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ABSTRACT 

Turbulent diffusion of dynamically passive and chemically non­

reactive matter from a simulated point source within a two-dimensional 

boundary-layer flow over a rough surface was studied. A rough s rfa ce 

consisting of two-dimensional roughness elements (wooden strips, 0. 25 

in. high, 0. 25 in. wide , and 6, 0 ft long, placed 3 , 0 in. apart normal 

to the flow direction) was used with the source at three different heights . 

The free-stream velocity of air for most of the runs was 12 . 50 ft/ sec. 

Concentrations of the diffusing plume were measured a t several down­

stream distances from ~he point source located at heights of 0. 0625 in. , 

0. 5 in., and 1. 0 i n . above the rough surface , Anhydrous ammonia was 

used as the tracer gas . 

Both vertical and lateral concentration profiles were found to be 

self- similar in the fully developed regions of the concentration field . 

The concentration distribut ion for such regions is de scribed by two 

dimensionless universal functions, one for the case of source he ight 

h = 0. 0625 in. and the other for the cases of source heights h = 0. 5 in. 

and h = 1. 0 in. T hese are obtained by express ing the relative concentra­

C 
tion C in terms of position length parameters ri a nd o- of the 

max 
diffusing plume as length scales . 

The vertical and lateral length scales ( r, and o- respectively) 

of t he pluoe have been related to the downstream distance from the 

ii 



source by empirical equations valid within the range of the experimental 

variables. 

The Lagrangian similarity hypothesis was tested by means of 

the experimental data and found to agree reasonably well with the data 

for the attenuation of maximum ground-level concentration in the longi­

tudinal direction. Experimental results for the growth of the plume 

h~ight and width with downstream distance from the source are in fair 

agreement with predictions of the hypothesis. However, in view of 

the experimental data, further investigations are necessary for a con­

clusive test of the hypothes ::.s which seems to afford a rational basis 

for describing the gross characteristics of the diffusing plume within 

a turbulent boundary layer. 
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NOMENCLATURE 

b, Batchelor constant 

C, Concentration level of the diffusing gas, M/L3* 

C , Concentration at a = O, y = o, M/L3 

0 

C , Maximum value of concentration, M/L3 

max 

H, 

h, 

k, 

m 
cp' 

n ' cp 

h/z 
0 

Source height, L 

Karman constant (k is taken as equal to O. 41) 

d(ln C ) / d(ln s) 
0 

d(ln <T) / d(ln s) or d(ln n ) / d(ln s) 

u, Local mean velocity, L/T 

U , Free stream ve locity, L/T 
a 

x ,y,z, 

X or x, 

X , 
0 

A right-handed coordinate system with origin at the virtual 
origin of the boundary layer, L 

Distance along surfac e downstream from the virtual origin, L 

Longitudinal distance at which source is located from virtual 
origin of boundary layer, L 

z , Roughness length, L 
0 

z, Height to center of gravity of probability density distribution 
for single particle releases , L 

e, Momentum thickness, L 

* The symbols designating dimensions have the following meanings: 
M - mass, L - l ength, T - time. 
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NOMENCLATURE - Continued: 

o, Boundary-layer thickness, L 

r)' 

'(,CJ! ,{3, 

Vertical characteristic height of the diffusing plume where 
C(x - x , O, ri) / C = 0.5, L 

o max 

z/z 
0 

Horizontal characteristic width of the diffusing plume where 
C(x -- x , c, , 0) / C = 0. 5, L 

o max 

(x - x ) / z 
0 0 

Exponents, constants 

V 



IN~RODUCTION 

The study of diffusion of scalar contaminants in the lower 

atmosphere is of great inte:-."est of fluid dynamicists and micro­

meteorologists. During the last decade, interest in atmospheric 

diffusion has been heightene d by increasing attention given to a ir 

pollution in general and to the new hazards introduced by the products 

of nuclear processes. Considerable effort s have been directe d toward 

the theoretical and experimental investiga-ions on the transport pro­

cesses of dynamically pass~ve and chemically non-reactive scalar 

quantities, like heat and mass, released from continuous point and 

line sources in turbulent shear flows. A great majority of these in­

vestigations have been restricte d to the case of aerodynamically 

smooth surfaces. But no systematic attempt has been made to deter­

mine the turbulent diffusion characteristics of matter in shear flow 

field s over rough surfaces under carefully controlled laboratory con­

ditions . The present paper summarizes the results of the experimental 

invesitigation of Bhadur i L4J to determine mass diffusion characteristics 

in a turbulent boundary-layer flow over a rough surface. 

