Eq. ( 2-2). Such profiles have been suggested and used 

by Calder, Deacon and others ( 21). 

Although the mathematical achievements of the K-theory are 

considerable, there are two serious objections. First, concerning 

the fundamental assumption of gradient-type exchange-coefficient 

diffusion, Sutton ( 19) cautions that this approach, although mathemat

ically feasible, is artificial and unlikely to be fruitful unless the 

underlying physical processes are of the type envisaged in the kinetic 

theory. Second, concerning the exchange coefficients K., Richardson 
1 

(21) has pointed out that values can range from 0. 2 cm. 2/sec. for 

molecular diffusion to 10 11 cm. 2/ sec. in atmospheric storms. The 

K-coefficients are not universal parameters but are controlled by the 

scale of turbulence; different K-coefficients would apply to different 

diffusi on regimes. Thus, this theory may not provide generalized 

comparisons between diffusion processes generated by widely 

different scales of turbulence unless relations are established between 

the K-coefficients for different regimes . Extensive applications have 

been made of the K-theory under different assumptions for the K

coefficients and velocity profile s. Severa_ useful results derived 
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from this theory have been reviewed and discuss ed in the book by 

Sutton (1 9 ) and in AEC's monograph (21 ) . 

The statistical theory of turbulent diffusion 

Statistical models and methods have proven to be very powerful 

techniques in analysis of turbulent diffusion . The most comprehensive 

approach originates from theories formulated on the basis of statis

tical mechanics. The statistical model of diffusion, as describe d by 

Monin ( 13}, assumes that each individual diffusing particle moves 

randomly and its coordinates alter in time according to a Markov 

random process. The primary concept is the dispersion of the 

coordinate of a diffusing particle, in contrast to the exchange coeffi

cient gradient-type model which is constructed essentially on the 

physical concept of coefficients of turbulent diffusion. Monin ( 13) 

indicates that the application of the Fokker- Planck diffusion equation 

to this random process reduces to 

ac ac a (K ac l a (K ac l a ( K ac l u-=- + ay y ay + -at ox ox X OX oz z oz ( 2-3) 

where 

1 
d Y 2 (t) 

X y 2 (t ) [ x (t) - x(o)r K = = 
X 2 dt X 

(2- 4) 

analogous expressions hold for K and K 
y z 

It is to be noted that Eq. (2-3) is identical to the equation of 

di ffus ion (2-2) arrived at on the basis of the K-theory model of 
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gradient-type diffusion . As st3.ted, this equation makes no distinction 

between turbulent and molecular diffusion, the K. being free to vary 
1 

in space, as in a non-homogeneous turbulent field. But as turbulent 

diffusion is accomplished by eddies, it is appropriate that eddy size 

should enter the differential equation of diffusion . The initial and 

very significant contribution connecting the statistical characteristics 

of the turbulent field with the mec hanism of diffusion is due to classical 

work of G. I. Taylor ( 20). 

Taylor's formulation provided the unique advantage of extending 

the analysis for a one-dimensional random walk to diffusion by con

tinuous movements. By considering the path of a marked fluid particle 

during its traverse through a homogeneous turbulent flow field, Taylor 

arrived at the well-known result, sometimes called Taylor's theorem, 

y~ 
1 

where Y 2 = variance or one- dimensional spread, 
i 

u'. 2 
= mean 

1 

(2-5) 

square value of instantaneous velocity fluctuation, R L ( g) = Lagrangian 

correlation coefficient, and T, t, J; represent time. 

The motions of the fluid particle are continuous and no 

restriction is implied on a continuous exchange of a transferable 

property between particles. Taylor's theorem, for the first time, 

established a relation between turbulent diffusion and the statistical 

characteristics of the turbulent flow field. For a group of particles 
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in such a field, it demonstrated that the dispersion experienced by 

the group is dependent on ( 1) t he intensity of the turbulent velocity 

fluctuations ui , and ( 2) the brm of the correlation function R L ( f) 

which influences a particle at various times. 

Two limiting conditions for Taylor's theorem offer useful 

information for obtaining turbulence characteristics from diffusion 

measurements. These are ( 1) T very small, and ( 2) T very large ; 

both compared to ~ ,~ , the time when RL(~) remains zero. 

(1) For very small T : (T << f':') 

y~ 
1 

1 /2 
y~ 

1 
which gives T 

The diffusion proceeds linearly with time. 

( 2) F or large T 

y2 
i 

,:;,, 2 u'. 2 lo T dt 
1 

which gives y2 1/2 
i 

J = 2 u' 2 
JL T 

L i 

Thus diffusion proceeds proport ional to T
1
/
2 

for large T . 

( 2-6) 

Here J 
L 

may be defined as a characteristic time scale of eddy diffusion. 
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Frenkiel ( 6) considered an instantaneous point source in a 

field of homogeneous and isotropic turbulence in a flui d at rest, and 

studied the solution based on the Fickian law of diffusion, Eq. (2-3), 

with K = K = K = K= constant, 
X y Z 

o C ( x, y, z, t ) = K 'v2 C 
at 

where C = mean concentration at a point (x, y, z) at instant t , 

( 2-7) 

K = coefficient of e ddy diffusion independent of dis persion time. 

The solution for this differential equation is 

Qo 
C(x,y,z,t)= 

3
/ 

( 41r kt) 
[ 

x 2 +y2+z2] 
exp - 4 kt · ( 2-8) 

A similar solution was obtained using the statistical theory of turbulent 

diffusion for the case when the dispersion time T is very large as 

compared to the Lagrangian scale of turbulence; this solution can be 

written as 

C (x, y, z, t) = 
Qo [- x2 + y2 + 2

2 

] (21T y~ )3 / 2 
exp 

2 y2 
1 1 

( 2-9) 

where y~ = 2 u'. 2 J
0

T dt f RL(~)d~ 
1 1 

(2-5) 

Comparing Eqs. (2-8) and (2-9) , it is noted that these equations 

are identical if molecular diffusion is negligible, and 

(2-10) 
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In this manner Frenkiel demonst r ated an important relation, 

that for a homogeneous a nd isotropic turbulent field, for very large 

diffusion times ( T >> JL) , the exchange coefficient gradient-type 

model of diffusion expressed by the Fickian l aw of diffusion , Eq. ( 2-3 ), 

and the statistical theory model based on Taylor ' s theorem, lead to 

identical results . Frenkiel cautions that the use of the Fickian law 

in experimental investigation will thus lead to inconsistent K-values 

unless it is first established that T >> .JL . Similar extensions 

appear probable for the more complex case of non-homogeneous and 

non-isotropic turbulence as indicated by Frenkiel ( 6). 

Sutton ( 19) adopted the fundamental idea of Taylor 's statistical 

theory of diffusion by continuous movements , that the rate at which 

diffusion takes place depends on the varia:ice Y~ of the wind veloci-:y 
1 

fluctuations u '. , or 
1 

( 2-5) 

From dimensional considerations, Sutton obtained an equivalent 

expression for the Lagrangian auto-correlation coefficient so that 

u '. (t)u'.(t+~) [ ]n 
R (l:) = 1 1 = V 

L · - -
u '. 2 v+u'. 2 l: 

1 1 . 

(2- : 1) 

where v is the kinematic viscosity of air and n is a number ranging 

between O and 1 which reflects the wind structure near the boundary. 
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The exponent n is defined for an aerodynamically smooth surface 

by reference to the velocity profile law 

- ) 1 /s ( ) n u: = ( f = f 2-n (2-12) 

Integrating Eq. (2-5) after inse rting RL(~) as defined in Eq. (2-11), 

gives 

y: = 2 ui z i T dt it V 

V + U~ 
2 t 

1 -

= 

(1-n)(2-n) 

T]2-~ 2 v 2 

(1-n)(2-n)-u-'.2 

1 

2vT 
1-n (2-13) 

Neglecting terms of order v in comparison with u'. 2 T, 
1 

one obtains 

for large T, 

2 vn 
y~ = -------

1 
(1-n)(2-n) u'. 2 

1 

[
- ] 2-n 
u~ 2 T 

1 
(2-1 4) 

= 1/2 C:~ 2 (u T/-r_ (2-1 5) 
1 

where the virtual coefficient of diffusion c ,:, is given by 
i 

1-n 

(2-16) 

For the non-isotropic case, Sutton 1s equation for an instan-

taneous point source is 

U X +_y_+ t-T)n-2{ 2 2 ~2 ~ 
c~ 2 c; 2 c~ 

(2-17) 
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and for a continuous point source at the boundary, assuming that the 

boundary acts as a perfect reflector and can thus be treated by the 

method of images, the equation is 

C (x, y, z) = 
2Q 

2-n ux 
ex -x ..JL,__+--

[ 
n-2\v

2 

z
2 

}] p c;2 c;2 

This expression is valid for constant c ,:, and c ,:, in a 
y z 

(2-18) 

uniform velocity field. Sutton introduces a macroviscosity to include 

the effect of fully rough surfaces; the effect of thermal stability is 

presumably included in the exponent n for the velocity profile. How

ever, for conditions of the expe rimental work, the boundary was an 

aerodynamically smooth surface and stability conditions were approx

imately neutral. Sutton's Eq. (2-18) is t erefore applicable for a 

point source located at the boundary, for the assumed conditions of 

constant C ':< and c ,:, in a uniform velocity field. Except in the 
y z 

region close to the wall, the value of n obtained from actual velocity 

profiles measured within the boundary layer can be taken as reliable. 

The generalized diffusion coefficients depend on the intensity of 
u'. 2 

1 -turbulence -=r , the mean velocity u , and the parameter n In 
u 

deriving Eq. (2-17) and its consequence (2-18), it was assumed that 

u ' c ,:, and c ,:, remain constant which is not true but it is claimed 
y z 

that the formulation is not sensitive to these discrepancies. For 

nearly neutral conditions, Sutton's formulas have provided satisfactory 

working solutions. 
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Sutton has also offered an expression for an elevated continuous 

point source. In this expressi on, he has s uggested the use of a me an 

diffusion coefficient appropriate to the layer define d by the height of 

the source. This procedure is justified on the basis of a relatively 

slow variation of c ,:, 
i 

with height . When there are no buoyancy effect s, 

or loss of particles at the boundary, the relation is given by 

Q exp{C*;Y:z-n}~xp{-c~z, ~z~r}+ exp {- d~,\1t~}] 
C ( x, Y, z ) = 2 - n ( 2 - 1 9 ) 

7T c ,:, c,:, U X 
y z 

Experimental Investigations 

Because of the non-existence of a model for the turbulent 

motion in shear flow from whic h a detailed theory of turbulent diffusion 

may be formulated, m any early investigators carried out field exper-

iments with sources of an idealized nature under selected conditions 

of terrain and weather . Some important surveys in the atmospheric 

surface layer were devote d mainly to the determination of the maximum 

or average level of concentration and the magnitude of the lateral 

spread under various stability conditions. All of these data and a 

wide variety of field data, gathered under uncontrolled conditions, did 

not permit satisfactory corre lations with the theoretical results. A 

brief summary of the main conc lusions drawn from the early investi-

gations, namely at the Salisbury Plains , Porton, in 19 23, and 

Cardington, Engla _d, in 1931 an d reported by Pas quill ( 14) and at 
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the Round Hill Field Station of the Massachusetts Institute of Tech

nology and at O ' Neill, Nebraska, and reported by Cramer, et al. ( 4), 

has been given by Bhaduri (2) in his review of literature. 

In the Fluid Dynamics and Diffusion Laboratory of Colorado 

State University diffusion stud:. es in the turbulent boundary layer have 

been done by Davar (5), Malhotra (11 ), Poreh (16), Bhaduri (2), and 

Quraishi ( 1 7) using anhydrous ammonia as a tracer gas. 

Davar (5) used a continuous point source over a smooth neutral 

boundary at an ambient air velocity of 6. 0 ft. /sec. He varied the 

source height over a range of O to 5 in. He found that for a ground 

level source the attenuation of ground level concentration with longi

tudinal distance from the source can be given by the empirical relation 

C (2-20) 

Malhotra ( 11) used a continuous point source and took data for 

both neutral and unstable conditions over smooth boundary for veloc

ities 6. 5 and 9. 0 ft./ sec. With his and Davar's (5) data he showed 

that for both neutral and unstable conditions, the concentration 

distribution is given by 

where the length parameters A and ri are defined by 

C (x, J\., o) = 
Cmax 

0. 5 

(2-21) 

(2-22) 



and 

C (x, o, rJ) = 
Cmax 

0. 5 

17 

( 2-23) 

Malhotra ( 11 ) also obse rved that within the range of Davar 1 s 

( 5) and his experimental data, the dimensionless concentration dis -

tribution function was independent of the ambient velocities (range 

6. 0 - 2 5. 0 ft. / Se C. ) . 

