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ABSTRACT

DIFFUSION FROM AN INSTANTANEOUS POINT SOURCE
INTO A TURBULENT BOUNDARY LAYER

Diffusion of helium gas from an instantaneous point source
within a neutral boundary layer has been studied. The investigation
was made in a wind tunnel of the Fluid Dynamics and Diffusion
Laboratory.

Concentrations from a simulated point source, located at a
fixed height of eight inches above a smooth surface, were measured
for several downstream cross-sections of the diffusing cloud. The
free stream velocity for the entire study was 20 ft. /sec. Statistical
parameters have been used to describe the concentration data in terms
of the time-average as well as the maximum instantaneous concen-
tration at a point in the diffusion field.

The lateral and vertical diffusivities are determined from the
diffusion data. Comparison of data from the instantaneous point
source, in terms of the time-averaged concentration parameters, with
the continuous point source data of other investigators shows good
agreement. The concentration data are presented in terms of dimen-

sionless parameters.
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Separation of the total dispersion into two components,
spreading and meandering, is obtained on the basis of Gifford's
fluctuating plume model. The results of this analysis have been used
to determine the Hay-Pasquill scale parameter which relates the
Lagrangian and Eulerian scales of turbulence. The values of the scale
factor, obtained on the basis of spreading variance alone, are in
clcse agreement with those of other investigators. Meandering is
shown to have a significant 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 placed 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



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.



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. Compariscn with existing data.

One of the main objectives of the present investigation was
to study Gifford'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



determine the Hay-Pasquill scale parameter relating Lagrangian

and Eulerian scales of turbulence.



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 boundary. 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 developed in analyzing diffusion
processes: the K-theory and the statistical theory. Each theoretical
approach is first reviewed briefly 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 in atmospheric diffusion
was based on an assumed analcgy with the model of molecular

diffusion. Many practically useful solutions have been obtained by



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

oc| . @[, acC
+ 1y — L= 2 b
Yox T 8% Byay | ™ az(Kz az)

oC 0C oC oC _ 0 oC el
ot ox Vay+waz —8X(Kx ) +8

(2-1)
For the case of mean wind v=w =0, and considering that
9 oC 3 ; : ;
Yy Kx& is small compared with other diffusion terms, the
x

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

point source

aC 3C . aC 9 5C
i pfas 8 g B8) LB 2-2
ot T Yx oy |y | Tz |Keoz ) (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 Kx’ Ky, Kz, and

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 mathemazical solutions of Eq.(2-2). The

commonly used simplifications include:



a. KX, Ky, KZ: assumed constan:, isotropic or nonisotropic,
and varying with height according to specific power laws (19),
b. wvelocity 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 inthe kinetic
theory. Second, concerning the exchange coefficients Ki’ Richardson
(21) has pointed out that values can range from 0.2 cm. 2/ sec. for

i1 cm. ¢/ sec. in atmospheric storms. The

molecular diffusion to 10
K-coefficients are not universal parameters but are controlled by the
scale of turbulence; different K-coefficients would apply to different
diffusion 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 profiles. Several useful results derived



from this theory have been reviewed and discussed in the book by

Sutton (19) 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 described 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

o BC

0 9C ) oC ) oC
kA —=, — — — = e
ot  "9x ox | xox B oy Ky oy iy Kz 0z Ll
where
i dY;(t) —
= = 2 . - 2 -
KX el : YX(t) [x(t) x(o)] (2-4)

analogous expressions hold for Ky and KZ
It is to be noted that Eq. (2-3) is identical to the equation of

diffusion (2-2) arrived at on the basis of the K-theory model of



gradient-type diffusion. As stated, this equation makes no distinction
between turbulent and molecular diffusion, the Ki being free to vary
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 mechanism 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,

fot
YZ—Zu'ia o Jo Ry (£)dedt (2-5)

) _ . 2
variance or one-dimensional spread, ui = mean

where Y?
square value of instantaneous velocity fluctuation, RL(E) = Lagrangian
correlation coefficient, and T, t, £ 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 tﬁe 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) the intensity of the turbulent velocity
fluctuations u{ , and (2) the form of the correlation function RL(E)
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(S) remains zero.

(1) For very small T : (T << g&*)

RL(S )= 1.0

T
Y2 = 2u'? Jo t'dt'~nu'? T
i i i

— 1/2
which gives Yf ~ T

The diffusion proceeds linearly with time.

(2) For large T : (T > &%)

2u£2 foT dt [fot RL(S)dS]

Y2 ~
i
fT
= 1é = s 2-6
2u® Jo dt JL 2 uf ]LT (2-6)
L 1)2 {
which gives Yi2 [z . 2
1/2

Thus diffusion proceeds proportional to T for large T . Here ‘7L

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 fluid 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

0C(x,v,2,1t)
ot

= KVv2C {2-7)

where C = mean concentration at a point (x,y, z) at instant t,
K = coefficient of eddy diffusion independent of dispersion time.

The solution for this differential equation is

T kt

Q 2 2 2
_ (o) _X Ty + Z _
C(X,y,Z,t)—&—)m exp [ 2 k1 ] (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

Q 2 2 2
- +
C(x,y,2,t) = TO?:’Z exp [- = L — = ] (2-9)
(27 Y2)~! 2 Y?
i i
T t
where Yi2 = Zui2 o ot fo RL(S)dE . (2-5)

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

are identical if molecular diffusion is negligible, and

2 _ 5 (q'2 - , 2-10
¥ 2(ui jL)t 2Kt ( )
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In this manner Frenkiel demonstrated an important relation,
that for a homogeneous and isotropic turbulent field, for very large

diffusion times (T >> J

L) , the exchange coefficient gradient-type

model of diffusion expressed by the Fickian law 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 >> ‘7L . 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 cn the variance Yi2 of the wind velocizy

fluctuations ui , or

- — T t
2 _ P2 2=
¥ = 2w fo dtfo R, (£) de (2-5)

From dimensional considerations, Sutton obtained an equivalent

expression for the Lagrangian auto-correlation coefficient so that

u{(t)ui(t+§’) y n

R, (£) - - (2-11)
s i v+u'? e
i

u.
1

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

between 0 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

V4

6

_u
U(I)

ol N

)i/s

B
) 2-n : (2-12)

Integrating Eq. (2-5) after inserting RL(E) as defined in Eq. (2-11),

gives
— T t
Y2 =2u? jﬁ dt_[ — df
= ' 2 °© v+ w?e
i
» 2-n 5
2 v [ 2 } 2v 2vT
= v+u!® T| - -
i -z 1= 2-13
(1-n)(2-n) u!'? ! (1-n)(2-n) u{ " ( )

Neglecting terms of order v in comparison with uiz T, one obtains

for large T,

S > n 2-n
Y? = z [u'a T] (2-14)
1

1/2 sz S ) e (2-15)

where the virtual coefficient of diffusion C1 is given by

n u!? 1-n
CRL . £ 1 (2-16)

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

taneous point source is

2

2 2 2
C(x,y,2t)= @ (TT) {X ER. A

[ sle e 2 o
! sle - 3 2 = k2 3 3K
x3/2 C*C*Cx*(uT) /2[2-n] cx Cy 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,2) = C#2 (2-18)

This expression is valid for constant Cy and CZ in a
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 experimental work, the boundary was an
aerodynamically smooth surface and stability conditions were approx-
imately neutral. Sutton's Eq. (2-18) is therefore applicable for a
point source located at the boundary, for the assumed conditions of
constant Cy and CZ in a uniform velocity field. Except in the
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

s
u,?