The theoretical analysis of dispersion of matter re leased into the 

boundary-layer type of flow has followed two main approaches, which 

may be termed t he "transfer theory" and the "statistical theory" 

respectively. In the former, a physical model is implied on the 
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assumption that, in the presence of a gradient of concentration of a 

substance, the local rate of transport of material by turbulence is 

proportional to the local gradient, the proportionality factor being 

referred to as exchange coefficient or eddy diffusivity. Effective 

application of the idea entails two very difficult problems; namely, 

the assignment of suitable explicit mathematical forms to the eddy 

diffusivity in terms of the measurable properties of the flow field and 

the solution of the governing differential equations with appropriate 

boundary conditions. 

In much of its development, the statistical approach I 11] has not 

rested on any particular physical model of diffusion of matter but is 

essentially an analytical technique for describing the time history of 

marked fluid particles or elements in terms of the given statistical 

properties of the turbulent motion. Statistical theories are restricted 

to essentially homogeneous turbulence fields and their application in the 

turbulent boundary-layer type of flows encounters formidable mathe ­

matical difficulties . However, the Lagrangian similarity hypothesis, 

suggested by Batchelor [ 3] in 195 9, and applied to diffusion in turbulen! 

shear flow by Ellison [ 8] and Cermak [ 5], seems to be a powerful 

t e chnique in predicting the gross characteristics of the concentration 

field through similarity arguments. A few predictions of this hypothe­

sis are experimentally tested in the present investigation. 
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Valuable information is available, from various field studies 

[ 1, 2, 6], of turbulent diffusion phenomena in the lower atmosphere. 

Some of these data were used by Cermak [5] for comparisons with 

predic t ions from the Lagrangian similarity hypothesis. The diffusion 

phenomena in a turbulent boundary layer depend significantly on the 

inherent turbulent characteristics of the flow field, which in the 

atmosphere vary greatly in time and space. The phenomena can be 

studied in the wind tunnel under controlled conditions . According to 

the results obtained in reference 5, the wind-tunnel data are similar to 

field data obtained in the lower atmospher ic layer and can be helpful in 

und e rstanding the complex mass transport process which is intractable 

by purely mathematical means . 
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EQUIPMENT AND PROCEDURE 

The diffusion study was conducte d in a recirculating low-speed 

wind tunnel with a 6 f t squa re 30 ft long test section. The rough surface 

was form ed by putting wooden strips 0. 25 in. square x 6 ft long spaced 

3 in. apa rt on plywood boards 0 . 75 in. thick. The plywood boards, 

with the roughne ss e l ements , were pl aced on the floor of the wind 

tunnel. A s c hematic diagram of the test section and test boundary is 

shown in Fig . 1 . 

Anhydrous ammonia gas, having a specific gravity of O. 60 relative 

to the air, was used as the diffusing gas. The gas was fed into the 

boundary l a yer at a constant rate th rough a stainless steel feed probe. 

The air-ammonia mixture was drawn through a sampling system by 

inducing negative pressure with a vacuum pump . The metere d sample 

of air and ammonia was passed through an absorpt ion tube containing 

diluted hydrochloric acid (HC1) which completely absor bed the ammonia 

fro m the mixture. Then the absolute quantity of ammonia was deter­

mined b y means of a photoelectr ic c olorime ter which had previously 

been calibrated. 

Once the flow conditions were e s t abl ished, the vertical cross 

sections of t he diff sing plume were mapped at several downstream 

distances from the source. T he proce dure for mapping any plume 

c ross section is shown i n Fig. 2 . 
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EXPERIMENTAL RESULTS 

Velocity Field 

Vertical vel ocity profiles, u( z), were taken a t va rious 

downstream locations with a mean velocity hot-wire anemometer. In 

orde r to compare the velocity field with tha t obtained by Moore [ 1 O] 

under similar conditions, dimensionless velocity profiles , u/U vs z /0, 
a 

were plotted. T he present data compared favorably with those of 

Moore and are represented by the equation 

u 
u 

a 

0.51 
z 
e 

0.37 

Details of the data analysis are given by Bhaduri ( 4]. 