For the same range of ambient velocities, Malhotra ( 11) finds 

that the vertical growth of the plume is also independent of the ambient 

velocity and is approximated by the relation 

X
O. 71 

rJ a (2-24) 

From the diffusion data of Malhotra ( 11) and Davar ( 5) on the 

lateral growth of plume spread, Malhotra ( 11) observes that t he rate 

of growth is not quite independe nt of the variation of ambient velocities 

and that it has a tendency to decrease with the increase in ambient 

velocity but he considers this trend to be erratic and derives an 

empirical relation between A and X as follows: 

(2-25) 

Bhaduri (2) used a continuous point source with a turbulent 

boundary layer over a fixed geometric roughness, neutral stability 

and ambient air velocity of 12 . 5 ft./ sec. His variation of source 

height was from O to 1 in . He found the attenuation law of the 

form 
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(2-26) 

The values of a and {3 1 were slightly different from those of 

Malhotra ( 11) and also varied for different source heights. He also 

found that the dimensionless c:::mcentration distribution function was 

independent of the ambient velocities. The vertical growth of the 

plume was also found to be independent of the ambient velocity and 

was approximated by Bhaduri ( 2 ) by the relation 

where {3 1 had values of 0. 7, 0. 6, and 0. 56 for source heights of 

1/16, 1/2, and 1 in., respectively. 

Diffusion in Relation to Spectrum 
and Scale of Turbulence 

Gifford (7) has suggested a mathematical model of continuous 

source which is unique in the s e nse that it makes provision for flue-

tuatfons of the plume to occur, by separating the total plume dispersion 

into two components, spreading and meandering. Based on this model, 

he was able to deduce the various properties of the resulting material 

concentration distribution. The development of Gifford I s ideas is 

presented next. 

A steady state plume dispersion model can be visualized as a 

superposition of an infinite number of overlapping puffs, each emanating 

from a fixed origin and being translated by the mean wind. This is 
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shown in Fig. i(a). For m ethe matical convenience, dispersion in the 

direction of mean wind (x-dirE ct ion) is neglected in practice, leading 

to the "spreading disk" disperaion model for plumes, shown in Fig. i(b). 

Real smoke plumes present a far more complicated appearance. If 

they are regarded as being formed through the superposition of 

individual elementary puffs, they might be pictured as in Fig . i(c) . 

The motion of a plume element seems to consist of an irregular 

spreading, superimposed on an overall wandering, or meandering, 

of its center. The fluctuating plume model can also be conceived as 

being built up of spreading, Gaussian disk elements , like the spreading 

disk model of Fig. i(b ), except that the position of the disk centers , 

relative to the x-axis, fluctuates in a random way. Fig. i(d) illus-

trates this model schematically. Considering a two-dimension 

dispersion problem, then, one can write the following expression 

for the material concentra tion, C , at any point in a particular cloud 

of material that is undergoing dispersion : 

C [ --;:z-]-1 [ (y-D )
2

+ (z-D2 )
2

] 
- = 2 u exp - ----"---------
R 2? 

( 2-28 ) 

where R = rate of e mission of meterial at the source, 

Y 2 = variance of the material distr ibution in individual 

disk elements, 

u = mean wind speed, and 

D , D = distances from the x-axis in the y- and z-directions . 
y z 
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The variance Y 2 is a ::unction of the dispersion time and the 

disk shape of the plume elements amounts to ignoring dispersion in 

the x-direction. The instantaneous material concentration in the 

plume, ~ , is a random fu nc:ion, fluctuating at any point as a result 

of variability of D and D 
y z 

Under the assumption of Gaussian distribution for the mean 

plume concentration, the average over many trials, M , of the 

relative concentration distribution i s given by 

where 

r
2 

] 
2 ( y2 + D2 ) 

( 2-29) 

r = ( 2 2 )1/2 
y + z ' 

D 2 = variance of t he function g(r ), and 

g = frequency function associated with the variability of D 
y 

over all trials . The y- and z-dispersion are assumed 

independent and equal. 

In the above analysis, the s y mbols Y 2 and D 2 are used to 

denote the relative dispersion of a plume element (i.e., a puff) and 

the dispersion with respect to the x-axis of the center of gravity of 

a plume element, respectively. Forming t he ratio of Eq. ( 2- 28) to 

Eq. ( 2-29), it is clear that, for isotropic dispersion, the ratio of 

peak to average values of concentration should be, essentially, 

Peak Concentration Y 2 + D 2 

Average Concentration y 2 
= ---- (2 -30) 
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According to the results of the similarity theory of turbulent 

dispersion, Y 2 is expected to vary as ( t - t ) 3 for clouds being 
0 

dispersed by turbulence fluctuations lying entirely in the inertial 

subrange. On the other hand, (Y 2 + D 2
) should vary as the square 

of dispersion time, for small (t - t ). 
0 

Both Y 2 and (Y 2 + D 2
) must, 

for large values of dispersion time, vary as ( t - t ) . As a result, 
0 

the expected behavior of the peak-to-average ratio is 

Peak Concentration 
Average Concentration 

a 

-1 
(t - t ) , (t - t ) small 

0 0 

constant , ( t - t ) large. 
0 

Hay and Pasquill (9) tr e ated the p r oblem of relating the spread 

of particles released serially from a fixed point to features of the 

turbulent flow which can be m easured or estimated. They started 

with Taylor's well-known relation for steady, homogeneous turbulence, 

which can be written as follows : 

( 2-5) 

where Y is the displace me t '.)f a par ticle along the y-axis under the 

action of the corresponding component of e ddy velocity, v' , affecting 

the particle and RL(,;) is the correla tion coefficient (Lagrangian in 

type ) between this velocity at one instant and the velocity of the same 

particle at a time ,; later . F'.)r hori zontal diffusion over level uniform 

ground, or for diffusion in any plane at positions well away from the 

ground, it is reasonable to ass u me quasi-homogeneity and applicability 

of Eq. (2-5 ). 
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Hay and Pas quill attacked the problem of interpreting RL(~ ) 

in terms of Eulerian properties by start ing with the assumption that 

Lagrangian and Eulerian correlations are similar in shape and that 

the ratio of the Lagrangian to the Eulerian scale is a parameter to 

be estimated from experiments. It can be shown that a change in 

shape of the correlogram is much less important than a several-fold 

change in scale. Thus, as long as the requirement of similarity i n 

shape is satisfied roughly, the assumption of precise s i mliarity is 

unlikely to introduce large error. Thus, the Lagrangian correlation 

coefficient RL( ~ ) for a particle might decay with time in a similar 

manner to the Eulerian correlation c oefficient RE(t) m easured at 

a fixed point, but with a different time scale, i.e . , 

where [3 is the ratio of the Lagrangian to the Eulerian time scales. 

The relation between :he corresponding spectral functions F (n) , 

where n is the frequency (cycles/ sec . ), may then be obtaine d as 

follows : 

FL(n) = 4 J
0

co RL(~ ) Cos (21rnn df 

= 4 iro RL([3t) Cos (21rn[3t) d({3t) 

= 4{31
0 

m RE (t) Cos ( 21rn/3t) dt 

(2 - 32) 
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By definition, F(n) dn re pres-2nts : he frac tion of the turbulent energy 

containe d in fluctuations of wind s peed with frequencies in the range 

n to n + dn and hence, 

For a lateral spread of par ticles Y 2 after a time of travel T 

from a continuous point source, Eq. ( 2-5) can be written as 

y2 = ~2 T2 ( ro F (n) {Sin(1rnT ) } 
2 

dn 
) o L 1rnT 

(2-33) 

where v' 2 is the varia . c e of the lateral c omponent of particle velocity, 

v' . Then, from Eqs . (2-32) and (2-33) , 

y2= v' 2 T2 [ oo (3 F ((3 ) { Sin (1rn T) } 
2 

dn 
j o E :1 1rnT 

or 

Y2= ~2T2 [
00 

F {n){ Si.n(1rnT/{3) }
2

dn 
Jo E (1rnT/{3) 

I. 

(2-3 4) 

This fo r m of Taylor' s e quation displays a basic property of diffusion 

from a conti uous point source, namely, as t ravel time from the 

source point increases and the plume grows in size, the smaller 

turbulent eddies bec ome incre asingly less effective in further di ffusion 

. . Sin 2(1r nT) . 
of the plume . The filter function ( 1rnT ) 2 1s e quivalent to smoothing 

the velocity re cord by a averc.ging period T . 

As a further simplificatio , if the time of travel T is not much 

greater than t he pe riod of emission of the particles, it i s assumed that 
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v' 2 may be equated to the variance of the lateral component of eddy 

velocity measured at the source over the period of emission. Thus, 

the dispersion of particles after a time of travel T from a continuous 

point source is determined completely by {3 , v' 2 , and the form of 

F E(n) , and the observations of dispersion and turbulence may be 

used to evaluate {3 Hay and Pasquill tested their analysis scheme 

on a series of eight diffusion experiments, where a-: , the variance 

of the arc wise tracer distribution, was maesured at a travel distance 

of 100 m., by computing the appropriate value of {3 for each exper

iment. They obtained {3 ranging, for the most part, from 1 to 10 

with an average value of 4 and then went on to show that using this 

average value was of significant practical value in predicting values 

of a-: 
Baldwin and Mickelson ( 1) assumed approximate equality of 

Eulerian and Lagrangian time correlations and made Eulerian space

time correlation measurements as well as measurements of dispersion 

from a continuous point source, both in the center line region of a 

fully turbulent pipe flow. They used their dispersion data to estimate 

{3 and obtained values of {3 in the range of 4 to 18 . This provided 

a fairly remarkable comparison of laboratory data with the atmospheric 

data of Hay and Pasquill, considering the various difficulties faced in 

running controlled parameter experiments in the atmosphere. 

Haugen (8) analyzed selected Prairie Grass experiments to 

determine the Hay-Pasquill scale factor {3 and found that an average 
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value of {3 equal to four, as suggested by Hay and Pasquill, is 

obtained only under conditions closely approximating stationary proc

esses. Only 13 of his 35 experiments p r oduced results comparable 

to those of Hay and Pasquill . For these 13 experiments, the values 

of {3 lay between 1 and 10 3.nd the average value was 4 . 64, not 

appreciably different from the suggested value of 4 . In addition, 

no significant or systematic variation of {3 was noticed with travel 

distance for these experiments. This observation supports the 

assumption of a fairly constant scale factor. The remarkably frequent 

occurrence of {3 less than uni ty for other experiments, however, 

is contrary to expectation and ~s particularly noteworthy for occurring 

most consistently in the cases of strong thermal instability and sta

bility. From his investigation of the degree of stationarity in the 

Eulerian records, he concluded that non-stationary conditions inher

ently produce non-systematic ·variations of f3 with distance as well 

as the unexpected result of {3 < 1 . He further asserted that the 

possibility remained that practical and useful results can be obtained 

because of the relative insensi: ivity of yz to the actual form of 

Thus, even though one might obtain results with large 

variation in the values of {3 and values of {3 ~< 1 , useful predictions 

of the particle spread versus t r avel distance may still be possible 

by using an average value of {3 Finally, Haugen obtained a roughly 

inverse relationship between f3 and v' for experiments which 

produced {3-value of greater than one. 
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In this dissertation , Gifford's ideas regarding the fluctuating 

plume model for a continuous point source will be applied to the 

diffusion data of the present study by c onsidering a puff from a short 

duration point source as being squeezed into a disk element of 

Gifford 's model . Thus, the total dispersion for diffusion from a 

short duration point source wLl be separated into the components of 

spreading and meandering . T he Hay-Pasquill scale parameter , /3 , 

will then b e calculated for the diffus i on data of this study by first 

disrega r ding the meandering effect and then including it. The effect 

of meanderi ng on the values of the scale parameter will thus b e 

studied. The /3-values for the present case will be compared with 

those obtained by other investigators for various field and laboratory 

studies. 
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Chapte r III 

THE EXPERIMENTAL SYSTEM AND PROCEDURE 

The primary ob jective of this chapter is to describe the 

experimental equipment and procedure pertinent to this investigation. 

The Equipment 

Micrometeorological wind tunnel 

The diffusion data were taken in the U.S. Army meteorological 

wind tunnel of the Flu "d Dynamics and Diffusion Laboratory at Colorado 

State University. A schematic diagram of this wind tunnel is shown in 

Fig. 2. 

The wind tunnel is cons-:ructed from plywood on lumber studs 

supported by a framework of steeL Between the studs there is a 

layer of 4 in . insulating fibre glass mats which keep hear losses from 

or heat gains to the inside of the wind tunnel at a low level. The wind 

tunnel is of recirculating type, that is, the same air is recirculated 

in the duct . The air enters the test section from a stilling chamber 

of 18 ft , x 18 ft. cross section through a set of four stainless steel 

screens and a contraction section in which the area is reduced from 

18 ft. x 18 ft. to 6 ft. x 6 ft. The turbulen ce which is present in the 

air stream due to action of the :an is reduced by t he screens and the 
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contracted section which also serves to maintain the initial boundary 

layer at the test section entrance at a minimum thickness. Thus, it 

is assured that the a ir enters the test section with uniform velocity 

and at a low initial level of turbulence . 

The air velocity is m aintained at a constant value by controlling 

the revolutions per minute of the propeller with a stabilized DC motor. 

The speed is set by either adjusting the rpm of t h e DC motor or by 

adjusting the pitch of the prope ller blades. Since no load changes 

develop during opera tion, a constant fan speed assures constant test

section velocities. The test s e ction ceiling was adjusted so that 

experiments were pe rformed at zero pressure gradient. 