turbulence jl- , the mean velocity u , and the parameter n . In
u

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

u, Cy and CZ remain constant which is not true but it is claimed

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 expression, he has suggested the use of a mean
diffusion coefficient appropriate to the layer defined by the height of
the source. This procedure is justified on the basis of a relatively
slow variation of C1 with height. When there are no buoyancy effects,
or loss of particles at the boundary, the relation is given by

-y? z - h)? z+ h)?
Qexp{ mrzlr eXP'éWnL + exp éTX'zla
z

y /4
TC*C* T XZ-n (2'19)
y V4

C(x,y,2) =

Experimental Investigations

Because of the non-existence of a model for the turbulent
motion in shear flow from which a detailed theory of turbulent diffusion
may be formulated, many 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 devoted mainly to the determination of the maximum
or average level of concentration and the magnritude 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 correlations with the theoretical results. A
brief summary of the main conclusions drawn from the early investi-
gations, namely at the Salisbury Plains, Porton, in 1923, and

Cardington, England, in 1931 and reported by Pasquill (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 studies in the turbulent boundary layer have
been done by Davar (5), Malhotra (11), Poreh (16), Bhaduri (2), and
Quraishi (17) 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 0 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

g @ X W (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

1.40
(2-21)

n

1.95
o675 /) Np— (%) +

C max

where the length parameters A and n are defined by

C(x, 2, 0) - 0.5 (2-22)

C max
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and

Cx0,1n) . 0.5 . (2-23)

C max

Malhotra (11 ) also observed that within the range of Davar's
(5) and his experimental data, the dimensionless concentration dis-
tribution function was independent of the ambient velocities (range
6.0 - 25.0 ft. /sec. ).

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

o X IE (2-24)

From the diffusion data of Malhotra (11) and Davar (5) on the
lateral growth of plume spread, Malhotra (11) observes that the rate
of growth is not quite independent 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:
A a X . (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 0 to 1 in. He found the attenuation law of the

form
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Claga] . exp | - 0.692 (§)01 + (E)

C max n (2-26)

The values of o and B' were slightly different from those of
Malhotra (11) and also varied for different source heights. He also
found that the dimensionless concentration 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

n « XB'
where (' 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 sense that it makes provision for fluc-
tuations 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'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. 1(a). For methematical convenience, dispersion in the
direction of mean wind (x-direction) is neglected in practice, leading
to the "spreading disk' dispersion model for plumes, shown in Fig. 1(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. 1(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 olume 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. 1(d) illus-
trates this model schematically. Considering a two-dimension
dispersion problem, then, one can write the following expression

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

of material that is undergoing dispersion:

—— L | (y-D )?+(z-D )*
% s {2 Y2 u] exp | - A z (2-28)
2¥*
where R = rate of emission of meterial at the source,
Y2 = variance of the material distribution in individual

disk elements,

u = mean wind speed, and

)
o

distances from the x-axis in the y- and z-directions.



The variance Y? 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 func:ion, fluctuating at any point as a result

¢
R
of variability of Dy and DZ .

Under the assumption of Gaussian distribution for the mean
plume concentration, the average over many trials, M , of the

relative concentration distribution is given by

-1 >

M % = |2 (YZ+-D_2)u exp — (2-29)
2(Y? + D?)
where r = (y?‘+zz)1/2 3

D? = variance of the function g(r), and

(1]}
]

frequency function associated with the variability of Dy
over all trials. The y- and z-dispersion are assumed
independent and equal.

In the above analysis, the symbols Y? and B—?‘ 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 the ratio of Eq. (2-28) to

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

peak to average values of concentrzation should be, essentially,

Peak Concentration Y_2 + D2
- = — (2-30)
Average Concentration 2
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According to the results of the similarity theory of turbulent
dispersion, Y? is expected to vary as (t - t )® for clouds being
o

dispersed by turbulence fluctuations lying entirely in the inertial

subrange. On the other hand, (Y?+ D?) should vary as the square
of dispersion time, for small (t - to). Both Y2 and (Y?+ D?) must,
for large values of dispersion time, vary as (t - to). As a result,

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

Peak Concentration (t - to) , (t- to) Hrhall

Average Concentration

constant , (t - to) large.

Hay and Pasquill (9) treated the problem of relating the spread
of particles released serially from a fixed point to features of the
turbulent flow which can be measured or estimated. They started
with Taylor's well-known relation for steady, homogeneous turbulence,

which can be written as follows:
L L T rt
v - ZV,ZL L R, (£)de at (2-5)

where Y is the displacement of a particle along the y-axis under the
action of the corresponding component of eddy velocity, v' , affecting
the particle and RL(S) is the correlation coefficient (Lagrangian in
type) between this velocity at one instant and the velocity of the same
particle at a time & later. For horizontal diffusion over level uniform
ground, or for diffusion in any plane at positions well away from the
ground, it is reasonable to assume quasi-homogeneity and applicability

of Eq. (2-5).
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Hay and Pasquill attacked the problem of interpreting RL(E)
in terms of Eulerian properties by starting 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 in
shape is satisfied roughly, the assumption of precise simliarity is
unlikely to introduce large error. Thus, the Lagrangian correlation

coefficient R (&) for a particle might decay with time in a similar

10

manner to the Eulerian correlation coefficient RE(t) measured at

a fixed point, but with a different time scale, i.e.,
= = 2-31
RL(E) RE(t) when £ = Bt (2-31)

where [ is the ratio of the Lagrangian to the Eulerian time scales.
The relation between the corresponding spectral functions F(n) ,

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

@
] ) Cos (2mnE) d&

co
f 1 (Bt) Cos (2mngt) d(Bt)

follows:

L(n)

1

1"

4Bf ) Cos (2mnpt) d

B Fg(Bn) (2-32)
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By definition, F(n)dn represents the fraction of the turbulent energy
contained in fluctuations of wind speed with frequencies in the range

n to n+ dn and hence,

oo @
‘/; FL(n)dn= fo FE(n)dn=1

For a lateral spread of particles Y? after a time of travel T

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

= —_— (00] s 2
V2= g2 T2 fo F,(r) Sin(mnT) \ “dn | (2-33)

m™nT

where v'? is the variance of the lateral component of particle velocity,

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

——— i (08) 5 2
Sin(™n T dn
¥® = w'® Tzfo B Fp(Bn) { —n7 )

or

=

- o X 2
_ 122 f . S1vn(7rnT/[3’§ dn 2_34
v o FE() (anT/B) ( )
This form of Taylor's equation displays a basic property of diffusion
from a continuous point source, namely, as travel time from the
source point increases and the plume grows in size, the smaller
turbulent eddies become increasingly less effective in further diffusion

i 2
of the plume. The filter function —lSl?ﬂr(l;t;FE

is equivalent to smoothing
the velocity record by an averzging period T .

