M KA

O

P4 . .f"’f)\/
& ) / ) <<
*§$ ¢§§5

e
STUDY OF DIFFUSION FROM A LINE SOURCE

IN A TURBULENT BOUNDARY LAYER

by

M. Poreh and J. E. Cermak

Paper submitted for publication to

International Journal of Heat and Mass Transfer

Colorado State University

Fort Collins, Colorado

PRELIMGINARY
October 1962 SUBJECT TO REViS{ON CER62JEC-MP63



STUDY OF DIFFUSION FROM A LINE SOURCE

IN A TURBULENT BOUNDARY LAYER

by

M. Poreh* and J. E. Cermak¥**

ABSTRACT

Diffusion of a scalar quantity (ammonia gas) from a steady line
source within a two-dimensional turbulent boundary layer is studied.
Using a long 6 x 6 ft square test section, the boundary-layer thickness
varied from 5 to 11 in. for distances of 3 to 43.5 ft downstream with
air speeds from 9 to 16 ft/sec. Measurements of mean ammonia concentra-
tions in air are reported, analyzed and compared with a few measurements
of heat transfer in similar conditions. Formulation of the results
takes into consideration the transverse nonhomogeneity of the velocity
field and also divides the downstream diffusion field into four zones.
Measurements of the mean velocity field and the mean concentration field
permit the flux of mass in the vertical direction to be calcdlated through
the equation of mass conservation. The use of an eddy diffusivity coef-
ficient to describe the processes of turbulent diffusion is discussed
and it is shown that for a long distance downstream of the source, such
8 coefficient cannot be related to the local Eulerian variables of the

boundary-layer flow.

* Assistant Professor, Department of Aeronautical Engineering, The
Pennsylvania State University, University Park, Pennsylvania.

*¥% Professor, Department of Civil Engineering, Colorado State Univer-
sity, Fort Collins, Colorado.
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NOMENCILATURE

Unless otherwise stated instantaneous values of any fluctuating
variable p will be written as p + p' , where p is the mean value
and p' 1is the fluctuating component. Time averages will be denoted by

(), for example D +Dp =D .

Symbol Definition

Cmax B maximum value of a concentration profile, ground level con-
centration;

i concentration of the diffusing matter;

F(q) , universal concentration function in the final zone, defined

in equation (7);

Fl(g) ’ defined in equation (1k4);
F2(§) ’ defined in equation (1k4);
£(g) , universal concentration function in the intermediate zone,

defined in equation (4);

G, flux of the diffusing matter per unit time for a unit width;
g(n) , universal velocity function in the test section, equation (18);
k, molecular diffusivity;

sk,sa,sc , dimensionless functions associated with the description of
vic' , defined in equations (1L4), (20) and (22);

Uamb s velocity of the ambient air stream;

u, velocity in the x-direction;

v, velocity in the y-direction;

X , distance downstream from the source;

T, distance downstream from origin of turbulent boundary layer;
Y » height above the boundary;
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NOMENCLATURE (Cont'd)

Definition

defined in equation (3);

u

boundary-layer thickness, & (3) = 0.99;
amb
defined in Fig. 8;
- : - vie' |
coefficient of eddy diffusivity, = - <So
oy

Dimensionless height % 2

characteristic height of the diffusing plume,
kinematic viscosity;

dimensionless height % -

the variance of the concentration profile for homogeneous

turbulence.
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INTRODUCTION

The ability to diffuse matter, heat and other contaminants is
one of the basic characteristics of turbulent flow. Turbulent diffusion
of matter and heat is of primary importance in industrial, chemical and
atmospheric studies. Since the source of such contaminants is in many
cases close to the solid boundaries, the study of diffusion in turbulent
boundary-layer flows is of special interest.

The general problem in diffusion studies is to express the
turbulent transport rate of transferable scalar quantities in terms of
statistical functions of the turbulent motion and of the boundary condi-
tions. It is obvious that a complete solution of the transport problem
can be expected only if there is a complete knowledge of the turbulent
motion. G. I. Taylor [1] has demonstrated that the characteristics of
transport processes are related to the Lagrangian statistical functions
of the turbulent motion. He has formulated such a relation for the simple
case of homogeneous turbulence. Measurement of the Lagrangian statisti-
cal quantities is difficult and a relation between the Lagrangian and
Eulerian variables is available only for highly simplified models.

In view of these difficulties, phenomenological theories based
on the concept of a "mixing length" or an "eddy diffusivity" were intro-
duced and have been used in meteorological and engineering studies.