The controls for t he dr:.ve are located in the control room 

between the test section and the return duc t. The control room also 

houses the mass spectrometer which measures the concentration of 

helium in helium-air samples. 

The pe rformance characteristics of the wind tunnel are 

described by Plate and Cermak ( 15 ). The present study was done 

at a constant ambient velocity of 20 ft./ sec. for the case of neutral 

stability. 

Instantaneous source 

The source consists of a n injection probe through which a 

continuous stream of air is emi tted into the boundary layer at a mean 

velocity which is 9 . 5 ft./ sec . i n the undisturbed boundary layer at a 
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point where the source is located. An injection rate of 14. 0 ft. 3 /hr. 

(corresponding to an exit velocity of 9. 5 ::t. /sec.) was maintained by 

a Matheson flowmeter (Tube No. 605, flow range 0-120 ft. 3/hr. ). 

To this air stream, a volume of helium is added at a predetermined 

time by means of a helium supply arrangement which is located outside 

the wind tunnel. 

The injection probe was made in the form of a nozzle, with its 

projecting end being of 3 / 8 in. 0. D. and the narrow end of 1 / 8 in. 

0. D. as shown in Fig. 3. It was made of acrylic plastic and was 

mounted on an aluminum stand so that the height of the center of the 

injection funnel was 8 in. above the test section floor. Polyethylene 

II II . I h or mayon t ubing of 1 8 in. I. D. was used to connect t e injection 

probe to the helium supply arrangement through a hole in one of the 

wind tunnel windows. 

The helium supply arrangement is shown diagrammatically 

in Fig. 4. It consists of two three-way brass valves V 
2 

and V 
3 

between which a piece of 1 / 4 in. I. D. copper tubing, 1 ft. long, is 

held. The length of the copper tubing was predetermined by a calcu-

lation based on the mass spectrometer sensitivity, as shown in 

Appendix B. v
4 

and v
5 

are solenoid valves which can be energized 

with the help of a switch in the control box to be described later. 

Helium gas of 99 . 9% purity is filled between the valves V 
2 

and V 
3 

at atmospheric pressure and these valves are then placed in position 
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2 in order to hold t he gas between them . When t he solenoid valves 

are not energized, air fro m a displacement type vacuum pump takes 

path 1 through V 
4 

and V 
5 

a d the flow meter to the wind tunnel. The 

fl owmeter i s a djusted at the desire d flow rate with the air passing 

through it. When the solenoid valves are in energized state, the air 

takes path 2 through valves V 
4 

, V 
2 

, V 
3 

, and V 
5 

to the wind tunnel, 

thus carrying with it helium gas which enters the atmosphere of the 

wind tunne] a s a helium puff. At the above-mentioned flow rate of 

14. 0 ft . 3 /hr., the helium gas which is contained in the 1 / 4 in. I. D. 

tubing of one foot length of t h e supply arrangement comes out of the 

s ource nozzle in appr oximately 0 . 1 sec . 

In order to investigate whether the helium supply arrangement 

released helium puffs of a constant strength each time, a part of the 

copper tubing {provided to store helium between valves V 
2 

and V 
3

) 

was cut out and replaced by a 1 / 4 i n . I. D . polyethylene tubing . The 

modifie d tubing was then filled with O. 5% standar d helium mixture 

( containing 99. 5% nitrogen ) at atmospheric pressure. The c once ntra

tion of the helium mixture in the tubing was determined by inserting 

a hypodermic needle from the standard leak end of the mas s spec 

trometer into the plastic part of the tubing between V 2 and V 3 . 

The experiment was repeated several times and a new plastic t ubing 

was used each time. It was noticed that the concentration r eadings 

were ide ntical within 5% in each case. Therefore, a heliu m puff of 

constant strength was released during each experiment. 
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The sampling system 

The sampler system consists of the sampling probe, through 

which the helium-air sample i3 withdrawn from the wind tunnel, and 

the sampler with sampling traps . The detailed drawing of the sam pling 

system is given in Fig. 5. 

The sampling probe was made of copper tubing ( 1 / 8 in. 0. D . ) 

and was held parallel to the st:.~eamline at the sampling point on a 

manually adjustable stand. One-eighth in . I.E. polyethylene tubing 

was used to connect the sampling probe to the sampler which was 

also placed inside the wind tunnel. Care was taken to make the pl astic 

tubing as short as possible . As will be shown later, the tubing length 

did not appreciably affect the concentration pattern. 

The sampling apparatus consists of an aluminum base 

(22 in. x 3 in . x 3/ 8 in . ) which is fastened to a wooden base structu re 

with hinges. L-shaped brackets are screwed onto the base plate in 

such a way that between each pair of brackets there is j ust enough 

space for an aluminum lever (3 in. x 1 / 2 in. x 1 / 16 i n. ) to move i n 

the vertical plane. The free ends of the 21 levers are connected t o 

solenoids with piano wire loops which are fastened to t h e solenoids. 

The solenoids are also fastened to the wooden base structure. One

eighth in. I. D . polyethylene tubing fits into the slot provided along 

the leng: h of the base pl ate under the sluminum levers . When the 

solenoids are actuated, the tubing is divided by this arrangement 
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into tw enty 0 . 9 in . long com par t m ents. The curre nt for all the 

solenoids is supplied thr ough a switch in the control box which c on

trols the operation of taking the diffusion data . Afte r the plastic 

tubing containing the samples is clamped shut, the levers are held 

in their position by a steel rod which is inserted through the holes in 

the brackets . The base plate with the clamped sampl es can be removed 

from the wooden s tructure so that the samples can be moved without 

carrying the heavy wooden part with the solenoids . 

The size of the solenoids was determined from pr eliminary 

experiments with a single bar a nd a piece of 1 / 8 in. I. D. plastic 

tubing. By u s ing a me chanical advantage of 3, t he minimum weight 

required t o close the tubing com pletely was determined experimentally 

and was us e d t o specify the pulling forc e and the stroke of th e solenoids. 

The control syste m 

The r elease of t h e helium puff a nd the ene r giz at ion of the 

sole oids a r e synchr onized through a control box whose perfo r mance 

is giver e d by a timer . The sampli g apparatus , t · m er, and the 

helium supply arrange m e nt a r e connect ed to the control box. A 

switch on the pa nel of the contr ol box is pressed to actuate the solenoid 

valves of the supply arrangement which c c..n be de-actuated by operating 

the switch again. The c ont rol b ox als o serves as the rel ay station 

which provides the tim e del ay b etwee n actu a ting of the helium supply 

system a d the s olenoids . If a time, t sec . , is set on the timer, 
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then t sec. will elapse between the actuation of the supply system 

(thereby letting a helium puff out in the wind tunnel) and the operation 

of the solenoids ( thereby collecting a sample of helium-air cloud in 

the sampler). 

A. reliable timer is necessary to obtain identical conditions for 

all experiments. Approximate calculations of time needed for the 

helium in the supply system to reach the sampler indicated that a 

timer with an upper limit of 15 sec. was :. equired. The timer selected 

for this purpose (Lectra Laboratories, New York; range 0-100 sec. i 

intervals of 0 . 1 sec. ) was calibrated with an electronic counter and 

showed excellent reproducibility . 

The rate at which the samples were withdrawn from the wind 

tunnel in actual diffusion data was adjusted with a Matheson flowmeter 

(Tube No. 602, range 0-800 cm. 3 /min.) at 190 cm . 3 /min. This 

suction rate c orresponded to an average velocity of 1. 31 ft./ sec. 

through the plastic tubing between the sampling probe and the sampler . 

The mass spectrometer 

For measuring the concentrations of the helium-air samples, 

a leak detector type mass spectrometer (Model MS-9A, Vacuum 

Electronics Corp.) was employed. A hypoder mic needle was directly 

connected to the standard leak which form e d the inlet of the mass 

spectrometer vacuum chamber . In order to measure the helium 

concentration in a sample contained in polyethylene tubing, the needle 
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was inserted into the t u bi g . The concentration reading can be taken 

directly from th e m eter or, alternatively, can be plotted as a function 

of time on a sensitive r e corder. 

Calibration of m ass spectrometer readings 

After each conce t r ation profile, the m as s spectrometer is 

calibrated by noting the readings obtained with three different helium

nitrogen standard mixtures ( containi g O. 5%, O. 2% , and O. 05% helium) . 

These standar d mixtu r es were chromatographically tested for their 

helium contents and were found to confor m to their guaranteed spec

ifications within ± 10% . A calibration plot between the mass spectro

m eter s cale r eading and t he ppm helium is then constructe d by j oining 

the three point s obtai ed with t h e standard mixtur es. This calibration 

plot yields a straight line on a log - log paper and subsequent calibrations 

also are straight lines parallel to others. The change in calibration 

lines is due to h ang es in s e sit ivity of t he mass spectrometer. This 

change i:1 sensitivity is espec i a lly significant in the first few hours 

after t he electron ics of the m achine has been turned on . With the 

pas s a ge of t ime, the sen itivity of the m a c hine becomes more a nd 

more stable and the calibratio re m ains fa irly constant . When the 

sensitivity of t he m achine is very low, as i n di cated by very low 

calibration readings , t he m ass spectrometer nee ds a "tune -up" which 

requires replacing the sta dard leak by the sensitivity calibrator, 

SC-4 , and foll owing the recomme de d proc edure to bring the indicator 
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reading to its maximum possible value. The sensitivity calibration 

is more frequently necessitated in the first few hours after starting 

the mass spectrometer. 

A calibration curve depends on the standard leak rate and 

thus different standard leaks will y i eld different calibration curves. 

The calibration plot for a particular standard leak can be extended 

beyond the end points so that helium concentration in ppm can be 

extimated correspemding to mass spectrometer readings over a large 

range . 

The calibration plot can be represented by the r elation 

n 
y = AX 

which gives a straight line plot between logy and log x In 

( 3 -1 ) 

Eq. (3-1), x is the concentration of helium in ppm and y is the 

mass spectrometer indicator reading. 

Sources of errors 

It was considered significant to estimate the correspondence 

between the mass spectrometer readings and the concentration at 

the sampling point in the wind tunnel. For this purpose, the various 

sources of error were investigated with the help of some special 

experiments outside the wind tunnel and the results of these investi

gations are presented next. 

( 1) Sample storing time: The length of time for which the 

sample is stored after the sampling process may somewhat change 
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the conc entr a tion reading as a res ult of diffusion through the tubing . 

The samples were stored for various lengths of time after having been 

made and were then a nalyzed for their h elium content by recording 

the output of the mass spectrometer as a function of time on a recorder. 

No appreciable change in the maximum concentration reading or the 

concentration-time pattern was dete cte d . 

( 2) Tubing length: The l ength of the plastic tubing in which the 

helium-air sample is collected may or may not have significant effect 

on concentration measurement s with a mass spect rometer . For the 

investigation of this effect, several tubing lengths ranging from 1. 0 in. 

to 8 . 0 in. were taken for making the samples. The results with three 

different tubing lengths , name~y 2 . 0 in., 5 . 0 in . , and 8 . 0 in . , are 

shown i n Fig. 6 . These results show that the tubing length has neg

ligible bearing on concentrations . 

( 3) Sample withdrawal time: It was feared that the mass 

spectrometer reading would change rapidly with time due to c hange of 

pressure a cros s the standard leak which results from the withdrawal 

of the sample from the plastic tubing. A theoretical calculation (as 

reproduced in Appendix A) was performed with pressure dat a supplied 

from a special experiment which showed th a t even the l argest leak 

rate would give a wel -defined reading for a sample tubing of 1 / 8 in. 

I. D. and 5 . 0 in . length. Exper iments were performed to check the 

calculations . A typical experimental result with a standard gas 

containing 0 . 05% helium and 99. 95% nitrogen is shown in Fig. 7 . 
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These experiments were conducted using all three avail able standard 

leaks with flow rates of 86. 0, 15. 0, and 3. 0 µ CFH. The results show 

that even for the largest leak rate, the reading has dropped by only 

10% over a recording period of 500 sec . and so it is concluded that 

the withdrawal rate would not appreciably affect the concentration 

reading over reasonably long time intervals. 

In the above described investigations, helium-air samples 

were made by a special procedure which is shown diagrammatically 

in Fig. 8. In this procedure, the 1 / 8 in. I. D. plastic tubing was 

connected to the helium tank containing a standard helium-nitrogen 

mixture. The pressure gas vc.l ve was opened only slightly, thereby 

ensuring flow of the gas through the plastic tubing at a low pressure. 

After making s ure that the gas was coming out of the free end of the 

tubing, the tubing was clamped first at position 1 and then at 2; the 

distance between points 1 and 2 had been decided in a dvance. Finally, 

the tubing was cut at 3 and analyzed . The probe thus c onsisted of a 

known volume of helium-air sample, contained between points 2 and 1, 

of known concentration , at atmpspheric pressure. 

( 4) Variation in standard gas specifications: In order to 

verify the manufacturers I specifications on the standard helium

nitrogen mixtures, the latter were chromatographically tested and 

were found to conform to the specified helium concentrations within 

± 10%. Thus, the standard mixture guaranteeing 0. 5% helium (5 , 000 



38 

ppm) ·w·as actually found to co:1tain {0 . 5 ± 0. 05 )% helium . This, 

however, is a systematic error which should not affect the observed 

results . 