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

greater than the period of emission of the particles, it is assumed that
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v'? 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 8 , v'? , and the form of

FE(n) , and the observations of dispersion and turbulence may be
used to evaluate B . Hay and Pasquill tested their analysis scheme
on a series of eight diffusion experiments, where crf , 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 [ 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

2

f
(0] O—t

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
B and obtained values of B 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 scele factor B and found that an average



value of B 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 produced results comparable

to those of Hay and Pasquill. For these 13 experiments, the values
of B lay between 1 and 10 and the average value was 4.64, not
appreciably different from the suggested value of 4 . In addition,

no significant or systematic variation of 8 was noticed with travel
distance for these experiments. This observation supports the
assumption of a fairly constant scale factor. The remarkably frequent
occurrence of B less than unity for other experiments, however,

is contrary to expectation and is particularly noteworthy for occurring
most consistently in the cases of strong thermal instability and sta-
bility. From his investigationof the degree of stationarity in the
Eulerian records, he concluded that non-stationary conditions inher-
ently produce non-systematic variations of B with distance as well

as the unexpected result of < 1 . He further asserted that the
possibility remained that practical and useful results can be obtained

because of the relative insensitivity of Y* to the actual form of

R_ (&) . Thus, even though one might obtain results with large

1
variation in the values of B and values of B:< 1, useful predictions
of the particle spread versus travel distance may still be possible

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

inverse relationship between [ and v' for experiments which

produced [B-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 considering 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 will be separated into the components of
spreading and meandering. The Hay-Pasquill scale parameter, f ,
will then be calculated for the diffusion data of this study by first
disregarding the meandering effect and then including it. The effect
of meandering on the values of the scale parameter will thus be
studied. The B-values for the present case will be compared with
those obtained by other investigators for various field and laboratory

studies.
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Chapter III

THE EXPERIMENTAL SYSTEM AND PROCEDURE

The primary objective 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 Fluid Dynamics and Diffusion Laboratory at Colorado
State University. A schematic diagram of this wind tunnel is shown in
Fig. 2.

The wind tunnel is constructed 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 turbulence which is present in the

air stream due to action of the Zan is reduced by the screens and the



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 air enters the test section with uniform velocity
and at a low initial level of turbulence.

The air velocity is maintained 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 the DC motor or by
adjusting the pitch of the propeller blades. Since no load changes
develop during operation, a constant fan speed assures constant test-
section velocities. The test section ceiling was adjusted so that
experiments were performed at zero pressure gradient.

The controls for the drive are located in the control room
between the test section and the return duct. The control room also
houses the mass spectrometer which measures the concentration of
helium in helium-air samples.

The performance 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 an injection probe through which a
continuous stream of air is emitted into the boundary layer at a mean

velocity which is 9.5 ft./sec. in the undisturbed boundary layer at a
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point where the source is located. An injection rate of 14,0 ft. */hr.
(corresponding to an exit velocity of 9.5 7t. /sec. ) was maintained by

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

To this air stream, a volumeofhelium 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. O.D. and the narrow end of 1/8 in,
O.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
or "'mayon'' tubing of 1/8 in. I.D. was used to connect the 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 V2 and V3
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. V4 and V5 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 V2 and V3

at atmospheric pressure and these valves are then placed in position
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2 in order to hold the gas between them. When the solenoid valves
are not energized, air from a displacement type vacuum pump takes
path 1 through V4 and V5 and the flowmeter to the wind tunnel. The
flowmeter is adjusted at the desired flow rate with the air passing
through it. When the solenoid valves are in energized state, the air
takes path 2 through valves V4 " V2 3 V3 , and V5 to the wind tunnel,
thus carrying with it helium gas which enters the atmosphere of the
wind tunnel as a helium puff. At the above-mentioned flow rate of
14,0 ft.*/hr., the helium gas which is contained in the 1/4 in. I.D.
tubing of one foot length of the supply arrangement comes out of the
source nozzle in approximately 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 VZ and V3)
was cut out and replaced by a 1/4 in. I. D. polyethylene tubing. The
modified tubing was then filled with 0. 5% standard helium mixture
(containing 99. 5% nitrogen) at atmospheric pressure. The concentra-
tion of the helium mixture in the tubing was determined by inserting
a hypodermic needle from the standard leak end of the mass spec-
trometer into the plastic part of the tubing between V2 and V3
The experiment was repeated several times and a new plastic tubing
was used each time. It was noticed that the concentration readings

were identical within 5% in each case. Therefore, a helium 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 is withdrawn from the wind tunnel, and
the sampler with sampling traps. The detailed drawing of the sampling
system is given in Fig. 5.

The sampling probe was made of copper tubing (1/8 in. O.D.)
and was held parallel to the streamline 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 plastic
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 structure
with hinges. L-shaped brackets are screwed onto the base plate in
such a way that between each pair of brackets there is just enough
space for an aluminum lever (3 in. x 1/2 in. x 1/16 in. ) to move in
the vertical plane. The free ends of the 21 levers are connected to
solenoids with piano wire loops which are fastened to the 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 length of the base plate under the sluminum levers. When the

solenoids are actuated, the tubing is divided by this arrangement
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into twenty 0.9 in. long compartments. The current for all the
solenoids is supplied through a switch in the control box which con-
trols the operation of taking the diffusion data. After 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 samples can be removed
from the wooden structure so that the samples can be moved without
carrying the heavy wooden part with the solenoids.

The size of the solenoids was determined from preliminary
experiments with a single bar and a piece of 1/8 in. I. D. plastic
tubing. By using a mechanical advantage of 3, the minimum weight
required to close the tubing completely was determined experimentally

and was used to specify the pulling force and the stroke of the solenoids.

The control system

The release of the helium puff and the energization of the
solenocids are synchronized through a control box whose performance
is giverned by a timer. The sampling apparatus, timer, and the
helium supply arrangement are connected to the control box., A
switch on the panel of the control box is pressed to actuate the solenoid
valves of the supply arrangement which can be de-actuated by operating
the switch again. The control box also serves as the relay station
which provides the time delay between actuating of the helium supply

system and the solenoids. 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 required. The timer selected
for this purpose (Lectra Laboratories, New York; range 0-100 sec. in
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. */ min, ) at 190 cm. 3/ min. This
suction rate corresponded 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 concentrzations of the helium-air samples,
a leak detector type mass spectrometer (Model MS-9A, Vacuum
Electronics Corp.) was employed. A hypodermic needle was directly
connected to the standard leak which formed 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 tubing. The concentration reading can be taken
directly from the meter or, alternatively, can be plotted as a function

of time on a sensitive recorder,

Calibration of mass spectrometer readings

After each concentration profile, the mass spectrometer is
calibrated by noting the readings obtained with three different helium-
nitrogen standard mixtures (containing 0.5%, 0.2% , and 0.05% helium).
These standard mixtures were chromatographically tested for their
helium contents and were found to conform to their guaranteed spec-
ifications within + 10%. A calibration plot between the mass spectro-
meter scale reading and the ppm helium is then constructed by joining
the three points obtained with the standard mixtures. 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 changes in sensitivity of the mass spectrometer. This
change in sensitivity is especially significant in the first few hours
after the electronics of the machine has been turned on. With the
passage of time, the sensitivity of the machine becomes more and
more stable and the calibration remains fairly constant. When the
sensitivity of the machine is very low, as indicated by very low
calibration readings, the mass spectrometer needs a ''tune-up'’ which
requires replacing the standard leak by the sensitivity calibrator,

SC-4, and following the recommended procedure 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 yield 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 corresponding to mass spectrometer readings over a large

range,

The calibration plot can be represented by the relation

vy=A X" (3-1)
which gives a straight line plot between logy and logx . In

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 concentration reading as a result of diffusion through the tubing.
The samples were stored for various lengths of time after having been
made and were then analyzed for their helium 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 detected.

(2) Tubing length: The length of the plastic tubing in which the
helium-air sample is collected may or may not have significant effect
on concentration measurements with a mass spectrometer. 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 in 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 change of
pressure across 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 data supplied
from a special experiment which showed that even the largest leak
rate would give a well-defined reading for a sample tubing of 1/8 in.
I[.D. and 5.0 in. length. Experiments 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 available standard
leaks with flow rates of 86.0, 15.0, and 3.0 u 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 velve was opened only slightly, thereby
ensuring flow of the gas through the plastic tubing at a low pressure.
After making sure 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 advance. Finally,
the tubing was cut at 3 and analyzed. The probe thus consisted of a
known volume of helium-air sample, contained between points 2 and 1,
of known concentration , at atmospheric pressure.