Such theories have attempted to relate the mean flux of the contaminant
by turbulent fluctuations to known variables of the turbulent field at
the same point. The widely used Fickian treatment of atmospheric dif-
fusion assumes that the flux q = E;ET is proportional to the gradient

of the concentration g%— ;5 thus, the flux normal to the stream becomes
i
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qy =Vc =¢ g% , Where € 1is called the coefficient of eddy diffusivity
in analogy to the coefficient of molecular diffusivity. The existence of
very large eddies comparable in size to the boundary-layer thickness
itself does not justify such an analogy; however, a coefficient of eddy
diffusivity can always be introduced as a mathematical operation, hoping
that such a representation will simplify the problem. Such a construction
was found successful in studies of free turbulence [2] where € can be
approximated by a constant. It was disappointing to find that in a boun-
dary layer € 1is not a constant [3]. In view of the results found in the
study of diffusion in homogeneous turbulence, there was some hope that €

could be related theoretically or experimentally to simple turbulent quan-

tities like v'2 or - ESEL which corresponds to an eddy diffusivity for
Sy

momentum transfer. The latter model was reported to be successful in a
few cases of diffusion from an area source where a continuous flux of
matter or heat, analogous to a wall shear stress, was emitted along the
boundary [h]. In general, universal relations between € and the tur-
bulent quantities were not obtained but the use of the mathematical model
has been continued since no theoretical work has yielded methods adequate
for use in practical problems. The thzoretical difficulties to formulate
a model of the diffusion pattern have sncouraged much experimental work.
Field studies of atmospheric diffusion which suffer from the
inherent disadvantages associated with an uncontrolled atmosphere did not
remove these difficulties. An alternative experimental approach is a
wind-tunnel investigation of diffusion within boundary layers. Experi-
mental investigations of diffusion from a source located at the solid

boundary of a boundary-layer flow were reported by Wieghardt [5],
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Davar [6] , Poreh [7] , and Malhotra [8] Daver studied the pattern of
diffusion from a point source and Malhotra investigated the effect of
unstable density stratifications on the transport mechanism. Wieghardt
investigated the problem of heat diffusion within a short distance down-
stream of ground-level line and point sources located in an otherwise
isothermal boundary layer. The present paper summarizes the previous
work of Poreh on diffusion from a ground-level line source, and formulates
and analyzes the diffusion pattern for short and large distances down-
stream of the source teking into consideration the non-homogeneity of the
boundary layer. Wieghardt's formulation of the problem is briefly dis-
cussed and part of his data is compared with the mass-diffusion data.
The experimental work which served as the basis of the analysis is dis-

cussed in the following section.

DESCRIPTION OF THE VELOCITY FIELD - THE EXPERIMENTAL SYSTEM AND FROCEDURE

Experiments were performed in a non-circulating wind tunnel
which is located in the Aeromechanics Laboratory of Colorado State Univer-
sity. The test section is approximately 80 ft long and 6 x 6 ft sqﬁare,
slightly increasing in width in the direction of the flow to provide a
zero longitudinal pressure gradient.

Three ambient velocities of approximately 9, 12, and 16 ft/sec
were used. Mean velocities were measured by a manually balanced, constant-
temperature, hot-wire anemometer. The mean-velocity profiles within the
test section shown in Fig. 2 were approximately similar and the boundary-
layer thickness & varied from 5 to 11 inches (Fig. 3). The Reynolds

o)
number U . - varied from 25,000 to 56,000. Limited measurements of



the turbulence shown in Fig. 4 were taken with a constant-current
anemometer.

Anhydrous ammonia gas (NH?) was emitted from a line source
located at ground-level. The molecular diffusivity of ammonia in air at
25 C is 0.236 making the Schmidt number '% of the system approximately
0.72. Sampling rates were adjusted to approximately the velocity of the
air stream except, of course, near the boundary. The minimum sampling
time was one minute, but the usual sampling time was between two and
three minutes. The sampled air-gas mixture was passed through an absorp-
tion tube containing dilute hydrochloric acid which absorbed the-ammonia.
The absorbed solution of ammonia was then chemically treated. Absolute
quantities of ammonia were determined with a photoelectric colorimeter.
Detailed description of the equipment is given in [7].