( 5) Stability of mass spectromete r: The sensitivity of the m ass 

spectrometer plays a maj or role in concentration measurements. It 

can change rapidly, and these changes are not always easy to be 

accounted for. As a precaution, the machine is calibrated after the 

analysis at each point or abou':: every 30 min. but this does not take 

care of the sensitivity changes undergone during this period. Changes 

in temperature and other external conditions of the laboratory can 

affect the sensitivity to some extent. 

( 6) Indicator reading: The concentration reading on the mass 

spectrometer indicator scale was recorded by reading the average 

location of the needle. Sometimes, when the indicator shows fluctu

ations around a mean value, the mean value could be somewhat different 

from the actual reading . 

(7) Sampling time: The length of time for which the helium-air 

mixture sample is drawn into MS-9 from t he tubing compartment in 

the sampler can be an important factor in measuring concent rations. 

In order to investigate the effect of t his s a mpling time, several samples 

at a point in the wind tunnel were analyzed for various time intervals 

and the concentrations of helium in ppm were obtained from the cali

bration plots for the same time intervals . During this time, the m ass 
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spectrometer reading rises fr om O to a final steady value. It wa.s 

found that a sampling time of 1. 0 min . would b e required for the mass 

spectrometer reading to become steady. Reduction of sampling time 

changed the concentration appreciably although no quantitative estimate 

of the error due to this reduction was made. Based on the finding of 

this investigation, it was decided to analyze each sample for 1. 0 min. , 

thus minimizing the possibility of error as a result of insufficient 

sampling time. 

( 8) Backgrou d contamination: Since the tunnel used for the 

present investigation was of recirculating type, it was feared that 

the concentration level of the c.mbient air might keep building up. To 

get a quantitative idea of the helium concentration in the free stream, 

the sampling probe was raised to about 2 . 5 ft. above the floor, and 

samples of ambient air were collected in the sampler several times 

during a typical experimental day. The ambient concentration was 

found to be negligibly small in each case and it was thus concluded 

that no appreciable backgrounc: contamination existed for the present 

study. 

( 9 ) Distortion of ciiffusion cloud through the tubing: 

(a ) Suction side tubing - In order to investigate any possible 

distortion of the diffusion cloud during its p assage through 3 ft. long 

plastic tubing (when the cloud is sucke d from the sampling probe to 

the sampler) , a special experiment was conduct e d outside the wind 
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tunnel. In this experime t, the helium supply arrangement was 

directly connected to the sampling apparatus through 3 ft. of poly

ethylene tubing of the same size as used to connect t he sampling probe 

to the sampler in taking the diffusi on data in the wind tunnel. The 

othe r end of the tubing in the sampler was connected to a suction pump 

so that the average velocity in the tubing was 1. 31 ft . / sec ., which 

was the value of the suction velocity maintained throughout the meas

urements of the present study. The 1 / 4 in. I. D. copper tubing in the 

helium supply arrangement was then filled with a standard gas mixture 

containing 0 . 2% helium by weight. Using the control box and timer, 

helium was released from the source and was trapped in the sampler 

by solenoids . Because of difference in diameters of the copper tubing 

of the supply system and the pl:3.stic tubing connecting the supply system 

to the suction pump through the sampler, the helium originally con

tained in 1 ft . long copper tubing would extent to 4 ft . in the 1 / 8 in . 

I. D. plastic tubing. By usind a proper timer setting, a response 

pattern was obtained in which the concentration reading increased 

from approximately zero to a steady value of 6 , 5 through about five 

compartments along the length of the sampler . This showed that the 

instantaneous pulse actually becomes a continuous pulse of short 

duration . Several experiments at the same timer setting produced 

identical patterns . A typical result is shown in Fig. 9. The steady 

concentration value on the mass spectrometer scale corresponded 
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to approxim ately 2, 000 ppm ( 0. 2%) helium, from calibration charts 

at the specified sensitivity. 

The plot shown in Fig. 9 indicates resemblance with the 

response of a continuous source except that, in the case of a continuous 

source, the concentration reading continues to maintain the steady 

value and does not drop to zero again. Tne response in Fig. 9 is then 

an accu m ulative or integrated form of a time instantane ous pulse a nd 

can be interpreted as the response t o a continuous pulse of short 

duration . In order to determine the variance of this cu rve, slopes 

f {x. ) at various values of x. {along the sampler length ) were deter-
1 1 

mined and a new curve for f (x . ) vs. x. was plotted. The variance 
1 1 

of this curve was then graphically calculat ed from the general for m ula: 

2 
(T = 

( 

00 

x~ f (x. ) dx. Jo 1 1 1 

f oo f(x. ) dx. Jo 1 1 

[ 

( CD x . f (x.) dx. ]
2 

Jo 1 1 1 

( CD f (x.) dx. 
J O 1 1 

( 3 -2) 

The value of the variance was calculated to be 0 . 00 5 ft. 2 (or standard 

deviation = O. 07 ft . ) which is a measure of the distor ti on of the diffusion 

cloud through the tubing. 

This distortion can alter the shape of the concentration profiles 

which are obtained in : he di ffusion experiments. The spread of the 

profile, as given by variance, would then c hange and the corrected 

value of the variance for the da:a would be given by 

2 
(T 

2 2 
=c.r1-a-2 ( 3 - 3) 
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w here c,f = variance of longitudinal dispersion , 

and c,~ = 'source directly connected' variance . 

Considering that a time of approximately 0. 1 sec. is needed 

for the whole helium puff to come out of t he injection source, one 

finds that a length of 4 ft. in the directly - c onnecte d experiment 

corresponds to 1. 31 x 0 . 1 = 0. 131 ft . of the wind tunnel experiment 

in which the distance between the s our ce and the sampler was exposed 

t o diffusion in the atmosphere of the wind tunnel. Ther efore, the 

corresponding value of c,~ in terms of the wind t unne l experiment 

will b e 0. 000005 ft . 2
• This value of c,; , which represents the 

distortion of the diffusion cloud th rou gh the suction t ubing, is ab out 

0. 5% of the minimum value obtained for c,f (0. 0010 ft. 2
) under the 

assump tion that the longitudinal dispersion variance c,f is approx-

imately e qual to the l ateral variance for spr eading, y2 
y 

It will, 

ther efore, be justifiable t o assum e t hat the dis t ortion that the diffusion 

cloud undergoes by its passage thr ough the suction tubing does not 

significantly alter the shape of t he concentrat ion profiles. 

( b) Source sid e tubing - In order to investigate the effect 

of the source tubing on the diffus ion characteristics of the present 

study, s everal experim e nts were performed by placing the sampling 

probe within the nozzle of the source . In these experiments, the 

distance between the base of the source nozzle and the sampling 
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probe was kept at 1. 0 in. or less . When the concentration samples 

were analyzed with the mass spectrometer, concentration profiles 

similar to the diffusion profiles were obtained. This observation 

appears to indicate that the source has a definite effect on the helium 

puff emanating from the nozzle. 

The data of the direct-connection experiments were also used 

to obtain an estimate of error due to experimental set-up without 

source . For this pur ose, the concentration readings at some arbi

trary point along the sampler length were chosen for different experi

ments with constant reference ::: oncentration and the mean and variance 

of the readings were computed. The coefficient of variance (ratio of 

standard deviation to mean) was found to be O. 04. This analysis did 

not include the error due to the source since the source was not used 

for dire ct-connection experiments . 

( 10) Manual control: 

(a) Since the injectio:::1 and suction flow meters are adjusted 

manually, there is a p r obability of error due to minor shifts in adjust

ments . 

(b) The timer was calibrated with an electronic counter 

and was found to have a precision error of less than ± 1 %. 

( c) The Trans-Sonics Manometer, which is used t o adjust 

the ambient velocity in the wind tunnel, has an error of less than 1 % 

(pressure) when compared with an alcohol tilting pressure tube. 
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In order to estimate the total possible error due t o all the 

above described sources, the diffusion data of the wind tunnel experi-

ments in the present study were examined at several arbitrary points 

in the diffusion field. For 8 to 10 samples at a point, the coefficient 

of variation was found to be 0 . 3 or less for these cases. However, 

this e stimate includes the effects of diffusioP- and meandering as well. 

Consecutive profiles at a point 

The concentration data o f the present study were used to 

estimate t he number of consecutive concentration samples to be taken 

at a point in the wind tunnel such that the mean of these samples would 

not differ from the true mean (mean of infinite observations) by more 

than 15%. For this purpose, tl"'_ e following s tatistical procedure was 

adopted : 

If µ is the true mean (mean of an infinite number of samples) 

at a point in the wind tunnel and x is the mean of m samples at 
m 

t hat p oint , then, in order that x may not differ from µ b y more 
m 

than 15% , one find s 

I xm - µ I < 0. 15 µ (3-4) 

Now, if we are interested in finding m such th at condition 

( 3-4) may be stated with 8 5% confidence, then 

P [I ~m - µ I < 1. 45 o-x ] = o. 85 
rn 

(3-5) 



45 

CT 
X 

But, since a-_ = where a- is the standard deviation based on 
xm 'lfm x 

individual observations, one obtains 

CT 
X 

1. 45 1./m = 0 . 15µ 

which can be written as 

( 3 -6 ) 

m= 9.6 ( :;) (3-7) 

a- 2 and µ are replaced by s 2 and x , which are the sample estimat es 
X 

of variance and mean, to calcu~ate m Strictly speaking, one will 

have to use the "t-distribution' ' with m degrees of freedom to deter-
CT 

mine the factor in front of jrn in Eq. ( 3 -6 ), but since m is unknown, 

the above approximate solution has been adopted. Thus, m can be 

estimated from the relation 

( 3 -8 ) 

Calculations based on s and x from the concentration data 

of the wind tunnel showed that 8 to 12 consecutive concentration 

samples would be required to limit the deviation of the mean of these 

samples from the true mean to ~5%. 

Plan of Data 

Concentration data 

The height and location of the source were maintained constant 

throughout this investigation. Tie source was located at a distance 
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of 24 ft. from the leading edge of the aluminum plate where the boundary 

layer thickness is approximately 16 in. Starting with the point directly 

downstream from the source center, di ffus ion data were taken around 

this point in both lateral and vertical directions. Eight or more con

secutive profiles were taken at each point. The operating procedure 

for concentration data is given in A ppend:x D. 

Velocity data 

The statistical a nalysis of the concentration data, outlined in 

the next chapter, requires the use of local mean velocity at each point 

in the wind tunnel where t he concentration profiles are obtained. 

Measurements of sampling point velocities were made by using a 

micromanometer ( Trans-Sonics, Inc .) to measure the pressure 

difference between the dynamic pressur e , as indicated by a pitot 

tube mounted 2. 5 ft. above the floor of the test section, and the wall 

pressure in the wind t nnel. The manomete r error is less than 1 % 

(pressure) when compared with an alcohol t ilting pressure tube. The 

wind velocity was ob:ained from the manometer reading by using the 

following relation based on Bernoulli's equation: 

( 3 -9) 

where u = wind velocity 

b.h = pressure difference as indicated by the manometer, and 

K
1 

= a constant depende nt upon air temperature and atmospheric 

pressure. 
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Since the closest point from the floor of the test section was at 6 in., 

the pi tot tube could be relied upon to give satisfactory results. The 

same pitot tube arrangement was also employed to adjust the free 

stream velocity at 20 ft . / sec . 
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Chapter IV 

EXPERIMENTAL RESULTS 

When the helium puff leaves the source, its diffusion in the 

atmosphere of the wind tunnel is coused by two major factors: (a) the 

mean wind motion which carries the puff downstream and (b) the 

turbulent velocity fluctuations which disperse helium particles in 

three dimensional space. After an interval of time, the center of 

the puff will be at a distance from the source depending on the mean 

wind velocity, and the puff will have grown to a size and shape depend

ent on the turbulent diffusion. Consequently, an analysis of the con

centration data for diffusion from an instantaneous point source must 

account for the motion of the puff in the mean wind direction as well 

as the diffusion process in the puff. 

Statistical Analysis of Data 

Consider the motion oC a spherical puff in the mean wind 

direction as shown in Fig. 11 . The three-dimensional concentration 

distribution in the puff is also shown. As the expanding puff arrives 

at the sampling probe, located at a point (x, y, z ) of the diffusion 

field, a part of the cloud enters the sampling probe and is moved over 

the length of the sampl er, also shown in Fig. 11. Then, for a 
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symmetrical distributi on of concentration over the sampler, the 

following parameters can be defined : 

1. c (x.) = c (x. ) (x, y, z, t) = the maximum instanta -
1 max 1 max 

neous concentration at the point (x, y, z) . Here x. is the dis tance 
1 

from the front end of the sampler where the cloud first enters, and 

c (x. ) is the concentration on the distribution profile over the sampler 
1 

corresponding to distance x. . 
1 

2 . C = C ( x, y, z, t ) = p p the equivalent concentration from a 

continuous point source, at poi nt (x, y, z), and is given by the area of 

the concentration profile over the sampler length. Bec ause of the 

diffusion characteristics of the source, the diffusion cloud behaves 

more like a continuous source of short duration than an instantaneous 

source. Therefore, C is the basic quantity on which all analyses 
p 

are based . 