(4) Variation in standard gas specifications: In order to
verify the manufacturers' 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
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ppm) was actually found to contain (0.5 + 0, 05)% helium. This,
however, is a systematic error which should not affect the observed
results.

(5) Stability of mass spectrometer: The sensitivity of the mass
spectrometer plays a major 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 about 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 the tubing compartment in
the sampler can be an important factor in measuring concentrations.
In order to investigate the effect of this sampling 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 mass
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spectrometer reading rises from 0 to a final steady value. It was
found that a sampling time of 1.0 min. would be 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 possibilityv of error as a result of insufficient
sampling time.

(8) Background contamination: Since the tunnel used for the
present investigation was of recirculating type, it was feared that
the concentration level of the embient 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 diffusion cloud through the tubing:

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

distortion of the diffusion cloud during its passage through 3 ft. long
plastic tubing (when the cloud is sucked from the sampling probe to

the sampler), a special experiment was conducted outside the wind
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tunnel. In this experiment, 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 the sampling probe
to the sampler in taking the diffusion data in the wind tunnel. The
other 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 plastic 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 approximately 2, 000 ppm (0. 2% ) helium, from calibration pharts
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. The response in Fig. 9 is then
an accumulative or integrated form of a time instantaneous pulse and
can be interpreted as the response to a continuous pulse of short
duration. In order to determine the variance of this curve, slopes
f (Xi) at various values of X, (along the sampler length) were deter-
mined and a new curve for f (xi) vs. X, was plotted. The variance

of this curve was then graphiczally calculated from the general formula:

(0¢] o8} 2
jo x? f(x.) dx, f x, f(x,) dx,
0‘2 _ 1 1 1 _ O 1 1 1 (3_2)

The value of the variance was calculated to be 0. 005 ft.  (or standard
deviation = 0. 07 ft.) which is a measure of the distortion of the diffusion
cloud through the tubing.

This distortion can alter the shape of the concentration profiles
which are obtained in the diffusion experiments. The spread of the
profile, as given by variance, would then change and the corrected

value of the variance for the data would be given by

c2=¢? - 0'; (3-3)
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2 . . . 3 .
where oy = variance of longitudinal dispersion,
2 . .
and o5 = 'source directly connected' variance.

Considering that a time of approximately 0.1 sec. is needed
for the whole helium puff to come out of the injection source, one
finds that a length of 4 ft. in the directly-connected experiment
corresponds to 1.31 x 0.1 = 0,131 ft, of the wind tunnel experiment
in which the distance between the source and the sampler was exposed

to diffusion in the atmosphere of the wind tunnel. Therefore, the

2

5 in terms of the wind tunnel experiment

corresponding value of o
will be 0.000005 ft, . This value of 0'; , which represents the

distortion of the diffusion cloud through the suction tubing, is about
0.5% of the minimum value obtained for cri (0.0010 ft. *) under the

assumption that the longitudinal dispersion variance ¢ is approx-

Ll AV

imately equal to the lateral variance for spreading, Y_; . It will,
therefore, be justifiable to assume that the distortion that the diffusion
cloud undergoes by its passage through the suction tubing does not
significantly alter the shape of the concentration profiles.

(b) Source side tubing - In order to investigate the effect
of the source tubing on the diffusion characteristics of the present
study, several experiments 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 purpose, the concentration readings at some arbi-
trary point along the sampler length were chosen for different experi-
ments with constant reference concentration and the mean and variance
of the readings were computed. The coefficient of variance (ratio of
standard deviation to mean) was found to be 0.04. This analysis did
not include the error due to the source since the source was not used
for direct-connection experiments.

(10) Manual control:

(a) Since the injection and suction flowmeters are adjusted
manually, there is a probability 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 to 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 to 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 estimate includes the effects of diffusion and meandering as well.

Consecutive profiles at a point

The concentration data of the present study were used to
estimate the 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, the following statistical procedure was
adopted:

If u is the true mean (mean of an infinite number of samples)
at a point in the wind tunnel and §m is the mean of m samples at
that point, then, in order that ;;m may not differ from u by more

than 15% , one finds

x -ul= 0.1 -4
xmul 0.15 u (3-4)

Now, if we are interested in finding m such that condition
(3-4) may be stated with 85% confidence, then

7|

x -
- M

=1.45 o } = 0.85 (3-5)
Im
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But, since oz 7 % where o is the standard deviation based on
m

individual observations, one obtains

1,45 —== = 0.15u (3-6)

e

which can be written as

m= 9.6 |— (3-7)

0'; and u are replaced by s? and x , which are the sample estimates

of variance and mean, to calculate m . Strictly speaking, one will

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

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

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

estimated from the relation
S
m = 9.6(-}2'7) (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 15%.
Plan of Data

Concentration data

The height and location of the source were maintained constant

throughout this investigation. Tae 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, diffusion 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 Appendix D.

Velocity data

The statistical analysis of the concentration data, outlined in
the next chapter, requires the use of local mean velocity at each point
in the wind tunnel where the 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 pressure, as indicated by a pitot
tube mounted 2.5 ft. above the floor of the test section, and the wall
pressure in the wind tunnel. The manometer error is less than 1%
(pressure) when compared with an alcohol tilting pressure tube. The
wind velocity was ob*ained from the manometer reading by using the

following relation based on Bernoulli's equation:

u = K1 \/ Ah (3-9)

where u= wind velocity

Ah

pressure difference as indicated by the manometer, and

Ky

a constant dependent upcon air temperature and atmospheric

pressure,



47

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

Statistical Analysis of Data

Consider the motion of 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 clocud enters the sampling probe and is moved over

the length of the sampler, also shown in Fig. 11. Then, for a
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symmetrical distribution of concentration over the sampler, the
following parameters can be defined:

1. c(x.) ¢ (Xi) (x,y,2,t) = the maximum instanta-

i’max max
neous concentration at the point (x,y,z) . Here xi is the distance
from the front end of the sampler where the cloud first enters, and
c (Xi) is the concentration on the distribution profile over the sampler
corresponding to distance X

2. Cp E Cp(x, y,z,t) = the equivalent concentration from a
continuous point source, at point (x,y,z), and is given by the area of
the concentration profile over the sampler length. Because of the
diffusion characteristics of the source, the diffusion cloud behaves
more like a continuous source of short duration than an instantaneous

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

are based,

~1B8

- | T 1
3. C=+ C dt=— c (4-1)
T Jo p M.y Pi

—
1

In Eq. (4-1), C(x,¥,2) is the average of Cp - values obtained from
m consecutive profiles over the sampler, with the 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 hypothesis.

m _—
Y (cp - c)
3 1=1 i
B} =2
S g m-1 (4-2)
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2

Cp

Cp . It provides an estimate of the accuracy of the time-averaged

where o is the variance of Cp and is a measure of the spread of

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. Fig. 12 gives the dimensionless concentration G as a
_ max
function of (rl- where o‘; is the variance of C 1in the lateral direction
Yy

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

with the help of the following relation:

g2 LYC (g (4-3)
Yy T

~

. . . . C :
Fig. 13 shows the dimensionless concentration = as a function
” max
of — where 0‘; is the variance of C in the vertical direction and
a
Z

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

the help of the following relation:

ol = ___foc_c =~ ()" (4-4)
YzC
LcT

where 7z =
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The profiles in Fig. 12 and Fig. 13 are similar. The calculated values

2 s
of Uy and 0'; are given below:

Station 104 X 0327 " £t2 104 X cr2 s ft.Z
X =1 ft. 27.0 25,7
X = 2 ft. 63. 4 71.6
X = 3 ft. 65,2 84.7
X = 4 ft, 114.0 110.0

2

r

The variances o¢° and o-; are plotted as functions of disper-

sion distance X in Fig. 14 which shows a linear relationship between

0'; and X and also between 0'; and X . Thus, one obtains

2 a X =uT (4-5a)
J

which gives
¢ a T (4-5b)
Y

where T 1is the dispersion time.