Two series of experiments were conducted. In each series
three ambient velocities were used--approximately 9, 12, and 16 ft/sec.
In Series I, the source was located at the boundary at station 33.5 ft
(Fig. 1). Measurements of the concentration were taken at 3, 5, 9, 15,
and 21 feet downstream from the source. This set of data covered the
entire intermediate zone and part of the transition zone. The mass flux
of ammonia per unit width in Series I was G = 0.66 mg/cm-sec. In Series
II the source was located at station 15.5 ft. Measurements were taken
at 17, 23.5, 35.5 and 43.5 ft downstream from the source, thus covering
the final zcne. The mass flux of ammonia per unit width in Series II
was G = 0.55 mg/cm-sec.

Measurements of the concentration in the transverse direction

indicated that the field was approximately two-dimensional.



Some of Wieghardt's measurements of the mean temperature distribution
downstream from a line source of heat located in a wind tunnel floor

were also used by the authors. The heat-diffusion data used are from

Figs. 11 and 12 of reference [SJ. Unfortunately, Wieghardt did not

report measurements of the velocity profiles and it was necessary to

x'Uamb-l 5
estimate 8 wusing the relationship & = 0.37 X'(. - ‘> . The

authors have made corrections for the initial laminar section of the

boundary x]’.ayer with Uarnb
U
- =3 x lO5 . A turbulence stimulator was used in the case

= 5.4 m/sec (17.7 ft/sec) by assuming a transi-

tion at

Uob = 18 m/sec (59 ft/sec) and therefore the boundary layer in this case

was assumed turbulent from the leading edge.

THE EXPERIMENTAL RESULTS

Introductory Remarks

A relative-rate parameter B 1is defined to assist in dividing
the field downstream from the source into zones and in considering the
effect of the non-homogeneity of the flow field on the diffusion pattern.

A characteristic length which gives an indication of the rate

of change of growth of the boundary layer is

L, = (1)

B
5~ 3 °

&

A similar length can be defined to express the diffusion process. If A
is a characteristic height of the region contaminated by tracer matter

(hereafter referred to as the plume) then,

(2)



The ratio:

B (3)

can be considered as a measure of the relative rates of growth of the
plume and the momentum boundary layer. The value of P near the gas
source is determined by the distance of the gas source from the origin of
the boundary layer which is assumed to start upstream of the source;
however, near the source B will always be small and it will increase
with the distance downstream from the source. Whenever the plume and the
boundary layer attain a similar rate of growth f becomes unity. Since
the vertical-velocity component v 1is related to the rate of change of
the boundary-layer thickness, P will indicate the relative importance

of transfer by mean vertical velocity.

Description of the Diffusion Pattern

Examination of the experimental results indicates that the
effect of the non-homogeneity of the field in the diffusion is not uni-
form and suggests a division of the field into a series of four zones.
Other considerations which support such a division of the field will be
mentioned later. A description of the diffusion pattern becomes clear
and simple by using zones. Approximate limits of the various zone in

terms of

as defined in Fig. 7 are suggested.
ave

(1) The Initial Zone

Very large velocity and concentration gradients made it impos-
sible to obtain reliable data close to the source with the available

equipment. It is, however, possible that the laminar sublayer and the
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large longitudinal gradients which are negligible further downstream will
affect the diffusion process in this region. The similarity of the con-
centration profiles measured nearest to the source and the profiles down-
stream suggests that measurements in the initial zone were not made and

= w for this zone was not deter-

consequently that the upper limit
ave
mined. Moreover, one expects this limit to be related to some characteris-

tic height of the laminar sublayer rather than to alone.

ave
(2) The Intermediate Zone

The diffusing plume, within this zone, is submerged in the boun-
dary layer; but, its thickness is largs compared to that of the laminar
sublayer. Longitudinal gradients are small compared to vertical gradients
and the boundary-layer-type approximation becomes possible. The ratio
B 1is small and the diffusion depends only slightly on the rate of the
boundary-layer growth.

The mean-concentration profiles can be described by a dimen-

sionless universal curve:

T = T(¢) (1)
max
where t =L and (1) = 0.5

as shown in Fig. 5. The function f(¢) appears to be independent of
Uamb and ® in this zone and is described in Fig. 6. Variation of A

initially is given by

8

» = 0.076 x ©° (5)

where x and A are measured in cm. Slight deviation of the data from

equation (5) when U

i = 59 ft/sec is noted.