3 . C = J.. l T C dt = _!__ f C 
T o p m i=1 pi 

( 4-1 ) 

In Eq. (4-1), C(x, y, z) is the average of C - values obtained from 
p 

m consecutive profiles over tte sampler, with t h e sampling probe at 

the same point in the diffusion field . Statistically, C is the time 

average of the continuous source concentration at a point (x, y, z) 

according to the ergodic hypothe sis . 

4 . 2 
er C = m-1 

(4-2) 
p 
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where c,~ is the variance of C and is a measure of the spread of 
p p 

C It provides an estimate of the accuracy of the time-averaged 
p 

concentration C at a point. 

Concentration Data 

The concentration data at different y and z for stations 

X = 1, 2, 3, 4 ft . are presented in dimensionless form in Fig. 12 and 

Fig. 13. 
C 

Fig. 12 gives the dimensionless concentration C as a 
max 

function of L where c, 2 is the variance of C in the lateral direction 
(Ty y 

and is obtained from the distribution of C along the y-axis for z = 8 in. 

with the help of the following relation: 

[ z-
(J"2 = Y.. C - (Y ) z ( 4-3) , _ 

y LC 

where v= 
LyC 

,) [c 

Fig. 13 shows the dimensionless concentration 
cmax 

C 
as a function 

z 
of - where 

c,z 
c, 2 is the variance of C in the vertical dir ection and 

z 

is computed from the C - distribution along the z-axis for y = 0 with 

the help of the following relation: 

- (z) z (4-4) 

where z = 
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The profiles in Fig. 12 and Fig. 13 are similar. The calculated values 

of o- 2 and 
y 

2 o
z 

Station 

X= 1 ft. 
X= 2 ft. 
X= 3 ft. 
X= 4 ft. 

are given below: 

4 2 10 XO- , 
y 

27.0 
63 . 4 
65.2 

114. 0 

ft? 
4 2 

f? 10 XO- , 
z 

25. 7 
71. 6 
84. 7 

110.0 

The variances o- 2 and o- 2 are plotted as functions of disper-
y z 

sion dis tan ce X in Fig. 14 which shows a linear relationship between 

2 
0-

y 
and X and also between o- 2 and X 

z 

o- 2 a X = u T 
y 

which gives 

where T is the dispersion time. 

Similarly, 

o- 2 a X = u T 
z 

from which 

Thus , one obtains 

{4-5a) 

{4-5b) 

{4-6a) 

{4-6b) 

The results given by Eqs . ( 4-5b) and ( 4-6b) have also been 

obtaine d by Gifford (7) for large dispersion times, under the as sump -

tion of isotropic turbulence . 
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The consideration that C is the time average of the continu ous 

source concentration at a point provides a useful method of comparing 

the concentration data of an in3tantaneous point source with those of 

a continu ous point source. The experimental law for attenuation of 

source level (H = z = 8 in., ~ ""' 0 . 5) concentration for the present 

work is given by 

C ~ X-1. 45 
max 

{ 4- 7) 

This relationship between C and X for y = 0 is pre-
max 

sented in Fig. 14 . 

The relationship in Eq. ( 4-7) c ompares closely with Davar 1s 

{ 5} experimental law for concentration at H = z = 2 in., 

given by 

C~X-1.43 

H 
6 ""' o. 66, 

{ 4-8) 

H 
It should be note d that the above comparison is made at 6 > 0 . 5 for 

which the mean velocity u is essentially c onstant , so that u C is 

determined by the distribution of C . 

In Fig. 14 are also plotted the C · a- • a- values against 
m a x y z 

the travel dis tance X . If the concentration distrib tion wer e 

governed by similarity, then one should obtain the following relation -

ship: 

C a- a- ""' constant 
max y z 

{ 4-9} 
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From Eq. (4-9) and Eqs . (4-5a) and (4-6a), one obtains the 

following form for C 
max 

C 
max 

-1 
~ X (4-10) 

However, the data of U·_e present study show that C varies 
max 

as x- 1 
· 
45 

, as shown in Eq. ( 4-7) . Davar' s data, expressed in Eq. 

( 4-8), also give a similar relationship. This discrepancy can find 

its explanation only in the fact that perhaps the similarity assumption 

is not valid. This c onclusion, however, is not borne out by the 

experimental data. 

In order to obtain a realistic estimate of the shape of the 

diffusion cloud at different stations, isoconcentration contours were 

drawn by using the average concentration C at different y and z for 

each station . These contours a re presented in Fig. 15 to Fig. 18. It 

appears that the helium puff has a circular cross section i n the me an 

wind direction. 

Velocity Field 

Although no velocity profiles were actually taken by the author, 

the mean velociti es at all the sampling points in the wind tunnel were 

measured. Fig. 19 gives the typic al velocity profiles in the wind 

tunnel employed for the diffusion data of the present study. The veloc·· 

ity profiles in Fig. 19 are based on data by Sandborn and Marshall ( 18 ) 

at X. = 0, 10, 20, 30, 69 ft. for U = 30 ft./ sec. These velocity 
1 00 
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u z 
data show similarity, as evidenced from the plot of vs. s: in uoo u 

Fig. 19 . The following relationship is obtained for the velocity data : 

1 

u 
u 

00 

= (t ) 7.5 ( 4 -11 ) 

Tu:.--bulence Field 

The turbulence structure of the flow ever a smooth boundary 

can be arbitrarily divided into three zones: (a) a shallow region 

close to the wall where the flow is predominantly viscous and thus 

the molecular forces are significant, (b) a buffer zone where turbulence 

is present but the viscous effects a re also important, and ( c) a tur-

bulent region where turbulence characteristics predominate and the 

effects of viscosity can be neglected when compared with the tur bulent 

effects. In the case of a two- di mensional boundary layer, experimental 

i nvestigations have been mostly used to formulate the m echanisms of 

turbule ce and that of related transport processes and, therefore, the 

exi sting theories which can be used for interpreting t hese mechanisms 

are only of semi-empirica l characte r . 

A turbulent region is characterized by chaotic agitations or 

11 eddies II which are respon sible for the mechanism of turbulent diffu-

sion . . In a boundary layer over a smooth wall, the generated turbulenc e 

is non-isotropic and non-homogeneous . It tends t o assume isot ropy 

and homogeneity in the uppermost part of the boundary layer near 

the free strea m. The eddies are very small close to the boundary 
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and gradually increase in size with distance from the wall. The 

mechanism of momentum and mass transfer is intimately connected 

with the eddy structure of the flow but a comprehens ive theory giving 

a complete explanation of the phenomenon is lacking. 

The degree of turbulence in a flow field is commonly expressed 

by the relative intensities ~' ~' , and ;;' in the longitudinal, 
0) 0) CX) 

lateral, and the vertical directions, respectively. Figure 20 gives 

the dimensionless relationships of i' 
CX) 

and Marshall ( 18) for U = 30 ft./ sec. 
CX) 

z 
vs. 6 from data by Sandborn 

w' z 
at xi = 6 9 ft. ' u vs. 6 

CX) 

from data by Cermak and Chaung (3) for U = 10 ft./ sec. at X. = 78 ft., 
CX) 1 

v' z 
and w' vs. 6 from data by Klebanoff ( 10) for smooth wall with zero 

v' 
pressure gradient. No measurements of U were made for the wind 

0) 

tunnel in which the diffusion data of the pres ent study were taken. From 

Klebanoff's data in Fig. 20, it is clear that for the greater part of the 

height, 
v' . 
-, = 1. 2 1s a fairly close approximation. 
w 

This relationship 

between v' and w' has been used in later sections of this study. 

One-dimensional energy spectrum density function was deter

mined from the recorded values of horizontal longitudinal u 2 between 

frequ encies n and {n + dn) by Sandborn and Marshall { 18 ) . Fig. 21 

gives the data of Sandborn and Marshall at X. = 69 ft. in the form of 
1 

z 
plots of F vs. wave number k for 6 = 0. 167, 0. 500, and 0. 75 0 

at U = 30 ft./ sec. The spectra here are plotted in wave number 
CX) 

coordinates which are related to frequency by relations : 



k = 21rn 
u 

and 
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The analysis of the experimental data, presented in this 

chapter, is given in the next chapter. 

(4-12) 
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Chapter V 

ANALYSIS OF EXPERIMENTAL DATA 

The two main objectives of the present study were: (a) to 

study diffusion from an instantaneous point source in relation to spec

trum and scale of turbulence, and (b) to obtain diffusivity character

istics of the turbulent flow. 

Spreading and Meandering of the Diffusion Cloud 

Gifford's mathematical model of a continuous point source, 

described in Chapter II, can be conceived as being built up of spreading 

Gaussian disk elements and differs from other models in that it pro

vides for the fluctuations of the plume to occur by separating the total 

plume dispersion into two components, spreading and meandering. 

The mean concentration distribution derived from the fluctuating 

plume model is identical with t he material concentration in steady 

plume models. Other important properties such as : he variance of 

point concentration, and t he frequency distribution of point concen

trations which do not follow from steady plume models, can be 

obtained with the fluctuat ing plume model. Thus, the fluctuating 

plume model provides a rational approach t o practical air pollution 
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problems which depend on concentration properties other than the 

mean level of concentration. 

By considering a helium puff from the point source of this study 

as being squeezed into a disk, Gifford's ideas can be us efully applied 

to diffusion for this disk and hence, the components of spreading and 

meandering can be separated. The results obtained on the basis of 

Giff::>rd's model can also be arrived at from similarity considerations, 

as presented next. 

Consider the distribution of concentrations C (x, y, z, t) and 
p 

C (x, y, z) in the y- and z- directions at station X . C is the 
p 

equivalent concentration from a continuous point source, and its dis-

tribution at different points of the same station is shown in Fig. 22. 

The C -distribution thus represents an instantaneous picture of the 
p 

cloud and this distribution does not change with respect to the center 

of the c l oud. The center, however, can be shifted in location due 

to fluctuations in the turbulence field. Thus, one always obtains the 

same peak value of C in spite of the shift in the center of the C -
p p 

distribution. 

Considering a fixed X and essentially constant velocity, the 

concentration C , at any point (y, z ) for t his station, can be written 

on the basis of similarity considerations as follows: 

C 

cmax 
( 5 -1 ) 



59 

and 

~ I/ 2] <s-2) 

where cr-
2 and Y 2 are the variances for the C- and C -distribution, 

p 

respectively, and functions f on the right-hand side of Egs. (5-1 ) and 

(5-2) are the same. 

Integration over an area dA gives 

f 0) C dA = ( Cp )max { r 0) f [f- ; : l d ( [-) d ( rrz ) } (rr y rr z) 
-ro J-ro y z y z ) 

( 5-3) 

and 

1: CdA a (Cp)maxV: f[~~l/2 . z ]d[ Y ]di- z 1\ '(Y;)l /2 [tY//2 L(Y;,1'2Jj 

Equating Eqs. (5-3) amd (5-4), one obtains 

C a- a- = 
y' z max 

which gives 

(CP)max 

C 
max 

a- a-
= ----=--y __ z _ __,_ 

(Y2//2 (Y2 )1/2 
y z 

(5-4) 

( 5-5) 

Since the variance of the total plume dispersion, cr- 2 
, is the 

sum of variances due to spreading and meandering, one can write 



0-2 = 
y 

(T 2 = 
z 
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y2 + D2 
y y 

y2 + D2 
z z 

wher e D 2 = the variance due to plume meandering . 

Corr..bining Eqs. (5-5), ( 5-6 ), and (5-7 ), one has 

(C ) ✓Y 2 
+ D

2 ✓ Y~ + D~ P max _ ....._ __ Y __ --"y ___ ...L.-___ _ 

C - (Y 2 / / 2 (Y 2 / / 2 
max y z 

( 5-6) 

( 5-7 ) 

( 5-8) 

Gifford (7) considered a special case of isot r opic turbule nce 

and assumed that 

y2 = y2 
y z 

and 

D2= D2 
y z 

O n the basis of the above assumption, Gifford's result, from Eq. ( 5-8 ), 

is 

Peak Concentration 
Average Concentration 

= 

y2 + D 2 
y y ( 5-9) 

y2 
y 

Since the total dispersion variances in y- and z-direction 

are nearly equal at all four travel distances for data of the present 

study, one c an assume that Y 2 = Y 2 as an approximation. Then, 
y z 

Eq. ( 5-8 ) becomes 



(Cp) 
max 

C 
max 

+ D2 
y 

y 2 
y 
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+ D2 
z 

With the knowledge of the tot al disper sion variances in the 

(5 -10) 

lateral and vertical di r ections, namely (Y 2 + D 2 
) 

y y 
and ( Y 2 + D 2 

) z z 

from Eqs . ( 4-3) and ( 4 - 4) , the peak concentration 

the time average conce ntration C , one can obtain Y 2 
, the 

max y 

variance due to dispersion by spreading in the lateral direction. 