Similarly,

0‘; o X =1UT (4-6a)

> a T (4-6b)

The results given by Egs. (4-5b) and (4-6b) have also been
obtained by Gifford (7) for large dispersion times, under the assump-

tion of isotropic turbulence,
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The consideration that C is the time average of the continuous
source concentration at a point provides a useful method of comparing
the concentration data of an instantaneous point source with those of
a continuous point source. The experimental law for attenuation of

. H .
source level (H= z = 8 in., 5 = 0.5) concentration for the present

work is given by

c - 4R (4-7)
max

This relationship between Emax and X for y= 0 is pre-
sented in Fig, 14,

The relationship in Eq. (4-7) compares closely with Davar's

(5) experimental law for concentration at H=z = 2 in., E(;I— =~ 0. 66,
given by
C~X-1.43 (4-8)

It should be noted that the above comparison is made at %Z 0.5 for
which the mean velocity u is essentially constant, so that U C is
determined by the distribution of C
In Fig. 14 are also plotted the C g+ o values against
max y Z
the travel distance X . If the concentration distribution were

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

ship:

ol

- ¢+ o = constant (4-9)
max y z
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From Eq. (4-9) and Eqgs. (4-5a) and (4-6a), one obtains the

following form for c
max

C gor Ot (4-10)
max

However, the data of the present study show that Cmax varies

-1.4¢
as X

, 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 conclusion, 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 are presented in Fig. 15 to Fig. 18. It

appears that the helium puff has a circular cross section in the mean

wind direction.

Velocity Field

Although no velocity profiles were actually taken by the author,
the mean velocities at all the sampling points in the wind tunnel were
measured. Fig. 19 gives the typical 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 Xi= 0, 10, 20, 30, 69 ft, for UOO= 30 ft./sec. These velocity
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data show similarity, as evidenced from the plot of ﬁE___ Vs, % in
oo

Fig. 19. The following relationship is obtained for the velocity data:
1

& 7.5
2.z
(0 0]

6

(4-11)

Turbulence 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 are also important, and (c) a tur-
bulent region where turbulence characteristics predominate and the
effects of viscosity can be neglected when compared with the turbulent
effects. In the case of a two-dimensional boundary layer, experimental
investigations have been mostly used to formulate the mechanisms of
turbulence and that of related transport processes and, therefore, the
existing theories which can be used for interpreting these mechanisms
are only of semi-empirical character.

A turbulent region is characterized by chaotic agitations or
"eddies'' which are responsible for the mechanism of turbulent diffu-
sion. In a boundary layer over a smooth wall, the generated turbulence
is non-isotropic and non-homogeneous. It tends to assume isotropy
and homogeneity in the uppermost part of the boundary layer near

the free stream. 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 comprehensive theory giving
a complete explanation of the phenomenon is lacking.

The degree of turbulence in a flow field is commonly expressed

) 1 1
by the relative intensities %— s —I\JI—- , and TJV!_ in the longitudinal,
@ 00 (o)

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

the dimensionless relationships of %— vVS. % from data by Sandborn
o !
and Marshall (18) for U = 30 ft. /sec. at X, = 69 ft., — vs. =
o i UOO 6

from data by Cermak and Chaung (3) for Uoo = 10 ft./sec. at Xi: 78 ft.,

and %,— Vs, % from data by Klebanoff (10) for smooth wall with zero

i

g v :
pressure gradient., No measurements of T were made for the wind
oo}

tunnel in which the diffusion data of the present study were taken. From
Klebanoff's data in Fig. 20, it is clear that for the greater part of the

vl
Wl

height, = 1.2 1is a fairly close approximation. 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 ;2 between
frequencies n and (n + dn) by Sandborn and Marshall (18). Fig. 21
gives the data of Sandborn and Marshall at Xi =69 ft. in the form of
plots of F vs. wave number k for %: 0.167, 0.500, and 0.750

at UOO = 30 ft. /sec. The spectra here are plotted in wave number

coordinates which are related to frequency by relations:
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27 .
k= =%  and F,(k)= = F,(n) (4-12)

u 1

The analysis of the experimental data, presented in this

chapter, is given in the next chapter.
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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 the material concentration in steady
plume models. Other important properties such as the variance of
point concentration, and the frequency distribution of point concen-
trations which do not follow from steady plume models, can be
obtained with the fluctuating plume model. Thus, the fluctuating

plume model provides a rational approach to 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 usefully applied
to diffusion for this disk and hence, the components of spreading and
meandering can be separated. The results obtained on the basis of
Gifford's model can also be arrived at from similarity considerations,
as presented next.

Consider the distribution of concentrations Cp(x, y, z, t) and
E(X, ¥y, z) in the y- and z-directions at station X . Cp is the
equivalent concentration from a continuous point source, and its dis-
tribution at different points of the same station is shown in Fig. 22.
The Cp-distribution thus represents an instantaneous picture of the
cloud and this distribution does not change with respect to the center
of the cloud. The center, however, can be shifted in location due
to fluctuations in the turbulence field. Thus, one always obtains the
same peak value of Cp in spite of the shift in the center of the Cp-
distribution.

Considering a fixed X and essentially constant velocity, the
concentration C , at any point (y,z) for this station, can be written

on the basis of similarity considerations as follows:

e f[i ; —Z—] (5-1)
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and

(5-2)

2

where o? and Y? are the variances for the C- and Cp-distribution,

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—:CdA: (Cp)_ .y J;"_zf[% ; f—z} d(£) d(;z-z—)$(cry<rz) (5-3)

¥ J
and
J’°°CdA=(cp) f"of L dl: L [
B max) [ —.1/2 ? = 1/2 —'5_ —.1/2|
® ® (Yy) (Y) | y) L(Yz) —}
= 1/2 =3,1/2
GRS ] (5-4)
Equating Eqgs. (5-3) amd (5-4) , one obtains
C . - oanlil2 3.1/2
Cnes Ty %2~ (Cp)max (Yy) (Yz)
which gives
( p)max 77
y 2 _
< (v 2 (32)li? =)
max y z

2

Since the variance of the total plume dispersion, o“ , is the

sum of variances due to spreading and meandering, one can write
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c®= Y2 + D? (5-6)
3 J
2 _ ~r2 2 _
c_ =Y, + DZ (5-7)
where D?®= the variance due to plume meandering.
Combining Eqgs. (5-5), (5-6), and (5-7), one has
(C,) [Y2 + D2 _[Y? + D?
P'max _ y y Z 2 (5-8)
— — 112 ==.1]2
C (Y) (¥Y’)
max y z

Gifford (7) considered a special case of isotropic turbulence

and assumed that

= Y°

[\

<
N

and

£
<
mel

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

is

K<:N|

2
Peak Concentration "y
Average Concentration

(5-9)

<<:m| +

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 can assume that Y;= Y; as an approximation. Then,

Eq. (5-8) becomes
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= — (5-10)