The values of Cmax appear to be inversely proportional to
U . T i i i i i . . - i
il he initial variation of Cmax Uémb (in c.g.s units) can be
approximated by



-O.9
G Vit 7.5 x :

or (6)
-0.9

26.2 G x

1}

Cmax Uamb

The variation of B and % is given in Fig. T. A decrease in
A
the rate of growth of % is noted beyond = 18 where 3 is about
ave
0.39. At the same time, the shape of the concentration profiles changes

from that described by f(¢) (see Fig. 11). The value of = 18,
ave

therefore, can be taken as an approximate upper limit of this zone.

(3) The Transition Zone

The effect of the mild mixing processes in the ambient air is to
decrease the rate of growth of the diffusing plume and to gradually change

the shape of the concentration profile.

Within the zone, 18 < g < 60, B increases to unit. Down-
" X ave
stream of =—— = 60, § Tremains constant at 0.6k4.
ave

(4) The Final Zone

Diffusion of matter beyond the boundary layer into the ambient
air is controlled by the molecular action and the turbulent fluctuations

in the ambient air, similar to the control of the diffusion of momentum.

The final zone starts at approximately = 60 . The limited length

ave
of the test section did not permit measurements in all the zones for
the same position of the gas source. Measurements in the final zone
were taken during different flow conditions -- Series II -- in which the

source was moved upstream a distance of 18 ft as shown in Fig. 1.

The concentration profiles within this zone can be described by

gm = f(%) : (7)
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In Fig. 10, the empirically determined form of F is shown. The ground

concentration Cmax shown in Fig. 9 can be approximated by

-1
cmax = (t&uﬁb'a) ?
or G
_Oa 8
Coox = ==+ B (8)

when c.g.s. units are used.

ANALYTICAL EXAMINATION OF THE EXPERIMENTAL RESULTS

The conservation of mass for the two-dimensional case is

expressed by the equation

ugf-{+vg§=?ry<k%§-v'c‘)-&-g-i(k%:::--u'c') . (9)
Excepting near the source, boundary-layer-type approximation of the
equation becomes possible which gives:

dc d¢ 0 ( dc

o A~ 33-},--?'6" . (10)

Integration of equation (10) is possible using the distribution functions

o —— LI
obtained in the experiments. The variation of v'c' and € = =- xg%-

Sy

can thus be examined.

The Intermediate Zone

Consider the following mean velocity and concentration fields

(Figs. 2 and 5):
c=C . () (%)

where g =% end £(1) =0.5,
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1/n

and u=U 1 , (n ~%-) . (11)

amb

Since c¢ vanishes as y becomes large

~£““ cudy =G (12)

where G is a constant of the diffusion field and is equal to the flux of

the diffusing quantity per unit time and width. It follows that

1l/n pe

A 1/n B
Coex * Camb X(g) .1 £ £(e) & =G
and according to equation (4)

G 83/B £(¢)
Y LT, o)
Ig "rg)ag “m

o©
The value of ‘ZT gl/n f(e)de was evaluated from the data with n = T

and is approximately equal to 0.98. The mutual variation of the parame-

1/n

ters ® , M and C U shown in Fig. 6 is consistent with

amb
equation (13). Equation (10) can be integrated using equations (11)

1/n is a constant within

and (13) and assuming for simplicity that &
this zone (justification for this assumption is seen by the small change

in Bl/n shown in Fig. 6). The integration gives:

k%; T .82 [Fl(g)-ﬁ F2<g):| --32Z 5 (& ,8) (14)
where
g
[ (22 2) + ¢ #6)] o
F,(g) = ’

[ 670 £(e) a



g
[emtoga
(©)

[ e/ 2(e) ae

Fe(g)

and P is the ratio defined in equation (3). The term B Fe(g) is the

contribution to convective transfer by the mean vertical velocity. If

vic' is separated according to the Fickian model v'c' = - € g% one
obtains
1/n 8, (¢ , B) pe
ar A A 2 1/n
k+e=-2Z U (F e/ & fe)a (15)

The function f(¢) can be estimated from Fig. 5; however, the evaluation
of f'(¢) from the same figure is not reliable. Using the experimentally
determined f(g) , sx(g , B) was determined by graphical methods and
is plotted in Fig. 12.

Although f'(¢) was not evaluated, one can estimate ¢ at the

beginning of the intermediate zone by using the following values:

A=3cm, %=o.oah, fgl/nf(g)dg=o.98,

(o]
“-%)1/7 = 0.75 , £'(g)

- 0.6 (maximum), f(e¢) = 0.25 ,

U . =260 cm/sec , k

2/q
amb 0.23 cm?/sec.