Realistically, the peak concentration (C ) must be replaced by 
P max 

an estimate of ( Cp) on the basis of a large number of samples. 
max 

Also, by considering the range of accuracy for C , on the basis of 

m samples, one can get an estimate of the accuracy for Y 2 The 
y 

resulting expression, then, b e comes 

C ± o-c p 

= 
-Jy; + D2 

y 
y2 

y 

-Jy~ + D2 
z 

(5-11) 

In the determination of Y 2 from Eq. ( 5-11) , the value of the 
y 

peak concentration should be an estimate of ( Cp) over a large 
max 

number of samples . Considering the entire puff one finds that the 

probability of this spherical puff striking the sampling probe is highest 

at the small area around the center of the puff. Also, the probability 

of the outer parts of the cloud c oming in conta ct with the sampling 

probe is relatively much smalle r but these parts involve a large area 
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of the total cloud. It follows, therefore, that the probabLity distribution 

of C in the spatial region will be much flatter than the C -distribu-
p p 

tion. It is, as a first approximation, assumed that C is uniformly 
p 

distributed over m samples and thus one can obtain an estimate of 

(C ) from the following expression which is derived in Appendix 
P max 

E: 

(5-12) 

In Eq. (5-12), ( Cp) and ( Cp) . are the maximum and minimum 
max min 

Cp-values on the basis of m samples. 

The variance Y 2 was calculated from Eq. (5-11) for diffusion 
y 

data of the present study a t X = 1, 2, 3, 4 ft., with values of y and z 

fixed at y = 0, and z = 8 in . The values of D 2 were obtained by 
y 

subtracting Y 2 from the total dispersion cr 2 in the lateral direction . 
y y 

The resulting values of the variance due to spreading, Y 2 
, and 

y 

those of the variance due to meandering, 

Station 10
4

xY 2
, ft~ 

y 

( 1 I 
1 

0 
1 

8 11
) 13.8±5.6 

(2',0,8") 48 . 1 ± 16 . 9 
(3', 0, 8 11

) 50. 5 ± 1 o. 9 
(4',0 ,8") 64. 7 ± 23. 5 

The values of E ( Cp) , 
m ax 

C 
max 

D 2 are given below: y , 

10
4 

X D 2
, ft~ 

y 

12 . 6±5 . 6 
19 . 6±17.2 
23. 7 ± 1 o. 8 
47 . 3±23.5 

, and er C , used to 
p 

compute Y 2 and D 2 
, are presented in Appendix F. 

y y 
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The mean values of Y 2 and D 2 are plotted as a function of 
V y 

the t ravel distance X in Fig. 23 and linear relationships are obtained. 

Thus, 

y2 
y 

which gives 

y2 
y 

and 

D2 
y 

from which 

D2 
y 

O! 

O! 

O! 

O! 

X = u T 

T 

X = u T 

T 

where T is the dispersion time. 

(5-13) 

(5-14) 

The above results have also been obtained by Gifford (7) for 

large dispersion times under the assumption of isotropic turbulence. 

The ratio of the peak concentration, E [ ( Cp) max] , to the 

average concentration, C 
max ' 

at X = 1, 2, 3, 4 ft. for y = 0, z = 8 i n. 

is plotted as a function of the travel distance in Fig. 24 which indicates 

the following approximate result: 

Peak Concentration 
Average Concentration 

<::::< constant (5-15) 

This relationship was also arrived at by Gifford (7) for large 

dispersion times in the case of isotrapic turbulence. Gifford tested 

the above relationship for field data of Wanta and Gartrell (22) in 
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whose case the source height was 250 ft. and the dispersion distances 

from about two to six miles. Their data, extending to large dispersion 

times, are plotted in Fig. 25 and approximately confirm the constant 

relation between peak-to-average concentration ratios and the disp8r

s ion distances . 

It is noteworthy that the results of t he present study as rep

rese:i.ted in Eqs. (4-5), (4-6), (5-13), (5-14) and (5-15) confirm 

the Lends obtained by other investigators for large dis persion times, 

indicating thereby that large dispersion times are presumably obtained 

for travel distances of 4 ft. or less in the wind tunnel used in this 

study . 

The Hay-Pasquill Scale Parameter 

Hay and Pas quill (9) analyzed diffusion data from a continuous 

ground level source by assuming that the Lagrangian and Eulerian 

corre lograms have similar shapes but different scales (ratio (3 : 1). 

With the help of this scale parameter {3 , they showed that the tur-

bulent spread of particles can be derived from wind fluctuation records 

directly. Their method, based on this scale parameter {3 , has been 

applied to various wind tunnel and field data of di fferent investigators 

and predictions of particle spread have been obtained as a function of 

the travel distance on the basis of an average value of {3 • It was, 

therefore, considered worthwhile to investigate the d iffusion data of 

the present study in the light of the Hay-Pasquill scale parameter {3 
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With a previous k nowledge of Y 2 
, the variance due to 

y 

dispe rs ion by sprea ding in the lateral direction, the diffusion data 

of the present study can be used to e stimate t h e scale parameter (3 

at the four stati ons , X = 1, 2, 3, 4 ft. For steady, homogeneous tur

bulence, the follow ing e qu ation is obtaine d ( Chapter II ) : 

y 2 = -;i-2 T2 (
00 

F (n) {Sin (1rnT /(3 )}
2 

dn 
y J O E ( 7Tn T / (3 ) 

(2-34) 

It seems reasonable to assume t hat the statistical properties 

of turbul ence do not vary r apidly with changing position in the atmos

phere and, therefore, t he horizontal diffusion, over level uniform 

ground can be specifie d in t erms of the turbulent properties of the 

flow by m eans of Eq. (2 -34 ) . This e xpr ession can als o be a pplie d for 

the diffusion d a ta of the present study and the scale parameter (3 can 

be evaluated by using known values of y 2 v' 2 , dispersion time T , y , 

and the form of the s pe ctrum function FE(n) 

It m ust be noted t hat the increase in plume width on one hand 

and t he general plu me m eandering on the other usually is due to two 

widely separated eddy size s . Thu s, the contribution to dispersion by 

plume spreading, Y 2 , is statistically inde pendent of that due to 

meandering, D2 , and Gi ffo r d's technique of obtaining the separation 

of the spreading and meandering effects does not de pen d either on the 

presence of a spectrum gap or on limitation to any special meteoro-

logical conditions. It follows that the independence of spreading and 
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meandering is a general p r operty of dispersion and is not especially 

related to the particular assumptions of t he flu ctuating plume model 

of Gifford . 

The values of Y 2 
, the var iance due to dispersion by spreading, 

y 

from the di ffus ion data of the present study were used to estimate {3 

from Eq. ( 2-3 4) . The s pectr·.1m function was obtained from the dat a 

of Sandborn and Marshall ( 18) on the spectra of the horizontal longi-

tudinal component in u 1 
( Fig. 20). From these data, the spectra 

o f the lateral c omponent v 1 can be obtaine d by assuming that t he 

spectrum s hape for the lateral and hori z ontal components is t he same 

,2 

and 3.djusting t he values in Fig. 20 by using th e relationship u ""' 1. 5 
v'2 

u '2 
which has been s hown to be a reas onable value of ~ by Klebanoff 

v' 

(10) and ot hers. A value of v' 2 = 0. 36 ft. 2 /sec. 2 was chosen for use 

w' z 
inEq. (2 - 34). Thisvaluewasbasedon u= 0,026at 6 = 0 . 5, from 

I CD 

Fig. 20, and the relation ~ = 1. 2, from the data of Klebanoff, also 
w 

shown in Fig. 20 . In the abs e _1.ce of turbul ent intensity data at different 

distc.nces from the sourc e, a constant value of v ' 2 
= 0. 36 ft. 2 /sec. 2 

was taken for all calculations from Eq. (2-34 ) at all four stations 

(X = 1, 2, 3, 4 ft . ) . The dispersion t ime was obtained by dividing the 

distance between the source and the sampling point by the mean velocity 

which was close to 15 ft . / sec. at y = 0 and z = 8 in. fo r each of the 

four sta-ions. 

The procedure of estimating t h e scale parameter {3 fro m 

Eq. (2-34) , for given valu es o: dispersioP.. time T , a nd v' 2 at a 
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station and for a given relation between the spectrum function F E (n) 

and -:he frequency n , consisted of considering different values of 

{3 and computing the corresponding value of Y 2 at each station. This 

involved a graphical integration to evaluate f
0 

&:, F E(n) {Si(:~K;/J i Y dn. 

- f.s in ( 1m TI {3l 2 
For this graphical integration, the computed value o t FE(n) l (?mT/ {3) f 
was plotted as a function of frequency n for each assumed value of 

{3 and the area under the resulting curve was determined. A universal 
y2 

plot of _ y (which was equal to the area from the above graphical 
v'2 T2 

procedure ) as a function of T/ {3 was prepared. This is shown in 

Fig. 26. Appendix G gives a typical set of different values used in 

the graphical integration. 

For the evaluation of the scale parameter {3 from the diffusion 

data of the present study, the Y 2 -values were used and the {3-values 
y 

were obtained from Fig. 26 by using the appropriate values of the 

dispersion time T and v' 2 
• The following results were obtained: 

Station 

(1',0,8") 
(2',0,8") 
(3 ' , 0, 8 11

) 

(4 ',0,8 " ) 

Scale parame-:er {3 

18. 3 ± 12 . 7 
21.1 ± 13.8 

5. 5 ± 2 . 6 
3.7±1.7 

The above results for t he Hay-Pasquill scale parameter were 

obtai:1.ed by cons idering Y 2 
, the variance due to dispersion by 

y 

spreading, only. If, how ever, one considers the meandering effect 

as well, the {3 could be calculated on the basis of the combined 
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variance for spreading and meande ring, namely, ( y 2 + Dz ) 
y y 

results for the {3-analysis in t he latter case are given below: 

Station 

(1', 0, 8") 
(2', 0, 8 11

) 

(3', 0, 8 11
) 

(4',0,8 " ) 

Scale parameter {3 

44 
39 
12. 4 
11. 5 

The 

The above results indicate that the meandering of the diffusion 

cloud produces a significant increase in the values of the Hay-Pasquill 

scale parameter . It must be cote d, however, that the assumption of 

similarity in shape of Euleriar_ and Lagrangian correlograms is a 

good assumption only in the case of fine scale motion which disregards 

any ~arge scale m eandering. Since the derivation of Eq. (2-34) is 

based on the above assumption, it would be more realistic to determine 

the scale param eter {3 by using Y; in Eq. (2-34) rather than the 

combined variance (Y; + D;) for spreading and meandering. 

Thus, for results at the four stations (travel distances of 1, 2, 

3, 4 ft.), the mean values of the scale parameter {3 were found to be 

between 3. 7 and 21. 1 on the basis of the variance for spreading only. 

By including the meandering effect, the /3-values were between 11. 5 

and 44. Although there is variation in the {3-values with travel dis -

tance, conclusions regarding any systematic pattern of this variation 

cannot be firmly established on the basis of the above results. 

Hay and Pas quill (9) m easured the variance of the particle 

spread at a distance of 10 0 meters downwind from a continuous point 
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source, by carrying out experiments over downland with grass of 

length 1 to 2 in., in a variety of stability conditions. Simultaneous 

measurements were m ade of the fluctuations in wind speed and direc-

tion at the source. They test d their analysis scheme, represented 

by Eq. (2-34), on a series of eight diffusion experiments by computing 

the appropriate value of {3 for each experiment. They obtained {3 

ranging from 1 to 10 with an average of 4 , and conclud ed that this 

average value was independent of wind speed and stability and therefore 

was of great significance in predicting the variance of particle spread 

at different stations. 

Baldwin and Mickelsen ( 1) considered their data on diffusion 

of helium from a continuous point source in the center line region of 

a fully turbulent pipe flow and obtained rough values of {3 fr om 4 to 

18, depending on the mean flow rate. Their diffusion results were 

obtained within a 2 in. radius core of ambient air flowing through a 

commercial 8 in. diameter pipe . 

Some data on a small scale of turbulence are reported by 

Mickelsen ( 12 ) who measured the spread of helium injected contin-

uously at a fixed point in t he air stream. The turbulent field was 

generated in an 8 in diameter duct having an inlet length-to-diameter 

ratio of 36. The scale of turbulence was approximately O. 02 m. 

Using Mickelsen 1s spectrum data and the assumed values of {3, Hay 

- 1/2 
and Pasquill (9) calculated ( Y 2

) from Eq. (2-34) and plotted the 
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calculated values of ( Y 2
) 

112 
as a function of travel distancP X . This 

relationship for stream velocity of 50 ft . / sec . and 100 ft ./ sec . is shown in 

Fig.27 in which (Y 2//
2
- values from Mickelsen I s data are also presented. 

It is seen that no single value of {3 gives a fit over the whole range of 

travel up to 2. 5 ft . ; but for distanc es up to 1 ft., i.e., up to 15 times 

the scale of turbulence, a value of 6 provides a close approximation 

at 100 ft . / sec . and a value of 4 is more suitable at 50 ft./ sec . The 

{3-values lie roughly between 4 and 9 for the travel distances up to 

2. 5 ft. 