With the knowledge of thetotal dispersion variances in the

)
y
from Egs. (4-3) and (4-4) , the pezk concentration (C

lateral and vertical directions, namely ( +- E;) and (Y; - f)_;)

P)max » SR

the time average concentration C , one can obtain Y32 s the

max y
variance due to dispersion by spreading in the laterzal direction.
Realistically, the peak concentration (Cp)max must be replaced by
an estimate of (Cp)max on the basis of a large number of samples.
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? . The
resulting expression, then, becomes

E [ (Cp) max ] Y2+ D2 _[Y?+ D
P max ] _ y y Z % (5-11)

C io*cp Y

In the determination of Y_; from Eq. (5-11) , the value of the
peak concentration should be an estimate of (Cp)max over a large
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 coming in contact with the sampling

probe is relatively much smaller but these parts involve a large area
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of the total cloud. It follows, therefore, that the probability distribution
of Cp in the spatial region will be much flatter than the Cp—distribu-
tion. It is, as a first approximation, assumed that Cp is uniformly
distributed over m samples and thus one can obtain an estimate of
(Cp)

E:

from the following expression which is derived in Appendix

E I:(Cp)max] - % [ (Cp)max ) (Cp)mln] * (Cp)mln (5—12)

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

Cp—values on the basis of m samples.

The variance Y;‘, was calculated from Eq. (5-11) for diffusion
data of the present study at X = 1, 2, 3, 4 ft., with values of y and 2z
fixed at y= 0, and z= 8 in. The values of D; were obtained by

subtracting Y; from the total dispersion 0‘; in the lateral direction.

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

those of the variance due to meandering, D; , are given below:

Station 10" g ¥e . it 10% x D3, ft?
S— y N
(1,0,8") 13.8 + 5.6 12.6 £ 5.6
(2',0,8") 48.1 + 16.9 19.6 + 17.2
(3',0,8" 50.5+ 10.9 23.7 +£10.8
(4',0,8") 64.7 + 23.5 47.3 + 23.5
The values of E (C,) , C , and © , used to
P/ max max Cp

compute Y; and D; , are presented in Appendix F.
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The mean values of Y“’; and —5; are plotted as a function of

.«

the iravel distance X in Fig. 23 and linear relationships are obtained.
Thus,

_; a X=uT
which gives

Y2 o T
y
and
D; @ X=u T (5-13)

from which

5; o T (5-14)

where T is the dispersion time.
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) ] , to the
max
average concentration, Emax , at X=1,2,3,41ft, for y= 0, z= 8 in.

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

the following approximate result:

Peak Concentration

B tant 5-15)
Average Concentration constan ( ‘

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 disper-
sion distances.

It is noteworthy that the results of the present study as rep-
reseated in Eqgs. (4-5), (4-6), (5-13), (5-14) and (5-15) confirm
the trends obtained by other investigators for large dispersion 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 Pasquill (9) analyzed diffusion data from a continuous
ground level source by assuming that the Lagrangian and Eulerian
correlograms have similar shapes but different scales (ratio B:1).
With the help of this scale parameter B , they showed that the tur-
bulent spread of particles can be derived from wind fluctuation records
directly. Their method, based on this scale parameter [ , has been
applied to various wind tunnel and field data of different investigators
and predictions of particle spread have been obtained as a function of
the travel distance on the basis of an average value of B . It was,
therefore, considered worthwhile to investigate the diffusion data of

the present study in the light of the Hay-Pasquill scale parameter J3



With a previous knowledge of -37; , the variance due to
dispersion by spreading in the lateral direction, the diffusion data
of the present study can be used to estimate the scale parameter f3
at the four stations, X =1, 2,3, 4 ft. For steady, homogeneous tur-
bulence, the following equation is obtained (Chapter II):
Y2 o= yi2 T?‘fOOOFE(n) —J——lsm(ﬁzlfr%ﬁ " dii (2-34)
It seems reasonable to assume that the statistical properties
of turbulence do not vary rapidly with changing position in the atmos-
phere and, therefore, the horizontal diffusion, over level uniform
ground can be specified in terms of the turbulent properties of the
flow by means of Eq. (2-34). This expression can also be applied for
the diffusion data of the present study and the scale parameter B can

be evaluated by using known values of ?}5’ , v'? , dispersion time T,
and the form of the spectrum function FE(n)

It must be noted that the increase in plume width on one hand
and the general plume meandering on the other usually is due to two
widely separated eddy sizes. Thus, the contribution to dispersion by
plume spreading, }—2 , is statistically independent of that due to
meandering, B_a , and Gifford's technique of obtaining the separation
of the spreading and meandering effects does not depend 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 property of dispersion and is not especially
related to the particular assumptions of the fluctuating plume model
of Gifford.

The values of _S—{_};’ , the variance due to dispersion by spreading,
from the diffusion data of the present study were used to estimate f3
from Eq. (2-34) . The spectrum function was obtained from the data
of Sandborn and Marshall (18) on the spectra of the horizontal longi-
tudinal component in u' (Fig. 20). From these data, the spectra
of the lateral component v' can be cobtained by assuming that the
spectrum shape for the lateral and horizontal components is the same
and adjusting the values in Fig. 20 by using the relationship E_—'_f— =41.5

2
__'_2 Vl

which has been shown to be a reasonable value of u_'z by Klebanoff
v

(10) and others. A value of v'?= 0,36 ft. °/sec. > was chosen for use
!
in Eq. (2-34). This value was based on X - 0.026 2t 2= 0, 5, from

8] 6
i (o)

Fig. 20, and the relation -:-;— = 1.2, from the data of Klebanoff, also

shown in Fig. 20 . In the abseace of turbulent intensity data at different
distences from the source, a constant value of -V_'é = 0. 36 ft. 2/sec. 2
was taken for all calculations from Eq. (2-34) at all four stations
(X=1,2,3,4ft.). The dispersion time 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. for each of the
four stations.

The procedure of estimating the scale parameter [ from

Eq. (2-34), for given values o- dispersion time T , and v'¢ ata
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station and for a given relation between the spectrum function FE(n)

and -he frequency n , consisted of considering different values of

B and computing the corresponding value of Y? at each station. This

(7nT/B)

Sin (7nT/B\?
(mnT/B)

was plotted as a function of frequency n for each assumed value of

@ - 2
involved a graphical integration to evaluate fo FE(n){Sl—n(M/—B} dn.

For this graphical integration, the computed value of FE(n)

B and the area under the resulting curve was determined. A universal
T2

plot of ;Lz- (which was equal to the area from the above graphical
vie T

procedure) as a function of T/B 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 [ from the diffusion

data of the present study, the Y; -values were used and the (-values

were obtained from Fig. 26 by using the appropriate values of the

dispersion time T and v'? . The following results were obtained:
Station Scale parame:zer 3
(1',0,8") 18.3 £ 12.7
(2',0,8") 21.1 £ 13.8
(3,0,8") 5.5+ 2.6
(4',0,8'") 3.7+ 1.7

The above results for the Hay-Pasquill scale parameter were
obtained by considering Y; , the variance due to dispersion by
spreading, only. If, however, one considers the meandering effect

as well, the B could be calculated on the basis of the combined



variance for spreading and meandering, namely, (Y_; + D;) . The

results for the B-analysis in the latter case are given below:

Station Scale parameter f3
(1',0,8") 44
(2',0,8") 39
(3,0,8") 12.4
(4',0,8") 11.5