Mean Concentration Field 

The plume geometry and concentration distributions were 

experimentally determined for several cross sections downwind of 

the source (located 5 ft 5 in. downstream from the turbulence stimu ­

lator) for each fo the three source elevations, h = 0. 0625 in. , 0 . 5 in. 

and 1. 0 in. The conc entration field at each of the cross sections was 

mapped according to the procedure outlined in Fig. 2. A typical non-

dimensional plume cross section is shown in Fig. 3, and vertical 

concentration profiles are s hown in Figs. 4 and 5 . 
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The mean concentration distributions at each cross section of 

the diffusing plume were influenced by several factors: 

(a) The ratio of the source elevation to the depth of the boundary 

layer at the feed point. 

(b) The distr~bution of mean (time averaged) velocity of the flow 

field. 

(c) The characteristic turbule nce of the boundary layer . 

(d) The size, shape and orientation of the roughness elements 

(kept constant in this study). 

The concentration distributions are represented by a dimension­

less exponential form as follows: 

C 
C 

( 1) 
max 

The two length paramete rs a- a nd r, which characterize the diffusing 

l t d f
. d .b . C [(x - x 0), a-, OJ p ume geome ry are e me y. C - 0. 5 and 

max 
C [( x - x0 ), 0, rJ] 

C 
= 0. 5 . The quantities '{, a and {3 are constants . 

max 

Both a and {3 are determined from experimental results and the value 

of '{ is determined by using the definitions of u- and rJ . It was 

observed from the experimental data at various downs tream locations 

from the source that the diffusing plume was not fully developed until 

it reached a certain downstream position. Equation 1 is expected to be 

valid only in the zones where the concentration field is fully developed 
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a nd where both lateral and vertical distributions maintain their 

similarity of form at succe ssive downstream locations. 

The asymmetrical vertical plume geometry in the undeve lop e d 

r e gime is a consequence of non-isotropic turbulent diffusion and con-

vective deformation due to the mean velocity gradient. Distribution of 

m a te rial in t he horizontal plane from a continuous point source is on 

the average a c lose approximation to Gaussian form. This is mainly 

due to homogeneity of statistical properties of the air flow in the 

horizontal. 

In order to derive an empirical e quation of the type of Equation 1, 

dimensionless plots , C/C vs y / u- for z/r, = 0, and C/C 
max max 

vs z / n for y / u- = 0 and C/C vs y/u-, for several value s of 
max 

z / r, at various downstream distances (x - x J , were made for the 

three different source heights employe d. From the non-dimensional 

mean lateral and v ertical concentrat ion profiles dimensionless 

functional expre ssions for the plume cross sections were develope d for 

the t hree source heights. Figure 6 shows a typical comparison of the 

functional re presentation and the data. The agreement b etween the 

isoconcentration contours is within the estimated error in concentra tion 

determination. The empirical e quations which app roximately describe 

the c oncentration field are: 

C 
C 

0 

( 2) 
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for h = O. 0625 in . and 

C 
C 

0 

- 0.692 r(IYI i.
3

0 (z) i. 87
] 

= e L;) + n 

for h = 0. 5 in. and h = 1. Din. Figures 7, 8 and 9 show how the 

( 3) 

height r, and lateral w idth o- of the diffusing plumes grow with distance 

downstream from the source. An interesting feature of the curves shown 

in Figs. 7, 8 and 9 is that they indic ate similar growth rates for rJ and 

(J • 

The attenuation of downsfream ground - level concentration C 0 

for the three cases is shown in Fig. 10 and is found to follow a pattern 

similar to that for the smooth case [7, 9] except that the magnitude of 

the c once nt r a tion at the boundary (top of the roughness elements) is 

relatively small. Variation of ground - level concentration is further 

discussed in the lig t of the Lagrang ia n similar ity hypothesis in the 

next section. 

Experimental Verific a tion of the Langrangian Similarity Hypothesis 

One of the main objectives of the p resent investigation was to test 

the Lagrangian simila rity hypothesis a s extended b y Cermak [51. In 

order to get a thick boundary layer for the flow fie ld, the source was 

moved downstream to a new loc ation( 188 in. from the turbulence 

stimulator). The boundary-layer thickness at this position was 7. 36 in. 

It was anticipated that this would satisfy the re quirement of r, :S. 0. 4 
6 

The gas feed rate and flow velocity were maintained at 5. 55 mg/sec 
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and 12. 5 ft/sec r espectively. Data for ground-level concentration in 

t he longitudinal direction were collected for each of the three source 

heights . Also, vertical (at y = 0) and lateral (a t Z = 0) concentration 

data were collected at various downstream distances from the source. 