Haugen (8) analyzed selected Prairie Grass diffusion data to 

determine the scale parameter {3 • Thirty-five experiments were 

analyzed. Of these, only thirteen experiments were found to give 

{3-values between 1 and 1 O. In nine cases, {3-values were greater 

than 10; the maximum value of {3 being 160 . In the remaining cases, 

the scale parameter was found to have values of less than 1. Haugen 

concluded that non-stationary conditions inherently produce non

systematic variations of {3 with trave l distance as well as the un

expected result of {3 < 1. 

The results of the various field and laboratory studies of 

diffusion descr ibed above yield a fairly wide scatter for the values 

of the Hay-Pas quill scale parameter . The results for {3-values, 

based on the present study, are no exception. The {3 obtained on 

the basis of the spreading variance Y 2 has values which are more 
y 
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in agreement with the /3-val ues of Mickelsen, Baldwin and Mickelsen, 

Hay and Pasquill, and Ha gen. When /3 is calculated by taking the 

total plume dispersion into consideration, the /3-values of the present 

study are higher thc.n those of others, with the exception of Haugen 

whose results include /3-values of 160, 32, 28, 26, 24, 21, 20 on the 

high side . It shows that m eandering affects the /3-results significantly 

Both Baldwin and Mickelsen ( 1), and Mickelsen ( 12) conducted their 

experiments in a narrow duct or a circular pipe in which only a 

restricted degree of meandering could be produced at small distances 

downstream from the source . On the other hand, Haugen's high /3-

values might be attr ibute d to the significant me andering effect in the 

atmosphere. This appare ntly explains why the /3-values are higher 

when the m eandering is ot disregarde d . The results for /3 from the 

diffusion data of the above investigators als o show that /3 is essen

tially insensitive to the scale of turbulence . 

In spite of the scatter in the /3-values, the possibility remains 

that practical and useful results can be obtained since the analysis of 

Hay and Pas quill, based on the scale parameter /3 , leads to a simple 

method of deriving the turbulent spread of particles directly from 

wind fluctuation records . 

Investigation Concerning Diffusivities 

The method for determining the lateral and vertical diffusivities 

K and K is based on the statistical model described in Eq. ( 2-1 0) . 
y z 
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In the uppe r half of the boundary layer, turbulence conditions are 

nearly isotropic and homogene ous, a nd the effect of shear deformation 

is a minimu m. The basic rela tions fo r obtaining K and K are: 
y z 

2 = 2 K { ~) CJ" 
y y u 

(5-16 ) 

and 

2 = 2K {~) CJ" 
z z u 

(5- 17) 

Str ictly speaking, the r elations in Eq. ( 5-16) and Eq. ( 5-1 7 ) 

z 
are valid for large disper sion times and for 6 > 0. 5 For the 

determination of K and K at the source height { 8 in.), t h e 
y z 

requir ement for % is a pproximately satisfied since the boundary 

laye r thickness for the range of travel distances ( 1 to 4 ft . ) is about 

16 in. The results of the above analysis are presented below : 

Station 10
4 

x K ' fe / sec . 10
4 

x K , ft~/ sec. 
y z 

X = 1 ft . 202 192 
X= 2 ft . 237 267 
X= 3 ft . 164 212 
X= 4 ft . 212 205 

Davar (5), in his study of diffusion from a continuous point 

source, has estimated the magnitude of t he lateral diffusivity by 

graphically solving t he diffusion equation. The comparison of his 

K values at X = 2 ft. and X = 4 ft. for y = 0, z = 0. 5 in. with 
y 

those of the present work is given in Fig. 28 . 
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With the conditions of the present experimental set-up, it is 

not possible to dr aw any conclusions regarding the values of the 

longitudinal diffusivity K 
X 

Characteristic Time Scale of Eddy Diffusion 

An estimate of the order or magnitude of JL , the character

istic time scale of eddy diffusion, may be obtained from Eq. ( 2-10) 

under the assumption that nearly homogeneous and isotropic conditions 

exist. Eq. (2-10) gives 

2 
(J" 

y 

from which 

J = 
L 

J_ (~) 
L u 

2 
(J" 

1/2 ---'y~
v' 2 ( X ) 

u 

(5-18) 

(5-19) 

Taking v' = 1. 2 w' , as before, the following results are obtained 

for y = 0 , z = 8 in . : 

X, ft. JL , sec . 

1 0.049 
2 0.063 
3 0 . 046 
4 0.052 

The computed :t -values are considered to represent the 

time scale during which a particle motion is essentially in one direc-

tion. 



74 

Suggestions for Further Research 

The experimental results obtained in the present study are 

based on a limited range of variables and hence, it is necessary that 

further efforts be made before conclusions can be established. From 

this point of view, the following investigations would be desirable : 

1. Use various types of surfaces over a wide range of ambient 

velocities. 

2. Study the effect of source height on concentration pattern. 

3. Increase the range of the diffusion field studied in the 

present investigation. This would help in obtaining a better estimate 

of the form and m agnitude of the diffusi vities K an d K and would 
y z 

also enable a determination. of K 
X 

4. Extend the scope to the heated boundary as well as a line 

source. It would be signific a nt to investigate the trend of meandering 

and of the Hay-Pasquill scale parameter over a larger range of diffu

sion field and also the effect of thermal stratification on the value of 

the scale parameter. 

It is hoped that further research on the above suggested lines 

will enhance the chances of a positive contribution towards the lab-

oratory modeling of mass diffusion in the atmosphere and, also, 

towards a more sound comprehension of the diffusion phenomena in 

turbulent shear flow. 
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Chapter VI 

CONCLUSIONS 

As a result of this study of turbulent diffusion from an 8 -in. 

high short duration point source within a neutral boundary layer, 

several conclusions may be drawn. The main conclusions are : 

1. The comparison of the experimental point source data in 

terms of the time - averaged concentration parameters with those of 

other wind tunnel and field studies revealed close agreement. For 

instance, the experimental law for attenuation of source-level con-

centration was obtained as C ~ x- 1 
· 

45 
n1ax 

This agrees well wi th 

-1 43 H 
Davar 1s form C ~ X · at the same - . 

6 

2. The total displacements in y- and z-directions, 

a- 2 , are proportional to the disper s ion time. 
z 

o-
2 and 
y 

3. Estimates of lateral diffusivity K and vertical diffusivity 
y 

K provided values whose order of magnitude agrees with the results 
z 

of other investigators. 

4. On t he basis of Gifford I s fluctuat ing plume model for diffu-

sion from a continuous point source, the total dispersion was separated 

into the components due to spreading and meandering, Y 2 and D 2 
• 

Both Y 2 and D 2 in the lateral directions are proportional to dispersion 
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time. The ratio of the pe ak concentration to the average concentration, 

for the data of this study, was found to be approximately constant . 

This was in agreement with a similar conclusion for other field studies. 

5 . The Hay-Pasquill scale parameter was found to be between 

3. 7 and 21 on the basis of spreading variance only. These values 

increased significantly when meandering was also take n into consider

ation. No single value of the scale parameter gave a fit over the entire 

range of travel up to 4 ft. No systematic pattern of the variation of 

{3 with travel distance could be predicted on the basis of these results. 

The scale parameter appears to be insensitive to scale of turbulence. 
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APP ENDIX A 

DETERMINATION OF THE MASS SPECTROMETER READING AS A 
FUNCTION OF TIME FOR A CONSTANT CONCENTRATION 

IN SMALL SAMPLE VOLUME 
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APPENDIX A 

DETERMINATION OF THE MASS SPECTROMETER READING AS A 
FUNCTION OF TIME FOR A CONSTANT CONCENTRATION 

IN SMALL SAMPLE VOLUME 

The mass spectrometer is a device which counts the total 

number of helium ions in the gas molecules per unit time passing 

between its deflection plates by producing a current which is propor

tional to the number of helium ions per unit time. Therefore, the 

current reading is proportional, for a constant concentration, to the 

flow rate through the orifice at the inlet to the mass spectrometer. 

This flow rate in turn depends on the pressure gradient across the 

orifice. 

Now the suction pressure inside the mass spectrometer is 

maintained very closely to 0. 0003 mm. Hg so that the decisive pressure 

for determining the flow rate is the pressure at the inlet end of the 

orifice, that is, the pressure in : he sample . When the gas is with

drawn from the sample, the pressure changes in the sample. This 

change, however, is very small because of the small amount of gas 

which is withdrawn and due to de: ormation of the plastic tubing which 

adjusts to maintain the pressure difference between the inside and 

outside of the tubing small. Under the worst conditions, the plastic 

tubing acts like a rigid vessel whose interior pressure changes rapidly 
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if the rate of gas flow out of it is lar ge. Under these circumstances, 

the concentration reading obtained from the mass spectrometer is 

meaningless unless the pressure inside the sample is known. In order 

to check the effect of the withdrawal rate on the reading, the discharge 

from the sample was calculated by the following procedure : 

First, a differential equation relating mass M in the sample 

(which is assumed to be contained in a rigid vessel) and flow rate q 

was set up : 

dM 
dt 

= q (A-1) 

where p is the mean density of the sample and q is a function of 
m 

the pressure p as given below: 

n 
q = C P 

1 
(A-2) 

where C 
1 

is the discharge coefficient of t he orifice used, and n is 

an exponent which has to be determined experimentally, while p is 

the pressure difference across the orifice which is close to the absolut e 

pressure. Now, neither n nor p are known when an experiment is 

performed with the polyethylene tubing samples so that one has to 

construct the curve equation from other data. 

Known are the reading r of the mass spectrometer scale 

which can serve as a measure of q and the original concentration 

in the sample. Thus, by performing an experiment, during which the 

hypodermic needle of the mass spectrometer leak is connected directly 
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into a piece of tubing in which the pressure is kept constant and 

adjustable an d in which the concentration is constant, a curve can 

be obtained showing r as a function of p for C 
1 

= constant by meas

u r ing p with a manometer. This curve was obtained by blowing gas 

from a cylinder of pressurized helium-air mixtures through a tubing 

which is c onnecte d through T-sections to both the mass spectrometer 

and a w ate r manometer , and whose opening to the air was throttled 

with a cl a mp to control the pressure. The result is shown in Fig. A-1 

yielding 

r = f
1 

(p, c
1 

q) for c
1 

= constant (A-3) 

The relation was generalized by means of a plot of q versus r ob

tained with different leak rates and different concentrations, as shown 

in Fig. A-2 . From this, one obtains: 

r = f
2 

( C 
1 
q) for p = c onstant 

By combining Eqs. (A-3) and (A-4), one obtains a result 

q= f3(p) 

(A-4) 

(A-5) 

which is dependent on the standard leak used but which is valid for all 

concentrations . The function has been plotted in Fig . A-3 . It can be 

approximated by the equation 

q= 0 . 026 pi.
33 (A-6) 
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which is valid for standard leak SCL-17 30 ( 3. 0 µ CFH). Compining 

Eq. (A-1), Eq. (A-6), and the ideal gas law yields: 

(A-7) 

Taking the plastic tubing length 1 = 5 in., d = 1 / 8 in., T = 25°C 

and inserting other values, we obtain the q - t relationship as 

q• [ 0.14+\.45t] /n (A-B) 

Fig. A-4 giving r as a function of q for different helium 

concentrations was derived from Fig. A-2 and can thus be used to 

obtain r corresponding to q from Eq. (A-8). We can, in this way, 

obtain the mass spectrometer reading r as a function of time. 

Comparison of Theoretical Predictions with Experimental Data 

Fig. A-5, Fig. A-6, and Fig. A-7 are concentration-time 

plots with standard leak SCL-1730 for 0. 5%, O. 2%, and O. 05% 

helium mixtures,respectively. After a lapse of 500 sec., the readings 

on the mass spectrometer scale were 0 . 6, 0. 21 , and 0. 055 , respec-

tively. However, if we put t = 500 sec. = 5/ 36 hr. in Eq. (A-8) , we 

obtain q = 1. 86 . This value of q corresponds to 0. 64 , 0. 23 , and 

0. 05 respectively with 0 . 5%, 0. 2%, and 0. 05% helium as shown from 

Fig. A-4 . Thus, we find that predictions based on theory and the 

experimental readings are reaso:iably close. 
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At higher time intervals, the results with 0. 5% helium are 

tabulated below: 

t, hr. _9._ Theoretical Experimental 

o. 14 1. 86 0.64 0.60 
0.50 1.08 0.52 0.55 
1.0 0.77 0.44 0.40 
1. 5 0.624 0.40 
2.0 0.534 o. 37 0.325 

The theoretical and experimental values of r have been plotted 

as a function of time t in Fig. A-8 . 
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APPENDIX B 

DETERMINATION OF SOURCE STRENGTH 

For determination of the strength of the source, the criterion 

has to be used that the mass spectrometer gives accurate readings a t 

the highest sensitivity {leak ra-: e at 86.0 µCFH) which correspond to 

helium concentration of about 2. 5 ppm. Therefore, the helium puff 

must be of such an intensity that a concent ration of 2. 5 ppm occurs 

at the outermost edge of interest of the diffused puff. 