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 roted, 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 meandering. Since the derivation of Eq. (2-34) is
based on the above assumption, it would be more realistic to determine
the scale parameter [ by using —Y—; in Eq. (2-34) rather than the

combined variance (Yé + Dzy) 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 B 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 [-values were between 11,5
and 44. Although there is variation in the B-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 Pasquill (9) measured the variance of the particle

spread at a distance of 100 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 made of the fluctuations in wind speed and direc-
tion at the source. They tested 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 f3
ranging from 1 to 10 with an average of 4, and concluded 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 B from 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 the 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 0, 02 m.
Using Mickelsen's spectrum data and the assumed values of B, Hay

1/2

and Pasquill (9) calculated (Y?) from Eq. (2-34) and plotted the
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1/2

calculated values of (Y?) as a function of travel distance X . This
relationship for stream velocity of 50 ft./sec. and 100 ft./sec. is shownin
Fig.27 inwhich (Y2)1/2~values from Mickelsen's data are also presented.
It is seen that no single value of B gives a fit over the whole range of
travel up to 2.5 ft,; but for distances 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
B-values lie rcughly between 4 and 9 for the travel distances up to

2.0 ft,

Haugen (8) analyzed selected Prairie Grass diffusion data to
determine the scale parameter [ . Thirty-five experiments were
analyzed., Of these, only thirteen experiments were found to give
B-values between 1 and 10, In nine cases, f-values were greater
than 10; the maximum value of B 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 prcduce non-
systematic variations of B with travel distance as well as the un-
expected result of B < 1.

The results of the various field and laboratory studies of
diffusion described above yield a fairly wide scatter for the values
of the Hay-Pasquill scale parameter. The results for B-values,
based on the present study, are no exception. The [ obtained on

the basis of the spreading variance Y; has values which are more
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in agreement with the B-values of Mickelsen, Baldwin and Mickelsen,
Hay and Pasquill, and Haugen. When [ is calculated by taking the
total plume dispersion into consideration, the [-values of the present
study are higher than those of others, with the exception of Haugen
whose results include B-values of 160, 32, 28, 26, 24, 21, 20 on the
high side. It shows that meandering affects the B-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 -
values might be attributed to the significant meandering effect in the
atmosphere. This apparently explains why the [-values are higher
when the meandering is not disregarded. The results for B from the
diffusion data of the above investigators also show that (3 is essen-
tially insensitive to the scale of turbulence.

In spite of the scatter in the [-values, the possibility remains
that practical and useful results can be obtained since the analysis of
Hay and Pasquill, based on the scale parameter [ , leads toasimple
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

Ky and KZ is based on the statistical model described in Eq. (2-10).
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In the upper half of the boundary layer, turbulence conditions are
nearly isotropic and homogeneous, and the effect of shear deformation

is a minimum. The basic relations for obtaining Ky and KZ are:

X
2 _ = =
o ZKy( u) (5-16)
and
X
2 _ s -
c% = 2K, (<) (5-17)
Strictly speaking, the relations in Eq. (5-16) and Eq. (5-17)
are valid for large dispersion times and for 2> 0.5 . For the

6

determination of Ky and KZ at the source height (8 in.), the
requirement for % is approximately satisfied since the boundary

layer 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% x Ky’ ft?/ sec. 10? % K_, ft?/ sec.
X=1ft, 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 the lateral diffusivity by
graphically solving the diffusion equation. The comparison of his
Ky values at X= 2 ft, and X= 4ft, for y= 0, z= 0.5 in. with

those of the present work is given in Fig. 28 .
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With the conditions of the present experimental set-up, itis
not possible to draw any conclusions regarding the values of the

longitudinal diffusivity Kx

Characteristic Time Scale of Eddy Diffusion

An estimate of the order or magnitude of ]L , 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 T
= 2 ! —_— 5_18
ol =2 T () (5-18)
from which
0_2
F = ifz—F (5-19)
L v (_}_i.)
u
Taking v'= 1.2 w' , as before, the following results are obtained
for y=0, z= 8 in.:
X, ft. ‘7L, see.
1 0.049
2 0.063
3 0.046
4 0.052

The computed jL - values are considered to represent the
time scale during which a particle motion is essentially in one direc-

tion.
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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 magnitude of the diffusivities Ky and KZ and would
also enable a determination of KX

4. Extend the scope to the heated boundary as well as a line
source. It would be significant 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 pcsitive 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 Emax ~ X—l' = . This agrees well with
Davar's form C ~X_1'43 at the same % 3

2. The total displacements in y- and z-directions, 0'; and
U; , are proportional to the dispersion time.

3. Estimates of lateral diffusivity Ky and vertical diffusivity
Kz provided values whose order of magnitude agrees with the results
of other investigators.

4. On the basis of Gifford's fluctuating plume model for diffu-
sion from a continuous point source, the total dispersion was separated

into the components due to spreading and meandering, Y? and D?

Both Y? and D? in the lateral directions are proportional to dispersion
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time. The ratio of the peak 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 taken 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

B 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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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 the 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 deformation 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 large. 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:
= q (A"i)

where P is the mean density of the sample and q is a function of
the pressure p as given below:

q= C, p" (A-2)
where C1 is the discharge coefficient of the 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 absolute
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 and in which the concentration is constant, a curve can

be obtained showing r as a function of p for C1 = constant by meas-
uring p with a manometer. This curve was obtained by blowing gas
from a cylinder of pressurized helium-air mixtures through a tubing
which is connected through T-sections to both the mass spectrometer
and a water manometer, and whose opening to the air was throttled
with a clamp to control the pressure. The result is shown in Fig, A-1
yielding

r = fi(p, C1 q) for C1 = 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= fz(Ciq) for p = constant (A-4)

By combining Eqgs. (A-3) and (A-4), one obtains a result

q=1,(p) (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

g= 0.026 pl'33 (A-6)
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which is valid for standard leak SCL-1730 (3.0 u CFH). Combining

Eq. (A-1), Eq. (A-6), and the ideal gas law yields:

T 42 1 dp _ B}
7 Tl RT =5 3¢ = 4 (A-7)

Taking the plastic tubing length 1= 5in., d= 1/8 in., T =25°C

and inserting other values, we obtain the q-t relationship as
|

" 1.77
9% | 0. 14+ 1.45¢

(A-8)

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%, 0.2% , and 0.05%
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 gq= 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 reasonably close.
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At higher time intervals, the results with 0.5% helium are

tabulated below:

t, hr. 9
0.14 1.86
0.50 1.08
1.0 0.77
1.5 0.624
2.0 0.534

Theoretical

Experimental

oo I o B == [ =}

.64
.52
. 44
. 40
.37

0.60
0.55
0. 40

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
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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 at
the highest sensitivity (leak rate at 86.0 uCFH) which correspond to
helium concentration of about 2.5 ppm. Therefore, the helium puff
must be of such an intensity that a concentration 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 0';"; = 0';; = U=Z"‘ where o* = characteristic scale
length of the diffusing plume in the direction denoted by subscript x

or y or z , where Clxy.z) . 0.5 . Defining C as the
sens

max
lowest concentration that the mass spectrometer can accurately detect

at its highest sensitivity, one can write, then

2
-A X., .
= e g e (B-i )
sens max X
Using the definition of o* above, one obtains
A=1n2 and thus,
2
X
_ -ln2 % (B-2)
sens max X
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Taking into consideration the y and z-directions as well, one

gets:

(B-3)

Assuming that Csens is located at some reasonable distance from

the center where, for instance,

X = 20X
X
y = 20X
Y
Z = 20*%
z

In that case, on has

-1 2
- C & 21n (B"4)
sens max

The discharge of helium from the injection nozzle is given by

Q= uA(y, z) and thus one can define mass sensitivity G as follows:

foo z)C dt (B-5)