Substituting into equation (15) one gets
€ = 5.5 cm®/sec >> k .

Since € increases with x , it seems justified to neglect k in the

intermediate zone except near the boundary. Neglecting the molecular-

diffusivity term one gets



1/n 8, (&, B) po
- &) e o ()
and vie! =%% 8, (e , B) . (17)

The Final Zone

Similar integration in the final zone is possible even without

approximating the velocity profile in a power law. Using the distribution

functions
g = F(q) (7)
max

and 7 = &) (28)
amb

where n=% and g(1) =0.99

in the integral equztion of mass conservation, the following expression

for C is found:
max

Coece ™ P - U - "o (19)
[ g(n) F(n) ay 2%

Integration of equation (10), neglecting the molecular term, gives:

F(n)fn g(z) dz
(o]

where Sg (n) = e (20)
i F(n) g(n) an
and €=U 8 -g'—i- E(q) (21)

where E(n) = % fn gla) do .

(e}
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It is instructive to derive similar expressions for v'c' and
€ in the case of diffusion in homogeneous turbulence [9] where

2

G
¢ = e exp - (L=
u-;/%ro &g

and the mass-conservation equation is

oc _ _ 3 == _ d s dc
Bx Ty "%y "%y

Integrating the mass-conservation equation one gets

vie! =%%xg-sal% (22)
72
where sU (z) = z exp {;.E
and € = Uamb o %% . (23)
In general o%% is a function of x , however, when x 1is very large
and o xl/2 , € Dbecomes a constant--the limiting case in homogeneous

turbulence. The structure of equations (16), (21) and (23) is similar
but unfortunately within the boundary layer e does not become indepen-

dent of either the vertical or the horizontal coordinate. Comparing So

with SX and S (Fig. 12) we find that the distribution of this dimen-

d

sionless function is very similar except that the value of S, drops off

®

faster as one approaches the edge of the plume. The decrease of S6

together with the increase of Oc (Fig. 11) is due to the reduction of
Sy

the turbulent transport at the outer =dge of the layer.
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DISCUSSION

The Intermediate Zone

Within the intermediate zone, where the diffusing plume is
totally submerged in the boundary layer, the rate of growth of the verti-
cal dimension of the plume is large compared to the rate of growth of the
boundary layer itself and thus B is small (0.10 to 0.33). The diffusion
pattern is affected little by the boundary-layer changes and the contribu-
tion of the vertical velocity fluctuations to the transfer is small as
can be seen from the small contribution of the term in equation (lh),
and Fig. 12.

Equation (5), determined from Fig. 6, indicates that the verti-
cal scale of the plume is independent of the ambient velocity. It implies
that the agents of the flow which constrol the vertical diffusion within
the boundary layer are proportional to the ambient velocity in such a way
that the vertical transfer of the mass is approximately proportional to
the convection of mass by the longitudinal velocity.

However, the formulation of the results in the form
A = 0.076 x 0.8 and the above conclusion should be regarded as an
approximation since they do not take into consideration the size of the
boundary layer and the changes which take place in the velocity field.
The small value of P in this region indicates that the rate of change
of the boundary layer is not important, but the process of the diffusion
at any section is definitely determined by the local thickness of the
boundary layer. The deviation of the data obtained at the velocity
Uamb = 59 ft/sec from the above formula is therefore a result of the
different rate of growth and thickness of the boundary layer near the

source rather than experimental scatter.
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The same arguments hold with regard to Wieghardt's formulation

of his data. Wieghardt approximated his finding by the expression

Sm”xp{'['fﬁ'i)ﬂ

where © is the temperature increase, and found that Fl(x) , Which can

be regarded as a measure of the plume size similar to A , varies as
-1/5
F. (x) = 0.55 x ( amb 0.8 {fggg4 .
1 ; v v

U _.x -1/5
) = 0.55 x

This formulation implies that the pattern of diffusion is completely
independent of the thickness of the boundary layer and that the diffusion
pattern will be the same if the source is placed close to or far away
from the leading edge. In his attempts to formulate the data in this
manner, Wieghardt found it necessary to vary a from 1.64 for Uﬁmb =
17.7 ft/sec to 2.0 for Upy = 99 ft/sec.

It appears to the authors that a more adequate formulation of

the data is in terms of the parameter <% and g
ave

Such a formulation accounts for the non-homogeneity of the space and the

as shown in Fig. 7.

thickness of the boundary layer at each section. One can see in Fig. T
that Wieghardt's data with Uémb = 59 ft/sec agrees better with the
other data when formulated in this manner.