Assume a three-dimensional Gaussian distribution for the 

diffusion cloud with er ':' = er ':' = er,:, where er':' = characteristic scale 
X y Z 

length of the diffusing plume in the direction denoted by subscript x 

or y or z , where C {x, y, z) = 0 5 Defining C as the 
C · · sens 

max 
lowest concentration that the mass spectrometer can accurately detect 

at its highest sensitivity, one can write, th en 

C 
sens 

= c e-A(:,:z) 
max x 

Using the definition of er ':' above, one ob t ains 

A= ln 2 and thus, 

C = C 
sens max 

-ln 2 (~) e er ~-
x 

(B-1) 

{B-2) 
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Taking into consideration the y and z-directions as well, one 

gets: 

C = C 
sens max 

(T ,:, 2 ] 

z 
(B-3) 

Assuming that C is located at some reasonable distance from 
sens 

the center where, for instance, 

X = 2 (T,:, 
X 

y = 2 (T ,:, 
y 

z = 2 (T ,:, 
z 

In that case, on has 

C = C 
sens max 

-12 ln 2 
e (B-4 ) 

The discharge of helium from the injection nozzle is given by 

Q = u A (y, z ) and thus one can define mass sensitivity G as follows : 

G =Joo u A(y, z) C dt (B-5) 
-oo 

Since the exit velocity u is approximately equal to U , one 
co 

can write that 

u = U = constant 
oo 

and hence, 

G = Au J: C dt 

=AC Joo 
max -oo 

(B-6) 

x2 
- ( ln 2) ~ d 

e CT ' '' X 
X 
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which gives 
er >::: 

G=AC _x_~,;
max -{fn1 V" 

In the three-dimensional case, one obtains 

Taking 

G = C 
sens 

12 ln 2 
e 

cr =❖= cr ,::: er ,::: 
X y Z 

{ ln 2) 
3 

/ 
2 

{1r) 3/2 

a-':' = a-'~ = a- ':' = 0. 00625 ft. (Ref. 11) 
X y Z 

and C = 2. 5 ppm , one obtains 
sens 

G = 2. 5 

10
6 

from which 

1 2 ln 2 ( 0. 0 6 2 5 ) 
3 

x ( 3. 14 ) 
3 

/ 
2 

e 
{ ln 2) 

3 
/ 

2 

G= 0.233 x 10-
4 ft.3 

Tubing Length Required to Store Helium 
In the Instantaneous Source 

(B-7) 

{B-8) 

Let L = length in ft. of 1 / 4 in. I. D. copper tubing required 

to store the amount of helium given by G , then 

-4 7r 1 2 

0.233x 10 = 
4 

(
4

x
12

) L 

which gives 

L ~ 1 ft. 
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APPENDIX C 

DETERMINATION OF SAMPLE SIZE 

The mass spectrometer has a response time of about 20 to 

30 sec., and it takes about two min. for the indicator to reach a 

steady final reading. Calculations must, therefore, be made for 

a recording time of three min. in order to ensure sufficiently large 

sample size for a reliable determination of concentrations. 

Now, the total volume needed for a three min. recording at 

a rate of 100 µ CFH is given by 

V =180x100x10-
6 

x (12 )3 in3 
3600 . 

This volume of the helium-air sample will be contained in a 

1 / 8 in. I. D. polyethylene tubing. If L I in. is the length of this 

tubing, then one obtains : 

180 X 100 X 10- 6 

3600 

from which L 1 
""' 0. 9 in. 

= rr (.!:_/ L' 
4 8 

Thus, each compartment of thE sampling apparatus would consist of 

0 . 9 in. long polyethylene tubing ( 1 / 8 in. I. D.) in order to conform to 

the mass spectrometer specifications. 
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APPE:--JDIX D 

PROCEDURE FOR OPERATION 

Set-Up Procedure of Helium Supply Arrangement 

The valve v
1 

(see Fig. 4) is kept closed at all times during 

the set-up procedure. The sol enoid valves V 
4 

and V 
5 

are in the 

de-energized position and the flowmeter reading is recorded. The 

valves V 
2 

and V 
3 

are then placed in position 2 and the solenoid 

valves V 
4 

and V 
5 

are energized through the control box. The 

flowmeter is read again. If the two flow meter readings are not the 

same, the procedure is repeated after adjusting the needle valve 

placed along the polyethylene tubing between valves V 
4 

and V 
5 

until 

the flowmeter gives the same readings for either valve position. 

Operating Procedure for Instantaneous Source 

After completing the set-up procedure, the solenoid valves 

are left in the de-energized position and the valves V 
2 

and V 
3 

are 

placed in position 1 as indicat ed i n Fig. 4 . The valve V 1 is opened 

for a short period of time which is sufficient to fill the tubing between 

V 
2 

and V 
3 

with 99. 9% pure helium gas. The valve V 
3 

is closed 

first after which the valve V 
1 

on the gas cylinder is closed. The 
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tubing between valves V 
1 

and V 
2 

consists of a metal connection at 

an intermediate point J at wr_ich the connection between V 
1 

and V 
2 

can be broken, and its end ke pt closed in such a way that the helium 

gas between J and V 
3 

is not exposed to the atmosphere. The tubing 

end at J is then exposed to the atmosphere for a fraction of a second, 

thus ensur ing atmospheric pressu r e between point J and valve V . 
3 

Long ex posure to atmosphere might cause some helium to be displaced 

by air inside the tubing . The valve V 
2 

is then closed, still firmly 

closing the end of the tubing at J . Thus, a known amount of helium 

gas is enclosed in the copper tubing between the valves V 
2 

and V 
3 

By placing the valves V 
2 

and V 
3 

in position 2 after the solenoid 

valves V 
4 

and V 
5 

have been energized, this known amount of helium 

at atmospheric pressure is released at a determined flow rate into 

the flow of the wind tunnel. 

E xperimental Procedure for Taking Data 

The flow rate on the suction flowmeter is adjusted at 190 

cm.3/ min . after starting the su ~tion pump . This gives the rate at 

which the sample is withdrawn from the wind tunnel. The 1 / 8 in. I. D. 

polyethylene tubing is placed in the slot provided for it in the sampling 

apparatus and the two ends of the tubing are connected to the sampling 

probe and the suction flowmeter respectively. The solenoids are 

checked by pressing the aluminum bars hard in order to make sure 

that all solenoids will go down c ompletely when energized. After the 
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connections between various components of the apparatus have been 

checked, the polyethylene tubing between the valves V 
2 

and V 
3 

of 

the instantaneous source is filled with helium gas at atmospheric 

pressure. The timer is set or_ a certain time (t sec.) and the oper

ating switch on the control box panel is pressed. This releases an 

instantaneous puff of helium through the injection probe into the atmos

phere of the wind tunnel and the sampling probe is subsequently exposed 

to a cloud which consists of he~ium and air as a result of diffusion of 

helium into air. A part of this cloud is sucked through the sampling 

probe into the sampling apparatus. A period oft sec. elapses between 

the release of the puff and the energization of solenoids of the sampling 

apparatus. As soon as the solenoids are energized, a metallic rod is 

inserted through the holes in the aluminum bars and the iron brackets 

and the switch on the control box panel is pressed again to de-energize 

the solenoids . Twenty samples consisting of helium-air mixtures are 

thus obtained and the aluminum base of the sampling apparatus can 

now be slid out for the subsequent analysis of these samples with the 

mass spectrometer. If the samples contai n no helium, it implies 

that either the timer setting was too short (in which case the cloud 

did not even reach the sampler ) or the setting was too long (in which 

case the cloud went past the sampler). This problem, then, calls 

for trying different timer settings until part of the cloud and even

tually the whole cloud is symmetrically brought over the entire length 
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of the sampler. Often this requires several trials before most of the 

cloud can be centered at the sampler. The schematic lay-out of the 

method of taking data is shown in Fig. 10 . 

In the analysis of the samples with the mass spectrometer, 

the sample is extracted from the polyethylene tub:ing by means of a 

hypodermic needle, as was described in Chapter II. The hypodermic 

needle is inserted in all the twenty compartments of the sampler and 

the mass spectrometer readings recorded. These concentrations, 

when plotted as a function of distance along the length of the sampler, 

give a concentration profile. 3ight to ten such concentration profiles 

are taken consecutively at a point in the wind tunnel. Since the sen

sitivity of the mass spectrometer fluctuates, it is more worthwhile 

to convert the indicator scale readings into ppm of helium in the 

samples. This is done with the help of calibration procedure which 

was outlined in Chapter II. 
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APPENDIX E 

DETERMINATION OF THE EXPECTED VALUE OF THE PEAK 
CONCENTRATION ON THE BASIS OF m READINGS 

Consider the m values of the concentration C . Then, the 
p 

probability distribution of C is given by 
p 

p [ cp < X l = F (x) (E-1 ) 

If c,:, is the maximum of the m values of C then 
p p 

F * (x) = P [c; < x] = P [c < x, c < x, ... , c < x] 
P1 Pz Pm 

x] P[cp2 < x]- .. P[cpm ~ x] 

or 
m 

F >:' (x) = F (x) 

Assuming that C is uniformly distributed, one has 
p 

x-a 
F(x) = -

b-a 

Thus, from Eq. (E-2), 

m 
(x-a) F,:, (x) = ~~--

m 
(b-a) 

The corresponding density func t ion is given by 

m-1 
m (x-a) f ,:, (x) = -

(b-a)m 

(E-2) 

{E-3) 

{E-4) 

(E-5) 



Thus, 

100 

m 
m 

(b -a ) 
f

b 
m-1 

a x (x- a ) dx 

m 
1 

(b -a ) + a 
m+ 

(E-6) 

I\ 
from which b , the expected value of the upper limit b , is given by 

~ = m+1 [(c ) -~1 +~ 
m P max 

(E-7) 

where ~ is an estimate of the lower limit a , based on m values. 

Let C be the minimum of m valu es of C 

can show that 

P,:, p 

1 
= --(b- a ) + a 

m+1 

Combining Eq. (E- 6 ) and Eq. (E-8) , one obtains 

Then, one 

(E -8) 

E [(c ) -(C ) ] - m (b- a ) + a - -
1
-(b-a ) - a 

P max P min - m + 1 m + 1 

m - 1 
= m + 1 (b- a ) 

or 

(E- 9 } 

Combining Eq. (E-8 ) and Eq . (E-9 ) , one has 

1 
m + 1 

m + 1 [ (C ) - (C ) l + ~ = (C ) 
m - 1 P max P min P min 

or 

~ = (C ) P min -
1 

m - 1 
(E-10} 
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Substituting ~ from Eq. (E-10) into Eq. (E-7), 

'b = m + 1 [{( C ) _ ( C ) } + 1 
m P max P min m - 1 

from whic h one obtains, on simplification, 

(E-11) 

where (Cp) and (Cp) . on th e right-hand side are,respectively, 
max min 

the max ·mum and minimum values of C , based on m readings. 
p 
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APPENDIX F 

C ONCENTRATION PARAMETERS BASED ON EXPERIMENTAL DATA 
USED TO CALCULATE THE VARIANCES DUE 

TO SPREADING AND MEANDERING 
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APPENDIX F 

co~ .E ... ,- TRAT O PARAMETERS BASED O - EXPERIMENTAL DATA 
·-sED TO CALC LATE THE VARIA CES D . E 

TO SPREADL G AND MEA DERING 

St a tion E [(cp) m ax l ppm C 'ppm C ' ppm m a p 

1 ' 0 8 I ) 

' ' 
18,663 97 00 38 9 0 

(2' , 0, 8
11

) 5, 59 5 4000 1413 
(3', o, 8 11

) 4, 040 2750 595 
( 4 , 0, 8 II ) 2, 340 1350 489 
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A PPENDIX G 

A TYPICAL SET OF VALUES FOR PARAMETERS USED IN 
THE GRAPHICAL DETERMI ATIO OF THE SCALE 

PARAMETER, {3 , FROM DIFFUSION DA TA 



1 
4 
8 

12 
16 
25 
32 
50 
64 
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APPENDIX G 

A TY P ICAL SET OF VAL ES FOR PARAMETERS USED I 
THE GRAPHICAL DETERMINATION OF THE SCALE 

PARAMETER, (3 , FROM DIFFUSION DA TA 

Station : (1 1,0,8 11
) 

A l::lu m ed value of (3 = 14 

T = 0. 06 7 sec. 

V 1 2 =- 0 . 3 6 ft~ / Se C ~ 

FE(n ) 
1r nT 

Sin ( 1r ;T) F (n){Sin(,nT /~ )}' 
(3 E (1r nT /(3 ) 

0 . 0404 0.015 0.0150 0.0404 
0. 0366 0 . 060 0. 0599 0.0365 
0 . 0296 o. 120 0. 119 0.0296 
0 . 0189 0. 180 o. 179 0.0187 
0 . 0125 0.240 0. 236 0.0122 
0. 0049 0. 376 0.367 0. 00 47 
0 . 003 1 o. 480 o. 462 o. 00 28 
0 . 0018 0 . 752 o. 682 0. 00 10 
0 . 0010 0 .96 0 0. 819 0.0004 
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Fig. I SCHEMATIC PLAN VIEW OF PLUME MODELS 

(a) Superimposed, spherical puff model 

( b) Spreading disk models 

(c) Real plume, considered as superposition of elementary 

puffs 

(d) Fluctuating plume model with spreading disk elements 
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