Since the exit velocity u is approximately equal to Uoo , one
can write that

u= U = constant (B-6)
(6d)

(0]
Auf C dt
2

fe¢)
f 1'12)(r 3 gx
max - X

and hence,

G
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which gives

0_>:<
X
G= & Cmax JInz V " (B-7)

In the three-dimensional case, one obtains

12 0.::: 0.::: G.;}: V 2
&= JJ2nz x y =z 3/ (B-8)
sens 3/2
(In2)
Taking o* = ¢* = ¢* = 0, 00625 ft. (Ref. 11)
X y z
and C = 2.5 ppm , one obtains
sens
2.5 121n2 (0.0625)3x(3.14)3/2
G=—% & 3/2
10 (In2)

from which

G=0.233x 10" % #t3

Tubing Length Required to Store Helium
In the Instantaneous Source

Let L = length in ft. of 1/4 in. I. D. copper tubing required

to store the amount of helium given by G , then

which gives

L =1 ft,
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APPENDIX C

DETERMINATION OF SAMPLE SIZE



g2

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 100u CFH is given by

-6
180 x 100 x 10
V = 3600 x (12) in.

This volume of the helium-air sample will be contained in a
1/8 in. I.D. polyethylene tubing. If L' in. is the length of this
tubing, then one obtains:

180 x 100 x 10" ©

3600

from which L'=~ 0.9 in.
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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PROCEDURE FOR OPERATION
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APPENDIX D

PROCEDURE FOR OPERATION

Set-Up Procedure of Helium Supply Arrangement

The valve V1 (see Fig. 4) is kept closed at all times during

the set-up procedure. The solenoid valves V4 and V5 are in the

de-energized position and the flowmeter reading is recorded. The
valves V‘2 and V3 are then placed in position 2 and the solenoid

valves V4 and V_ are energized through the control box. The

5
flowmeter is read again. If the two flowmeter readings are not the
same, the procedure is repeated after adjusting the needle valve
placed along the polyethylene tubing between valves V4 and V5 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 V2 and V3 are

placed in position 1 as indicated in Fig. 4 . The valve V1 is opened
for a short period of time which is sufficient to fill the tubing between

V2 and V3 with 99. 9% pure helium gas. The valve V3 is closed

first after which the valve V1 on the gas cylinder is closed. The
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tubing between valves V1 and V2 consists of a metal connection at

an intermediate point J at which the connection between V, and V2

|
can be broken, and its end kept closed in such a way that the helium
gas between J and V3 is not exposed to the atmosphere. The tubing
end at J is then exposed to the atmosphere for a fraction of a second,
thus ensuring atmospheric pressure between point J and valve V3
Long exposure to atmosphere might cause some helium to be displaced
by air inside the tubing. The valve VZ 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 V2 and V

3

By placing the valves V2 and V_ in position 2 after the solenoid

3

valves V4 and V_ have been energized, this known amount of helium

5
at atmospheric pressure is released at a determined flow rate into

the flow of the wind tunnel,

Experimental Procedure for Taking Data

The flow rate on the suction flowmeter is adjusted at 190
cm?/ min. after starting the suction 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 completely when energized. After the
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connections between various components of the apparatus have been
checked, the polyethylene tubing between the valves V2 and V3 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 of t 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 contain 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 tubing 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., Zight 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
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APPENDIX E

DETERMINATION OF THE EXPECTED VALUE OF THE PEAK
CONCENTRATION ON THE BASIS OF m READINGS

Consider the m wvalues of the concentration Cp . Then, the

probability distribution of Cp is given by

P[Cpr}= F(x) . (E-1)
If Cp is the maximum of the m wvalues of C_, then
F*(x)=P[C*Sx]=PC =x,C =x,...,C Sx]
P L pl pZ pm

or F*(x) = F (x) " (E-2)

F(x) = — a<x<b . (E-3)

F*(x) = . (E-4)

The corresponding density function is given by

-1
£% (x) = m (x-a)” (E-5)

(b-a)™
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Thus,
b
m m-1
E|C®| 82— x(x-a) dx
[ p] (b—a)m fa
= mri i (b-a) + a (E-6)

A
from which b , the expected value of the upper limit b , is given by

m+1

/k\): m [(Cp)max —Q] +4 (B-7)

where 2 is an estimate of the lower limit a , based on m values.
Let Cp be the minimum of m wvalues of Cp . Then, one

can show that

E [CPJ = m1+1(b—a) +a . (E-8)

Combining Eq. (E-6) and Eq. (E-8) , one obtains

E [(Cp)max - (Cp)min} = mn:_ 1(b—a) + a - m1+1(b—a) -a

-1
- mrib-e)
or
(b/-\a) ) Et i [(Cp)max ) (Cp)min] ’ VB

Combining Eq. (E-8) and Eq. (E-9), one has

1 m+ 1 ,
m+ 1 m - 1 [(Cp)max B (Cp)min]

A:
+ 4 (Cp)min

or

1
A (c,) . [(c ) . (cp)mm] i (E-10)
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Substituting a4 from Eq. (E-10) into Eq. (E-7) ,

N i 1
5 :mm+ [{(Cp)max ) (Cp)min> - m- 1 (Cp)max B (Cp)min}]

1
+ - -
(Cp)min m -1 [(Cp)max (Cp)min]
from which one obtains, on simplification,

AN m
s E{(Cp)max] } m-1 [(Cp)max ) (Cp)min] * (Cp)min (E-11)

where (C and (C_) . on the right-hand side are,respectively,

P)max P min

the maximum and minimum values of Cp , based on m readings.
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APPENDIX F

CONCENTRATION PARAMETERS BASED ON EXPERIMENTAL DATA
USED TO CALCULATE THE VARIANCES DUE
TO SPREADING AND MEANDERING
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APPENDIX F

CONCENTRATION PARAMETERS BASED ON EXPERIMENTAL DATA
USED TO CALCULATE THE VARIANCES DUE
TO SFREADING AND MEANDERING

Station E [(C'P)max]‘ ppm Cmax’ ppm (TCp’ ppm
(t',0,8") 18, 663 9700 3890
(2',0,8") 5, 595 4000 1413
(3',0,8") 4, 040 2750 595
(4',0,8") 2, 340 1350 489
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APPENDIX G

A TYPICAL SET OF VALUES FOR PARAMETERS USED IN
THE GRAPHICAL DETERMINATION OF THE SCALE
PARAMETER, B, FROM DIFFUSION DATA
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APPENDIX G

A TYPICAL SET OF VALUES FOR PARAMETERS USED IN
THE GRAPHICAL DETERMINATION OF THE SCALE
PARAMETER, B, FROM DIFFUSION DATA

Station: (1',0,8'")

Assumed value of = 14

T = 0.067 sec.

v'¢ = 0.36 ft?/sec?

12
16
25
32
50
64

7nT . [7nT Sin(rnT/B
) B sinf#5=] Pyl )<(nnT/B)
0.0404 0.015 0.0150 0. 0404
0. 0366 0.060 0.0599 0.0365
0.0296 0.120 0.119 0.0296
0.0189 0.180 0,179 0.0187
0.0125 0. 240 0, 236 0.0122
0.0049 0.376 0.367 0.0047
0.0031 0.480 0. 462 0,0028
0.0018 0.752 0.682 0.0010
0.0010 0.960 0.819 0.0004
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dx U dar

(b) =X

(c)

(d) X

Fig. | 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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