Equation (16) exhibits the shortcomings of the Fickina model
and the concept of an eddy diffusivity. One hopes to find that € is a
function of the flow field and that its value at a point can be specified
as a function independent of the position of the source. However, the

form of equation (16) indicates that this cannot be so. Recalling that

the intermediate zone can be regarded as an approximate model for
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atmospheric diffusion from a ground source in the absence of buoyancy
forces, one concludes that a description of the ability of the atmos-
phere to diffuse matter in terms of an € varying only with height is in-
complete and misleading.

It should be remarked that an initial dependence of € on the
distance from the source is expected. As in the case of diffusion in
homogeneous turbulence such a dependence would probably last for a dis-
tance of the order of the Lagrangian integral scale. Direct measurements
of the Lagrangian integral scale are not available. It is shown, how-
ever, that a time delayed dimensionless velocity correlation can maintain
large values for a longitudinal distance of four boundary-layer thicknesses
b&ﬂ . Measurements by Baldwin and Mickelsen [?ﬂ in a pipe flow show that
the space-time correlation coefficients have a magnitude of about 0.2 at
separation distances of 16 pipe radii. It is therefore possible to
assume that the Lagrangian integral scale of the boundary layer will be
of the order of 10 boundary-layer thicknesses.

Another interesting result is the similarity of the distribution
of V'c' in the boundary layer and in homogeneous turbulence as shown by
equations (17) and (22) and Fig. 12. In both cases, v'c' is inversely
proportional to the characteristic length scale of the diffusing plume

and the dimensionless distribution is very similar.

The Final Zone

Some of the features of the diffusion, such as the dependence of

vic! and of ¢ on

g are the same throughout the diffusion field.
amb
The major difference between the intermediate zone and the final zone is

that the characteristics of the diffusion field are independent of the
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position of the source in the final zone, as expressed by equations
(7) and (8).
Once such relations are established, it is possible to relate
parameters like v'c' and € to the velocity field as shown in
equations (19) and (20). It is also possible to relate € to other

: u'v! :
parameters like Rl however, the various expressions are

Sy

related and none of them express a true relation between the phenomena
and ité causes .

It should be realized that the developing boundary layer is not
self preserving [ , which means that the characteristics of the dif-
fusion will change together with the boundary layer and any similarity
will be limited to a certain range of Reynolds numbers. The changes
will be mild for large Reynolds numbers, however, the Reynolds number is
undoubtedly a parameter to which the diffusion process is related.

The second parameter upon which the diffusion process depends
as suggested by the dimensionless equations is the Schmidt number %».
Although the importance of the molecular diffusivity in determining the
spatial distribution of the diffusing scalar is fundamental, one realizes
that it is mainly the turbulent motion which causes the rapid dispersion
of matter in the turbulent boundary layer. It is expected, therefore,
that even for large Schmidt numbers the matter will quickly diffuse and
"£i11" the turbulent boundary layer and that further growth of the plume
will be similar to the growth of the boundary layer.

If the value of k is increased, it is clear that the dif-
fusion rate of mass near the upper edge of the boundary layer will be
amplified and that the plume size will increase more rapidly. It remains

to be asked whether, for very small Schmidt numbers, the plume will
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increase indefinitely beyond the houncary layer and a similarity will not
be established. That this is not likely to happen can be concluded from
the exact solution of diffusion of matter and momentum in laminar flow
@.], which indicates that the corresponding ratio of % , Which is a
function of the Schmidt number, does not depend on x . Since the growth
of the turbulent boundary layer is faster than that of the laminar
layer, it is unlikely that the diffusing plume will continue to grow
faster than the boundary layer. It is important to note that beside the
Schmidt number, the turbulent structure of the ambient air will be an
important parameter in the final zone.

Similarity of scalar and momentum diffusion has been found in
heated jets. Corrsin et.al. blq introduced a concept of an "effective
Prandtl number" by comparing the relative diffusion of heat and momen-
tum in laminar and turbulent jets. He found that the effective Prandtl
number in the turbulent jet is the same as the (laminar) Prandtl number.
This suggests a comparison of the relative diffusion of the plume within
the boundary layer for the laminar and turbulent cases. Figure 13 com-
pares the results of these experiments (% = 0.72’ with the laminar
case. The similarity of the structure suggests that the effect of the
Schmidt number on diffusion in laminar and turbulent boundary layers is

similar.
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