Cermak [51 s owed that the Lagra ngian similarity hypothesis 

yields the follow ing relations : 

bk s = ~ f._ n ~ - ( ~ - H) + ( b - 1 ) H j_ n H 

a nd 

m = - kb s [ 1 + 2 in ~ ) 
c p ~ n 2 ~ 

( 4) 

( 5) 

where m is the slope of the tangent to the points on the curve of 
cp 

log C vs log ;.; . In order to compare the exp er ime ntal results 
max 

with theoretical predictions, values of -m were computed by using 
cp 

Eqs. 4 and 5 . The longitudinal distribution of C vs (x - x ) was 
0 0 

plotted on log-log paper and the slopes -m were graphic ally deter-
cp 

mined. Figure 11 shows t he theoretical and experimental v alues of 

-m for various source heights . The agree ment betwe en the experi -
c p 

mental values and theoretical values of -m as pre dicted by Cermak 
cp 

[5] i s remarkabl y closE; es pecially in the fully develope d regions of the 

concentration field . 

Another important r e sult of the hypothe sis , on t he assumption 

that the plume width and he ight are relate d to downstre am distance 
£n 

(x - x ) from the source by <T or rJ (x - x ) cp , is that there 
0 0 
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exist s a relation 

n = 
cp 

( 6) 

where n is the slope of the tangent to the points on the curve where 
cp 

t he logarithm of plume width or height is a function of l og I; The 

slopes of the curves, determined by the data, given in Figs. 7, 8 and 

9 were measured graphically for various dow nstream locations to 

obtain n for the experimental data . These slopes are compared 
cp 

with those predicted by Eq. 6 in Fig. 12. Thus, the agreeme nt 

between t he experimental results and predictions of the Lag r angian 

similarity hypothes is is fair. 

In order to make any generalize d conclusion regarding validity 

of the Lagrangian s :milarity hypothesis, more experimental data for 

different source heights and flow conditions are necessary. The 

hypothesis is strictly valid in the constant shear layer zones of the 

flow fi e ld ( inne r part of the turbule nt boundary layer). Indeed , the 

dimension of the characteristic plume height for the studies desc ribed 

here was always l arger than the e stimated constant shear-layer thick­

ness; however, r, / o was always less than 0. 4 . 

The values of the roughness parameter z were determine d 
0 

graphically from a semi-logarithmic plot of the mean velocity with 

distance from the boundary and are subject to erros of 1 0 p er cent. 
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The slopes -m and n were determined graphically and a re , of 
cp cp 

course, subject to drafting errors. The value of the Batchelor constant 

has been taken as 0. 1. Cermak [51 used this value for correlating 

experimental results and found that b = 0. 1 consistently gave good 

correlations. In the present investigation, the value of b = 0. 1 did , 

in fact, give much better correlation than did the value of 0. 4 

suggested by Ellison [8]. 
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CONCLUSIONS 

The principal results derived from t his study of turbulent 

diffusion of mass from a point source in a t u r bulent boundary layer 

over a rough surface are the following: 

1. When the concentration field is fully developed and the 

vert ical and lateral concentration profiles are self-similar at every 

successive downstream dis : ance from the source, the concentration 

distribution at any plume cross section can be determined by a non­

dimensional empiric al equation of t he form 

C 
C 

max 
( 7) 

The value s of a a d (3 for the case of source height h = 0 . 0625 in. 

are 1. 92 and 1. 70 respectively. For the cases of source heights 

h = 0. 5 in. and h = 1. 0 in. , the values of a and (3 are different and 

are 1. 80 and 1. 87 respectively . 

2 . The experimental results for the attenuation of the axial 

ground-leve l concentration agree well wit h the t heoretical predictions 

of t he Lagrangian similarit y hypothesis , as extend e d by Cermak [ 51 

for the three source heights us e d in the p r esent investigation. 
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3 . The growth of the characteristic plume widths CT and r, 

agrees satiEfactorily with values predicted by the Lagrangian sim i ­

larity hypothesis. 

4 . Further diffusion measurements t o establish the full range of 

validity of the Lagrangian similarity hypothesis should be made because 

the hypothesis is simple and powerful and has been able to stand unde r 

all tests made so far. 
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